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Post-translational modifications (PTMs) are widely employed by all living organisms to
control the enzymatic activity, localization or stability of proteins on a much shorter time
scale than the transcriptional control. In eukarya, global analyses consistently reveal that
proteins are very extensively phosphorylated, acetylated and ubiquitylated. Glycosylation and
methylation are also very common, and myriad other PTMs, most with a proven regulatory
potential, are being discovered continuously. The emergent picture is that PTM sites on a
single protein are not independent; modification of one residue often affects (positively or
negatively) modification of other sites on the same protein. The best example of this complex
behavior is the histone “bar-code” with very extensive cross-talk between phosphorylation,
acetylation and methylation sites.

Traditionally it was believed that large networks of PTMs exist only in complex eukaryal cells,
which exploit them for coordination and fine-tuning of various cellular functions. PTMs have
also been detected in bacteria, but the early examples focused on a few important regulatory
events, based mainly on protein phosphorylation. The global importance (and abundance)
of PTMs in bacterial physiology was systematically underestimated. In recent years,

global studies have reported large datasets of phosphorylated, acetylated and glycosylated
proteins in bacteria. Other modifications of bacterial proteins have been recently described:
pupylation, methylation, sirtuin acetylation, lipidation, carboxylation and bacillithiolation.
As the landscape of PTMs in bacterial cells is rapidly expanding, primarily due to advances
of detection methods in mass spectrometry, our research field is adapting to comprehend

the potential impact of these modifications on the cellular physiology. The field of protein
phosphorylation, especially of the Ser/Thr/Tyr type, has been profoundly transformed.

We have become aware that bacterial kinases phosphorylate many protein substrates and
thus constitute regulatory nodes with potential for signal integration. They also engage in
cross-talk and eukaryal-like mutual activation cascades. The regulatory potential of protein
acetylation and glycosylation in bacteria is also rapidly emerging, and the cross-talk between
acetylation and phosphorylation has been documented.
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This topic deals with the complexity of the PTM landscape in bacteria, and focus in
particular on the physiological roles that PTMs play and methods to study them. The topic is
associated to the Ist International Conference on Post-Translational Modifications in Bacteria
(September 9-10, 2014, Gottingen, Germany).
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Bacteria are often viewed as simple organisms, with very basic and robust cellular regulation,
optimized for rapid growth. While they certainly fit that description, bacteria also possess an
amazing capacity for adaptation, and diversity of survival strategies, including variations of cell
morphology, size, mode of growth and developmental behavior. Post-translational modifications
(PTMs) of proteins contribute significantly to bacterial adaptability and cell cycle control. Research
on PTMs in bacteria started with the assumption that they lack many features regularly found in
more complex organisms. However, ongoing investigation keeps revealing new types of PTMs of
bacterial proteins. This research topic gathers a number of articles discussing the advanced methods
for systematic study of bacterial PTMs, approaches to utilize PTMs for biotechnological purposes,
and revealing new cellular functions controlled by PTMs.

Most bacterial PTMs are dynamic and reversible. This allows the cell to exploit them as
regulatory devices. It also means that the full understanding of the cellular roles of different
PTMs necessitates global, quantitative and time-resolved studies. One seminal paper in this topic
reports a novel proteomics approach for such quantitative studies: the Intensity Based Absolute
Quantitation (iBAQ). Using this approach, the authors have quantified the expression and the
occupancy of various PTM sites in the proteome of Escherichia coli (Soufi et al., 2015). The authors
report remarkable differences in expression and occupancy of PTMs sites under different growth
conditions. The dataset comprised 2300 proteins, which is close to 90% of the expressed proteome.
This is an important landmark, since proteomics in general has not yet attained the same level of
coverage that global transcriptome studies can achieve.

Among different bacterial PTMs, protein phosphorylation is the most extensively studied
one, and in this topic it features prominently. Several papers present global studies of protein
phosphorylation in bacteria (Spit et al., 2015), including important bacterial pathogens (Fortuin
et al, 2015; Nakedi et al, 2015). The focus on pathogens is understandable, since protein
phosphorylation, and several other PTMs, are heavily involved in different infection strategies
displayed by bacterial pathogens (Michard and Doublet, 2015). In addition to phosphoproteome
studies, interactomics is also featured as a useful approach to chart the phosphorylation-
based regulatory networks. It enables researchers to trace the connections among protein
kinases, phosphatases, and their substrates (Shi et al., 2014a). This approach for reconstructing
phosphorylation networks highlights the capacity of bacterial proteins kinases from different
families to interact with, and phosphorylate, each other (Shi et al., 2014b). Protein-tyrosine kinases,
and their various roles in bacterial physiology were in the focus of several review and opinion
articles in this topic (Bardk, 2014; Gerwig and Stiilke, 2014; Mijakovic and Deutscher, 2015).
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Regulatory potential of bacterial PTMs

Other topic contributions highlight the broad spectrum of
PTMs involved in key cellular processes. In particular, novel
modifications are discussed: redox regulation via reversible S-
thiolation (Loi et al., 2015), post-translational hydroxylation (van
Staalduinen and Jia, 2015) and the role of citrullination for
the interaction between bacteria and human mucosal surfaces
(Sofat et al., 2015). Several experimental papers report studies
on post-translationally modified antimicrobial peptides known
as lantibiotics. These are ribosomally synthesized peptides which
can efficiently inhibit the growth of Gram-positive bacteria. A
study by Zhou et al. (2015) described an engineering strategy
to make the lantibiotics more effective in inhibiting several
important bacterial pathogens. In another study, Khusainov
et al. (2015) describe the active site of the nisin dehydratase.
This enzyme, essential for the production of the lantibiotic
nisin, converts serines, and threonines, to dehydroalanine and
dehydrobutyrine residues, respectively. Interestingly, bacterial
PTM systems, such as the N-glycosylation machinery, are also
being exploited and engineered to facilitate the production of
recombinant vaccines (Garcia-Quintanilla et al., 2014). Another
focal point of the topic are the PTMs targeting the PII proteins,

References

Bardk, I. (2014). Complexity of bacterial phosphorylation interaction network.
Front. Microbiol. 5:725. doi: 10.3389/fmicb.2014.00725

Fortuin, S., Tomazella, G. G., Nagaraj, N., Sampson, S. L., Gey van Pittius,
N. C,, Soares, N. C,, et al. (2015). Phosphoproteomics analysis of a clinical
Mpycobacterium tuberculosis Beijing isolate: expanding the mycobacterial
phosphoproteome catalog. Front. Microbiol. 6:6. doi: 10.3389/fmicb.2015.00006

Garcia-Quintanilla, F., Iwashkiw, J. A., Price, N. L., Stratilo, C., and Feldman,
M. F. (2014). Production of a recombinant vaccine candidate against
Burkholderia pseudomallei exploiting the bacterial N-glycosylation machinery.
Front. Microbiol. 5:381. doi: 10.3389/fmicb.2014.00381

Gerwig, J., and Stiilke, J. (2014). Far from being well understood: multiple
protein phosphorylation events control cell differentiation in Bacillus subtilis
at different levels. Front. Microbiol. 5:704. doi: 10.3389/fmicb.2014.00704

Khusainov, R., van Heel, A. J., Lubelski, J., Moll, G. N., and Kuipers, O. P. (2015).
Identification of essential amino acid residues in the nisin dehydratase NisB.
Front. Microbiol. 6:102. doi: 10.3389/fmicb.2015.00102

Loi, V. V., Rossius, M., and Antelmann, H. (2015). Redox regulation by
reversible protein S-thiolation in bacteria. Front. Microbiol. 6:187. doi:
10.3389/fmicb.2015.00187

Merrick, M. (2015). Post-translational modification of P II signal transduction
proteins. Front. Microbiol. 5:763. doi: 10.3389/fmicb.2014.00763

Michard, C., and Doublet, P. (2015). Post-translational modifications are key
players of the Legionella pneumophila infection strategy. Front. Microbiol. 6:87.
doi: 10.3389/fmicb.2015.00087

Mijakovic, I, and Deutscher, J. (2015). Protein-tyrosine phosphorylation
in Bacillus subtilis: a 10-year retrospective. Front. Microbiol. 6:18. doi:
10.3389/fmicb.2015.00018

Nakedi, K. C., Nel, A. J. M., Garnett, S., Blackburn, J. M., and Soares,
N. C. (2015). Comparative Ser/Thr/Tyr phosphoproteomics between two
mycobacterial species: the fast growing Mycobacterium smegmatis and the
slow growing Mycobacterium bovis BCG. Front. Microbiol. 6:237. doi:
10.3389/fmicb.2015.00237

Radchenko, M. V., Thornton, J., and Merrick, M. (2014). Association and
dissociation of the GInK-AmtB complex in response to cellular nitrogen
status can occur in the absence of GInK post-translational modification. Front.
Microbiol. 5:731. doi: 10.3389/fmicb.2014.00731

Shi, L., Pigeonneau, N., Ravikumar, V., Dobrinic, P., Macek, B., Franjevic,
D., et al. (2014b). Cross-phosphorylation of bacterial serine/threonine and

which are the key signal transduction proteins involved in
the control of nitrogen metabolism in bacteria and archaea
(Radchenko et al., 2014; Merrick, 2015). Finally, Stannek et al.
(2015) contributed a study on a regulatory mechanism involving
arginine phosphorylation and regulated proteolysis.

In conclusion, the contributions in this topic reflect the
diversity of bacterial PTMs. Several studies highlight one
important emergent feature of PTM systems: their capacity
to interact with each other, creating an additional level of
complexity in the cellular regulation. This is one of the key
features of bacterial PTM systems and a challenge which future
studies will have to address.
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Ser/Thr/Tyr protein phosphorylation plays a critical role in regulating mycobacterial
growth and development. Understanding the mechanistic link between protein
phosphorylation signaling network and mycobacterial growth rate requires a global
view of the phosphorylation events taking place at a given time under defined
conditions. In the present study we employed a phosphopeptide enrichment and
high throughput mass spectrometry-based strategy to investigate and qualitatively
compare the phosphoproteome of two mycobacterial model organisms: the fast
growing Mycobacterium smegmatis and the slow growing Mycobacterium bovis BCG.
Cells were harvested during exponential phase and our analysis detected a total
of 185 phospho-sites in M. smegmatis, of which 106 were confidently localized
[localization probability (LP) = 0.75; PEP = 0.01]. By contrast, in M. bovis BCG
the phosphoproteome comprised 442 phospho-sites, of which 289 were confidently
localized. The percentage distribution of Ser/Thr/Tyr phosphorylation was 39.47,
57.02, and 3.51% for M. smegmatis and 35, 61.6, and 3.1% for M. bovis BCG.
Moreover, our study identified a number of conserved Ser/Thr phosphorylated sites and
conserved Tyr phosphorylated sites across different mycobacterial species. Overall a
qualitative comparison of the fast and slow growing mycobacteria suggests that the
phosphoproteome of M. smegmatis is a simpler version of that of M. bovis BCG.
In particular, M. bovis BCG exponential cells exhibited a much more complex and
sophisticated protein phosphorylation network regulating important cellular cycle events
such as cell wall biosynthesis, elongation, cell division including immediately response to
stress. The differences in the two phosphoproteomes are discussed in light of different
mycobacterial growth rates.

Keywords: mycobacteria, phosphoproteome, protein phosphorylation, cell division, growth rate
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Introduction

Mpycobacterium tuberculosis is the causative agent of tuberculosis
(TB), a major health concern worldwide. The current incidence
of tuberculosis disease in South Africa is more than 900 cases per
100,000 people per year. Moreover, the World Health Organisa-
tion have estimated that roughly one third of the world’s popu-
lation is latently infected with M. tuberculosis. The majority of
latently infected individuals will remain asymptomatic through-
out their lives, with the risk of developing active TB disease from
a latent infection being ~10% per lifetime; in HIV positive indi-
viduals though, this risk increases to 10% per year (WHO, 2014).
This latent infected population is thus a substantial reservoir of
potential new TB cases and is therefore a significant public health
concern. The ability of mycobacteria to adapt to, and overcome,
hostile environmental conditions in order to survive within host
cells depends on a fine-tuned and orchestrated series of events
(e.g., response to stress; metabolic remodeling; changes in growth
rate) that will ultimately define the success of establishing and
maintaining long term infection (McKinney et al., 2000; Marrero
et al., 2010). M. tuberculosis infection is often described by two
distinct phases: an active phase, in which the microorganism is
thought to be growing at or close to its maximum rate; and latent
infection, in which the bacilli are thought to persist in a viable
but perhaps more dormant-like state with lower or non-existent
growth rate. Current thinking suggests that there is most likely
a continuum of states between latent TB infection (LTBI), sub-
clinical TB and active TB disease, but to date no M. tuberculosis
bacilli have been observed in LTBI individuals, so the exact phys-
iological state of M. tuberculosis during a latent infection remains
unknown.

Alongside the increasing number of new TB infections there
is another matter of great concern, which is the emergence and
spread of multi- and extensively drug resistant M. tuberculosis
strains. Here unique growth related mechanisms of mycobac-
teria which facilitate adaptation to different adverse micro-
environments are thought to play an important role in the
mechanisms of drug tolerance and acquired resistance that are
observed during infection (Corper and Cohn, 1933; Wayne and
Hayes, 1996). For instance, a recent study showed that diverse
growth-limiting stresses trigger a common signal transduction
pathway in M. tuberculosis that induces triglyceride synthesis,
which is associated with slowing down of growth and reduced
antibiotic efficacy (Baek et al., 2011). Therefore, further investi-
gation of the signaling pathways which regulate mycobacterial
growth rate might reveal important information regarding the
capacity of M. tuberculosis to adapt to its environment and in
particular how this relates to drug tolerance and to the ability to
establish infection.

In M. tuberculosis, Ser/Thr phosphorylation is essential for
growth and environmental adaptation (as reviewed by Kieser and
Rubin, 2014). For instance, the Ser/Thr protein kinases (STPKs)
PknA and PknB are essential for growth of M. tuberculosis in
culture, indicating that phosphorylation plays a pivotal role in
the survival of this bacterium (Sassetti et al., 2003; Kang et al.,
2005; Fernandez et al., 2006; Molle and Kremer, 2010; Kuse-
bauch et al., 2014). These STPKs are encoded by an operon which

regulates genes involved in cell shape determination, cell wall
synthesis, and cell division (Deol et al., 2005; Kang et al., 2005;
Kusebauch et al., 2014). In addition to PknA and PknB, another
group of STPKs comprised of PknG, PknL, and PknF appear to
be involved in different aspects of M. tuberculosis growth reg-
ulation (Cowley et al., 2004; Deol et al., 2005; Canova et al.,
2008). In support of the likely important role played by STPKs
in M. tuberculosis, a mass spectrometry-based phosphoproteomic
study identified more than 500 Ser/Thr phosphorylation sites on
300 proteins in M. tuberculosis (Prisic et al., 2010) and, more
recently, a complementary study detected a number of Tyr phos-
phorylated proteins in M. tuberculosis (Kusebauch et al., 2014).
Notably though, the physiological significance of these findings
remains largely unexplored.

In the past years, the use of mycobacterial models such as
M. smegmatis and M. bovis BCG have significantly contributed to
our current understanding of M. tuberculosis biology and envi-
ronmental adaptation (as reviewed by Shiloh and Champion,
2010). M. bovis BCG is an attenuated bovine tuberculosis bacil-
lus by a serial passage in the laboratory (Calmette et al., 1921).
This mycobacterium is a particular convenient model in part due
to it is slow growth rate similar to that observed in M. tuberculo-
sis. On other hand M smegmatis is a fast growing mycobacterial
species (with a doubling time of approximately 4 h) that has been
widely used to investigate different aspects of mycobacterial phys-
iology (Barry, 2001; Reyrat and Kahn, 2001; Danilchanka et al.,
2008). As part of a concerted program to associate protein phos-
phorylation in mycobacteria with subsequent macromolecular
events which determine growth rate and eventual environmen-
tal adaption, we have carried out a phosphopeptide enrichment
and high throughput mass spectrometry-based study to investi-
gate and compare the phosphoproteome of two model mycobac-
terial organisms—the fast growing M. smegmatis and the slow
growing M. bovis BCG—our goal being to begin to elucidate the
phosphorylation events and subsequent signal transduction path-
ways coordinating differential mycobacterial growth rates, which
may in due course lead to important insights into M. tuberculosis
physiology during active and latent infection—including aspects
of slow growth associated drug resistance.

Materials and Methods

Bacterial Strains

Wild type strains of M. smegmatis mc?155 and M. bovis BCG Pas-
teur strain 1173P2 were grown in 7H9 Middlebrook (BD, Mary-
land, USA) broth supplemented with 0.05% Tween 80, OADC
(Becton Dickinson) and 0.2% glycerol (v/v). Cells were grown at
37°C with continuous agitation (120 rpm).

Protein Extraction

Cells were harvested during the exponential phase (ODggp ~1.2
and 0.6 for M. smegmatis and M. bovis BCG, respectively) by
centrifugation at 4000 g for 15min at 4°C, washed twice with
Phosphate Buffered Saline pH (7.5) (PBS). Cells were snap frozen
in liquid nitrogen and stored at -80°C until needed. Frozen
pellets were suspended in 800l lysis buffer [500 mM Tris-
HCI, 0.1% (w/v) SDS, 0.15% sodium deoxycolate, 1 x protease
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inhibitor cocktail, 1x phosphatase inhibitor cocktail (Roche,
Mannheim Germany) and 50 pg/ml lysozyme (Repaske, 1956)].
Cells were disrupted by sonication at maximum power for six
cycles of 30s, with 1 min cooling on ice between cycles. Cel-
lular debris was removed by centrifugation at 4000 g for 5 min
and the lysate filtered through 20 um pore size low-protein
binding filters (Merck, NJ, USA). Proteins were precipitated
using the chloroform-methanol precipitation method as previ-
ously described (Wessel and Fliigge, 1984). The pellet was re-
suspended in urea buffer (6 M urea, 2M thiourea and 10 mM
Tris-HCI, pH 8). Protein concentration was determined using a
modified Bradford assay as described by Ramagli (1999).

In-Solution Trypsin Digestion

Five milligram of total protein was reduced with 1 mM DTT for
1h with agitation and then alkylated with 5.5mM IAA for 1h
in the dark. Proteins were pre-digested with Lysyl Endopepti-
dase LysC (Waco, Neuss, Germany) at room temperature for 3 h
and diluted 4 x with HPLC grade water before adding sequencing
grade modified trypsin (Promega, Madison, USA) (1:100 w/w).
Proteolysis was carried out at room temperature for 14h with
agitation at 30 rpm. Proteolysis was quenched by addition of
trifluoroacetic acid (TFA) (Sigma Aldrich, St Louis, USA).

Phosphopeptide Enrichment with TiO,
Chromatography

Acetonitrile (ACN) (Sigma Aldrich, St Louis, USA) at a final con-
centration of 30% was added to the tryptic peptides and the pH
was adjusted to 2. Ten milligram of Titasphere TiO2 beads (MZ
Analysentechnik, Mainz, Germany) in loading buffer [30 mg/ml
2,5 dihydrobenzoic acid (Sigma Aldrich, St Louis, USA), 80%
ACN] were added to the sample and incubated at room tem-
perature with rotation for 1h. The beads were pelleted and the
decanted supernatant was further incubated with a fresh batch
of 5mg of beads for 30 min. This step was repeated one fur-
ther time, giving three fractions of enriched phosphoproteins
bound to beads in total. Phosphopeptides bound to the beads
were washed vigorously with shaking for 10 min in 1 ml of wash
buffer 1 (30% acetonitrile, 3% trifluoroacetic acid) followed by an
additional 10 min of vigorous wash with wash buffer 2 (80% ace-
tonitrile, 0.1% trifluoroacetic acid). Phosphopeptides were loaded
onto C8 stage tip, washed with wash buffer 2 and then eluted
with 3 x 50 pl Elution buffer [40% Mass-spec grade NH4OH
(aq, 25% NH3; Sigma-Aldrich, St Louis, USA), 60% acetonitrile
(pH 10.5 or higher)]. Solvent was removed in a speed drying
vacuum at room temperature and peptides were resuspended in
20l Solvent A (2% ACN, 0.1% formic acid).

LC/MS/MS Analysis

Liquid chromatography separation was carried out using a pre-
column (100 wm ID x 20 mm) connected to an analytical column
(75 wm x 500 mm) packed with C18 Luna 5 1 100 A beads (phe-
nomenex 04A-5452). The columns were connected to an Easy
n-LC II system (Proxeon). 5 pl of resuspended phosphopeptides
were loaded onto the column with starting mobile phase of 2%
ACN, 0.1% formic acid. Peptides were eluted with the following
gradient 5% ACN to 35% ACN for 120 min the up to 80% ACN

over 5min staying at 80% ACN for 10 min, this was followed by
a column wash of 7 to 80% gradient for 30 min, and a column
equilibration at 2% ACN for 2 min. The flow rate was held at 300
nL/min.

Mass spectra were acquired on an Orbitrap Q Exactive
mass spectrometer in a data-dependent manner, with automatic
switching between MS and MS/MS scans using a “Top-10”
method. MS spectra were acquired at a resolution of 70,000 with
a target value of 3 x 10° ions or a maximum injection time of
250 ms. Peptide fragmentation was performed via higher-energy
collision dissociation (HCD) with the energy set at 25 NCE.
Intensity threshold for ions selection was set at 1.7e4 with charge
exclusion of z = 1 and z > 5. The MS/MS spectra were acquired
at a resolution of 17,500, with a target value of 2 x 10° ions or a
maximum injection time of 120 ms. The scan range was limited
to 300 to 1750 m/z and the isolation window at 4.0 m/z.

Data Processing

Maxquant software package version 1.5.0.3 with integrated
Andromeda search engine was used to analyse the raw MS spec-
traacquired. M. smegmatis (taxonomy 246196) and M. bovis BCG
Pasteur (taxonomy 410289) databases obtained from Uniprot
were used as the target-decoy databases for the Andromeda
search. LysC and Trypsin were defined as proteases and two
missed cleavages were allowed. Phosphorylation on serine, thre-
onine, and tyrosine residues, oxidation of methionines and N-
terminal acetylation were specified as variable modifications.
Carbamidomethylation on cysteines was defined as a fixed mod-
ification. We allowed a FTMS MS/MS match tolerance of 20
ppm. False discovery rate was set at 1% for identification of pep-
tides and proteins without re-quantifying. Stringent filtering cri-
teria were employed to validate phospho sites. Phosphopeptides
were considered as high confidence phosphorylation events and
taken for further analysis only if they had a localization proba-
bility of >0.75, had a posterior error probability (PEP) score of
<0.001. We further manually validated the phospho sites on the
Maxquant viewer for good b- and y- ion series coverage.

Bioinformatics

Predicted Gene Ontology (GO) cellular functions of identi-
fied phosphoproteins with high confidence from two mycobac-
terium strains were obtained from The Database for Annota-
tion, Visualization and Integrated Discovery (DAVID, v6.7) and
were grouped into functional categories. To compare the identi-
fied phosphoproteomes of these two mycobacterial species, we
identified homologs of the M. smegmatis phosphorylated pro-
teins in M. bovis BCG using the University of Cape Town’s
Computational Biology online bioinformatics tool found at
http://galaxy-fen.uct.ac.za/root. For identification of tyrosine-
phosphorylation site motifs, we used the Motif-X algorithm
(Schwartz, 2005). We defined a sequence window of +/- 10 amino
acids on each side of the tyrosine site and generated the sequence
logo by Phosphosite logo generator using the algorithm PSP
production (Cell signaling Technology). We aligned genomic
sequences of both strains using the online tool, obtained from
http://www.ebi.ac.uk/Tools/msa/clustalw2/ and respective fasta
files were obtained from Uniprot.
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Results and Discussion

There is increasing evidence indicating that protein phosphory-
lation plays an essential role during mycobacterial cell division
and environmental adaptation. Understanding the mechanis-
tic connection between such regulatory signaling networks
and mycobacterial growth rate requires a global view of the
phosphorylation events taking place at a given time under
defined conditions. Here, we have carried out a compara-
tive phosphoproteomic analysis of two mycobacterial strains—
one fast growing (M. smegmatis), the other slow grow-
ing (M. bovis BCG). Our analysis included three rounds of
TiO, chromatography to enrich phosphorylated peptides (see
Supplementary Figure S1), followed by subsequent analysis of
phosphorylation-events using liquid chromatography coupled
with state-of-the-art high resolution tandem mass spectrometry
(LC/MS/MS) (Supplementary Figure S2a and S2b), in order to
compare the phosphoproteomes of these two model mycobac-
terium species during exponential growth.

In this study we considered all phosphorylation-events that
were detected in any of the biological replicates, and only
confidently localized phospho-sites (p-sites) (Figure 1), were
considered for qualitative comparative analysis and further dis-
cussion. In the two M. bovis BCG replicates, we detected a

total of 442 p-sites of which 289 were confidently localized
(Localization probability (LP) = 0.75; PEP = 0.01) and 169/289
had a LP = 0.99 (Supplementary Table S1A and Figure S2c).
We identified 88,822 MS/MS spectra corresponding to 7784
non-redundant peptide sequences (Supplementary Figure S2d)
and 1765 protein groups (402 were identified by a single pep-
tide) (Supplementary Table S1A). The estimated false discovery
rate (FDR) was 0.32 at the peptide level, 0.30 at the modifi-
cation level, and 1.03 at the protein level. Our initial analysis
of two biological replicates of M. smegmatis revealed consid-
erable differences in the number of identified p-sites between
the two Mycobacterial species, 77 p-sites for M. smegmatis
(Supplementary Figure S2e) compared to 289 for M. bovis
BCG. To verify that these differences observed were biologi-
cal, we further analyzed three additional biological replicates for
M. smegmatis (Supplementary Table S1B). Phosphoproteomic
analysis of five biological replicates of M. smegmatis protein
extracts resulted in identification of 180, 396 MS/MS spec-
tra, corresponding to 16, 185 non-redundant peptide sequences
(Supplementary Figure S2f) and 2, 462 protein groups (464 were
identified by a single peptide) (Supplementary Table S1B). The
estimated false discovery rate (FDR) was 0.22 at the peptide level,
0.21 at the modification level, and 0.98 at the protein group level.
We detected a total of 185 phospho-sites in M. smegmatis, of
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FIGURE 1 | Phosphorylation of M. bovis BCG Cell division FtsQ
(Thra4) and probable conserved protein membrane mmpS3 (Tyrzg).
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FIGURE 2 | A histogram showing the GO molecular functions of identified phosphoproteins and respective number of phosphopeptides as predicted
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which 106 were confidently localized (LP = 0.75; PEP = 0.01) and
64/106 had a LP = 0.99 (Supplementary Table S1B). In detail,
for M. bovis BCG, we detected 289 p-sites on 203 phoshoproteins:
35.3% on serine (pSer), 61.6% on threonine (pThr) and 3.1%
tyrosine (pTyr). For M. smegmatis we detected 106 p-sites on 76
phosphoproteins: 39.47% on serine (pSer), 57.02% on threonine
(pThr) and 3.51% on tyrosine (pTyr). Both phosphoproteomes
were biased toward Thr compared with Ser (57-61%; 41-35%),
which agrees with previous reports on M. tuberculosis H37Rv
(Prisic et al., 2010). Importantly, the percentage of Tyr phospho-
rylation in M. bovis BCG was closer to that reported in M. tuber-
culosis (Kusebauch et al., 2014). Although it had previously
been suggested that Tyr phosphorylation was non-existent within
mycobacterial species, it was recently confirmed that Tyr phos-
phorylation does in fact occur on a number of diverse M. tubercu-
losis proteins (Kusebauch et al., 2014). Here, we have confidently
identified nine Tyr p-sites in eight proteins in M. bovis BCG
(Table 1, Figure 1B and Supplementary Table S1A) and four in
M. smegmatis, supporting earlier suggestions that phosphory-
lation on Tyr residues occur in different mycobacterial species
(Kusebauch et al., 2014).

The differences between the compared phosphoproteomes
compelled us to investigate whether some of these dissimilar-
ities could be explained by genomic events rather than post-
translational control. The multiple sequence alignment of 130
selected M. bovis BCG phosphoproteins with their respec-
tive M. smegmatis orthologs (Supplementary S3A) revealed
that from 197 M. bovis BCG Ser/Thr/Tyr phosphorylated
sites: 12 are conserved across the two mycobacterial species
and were found to be phosphorylated in both species, while
94 conserved Ser/Thr/Tyr residues were found to be phos-
phorylated in M. bovis BCG only. Furthermore, whereas 91
M. bovis BCG phosphorylated residues were aligned with

a different non-phosphorylated M. smegmatis residue, 72 of
these were aligned with a non-phosphorylated amino acid
(Supplementary S3A) and 19 were aligned with different non-
phosphorylated Ser/Thr/Tyr residue. Conversely, the multiple
sequence alignment of 64 M. smegmatis phosphoproteins with
their respective M. bovis BCG orthologs showed that besides
the 12 conserved Ser/Thr/Tyr residues phosphorylated in both
species, 31 conserved residues were found to be phosphory-
lated in M. smegmatis only. In this case, while 43 M. smeg-
matis phosphorylated residues were aligned with a different
non-phosphorylated M. bovis BCG amino-acid, 36 of these
were aligned with a non-phosphorylated amino acid residue
(Supplementary S3B) and seven were aligned with different
non-phosphorylated Ser/Thr/Tyr residue (Supplementary S3B).
These results point out that some of differences observed between
the two phosphoproteomes can be explained by the absence
of the corresponding amino acid residue, indicating that dur-
ing exponential growth phase these two mycobacterial species
present an inherently different sub-set of Ser/Thr/Tyr kinase
substrates. Additionally, there are some interesting examples in
which orthologous proteins were phosphorylated at different p-
sites. This suggests that kinase specificities for a substrate could
be intimately related with the actual site of phosphorylation.
Finally, it is notable that occasions the Ser/Thr/Tyr residue was
aligned with different Ser/Thr/Tyr residue (in most cases S for T
and vice versa) in some punctual situation the respective residue
was phosphorylated (e.g., PknB) but for the majority of the
cases these were aligned with non-phosphorylated Ser/Thr/Tyr
residue. This intriguing observation leaves open the possibility
that Ser/Thr exchange could be a result of an evolutionary pro-
cesses/environmental adaptation, in which the replacement for
the respective residue would probably favor site phosphorylation
and therefore the gain of an additional mechanism of protein
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TABLE 1 | List of Tyr phosphorylated proteins/sites identified in M. bovis BCG and M. smegmatis.

Acc. number? Protein description

Phosphorylated peptide sequence and Position of the

phosphorylated site phosphorylated Tyr
ATKEI8 Uncharacterized protein FHA domain-containing protein HPGQGDYPEQIGY(1)bPDQGGYPEQR 215*

GGYPPETGGYPPQPGY(1)PRPR 232*
ATKFR2 60kDa chaperonin 1 VAQIRQEIENSDSDY(0.919)DREK 358*
A1KFP3 Uncharacterized proteinHydrolase domain-containing protein GLAEGPLIAGGHSY(1)GGR 99
A1KIB3 Uncharacterized protein SAY(0.913)PDGIADHDRPLAPR 8
ATKKPO Probable isocitrate lyase aceA MGIEAIY(0.998)LGGWATSAK 104
A1KKPO Probable conserved membrane protein mmpS3 AYSAPESEHVTGGPY(1)VPADLR 70*
ATKKR9 Uncharacterized protein CYTH-like domain containing protein Y(0.847)TAATGADNVSQEAK 428
ATKPH7 Conserved hypothetical mce associated protein RDCASVMVY(0.973)LNRTVTDK 122
NAOQWX0 Carbohydrate kinase FGGY Y(1)NYDTLAGR 1
AAOQQ14 Carbohydrate kinase FGG ISAWY (0.968)VER 5
~AOQSS3 10kDa chaperonin Y(1)GGTEIK 1
AAOQQU5 60 kDa chaperonin 1 AEIENSDSDY/(0.915)DREK 10

*Tyr phosphorylated sites that were previously identified in M. tuberculosis H37Rv (Kusebauch et al., 2014).

"~ Tyr phosphorylated sites in M. smegmatis.
aUniprot protein accession number.
bphosphorylated Tyr (Y) and respective Localization probability.

functional regulation. Although speculative, it would be inter-
esting to explore further in which conditions these sub set of
Ser/Thr/Tyr sites are phosphoryalated.

Finally, the number of phosphoproteins/sites identified in
M. smegmatis is comparable to those reported in other soil bac-
teria, e.g., E. coli (Macek et al., 2008; Soares et al., 2013), Bacillus
subtilis (Shi et al., 2014) and Pseudomonas putida (Ravichandran
et al.,, 2009), as well as in some pathogenic bacteria such as Pseu-
domonas aeruginosa (Ravichandran et al., 2009), Streptococcus
pneumonia (Sun et al., 2009), Helicobacter pylori (Ge and Shan,
2011), and Klebsiella pneumonia (Lin et al., 2009). Whereas, the
number of phosphorylated Ser/Thr/Tyr detected in M. bovis BCG
phosphoproteome is comparable to that described in M. tubercu-
losis H37Rv (Prisic et al., 2010). It is of particular interest that the
M. bovis BCG phosphoproteome shows a number of phospho-
proteins/sites that are orthologous to those reported in M. tuber-
culosis H37Rv (Prisic et al., 2010) but also a number that are
not conserved. Recently a comparison between the Ser/Thr/Tyr
phosphoproteomes of Acinetobacter baumannii reference strain
(ATCC17978) and a highly invasive, multidrug resistant clone
(AbH120-A2) demonstrated that, during stationary phase, the
multidrug isolate showed twice as many phosphorylation-events
as the reference strain (Soares et al., 2014). In contrast to reports
on Pseudomonas species (Ravichandran et al.,, 2009), our cur-
rent study supports the notion that bacteria within the same
genus/species may utilize differing numbers of phosphoproteins.

Phosphoproteomic Analysis Reveals Conserved
Ser/Thr/Tyr Phosphorylated Sites Across
Mycobacterial Species

Conserved Ser/Thr Phosphorylated Sites

Macek et al. (2008) reported evidence of a possible high degree of
conservation within potential bacterial phospho-sites although,

as noted by those authors, the conservation of residues does
not mean that they are phosphorylated in all species. In fact,
as the number of bacterial phosphoproteomic studies increases,
it is becoming clearer that the degree of conserved phospho-
sites among bacterial species is rather limited and certainly lower
than reported within eukaryotic phosphoproteomes (e.g., Fres-
chi et al., 2014). Here, a comparison between the M. smegmatis,
M. bovis BCG, and M. tuberculosis H37Rv (Prisic et al., 2010;
Kusebauch et al., 2014) phosphoproteomes revealed that these
three mycobacterial species share a number of conserved phos-
phorylated sites (Table 2). Interestingly, we found that M. bovis
BCG and M. tuberculosis H37Rv phosphoproteomes share at
least 32 Ser/Thr conserved phospho-sites on 27 proteins, of
which three were conserved in all three species (Table 2). As
pointed out by Freschi et al. (2014), phosphorylation sites that
are phosphorylated in different species are more likely to be func-
tional and this conservation criterion could be used to prioritize
phosphorylation events for additional characterization.

In the present study we have focused in particular on the
STPKs PknB and PknA that have known or predicted functions in
cell wall generation and growth in M. smegmatis, M. bovis BCG,
and M. tuberculosis (Gee et al., 2012; Kusebauch et al., 2014). We
found PknB to be phosphorylated in Thr;73 in all three species
and in Thry7; in M. smegmatis and M. bovis BCG (Table 2). Previ-
ous in vitro assays demonstrated that both Thry73 and Thr;7; are
conserved auto-phosphorylated residues that lie in the activation
loop of PknB (Boitel et al., 2003). Additionally, a M. tubercu-
losis double mutant Thry71/Thry73 was 300-fold less active than
respective wild-type PnkB, suggesting a combined effect of both
Thr;7; and Thryy3 residues on kinase activity. Subsequent studies
confirmed that the mutation of these residues had a strong effect
not only on PknB kinase activity but also in the process of activa-
tion loop-mediated recruitment of its substrates (Villarino et al.,
2005). Here we have provided evidence that Thr;73 and Thr;7;
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TABLE 2 | Summary of the phosphorylated sites found in more than one Mycobacterial species.

Acc. number? Protein description M. bovis BCG M. smegmatis Mtb H37Rv*
P65727 Ser/Thr-protein kinase PknA Serg’o9 Sersig Seragg
Serz1g Thraig -
Serogg; Thrgg1;Thrgoe - Ambiguous Residues 2gg_302
Throog Throgg
POA5S5 Ser/Thr-protein kinase PknB Thri73 Thry73 Thry73
Thry71 Thry74 -
Q02251 Mycocerosic acid synthase Seroq14 - Seroq11
Q7TVL9 Possible acyltransferase Serogg - Serogzg
P64169 Cell division protein FtsQ Throg - Throg
Q7TY31 Conserved alanine and glycine and valine rich Throgo - Throgo
Q7U2K5 Possible conserved transmembrane transport protein MMPL3 Thrg1o - Thrg1o
Thrggs - Thregs
Q7U2N3 Probable conserved MCE associated membrane protein Thrig - Thrig
Q7VEQ4 L-aspargine permease 1 Thraz4 - Thrgz4
Q7U280 Isoniazid inductible gene protein Sergp - Sergp
P65379 Putative membrane protein mmpS3 Sersg - Ambiguous residues 5g_gg
Thrgg - Thrgg
Thryz - Thryz
Thrsg - Thrsg
POA515 Guanylate Kinase Thrg - Thrg
Q7TXB8 Phosphoglucomutase PGMA Seri47 Seri47 Seri47
- Seri4o Ambiguous residues 135_152
POA521 60 kDa chaperonin 2 Thrise - Thry4e
P45811 308 ribosomal protein S4 Thri47 - Thry47
Q7U046 Probable lipase LIPH Serqgs - Serigs
Q7TXZA Cell division transmembrane protein FTSK Thrggo - Thrgao
P66947 Probable acetolactate synthase Thrg - Thrg
P66843 Signal recognition particle receptor FtsY Thryo - Thr7o
P66890 Sec-independent protein translocase TatA Thrgo - Thrgg
Thryg - Thrrg
POA549 Chaperone protein DnaJ1 Thryog - Thriog
Q7TVL6 Possible phosphotransferase Serosg - Seroso
P6387 Chaperone protein ClpB Thrzg - Thrzg
P63857 Cytochrome ¢ oxidase subunit 3 Thry - Ambiguous residues 5_14
Thryg Thryg Ambiguous residues 5_ 14
Q7TYA1 Export membrane protein SecF Serzgs - Ambiguous residues 375 _407
QruU241 Probale Phosphoribosylglycinamide Throps - Throgg
Q7TVC7 Probable peptidoglycan hydrolase Thrag - Thryg
Q7TTR2 Long-chain-fatty-acid-AMP FadD32 Thrsso - Thrsso
POAB11 Possible transmembrane cation Serogg - Serogg
POAG11 Single-stranded DNA-binding protein SSB Seriso - Ambiguous residues 193_154
POA727 Transcriptional regulatory protein PrrA Thrg - Thrg
P65379 Putative membrane protein mmpS3 Tyrzo - Tyrzo
Q7U303 Conserved protein with fha domain Tyrogo - Tyrogo
Tyro1s - Tyra1s
POA521 60kDa Chaperonin 2 Tyrass Tyrzsg

* Ser/Thr phosphorylated sites that were previously identified in M. tuberculosis H37Rv (Prisic et al., 2010).
aUniprot protein accession number.

bSer/Thr residue found phosphorylated in the indicated Mycobacterial species.

—, Not detected.
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phosphorylation both occur in vivo during the exponential phase,
at which PknB is most abundant and is thought be at its max-
imum activity. Thus, our data reinforces a previous hypothesis
suggesting that in vivo this enzyme is regulated through an auto-
phosphorylation mechanism involving the phosphorylation state
of both Thr173 and Thr171.

Another proposed mechanism of PknB regulation relates to
the maintenance of an inactive state via the interaction of the
juxtamembrane region with the kinase domain. In this model,
the auto-phosphorylation of specific residues in the juxtamem-
brane sequences releases the inhibition by making the sequence
available for further interactions with domains of target pro-
teins (Wybenga-Groot et al., 2001). However, previously it was
not clear whether Thryg4 and/or Thrsgg were the target residues
involved so it is notable that our data clearly demonstrate that
PknB of M.bovis BCG is in fact phosphorylated on Thr3ge.

Our analyses indicate that PknA is phosphorylated in at least
one conserved residue, Ser3go/Serso (see Table 2). Intriguingly,
in this study M. bovis BCG PknA was found to be phosphory-
lated on seven different residues (three Ser and four Thr, respec-
tively), all located in the juxtamembrane region. Unlike PknB,
in PknA the juxtamembrane region, encompassing residue 269-
338 is indispensable not only for auto-phosphorylation of PknA
but also for its substrate phosphorylation ability (Thakur et al.,
2008). STPks exhibit a wide variety of mechanisms for their
regulation. Taking into account the degree of phosphorylation
verified here in the juxtamembrane region of M. bovis BCG
PknA compared to that observed in M. smegmatis PknA, it is
tempting to speculate that this level of phosphorylation of the
juxtamembrane region could be in fact limiting the access of
PknA to its substrates and this way controlling the action of the
enzyme. Importantly, as noted by Chawla et al. (2014), whilst
the structure and mode of activation of PknB and PknA have
been well established in vitro, the structure-function relationships
of the various domains have yet to be investigated in the con-
text of mycobacterial growth (Chawla et al., 2014). Here through
a MS based phosphoproteomic approach we have established
(at the phospho-site level) the phosphorylation state of differ-
ent domains for both PknA and PknB in vivo during growth at
exponential phase.

Conserved Tyr Phosphorylated Sites

In our study we have identified nine Tyr p-sites (see Table 1), of
which four were also found to be phosphorylated in M. tuber-
culosis (Kusebauch et al.,, 2014): FHA-domain-containing pro-
tein (Tyry;s and Tyrasz), 60kDa chaperonin 1 (Tyrssg) and
conserved membrane protein mmpS3 (Tyryo) (Figure 1B).
FHA-domain-containing protein is a substrate of numerous
STPKs, including PknB. Phosphorylation of FHA by PnkB
has implication in cell wall synthesis with a possible involve-
ment in mycobacterial virulence (Gupta et al, 2009). Like-
wise both 60kDa Chaperonin and conserved membrane pro-
tein mmpS3 have been implicated in mycobacterial virulence
(Wells et al., 2013). Based on our data, we searched for possi-
ble conservation of these peptides across other bacterial species.
A sequence motif derived from 60kDa Chaperonin Tyrssg
(RQEIENSDSDYDREKLQERLA) using Seq2Logo revealed an

overrepresentation of Tyrsss (Figure2). A conserved Tyrseo
residue on apparently conserved peptide (SDSDYDREKL) was
found in three Gram negative pathogenic species, specifi-
cally Shigella spp., Klebsiella spp., and Salmonella spp., sug-
gesting that this conserved Tyr phosphorylation site war-
rants further investigation for possible roles in bacterial
pathogenesis.

Phosphoprotein Functional Enrichment

Gene ontology (GO) terms revealed that in both M. bovis
BCG and M. smegmatis, the phosphorproteins/phosphosites were
functionally enriched in nine distinct groups, (e.g., ATP bind-
ing, translation, kinase activity, cell division, see Figure 2). Of
interest, a great deal of phosphorylated proteins in M. bovis BCG
was clustered into the Transmembrane group (Figure 2). This
included a considerable number of multiple phosphorylated pro-
teins and some phosphorylated in internal as well as external
regions, like BCG_3967, it is a probable trans-membrane pro-
tein and we found it to be phosphorylated four times, at position
10, which like on the flagellin domain and position 801 and 801,
the kinase domain. This suggests that there are transmembrane
proteins with a potential role in signal transduction. Addition-
ally, it was visible that M bovis BCG phosphoproteome comprised
a notable group of phosphoproteins involved in cell division,
possible implications of this is discussed below.

Phosphorylation Events Observed in Proteins
that Regulate Mechanisms of Growth and Cell
Division

Both PknA and PknB are encoded by genes (pknA and
pknB, respectively) located on the same operon as protein
phosphatase PstP, RodA (implicated in cell shape control) and
PbpA (implicated in peptidoglycan synthesis) (Cole et al., 1998).
This locus includes also two FHA (forkhead-associated) domain-
containing proteins and in mycobacteria is found near the origin
of replication. In M. bovis BCG, all proteins referred to above

Bits

FIGURE 3 | Seq2Logo alignment analysis derived from 60 kDa
chaperonin revelead an overrepresentation of Tyrzsg. Seq2Logo analysis
indicate that a conserved Tyrzsg_3g0 is found in additional three pathogenic
species, specifically Shigella spp., Klebsiella spp., and Salmonella ssp.
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(except PbpA) were found phosphorylated at a total of 15 p-sites:
PknA (7); PknB (3); RodA (1); PstP (1) and FHA domain contain-
ing protein (3) (see Supplementary Table S1A). In M. smegmatis,
however, only a few proteins were found phosphorylated at a total
of 5 p-sites: PknA (2); PknB (2) FHA domain containing protein
(1) (see Supplementary Table S1B). These observations suggest
that the slow growth of M. bovis BCG preserves this central set of
cell division proteins under a tight regulatory network in which
key elements are intimately inter-related by an important series of
functional (de)phosphorylation events. For example, PknA and
PknB are regulated by PstP-mediated phosphorylation (Boitel
etal., 2003; Chopra et al., 2003); additionally, recently it has been
shown that both PknA and PknB phosphorylate PstP (Sajid et al.,
2011). As discussed above, our results showed that both M. smeg-
matis and M. bovis BCG PknB has conserved phosphorylation
on Thry7; and Thr;73—both of which sites are known to be sub-
strates for PstP—thus suggesting that in both cases PstP is at least
partially inactive. This would make sense considering that during
exponential phase PknA and PknB are likely to be at their peak
of activity. PstP has been reported to be phosphorylated by PknB
on Thry73, Thry4;, Thragg, and Thrysy in its CytOSOliC domain and
on Thry74 by PknA (Sajid et al., 2011). Curiously phosphorylated
PstP has been reported to be more active than its unphosphory-
lated form (Sajid et al., 2011). Here, our results indicate that PstP
of M. bovis BCG is phosphorylated in vivo on the high confidence
p-site, Ser;ss (see Supplementary Table S1A). Interestingly, PstP
contains three metal-binding centers in its structure (Pullen et al.,
2004), sharing the fold and two-metal center of human PP2Ca
whilst having a third Mn?* in a site created by a large shift in
a flap domain next to the active site; this Mn?* occurs at the
position of Serjgp so it is plausible that phosphorylation of Seryss
may directly interfere with PstP activity, thus accounting for our
deduction here of reduced PstP activity during exponential phase
growth.

Overall, M. bovis BCG has 3 times more STPks and nearly 4
times respective p-sites compared to M. smegmatis. Apart from
PknA and PknB, the M. bovis BCG phosphoproteome is com-
prised of PknG (Thrgs), PknH (Thry74), PknE (Ser3p4 and Sersys)
PknF (Thrpgz). Some of these enzymes have previously been
directly implicated in mycobacterial growth [e.g., PknG (Fiuza
et al., 2008), PknH (Zheng et al., 2007), PknE and PknF (Gupta
et al,, 2014)] and it is therefore conceivable that some of the
proteins comprising the M. bovis BCG phosphoproteome are in
fact substrate of some of these phosphorylated protein kinases
(vide infra). It is worth noting that our study has also identified
several Two Component sensory signal transduction proteins
as phosphoproteins (e.g., Two component sensory transduc-
tion protein regX3 (Thr;s; and Thr;s3), Two component sen-
sor histidine kinase ppr (Sera4s), Two component transcriptional
regulatory pprA (Seryg). These results are reminiscient of those
previously described in B. subtilis (Jers et al., 2011) and suggest
that in M bovis BCG there may be cross talk between Ser/Thr/Tyr
phosphorylation and Two component systems, which would add
extra complexity to the overall protein phosphorylation signal
transduction pathways regulating exponential growth of M. bovis
BCG cells.

Phosphorylation Events Observed in Proteins
that Regulates Mechanisms of Cell Elongation
and Division

In mycobacteria, cell elongation is regulated by a macrocom-
plex that regulates peptidoglycan remodeling during growth
by means of hydrolytic and synthetic roles (as reviewed by
(Kieser and Rubin, 2014)). Our data indicate that in M. bovis
BCG, three important proteins of the macromolecular elonga-
tion complex are phosphorylated during exponential growth,
namely Wag31 (Seryss), CwsA (Thry;) and a putative hydro-
lase (BCG_0021 involved in peptidoglycan catabolic process)
(Thrgs). In mycobacteria, Wag31 is phosphorylated by PknA and
is essential for correct polar localization and biosynthesis (Jani
et al,, 2010; Lee et al., 2014); in addition, Wag31 is stabilized
by the cell wall protein CwsA. Wag31 is thought to be phos-
phorylated during exponential phase and remains non- or lowly-
phosphorylated during stationary phase (Kang et al., 2005; Park
et al., 2008). Interestingly, Wag31, CwsA and the putative pep-
tidoglycan hydrolase were not found amongst the M. smegmatis
phosphorylated proteins in the present study. Whilst we cannot
rule out that our assay did not isolate phosphorylated M. smeg-
matis Wag31, it is perhaps more likely that in the fast growing
M. smegmatis the elongation complex is regulated by alternative
non-phosphorylated mechanism.

Another macromolecular complex, named divisome, is
responsible for mycobacterial cell division. Assembly and disas-
sembly of this complex is regulated by protein phosphorylation
(Kieser and Rubin, 2014). According to the our data, in M. bovis
BCG there are five divisome proteins which are phosphorylated,
including cell division FtsQ (Thry4), FtsW-like protein (Thryg),
CwsA (Thryy) as well as other additional phosphorylated cell
division proteins such as RodA (Thrag3), cell division transmem-
brane protein FtsK (Thrsys; Thregz) and FtsY (Thry,), strongly
suggesting that divisome assembly and indeed cell division in
M. bovis BCG is subject to a high level of phosphorylation.

Of interest, in our analysis we have detected Hup, a conserved
histidine-like protein, phosphorylated on three different p-sites
(Thrys, Thres, and Sergp). In Mycobacterium sp., the homolog
of HU (Mhpl) is implicated in bacterial adaptation to stress
response conditions, possible inhibition of cellular metabolism
and reduction of bacterial growth rate through nucleoid reorga-
nization (Lee et al., 1998; Matsumoto et al., 1999; Katsube et al.,
2007). Apparently, is expressed in exponentially growing cells of
M. tuberculosis H37Ra and it is shown to be maximally expressed
during stationary phase, while Hup kinases (PknE, PknE, and
PknB) were found to be constitutively expressed during expo-
nential phase (Gupta et al., 2014). It has been suggested that the
phosphorylation of HupB during the exponential phase by the
referred kinases would limit the interaction with DNA (Gupta
et al.,, 2014). In our M. bovis BCG data we have identified all
the intervenient proteins involved in the described posttransla-
tional regulation mechanism, including the phosphorylation of
phosphosite Hup Thrgs. It is therefore appropriate to assume that
the same mechanism takes place in M. bovis BCG cells during
exponential growth, and although under limited action it remains
possible that the rate of unphosphorylated HupB would have
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an impact on the overall growth rate. In contrast, we did not
find any evidence to indicate that similar mechanisms operate in
M. smegmatis cells during exponential growth.

Stress Related Proteins

In rich broth during exponential phase, bacteria experience
nearly optimal conditions of growth where there is excess
nutrients and little accumulation of by products, in addi-
tion to scarce competition between bacterial cells. Surprisingly,
under these conditions we observed an unexpected number of
chaperones and stress related proteins in the M. bovis BCG
phosphoproteome: For instance hyperosmotic and heat shock
related proteins such as the chaperon protein DnaJ (Thrjy)
chaperon protein DnaK (Serssg) and GrpE (Ser;; and Thr,), mul-
tiply phosphorylated 60 kDa chaperonin, 10 kDa chaperonin, and
Copper-sensing transcriptional repressor CsoR (Thre3). On the
other hand none of these stress related proteins were found in the
M. smegmatis phosphoproteome, which suggests that even under
optimal environmental conditions, slow growing mycobacteria
such as M. bovis BCG maintain a preventive basal level of stress-
related proteins that may act as frontline defense barrier to ensure
adequate and prompt response to any sudden change in local
environmental conditions. In this scenario protein phosphory-
lation would keep most of these proteins in an inactive state,
whereby dephosphorylation could then immediately recruit these
proteins when environmental conditions become unfavorable. A
convenient and versatile regulatory mechanism such as this could
in fact be a determinant for the survival and persistence of some
bacteria.

Conclusion and Prespectives

This study clearly demonstrated that there are major differ-
ences between a fast growing and a slow growing mycobac-
terial phosphoproteome. The M. smegmatis phosphoproteome
observed here is in many aspects similar to those reported in
other soil-dwelling bacterial models and can be viewed as a min-
imalist phosphoproteome compared to that of M. bovis BCG.
This latter organism presents a much more complex and sophis-
ticated protein phosphorylation network, regulating important
cellular cycle events such as cell wall biosynthesis, elongation, and
cell division, as well as apparently being involved in regulating
response to stress, which over all would allow a quick cellular
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Cyanobacteria have shaped the earth’s biosphere as the first oxygenic photoautotrophs
and still play an important role in many ecosystems. The ability to adapt to changing
environmental conditions is an essential characteristic in order to ensure survival. To
this end, numerous studies have shown that bacteria use protein post-translational
modifications such as Ser/Thr/Tyr phosphorylation in cell signaling, adaptation, and
regulation. Nevertheless, our knowledge of cyanobacterial phosphoproteomes and
their dynamic response to environmental stimuli is relatively limited. In this study, we
applied gel-free methods and high accuracy mass spectrometry toward the detection
of Ser/Thr/Tyr phosphorylation events in the model cyanobacterium Synechocystis sp.
PCC 6803. We could identify over 300 phosphorylation events in cultures grown on
nitrate as exclusive nitrogen source. Chemical dimethylation labeling was applied to
investigate proteome and phosphoproteome dynamics during nitrogen starvation. Our
dataset describes the most comprehensive (phospho)proteome of Synechocystis to
date, identifying 2382 proteins and 183 phosphorylation events and quantifying 2111
proteins and 148 phosphorylation events during nitrogen starvation. Global protein
phosphorylation levels were increased in response to nitrogen depletion after 24 h.
Among the proteins with increased phosphorylation, the Py signaling protein showed
the highest fold-change, serving as positive control. Other proteins with increased
phosphorylation levels comprised functions in photosynthesis and in carbon and
nitrogen metabolism. This study reveals dynamics of Synechocystis phosphoproteome
in response to environmental stimuli and suggests an important role of protein Ser/Thr/Tyr
phosphorylation in fundamental mechanisms of homeostatic control in cyanobacteria.

Keywords: cyanobacteria, Synechocystis sp. PCC 6803, nitrogen starvation, phosphoproteome, peptide
dimethylation labeling, LTQ-Orbitrap

Introduction

Cyanobacteria constitute one of the most widely distributed groups of prokaryotes in the biosphere,
where they inhabit almost all illuminated environments. They are oxygenic photoautotrophs,
employing photosynthetic machinery that resembles that of plants, due to the endosymbiotic origin
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of chloroplasts. The substrate diversity of cyanobacteria is limited
since photoautotrophs only need H,O as an electron donor, CO,
as a carbon source, and inorganic salts such as nitrogen, phospho-
rous, sulfur, and iron to fulfill their anabolic needs. Among these,
the highest demand is for nitrogen, whose cellular abundance
amounts to a carbon to nitrogen ratio of 5:1.

Cyanobacteria encounter many environmental fluctuations,
such as changing light conditions, nutrient availability and the
ambient physico-chemical properties (osmolarity, temperature
etc.). During evolution, these microbes have developed sophis-
ticated regulator systems to adapt cellular processes and main-
tain metabolic homeostasis in response to these challenges.
Nitrogen starvation induces in non-diazotrophic cyanobacte-
ria a highly dynamic response, which can be classified in three
phases. Their temporal occurrence depends on many environ-
mental and intrinsic conditions (Schwarz and Forchhammer,
2005). In response to nitrogen depletion, an acclimation process
is initiated that is known as chlorosis (Allen and Smith, 1969).
Chlorosis is characterized by a rapid degradation of the phyco-
bilisome antenna and a cell cycle arrest after completion of a
final cell division (Allen and Smith, 1969; Collier and Grossman,
1992). This initial phase (phase I) is followed by a subsequent
gradual and consecutive decrease in photosystem (PS) II and PSI
activities (phase II), down-tuning of metabolic activities and pro-
teolytic degradation of cellular proteins. Only after 10-15 days,
cells have reached a final resting state, where they are completely
bleached (phase III) and can survive for prolonged periods (Gorl
et al,, 1998). Figure 1 indicates the metabolic changes in the cell

in the phase II chlorosis stage, which starts after 24 h of nitrogen
starvation.

Among the short-term acclimation processes, protein phos-
phorylation plays a prominent role (Biggins and Bruce, 1987;
Stock et al., 1989; Hagemann et al., 1993). In bacteria, the two-
component sensory transduction pathways have been historically
known as the hallmark of bacterial signal transduction, involving
protein histidine kinases and response regulators phosphorylated
on aspartate residues. These are universally distributed and have
been systematically investigated in several cyanobacterial strains
(Ashby and Houmard, 2006). Among these, the 47 histidine
kinases and 45 response regulators in the unicellular strain Syne-
chocystis sp. PCC 6803 substrain Kazusa (hereafter designated
as Synechocystis) has received the most thorough investigations
(Murata and Suzuki, 2006).

Phosphorylation on serine, threonine and tyrosine residues
(Ser/Thr/Tyr), referred to as S/T/Y phosphorylation or
O-phosphorylation, was initially thought to occur exclu-
sively in eukaryotic signal transduction. However, primarily due
to advances in mass spectrometry proteomics technologies, it
is now clear that this type of modification frequently occurs in
bacteria serving an important role in prokaryotic signal trans-
duction (Macek and Mijakovic, 2011). Most bacterial Ser/Thr
kinases resemble those classified in eukaryotes and are termed
as Hanks-like kinases, whereas, most bacterial tyrosine (BY)-
kinases are unique to prokaryotes (Mijakovic and Macek, 2012;
Soufi et al,, 2012). Genome sequencing revealed that Hanks-like
Ser/Thr kinases, BY-kinases, and protein phosphatases are

Nitrogen supply
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FIGURE 1 | Schematic representation of the major metabolic
processes in nitrogen supplied cells (left) and nitrogen-starved cells
(right). Due to the lack of combined nitrogen sources, glutamine synthetase
(GS) cannot produce glutamine, and in consequence, glutamate synthase
(GOGAT) reaction becomes substrate-limited, leading to increased 2-OG
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levels. Anabolic reactions toward nitrogen containing metabolites are tuned
down and growth is arrested. The reduction equivalents generated by the
light reactions of photosynthesis are now redirected toward glycogen
synthesis, whose cellular abundance increases dramatically (Joseph et al.,
2014).
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globally distributed in the bacterial domain (Pereira et al., 2011).
Bacterial S/T/Y phosphorylation is widely involved in signal
transduction in response to environmental stimuli and regulates
many physiological processes in a bacterial cell (Petranovic et al.,
2007; Mijakovic and Macek, 2012).

A survey of the genome of Synechocystis revealed the pres-
ence of 11 Ser/Thr kinases, one Tyr kinase and seven protein
phosphatases (Zhang et al., 2005). Pioneering work in the late
1980s and in the 1990s, employing in vivo and in vitro label-
ing experiments using [y*?P] phosphate shed the first light on
the occurrence of protein phosphorylation events in cyanobac-
teria (reviewed by Mann, 1994). Protein phosphorylation was
shown to be dynamic and to respond to a variety of environ-
mental stimuli, such as changing illumination, nutrient sup-
ply, or osmolarity (Sanders et al, 1989; Hagemann et al,
1993).

One of the first discovered and most intensively studied phos-
phoproteins in cyanobacteria is the signal transduction protein
Py (Forchhammer and Tandeau De Marsac, 1994); reviewed
in Forchhammer (2004, 2008). The Py signaling protein, a
homotrimer of 12.4 kDa, is phosphorylated at the tip of a large,
surface exposed loop (termed T-loop) in response to the cel-
lular nitrogen supply. The effector molecule 2-oxoglutarate (2-
OG) whose abundance reflects the cellular state of nitrogen
assimilation (Muro-Pastor et al.,, 2001), binds to Py; and elic-
its its phosphorylation on T-loop residue Ser49 (Forchhammer
and Tandeau De Marsac, 1995). In its phosphorylated state,
Py1 is not able to bind to and activate the key enzyme of the
ornithine/arginine biosynthesis pathway, N-acetyl-L-glutamate
kinase (NAGK) (Heinrich et al., 2004). Shifting nitrogen-starved
cells back to nitrogen-sufficient conditions, the cellular 2-OG
level drops, leading to dephosphorylation of Pry (Irmler and
Forchhammer, 2001) with a concomitant activation of NAGK
(Maheswaran et al., 2006), thereby feeding nitrogen into the
arginine pool.

In addition to Py, the functions of only a few other phos-
phoproteins have been identified in Synechocystis, such as the
phosphorylation of phycobiliproteins and phycobilisome linker
proteins (Harrison et al., 1991; Piven et al., 2005), or the oscillat-
ing phosphorylation of the circadian clock protein KaiC (Nishi-
waki et al., 2004). Except these specific investigations focusing
on particular phosphoproteins, Mikkat et al. recently published
a snapshot of the phosphoproteome of Synechocystis based on 2D
gel electrophoresis, where the authors identified about 30 phos-
phoproteins, of which the modified residue could be localized
in eight cases. Among these, most previously identified phos-
phoproteins were included (Mikkat et al., 2014). However, the
physiological function of most phosphorylation events remains
still unclear.

In the recent years, the analysis of global phosphoproteomes
has made dramatic progress due to the development of gel-free
workflows and biochemical phosphopeptide enrichment strate-
gies such as titanium dioxide (TiO;) chromatography coupled
to high accuracy mass spectrometry. The development of chem-
ical stable isotope labeling by dimethylation of tryptic pep-
tides enables the application of a cost efficient and reliable
quantification strategy also to autotrophic organisms, without

the need of profound genetic manipulation of amino acid
metabolic pathways (Boersema et al., 2009). Despite these advan-
tages, the dimethylation approach was never applied in global
phosphoproteomic studies in a prokaryotic organism.

The first global study of a cyanobacterial phosphoproteome
using gel-free methods was performed in a qualitative man-
ner in the marine unicellular cyanobacterium Synechococcus sp.
PCC 7002, which resulted in the identification of 410 phospho-
rylation sites on 245 phosphoproteins (Yang et al., 2013). One
general drawback in global studies in cyanobacterial organisms
is the high percentage of integral membrane and membrane-
associated proteins. Particularly, such membrane proteins are
often involved in protein phosphorylation based signal trans-
duction and represent a high potential for phosphorylation (Jers
et al., 2008). Therefore, efficient extraction of cytosolic as well
as of membrane proteins is essential in order to attain deep
phosphoproteome coverage. So far, about 900 known or pre-
dicted membrane (associated) proteins have been identified in
Synechocystis by previous large-scale studies (24.5% of 3672 pro-
tein coding genes list on Cyanobase). However, 52.7% of the
total protein coding genes was thus far not identified on the
proteome level, indicating a need for improvement in protein
extraction methods, particularly with respect to hydrophobic
(membrane)proteins (Wang et al., 2009).

In the present work, we applied state of the art mass spectro-
metric analysis to define the phosphoproteome of Synechocys-
tis. To ensure an efficient extraction of cytosolic as well as of
membrane (phospho)proteins, we compared three common, in
gel-free approaches frequently used extraction methods in a
qualitative experiment. Here, in total 301 phosphorylation events
could be identified, of which 262 could be localized to a spe-
cific Ser, Thr, or Tyr residue. This dataset represents the so
far most comprehensive qualitative phosphoproteome dataset of
Synechocystis. It encouraged us to investigate phosphoproteome
dynamics in response to nitrogen starvation in a quantitative
manner employing for the first time in a bacterial system the
method of chemical dimethylation labeling. Extracts from Syne-
chocystis cultures grown in the presence of nitrate or ammo-
nia and cultures subjected to nitrogen starvation were dimethyl
labeled. Thereby, we could identify altogether 2382 proteins and
183 phosphorylation events. Of those, the dynamics of 2111
proteins and 148 phosphorylation events from two indepen-
dent experiments could be quantified. The Pj; signaling protein,
which served as a positive control to validate the experiments,
showed the highest increase in phosphorylation level upon nitro-
gen starvation. Other proteins with increased phosphorylation
levels comprised functions in photosynthesis and in carbon
and nitrogen metabolism, suggesting an important role of pro-
tein S/T/Y phosphorylation in such a fundamental acclimation
response.

Material and Methods

Cell Culture and Harvest

Wild-type Synechocystis sp. PCC 6803 substrain Kazusa was
grown photoautotrophically at a constant photon flux density
of 40 wmol photons m™2 s~! in 5mM NaHCOj; and 20 mM
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HEPES supplemented BG11 medium (Rippka, 1988), with either
17.6 mM sodium nitrate (NaNO3) or 5 mM ammonium chloride
(NH4CI) as exclusive nitrogen source, at 26°C. A stationary cul-
ture of Synechocystis in BG11 nitrate medium served as a stock for
the final inoculation of experimental 500 mL batch cultures in the
qualitative experiments. For the quantitative experiment 1, pre-
cultures were grown from the stock in fresh nitrate or ammonia
medium to optical density (OD)750 = 0.6-0.8 and were directly
used as inoculum for the experimental 500 mL batch cultures.
In experiment 2, the pre-cultures were repeatedly cultivated to
ODy759 = 0.6-0.8 and after five cycles used as inoculum for the
experimental 500 mL batch cultures. All experimental cultures
were inoculated to an initial OD759 = 0.2 and grown to ODy5¢ =
0.6 with ambient air bubbling and magnetic stirring. Cultures
were harvested by addition of 100 g ice for rapid cooling and cen-
trifugation at 7477 x g for 10 min. The supernatant was removed
and cell pellets were resuspended in 50 mL ice cold nitrogen-free
BG11 medium and centrifuged again. Cell pellets were quick-
frozen in liquid nitrogen. For nitrogen starvation conditions,
nitrate grown cells (at OD759 = 0.6) were shifted to nitrogen-
free BG11 medium by centrifugation with 3500 x g for 8 min
at room temperature (RT). The supernatant was decanted, the
cell pellet was gently overlaid with nitrogen-free BG11 medium,
swiveled and decanted again and finally, the cell pellet was resus-
pended in the same volume as before centrifugation. Cells were
kept for 24 h under previous incubation conditions and harvested
as described.

Protein Extraction, In-solution Digestion, and
Peptide Dimethylation Labeling

Protein extraction method A: Filter Aided Sample Prepara-
tion was performed as described previously (Wisniewski et al.,
2009) with the following exceptions: In brief, a frozen cell pel-
let from a nitrate grown culture was resuspended in 2 mL lysis
buffer, containing 4% (w/v) sodium dodecyl sulfate (SDS) and
100 mM dithiothreitol (DTT) in 100 mM Tris/HCI, pH 7.5, and
each 5mM of the following phosphatase inhibitors: glycerol-2-
phosphate; sodium fluoride (both Sigma-Aldrich) and sodium
orthovanadate (Alfa Aesar). The sample was incubated for 10 min
at 95°C in a water bath and subsequently sonified on ice for
30s with a Branson Sonifier 250/Microtip 5 at output control
4 and 40% duty cycle for DNA comminution. The lysate was
centrifuged at 13,000 x g for 5min and the supernatant was
transferred onto an Amicon Ultra-15 3kDa Centrifugal Filter
Unit. The lysate was mixed with 5mL urea buffer (6 M urea/2 M
thiourea in 100 mM Tris/HCl; pH 7.5) and centrifuged with
3345 x g for 10min at RT. This step was repeated once for
washing. Alkylation of reduced cysteine disulfide bonds was per-
formed by washing the filter unit with 5 mL urea buffer contain-
ing 50 mM iodoacetamide (IAA) and centrifugation for 15 min
as before, followed by incubation with 2mL IAA-urea buffer
for 20 min in the dark. The filter was washed for three times
with each 2 mL urea buffer and 50 mM NH,HCO3 buffer, subse-
quently. For protein digestion, 50 g trypsin (MS grade; Thermo
Scientific) in 500 wL NH4HCO3 buffer, pH 8.0, were added onto
the filter and incubated overnight (o.n.) at 37°C. Peptides were
collected in a fresh tube by centrifugation as before for 10 min
and additional with 500 WL NH,HCO3 buffer.

Protein extraction method B: SDS buffer protein extraction
and acetone/methanol precipitation: Proteins from frozen cell
pellets were extracted with 2 mL lysis buffer (see method A, with-
out DTT), supplemented with 10 mM ethylenediaminetetraacetic
acid (EDTA). Cell lysates were sonified on ice as described in
method A and subsequently reduced with a final concentration
of 10mM DTT for 1h at RT under agitation at 650 rpm on a
shaker. Alkylation was performed with a final concentration of
5.5mM IAA for 1h at RT under agitation in the dark, followed
by centrifugation at 13,000 x g for 5min. Proteins in the super-
natant were precipitated by mixing with eight volumes ice cold
acetone and one volume ice cold methanol, followed by incuba-
tion at —20°C o.n. The precipitate was washed five times with
5mL ice cold 80% (v/v) acetone in water and centrifugation at
1000 x g. The protein pellets were air dried and dissolved in urea
buffer.

Protein extraction method C: Protein extraction with Y-PER
(Yeast Protein Extraction Reagent; Thermo Scientific) and ace-
tone/methanol precipitation: A frozen cell pellet was resus-
pended in 2 mL Y-PER, supplemented with 50 ug/mL lysozyme
(from chicken egg, Sigma-Aldrich), cOmplete protease inhibitors
(Roche) and phosphatase inhibitors, as described in method
A. The suspension was incubated at 37°C for 20 min under
agitation at 650rpm. Cell lysates were sonified on ice and
centrifuged as described before. Proteins in the supernatant
were acetone/methanol precipitated, washed and dissolved in
urea buffer as described in method B. Reduction and alkyla-
tion of cysteines was subsequently performed as described in
method B.

Protein concentration of samples derived from methods B
and C were measured by Bradford assay (Bio-Rad) and subse-
quently pre-digested with endoproteinase Lys-C (Waco) for 3h
and digested further o.n. with trypsin (MS grade; Thermo Sci-
entific) at RT. The protease/protein ratio was for both enzymes
1:100 (w/w). The resulting peptide mixtures from methods
A, B, and C were acidified to pH 2.5 with trifluoroacetic
acid (TFA) and desalted by solid phase extraction on Sep-
Pak C18 columns (Waters) according to the manufacturer’s
instructions.

For the quantitative experiments, samples were extracted with
method B, in-solution digested and on-column (SepPak C18)
dimethylation labeled as described previously (Boersema et al.,
2009). In brief, 5mL of the respective labeling solutions with
CH,O (Sigma-Aldrich) and NaBH3CN (Fluka) for light-, CD,0O
(Sigma-Aldrich) and NaBH3CN for medium-heavy and 13¢D,0
(Sigma-Aldrich) and NaBD3CN (Sigma-Aldrich) for heavy label-
ing were flushed with 15min contact time through the col-
umn. Labeled peptides were washed with 5mL HPLC Solvent
A (0.5% acetic acid) on the column and eluted with HPLC Sol-
vent B (80% acetonitrile in 0.5% acetic acid). For validation
of labeling efficiency and correct mixing of the labeled pep-
tides, two times 5 g of each labeled sample (based on Brad-
ford measurements) were used for separate measurements or
mixed 1:1:1 and subjected after purification by C18 stage tips
(Ishihama et al., 2006) to pilot LC-MS/MS measurements. Based
on the obtained label ratios, correction factors were applied for
correct mixing of samples. The labeling efficiencies were in all
cases >94%.

Frontiers in Microbiology | www.frontiersin.org

March 2015 | Volume 6 | Article 248| 23


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Spat et al.

Synechocystis sp. PCC 6803 phosphoproteome

Sample Preparation

Sample fractionation for the qualitative proteome experiments
was performed on the peptide level by strong anion exchange
chromatography (SAX). For quantitative proteome analysis, iso-
electric focusing (OffGel fractionation strategy) was performed:
For SAX, 100 pg peptides were loaded onto in-house packed
SAX column (Empore™) and subsequently eluted stepwise in
five pH fractions with 20 mM of acetic-, phosphoric- and boric
acid at pH 3, 4, 5, 6 and 8, (pH adjusted with sodium hydrox-
ide), respectively. Each fraction was subsequently purified by C18
stage tips. For OftGel fractionation, 100 g of the labeled peptide
mixture was separated on a linear 13 cm pH 3-10 IEF strip (GE
Healthcare) and focused on a OffGel Fractionator 3100 (Aglient),
according to the manufacturer’s protocol, with 20 kVh at max-
imum 50 pA. Peptides focused in 12 fractions were separately
purified by C18 stage tips.

Phosphopeptide enrichment for qualitative analyses was per-
formed from the digested samples of protein extraction methods
A, B and C by TiO, chromatography (Soares et al., 2013), with
the following exceptions: Obtained peptide solutions from solid
phase extraction (pH 2.5) were directly incubated with each 5mg
TiO, spheres (10 wm; MZ Analysetechnik), pre-incubated with
2,5-dihydrobenzoic acid (final concentration 30 mg/mL) for five
consecutive rounds of 30 min. TiO, spheres were washed and
eluted as described previously and purified by C18 stage tips. The
sample volume was reduced by vacuum centrifugation at RT and
subjected to nano-LC-MS/MS analysis.

For the quantitative study, labeled phosphopeptides were
enriched by TiO; chromatography from each 15 mg peptide mix-
ture. For TiO, chromatography, a modified protocol was applied:
peptides were eluted from SepPak columns with 80% acetoni-
trile in 6% TFA and enriched for eight consecutive rounds with
each 5 mg TiO; spheres (5 wm Sachtopore NP) for 10 min. TiO,
spheres were washed twice with each 1 mL 80% acetonitrile in
6% TFA for 1 min at 1000 rpm and loaded onto C8 (Empore™)
stage tips. The spheres were washed once with 200 wL HPLC Sol-
vent B and phosphopeptides were eluted with 30 L 5% ammo-
nium hydroxide solution in 60% acetonitrile, pH 11, for 30 min
at 4°C into 30 LWL 20% TFA in a fresh tube. Eluates were puri-
fied by C18 stage tips. The sample volume was reduced by vac-
uum centrifugation at RT and subjected to nano-LC-MS/MS
analysis.

Mass Spectrometry
For nanoLC-MS/MS analyses of proteome and phosphopro-
teome samples, peptides were loaded onto an in-house packed
15 cm reverse-phase C18 (3 wm; Dr. Maisch) nanoHPLC column
on an EasyLC nano-HPLC (Proxeon Biosystems). Separation
was performed by 90min (for OffGel-separated samples) or
130min (for TiO;-enriched samples) segmented linear gradi-
ents with 5-90% HPLC solvent B. Eluted peptides were directly
ionized and measured on a LTQ Orbitrap XL (qualitative
study), or LTQ Orbitrap Elite mass spectrometer (quantitative
study). Mass spectrometers were operated in the positive ion
mode.

The LTQ Orbitrap XL had the following acquisition cycle: one
initial full (MS) scan in the Orbitrap mass analyzer was acquired

at resolution 60,000 and scan range of m/z 300-2000, followed
by collision induced dissociation (CID) of the 5 (phosphoenrich-
ment) or 15 (proteome) most intense multiply charged ions in
the linear ion trap mass analyzer (LTQ). For phosphoproteome
analysis, multi stage activation (MSA) in all MS/MS events with
neutral losses of phosphoric acid on singly (—97.97 Th), doubly
(—48.99 Th) or triply (—33.66 Th) charged precursor ions, was
activated.

The LTQ Orbitrap Elite was conducting higher energy colli-
sion dissociation (HCD) of the 20 most intense multiply charged
ions at the same scan range at resolution 120,000.

Dynamic exclusion of sequenced precursor ions for 90 s and
the lock mass option (Olsen et al., 2005) for real time recalibra-
tion were enabled on both instruments.

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner
repository (Vizcaino et al, 2013) with the dataset identifier
PXDO001831.

Data Processing and Validation

All raw MS spectra were processed with MaxQuant software suite
(version 1.5.1.0) (Cox et al., 2009) and default settings. Iden-
tified peaks were searched against the target-decoy databases
of Synechocystis sp. PCC 6803 from Cyanobase (http://genome.
microbedb.jp/cyanobase) and Uniprot (http://www.uniprot.org),
containing 3672 and 3507 protein sequences and 245 common
contaminants, with the following database search criteria:
Trypsin was defined as cleaving enzyme and up to two missed
cleavages were allowed. Carbamido-methylation of cysteines was
set as a fixed and methionine oxidation, protein N-termini
acetylation and S/T/Y phosphorylation were set as variable modi-
fications. Light-, medium-heavy- and heavy- dimethylation label-
ing on peptide N-termini and lysine residues was defined for
samples from the quantitative experiments. The initial mass tol-
erance of precursor ions was limited to 6 ppm and 0.5 ppm for
fragment ions. False discovery rates (FDRs) of peptides and pro-
teins were set to 1%, respectively. Quantification of dimethyla-
tion labeled peptides required at least two ratio counts. Peptides
were only allowed with a posterior error probability (PEP) <1%
at the peptide- and <5% at the phosphopeptide level. Phospho-
peptide MS/MS spectra were further manually filtered and val-
idated with stringent acceptance criteria: Phosphorylation site
localization with > 75% localization probability was manually
validated as well as comprehensive coverage of b- and y-ion
series for CID and HCD spectra as well as a low noise to sig-
nal ratio (Supplementary MS Spectra). To exclude quantitation
bias of phosphopeptide ratios due to fluctuations of correspond-
ing proteins, phosphopeptide ratios were normalized by division
with corresponding protein ratios. Significance analysis of regu-
lated phosphorylation events was performed with Perseus soft-
ware (version 1.5.0.31), normalized phosphopeptide ratios were
log2 transformed and plotted against the respective log10 trans-
formed phosphopeptide intensities. Significantly regulated phos-
phorylation events were identified by significance A analysis with
a p-value of 0.05.
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Immunoblot Analysis

Proteins from 2mL cell culture aliquots were extracted in
50 mM Tris/HCl, 5mM EDTA buffer, pH 7.4, with a RiboLyser,
conducting five cycles with a speed of 6.5m s~! for 15s at 4°C.
Protein concentration was measured by Bradford assay and 50 Lg
or 15 g total protein content was separated either by SDS- or by
non-denaturing clear native polyacrylamide gel electrophoresis
(PAGE), respectively. Pre-cast Tris-glycine 4-20% gradient SDS
polyacrylamide gels (NuSep) or 4-16% gradient native polyacry-
lamide gels (Serva) were used according to the manufacturer’s
protocols. Protein transfer was performed on a semi-dry blot-
ting system (peqlab) onto polyvinylidene fluoride (BioTrace™
PVDE, Pall Corporation) membranes. Membranes were blocked
o.n. in TBS and 1% Tween20 at 4°C. Polyclonal primary anti-
bodies against the Py protein (serum, produced in rabbit) or the
AtpB protein (Abcam 65378, produced in rabbit) were incubated
for 2h at RT in a 1:5000 dilution in TBS-T after washing of the
membrane with TBS-T buffer. Membranes were washed again
and peroxidase coupled secondary antibody (Sigma A6154) was
added in a 1:2000 dilution for 1 h at RT. Proteins were visualized
by Lumi-Light Plus detection reagent (Roche).

Results

As an initial step to systematically approach the global
phosphoproteome of Synechocystis PCC 6803, we first performed
a conventional qualitative gel-free phosphoproteome analysis,
based on TiO, enrichment of phosphopeptides from a tryptic
digest of the crude protein extract, followed by mass spectrom-
etry (MS) analysis. In order to achieve the most comprehensive
coverage of the phosphoproteome, we compared three common
sample preparation workflows for MS identification of phospho-
rylation events as well as for total proteome analysis (see below).
Based on the obtained results, we applied the most successful
protein extraction strategy for a quantitative study to analyze
phosphoproteome dynamics in response to nitrogen starvation.

The Qualitative (Phospho)Proteome of
Synechocystis under Growth on Nitrate
Cells were harvested from a nitrate-grown Synechocystis cul-
ture at mid exponential growth phase (OD75 = 0.6) and
split into three equal parts that were subjected to the follow-
ing workflows: (A) Filter Aided Sample Preparation (FASP),
(B) protein extraction as in the FASP protocol in combination
with acetone/methanol protein precipitation, and (C) extrac-
tion with Y-PER in combination with acetone/methanol pro-
tein precipitation (hereafter designated as methods A, B and C,
respectively; for details see Materials and Methods). For total pro-
teome analyses, one portion of the sample was fractionated into
five fractions by strong anion exchange chromatography. The
remaining sample was used for five consecutive rounds of phos-
phopeptide enrichment by TiO, chromatography. All samples
were analyzed by nanoLC-MS/MS on an LTQ Orbitrap XL mass
spectrometer.

On the proteome level, 2055 proteins were identified in
the combined analysis of all three tested sample prepara-
tion workflows, including proteins detected in the proteome

measurements and (unmodified) proteins detected from the
TiO, chromatography. Method A recovered 1835 proteins,
method B 2014 proteins and method C 1983 proteins in total
(Supplementary Table 1). At the phosphoproteome level, 301
phosphorylation events were identified with high confidence
after manual validation of phosphopeptide MS/MS spectra, of
which 262 non-redundant phosphorylation events, correspond-
ing to 242 non-redundant phosphopeptides and 188 phospho-
proteins, could be located on a specific S/T/Y residue. Addition-
ally, 39 non-redundant phosphorylation events could be located
on specific peptides and are referred to as unlocalized. Method
A, B or C recovered, respectively, 21, 235, or 67 non-redundant
phosphorylation events in total (Supplementary Table 2; Supple-
mentary Information 1).

We concluded that all three methods had a similar perfor-
mance on the protein level; however, striking differences in the
performance were observed on the phosphoproteome level, with
method B obviously being the method of choice. These results
clearly demonstrate the importance of a potent and suited pro-
tein extraction protocol for the analysis of the phosphoproteome
in organisms with a high content of membranous compartments
such as cyanobacteria. As evidenced here, the overall number
of identified proteins did not automatically lead to high num-
bers of identified phosphorylation events. Since phosphoryla-
tion events have in many cases a low occupancy in prokaryotic
organisms (Soares et al., 2013), the quantity of specific extracted
(phospho)proteins may be crucial, however this issue only can be
analyzed in a quantitative experiment.

Quantification of the Synechocystis
(Phospho)Proteome

The qualitative phosphoproteome analysis of the nitrate-grown
Synechocystis sp. PCC 6803 cells showed a high abundance
of protein S/T/Y phosphorylation; therefore, we were inter-
ested in the dynamic response of the (phospho)proteome in
response to nitrogen starvation. Since autotrophically growing
cyanobacteria are not suitable for metabolic stable isotope label-
ing, we used a protocol in which samples are labeled after
protein digestion, using stable isotope dimethylation of pep-
tides on N-termini and lysine side chains (Boersema et al,
2009). The experimental setup allowed us to analyze and com-
pare three different metabolic conditions: (1) cells exponentially
growing on nitrate; (2) cells exponentially growing on ammo-
nia; (3) cells from nitrogen-free medium (nitrogen starvation
for 24 h after growth on nitrate). We utilized this approach to
perform a global quantitative phosphoproteome study includ-
ing two experiments with slightly different cultivation settings.
In the first experiment, cells from a stationary culture were
diluted into fresh medium, grown to an optical density of 0.6
and then used as an inoculum for the final experimental cul-
ture. In the second experiment, the cells were pre-adapted to
their respective nitrogen source by five cultivation cycles, from
where the final experimental culture was started. The exact cul-
tivation conditions for both experiments are described in the
Materials and Methods section. The comparison between nitrate
and ammonium-grown cells was not further addressed in this
study.
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Proteins were extracted from cell pellets by “method B” as
described in Materials and Methods, precipitated by acetone-
methanol mixture and subjected to in-solution digestion by
trypsin. Obtained peptide solutions were loaded onto C18 reverse
phase columns and subsequently chemically labeled by dimethy-
lation. Different isotopoloques of formaldehyde and cyanoboro-
hydride were used: Samples from nitrate grown cultures were
light labeled with CH,O and NaBH3CN, samples from ammo-
nia grown cultures were medium-heavy labeled with CD,O
and NaBH3CN and samples from nitrogen starved cells were
heavy labeled with 1*CD,0 and NaBD3CN. Labeling efficiency
was in all cases 94% or greater (Supplementary Information 2).
Labeled samples from nitrate (NOJ’; light), ammonium (NHI;
medium-heavy), and nitrogen starved (-N; heavy) cells were
then mixed in a ratio of 1:1:1 based on the underlying pro-
tein amounts. Correct mixing of labeled peptides was vali-
dated by a dedicated MS measurement. The mixed sample was
used for proteome and phosphoproteome analyses. For pro-
teome analysis, isoelectric focusing (IEF) of the peptide mixtures
was performed (OftGel strategy) and phosphopeptide enrich-
ment was conducted by TiO, chromatography in two techni-
cal replicates. All samples were analyzed by nanoLC-MS/MS
on an LTQ Orbitrap Elite mass spectrometer. The experimen-
tal workflow is shown in Supplementary Information 3. To
exclude quantification bias of phosphorylation events induced
by possible alterations in the abundance of the corresponding
proteins, measured phosphopeptide ratios were normalized by
the respective unmodified protein ratios from the proteome
measurements.

Technical Reproducibility of the Experiments

To estimate the technical reproducibility of the phosphopro-
teome, we analyzed the correlation of phosphorylation event
ratios, determined by phosphopeptide enrichments, between the
two technical replicates of each experiment. To this end, we
calculated Pearson correlation coeflicients of 65 and 67 shared
quantified phosphorylation events between technical replicates
for experiments 1 and 2, respectively. The calculated Pearson
correlation coefficients of unnormalized phosphorylation events
were 0.905 for -N/NOj ratios and 0.937 for -N/NH; ratios
for the first experiment and 0.948 for -N/NOj ratios and 0.913
for -N/NH; ratios for the second experiment, revealing a good
technical reproducibility and high overlap of phosphorylation
events. Correlation plots from technical replicates of phospho-
peptide ratios are shown in the supplement (Supplementary
Information 4). When comparing the correlation between exper-
iments 1 and 2 in the final dataset, differences on the pro-
teome level as well as on the phosphoproteome level could
be observed, which might be accounted to the different pre-
culture treatments. On the proteome level, the calculated Pearson
correlation coefficients were 0.758 for -N/NOjJ protein ratios
and 0.867 for -N/NH, protein ratios between experiments 1
and 2. On the phosphoproteome level, the Pearson correlation
coefficient were 0.687 for 87 shared -N/NO; phosphorylation
event ratios and 0.638 for 89 shared -N/NH; phosphoryla-
tion event ratios between experiments 1 and 2 (Supplementary
Information 5).

Protein Phosphorylation Dynamics in Response
to Nitrogen Starvation

The combined dataset including proteome and phosphopro-
teome measurements from all experiments led to the overall
identification of 232,924 MS/MS spectra, covering 16,774 non-
redundant peptides from 2382 proteins. The estimated false dis-
covery rate (FDR) was 0.18% at the peptide level and 1.04% at
the protein level. Of the identified 2382 proteins, 2111 proteins
fulfilled the requirement of having at least two quantification
events (ratio counts) in at least one of both experiments and were
considered as quantified.

Wang and coworkers cataloged the so far identified Syne-
chocystis sp. PCC 6803 proteome by combining previously pub-
lished proteome studies. Thereby, they reported a total of 1738
experimentally identified proteins, which amounts to 47.3% of
the possible 3672 protein coding genes listed on Cyanobase
(Wang et al., 2009). By comparison, the present quantitative gel-
free proteome analysis identified 64.9% of the theoretical Syne-
chocystis proteome (2382 of 3672 proteins), with a quantification
rate of 57.5% of the total proteome (2111 of 3672). These num-
bers are presumably close to the completeness of the expressed
proteome under the actual experimental conditions, since of the
previously identified 1738 proteins, 90.0% (1565) were also iden-
tified in the present study. Of the 1935 previously unidentified
proteins, 44.3% (857) were identified and 32.0% (620) were even
quantified in our combined dataset. In a global transcriptome
study, analyzing ten different growth and stress conditions, Kopf
and coworkers could recently identify a total of 3101 expressed
genes in Synechocystis. Under nitrogen starvation and nitrate
growth conditions, approximately 75% of these expressed genes
were present (approx. 2300) (Kopf et al., 2014). These results
match very closely to the number of identified proteins in our
MS based analysis (2382).

On the phosphoproteome level, manual inspection of phos-
phopeptide MS/MS spectra identified in both experiments 183
S/T/Y phosphorylation events with high confidence. Of these,
148 phosphorylation events, corresponding to 86 phosphopro-
teins, fulfilled the following two criteria: quantification of the
phosphorylation event with at least two ratio counts in at least
one experiment and normalization by the corresponding pro-
tein ratio of the respective experiment. Of these 148 phospho-
rylation events, 105 were quantified in experiment 1 and 130
in experiment 2, with an overlap of 87 phosphorylation events
between both experiments. All detected proteins and phospho-
peptides (including unlocalized and localized phosphorylation
events) from the quantitative study are shown in the supplement
(Supplementary Tables 3, 4).

As a test case for our quantitative mass spectrometry acquired
(phospho)proteome data, we analyzed the expression profile of
the nitrogen regulatory signal protein Py by immunoblot analy-
sis on the protein level by SDS-polyacrylamide gel electrophore-
sis (PAGE) and on the phosphorylation level by non-denaturing
PAGE (Forchhammer and Tandeau De Marsac, 1994). Under
nitrogen-limiting conditions, the Py signal protein accumulates,
associated with enhanced phosphorylation of residue Ser49 at
the apex of the surface exposed T-loop (Forchhammer, 2004).
Under nitrogen-depleted conditions, all three subunits of the
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homotrimeric Py; protein are phosphorylated (Forchhammer and
Tandeau De Marsac, 1994). In the present experiments, Py pro-
tein levels were similar between nitrate or ammonium grown
cells but increased under nitrogen starvation (Figure 2). This
is in accordance with transcription analysis of the glnB gene
(encoding the Py protein), showing up-regulation under nitro-
gen starvation (Fadi Aldehni et al., 2003; Aguirre Von Wobeser
et al., 2011). The result of the analysis of the Py; phosphoryla-
tion state by non-denaturing PAGE from both experiments is
shown below in the figure. As expected, the Ser49 phospho-
rylation strongly increased under nitrogen starvation, with the
phosphorylated Py trimer isoforms becoming the most promi-
nent bands. The unphosphorylated Py protein is in contrast the
most intense band in nitrate and ammonia grown conditions.
Overall, MS based quantification of the Pyy signaling protein with
respect to protein abundance as well as on the phosphorylation
level, as indicated in the figure, is in good agreement with the
immunoblot results, implying that the quantitative MS analysis is
valid.

To analyze the response of the Synechocystis phospho-
proteome to nitrogen starvation, we classified the quantified
-N/NOj and -N/NH; phosphorylation event ratios into up- or
down-regulated and static patterns, separately for both exper-
iments (Figure 3). Functional assignment of phosphoproteins,
comprising all proteins with one or more quantified phospho-
rylation events in our dataset (proteins with multiple phos-
phorylation events were only listed once), could be retrieved
from InterPro database. InterPro protein terms were obtained
for 81 of the 86 phosphoproteins. For classification of phos-
phorylation event ratios, we defined an arbitrary threshold of
a twofold change; phosphorylation events with a ratio below
0.5 were classified as down-regulated; phosphorylation events

with ratios above 2.0 were classified as up-regulated; phospho-
rylation events with a ratio between 0.5 and 2.0 were classified
as static. Interestingly, a difference in the percentage of regu-
lated or static phosphorylation events was observed between both
experiments in response to nitrogen starvation (for -N/NOj
and -N/NH] ratios). In experiment 1, characterized by a short
pre-adaptation to the respective nitrogen sources, the major-
ity of phosphorylation events revealed a static pattern, whereas,
in experiment 2, characterized by a long pre-adaptation, the
majority revealed up-regulation. In both experiments, down-
regulated phosphorylation events revealed the lowest occurrence.
The occurrence and frequency of InterPro terms was analyzed
in the three classes (down-regulated, static or up-regulated)
between -N/NO; and -N/NH] ratios for each experiment (see
Figure 3), to reveal whether the phosphorylation pattern cor-
relates with potential protein functions. Whereas, for down-
regulated phosphoproteins this analysis did not reveal any
results, globin-like proteins (e.g., phycobilisome) revealed in all
cases static phosphorylation patterns. In addition, phosphory-
lation on anti-sigma antagonist proteins was in principal static
in the first, but up-regulated in the second experiment. With
the exception of the -N/NH] ratios in experiment 1, phos-
phorylation on adenylyl/guanylyl cyclase proteins was in prin-
cipal up-regulated. In experiment 2, following proteins showed
additionally up-regulated phosphorylation dynamics: proteins of
photosystem I (PSI) and RuBisCO, as well as P-loop NTPase and
N-regulatory Py and Pr-like proteins. However, in experiment
1, these phosphoprotein classes did not fulfill the requirement
of having at least two up-regulated evidences. The respective
classified proteins are indicated in Supplementary Information 6.

This classification provides a comprehensive overview about
general protein functions, which are frequently regulated under
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ammonia grown cells (—N/NHI) from both experiments are shown. corresponding experimental conditions -N/NO3 or —N/NHZ’. Classified
Down-regulated phosphorylation events under nitrogen starvation proteins of each indicated InterPro term are listed in Supplementary
(threshold 0.5) are colored red, static phosphorylation events are colored information 6.

nitrogen starvation by S/T/Y phosphorylation in Synechocystis.
In order to obtain a more detailed insight about specific phos-
phorylation events with strong dynamics, and their abundance
under the studied conditions, we plotted the quantified phospho-
rylation event -N/NO; and -N/NH; ratios against the respec-
tive phosphopeptide intensities, separately for each experiment
(Figure 4). Based on the overall distribution of the specific phos-
phorylation events, significantly regulated events (both, localized
and unlocalized on the detected peptide) were identified by sig-
nificance analysis, (p-value = 0.05; for details see Materials and
Methods). Phosphorylation events revealing significant up- or
down-regulation are depicted in the scatter plots as stars (in
red), and the respective phosphoprotein and modification site
(or phosphopeptide span in case of unlocalized phosphoryla-
tion events) is indicated. All significant phosphorylation events
(between N/NO3 and —N/NHI ratios) from both experiments
are listed in Table 1.

As expected from previous studies, Py (Ss10707) Ser49 phos-
phorylation exhibited the highest level of increase in phospho-
rylation and intensity throughout all experiments in response to
nitrogen starvation. Interestingly, two Ser/Thr protein kinases
with contrary phosphorylation dynamics were identified: The

Ser/Thr protein kinase C (SIr0599) revealed multiple significantly
down-regulated phosphorylation events in experiment 1 and
for one of them in experiment 2. Four out of five events
could be localized on a specific Thr residues (on positions
291, 297, 312, and 319), and one event could be quantified
on the phosphopeptide 32*VYTQEFTGYTETQEGSPLMK3%.
In contrast, the putative Ser/Thr protein kinase F (SIr1225)
revealed one significantly up-regulated phosphorylation event,
which was quantified on the phosphopeptide 3>*APPGATV
STPQGTNTQIQPTPASSASPLTAPK®® for -N/NOj ratios in
experiment 1.

Other significantly down-regulated phosphorylation events
were detected in experiment 1 on Serl44 of the large-
conductance mechanosensitive channel (SIr0875) and on
the phosphopeptides 2 TDVGPITTPNPQK*’ and '%LVAAG
VILPLSERSASR?®® of the hypothetical proteins SIr0483 and
S10505, respectively. The phosphopeptide °°LQSELSTL
EQELAQQDSSPTGPGEEQKSSR!??, Ser4 and Ser49 of the
hypothetical proteins SIr1686 and Sl0822 and the phy-
cocyanin beta subunit (SII1577), respectively, revealed
down-regulated phosphorylation events in experiment 2.
Interestingly, down-regulated phosphorylation on Ser65 of
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localized phosphorylation site or phosphopeptide span is indicated.

the 2,3-bisphosphoglycerate-independent  phosphoglycerate
mutase (Slr1945) was detected in both experiments for only
-N/NH; ratios. Among other proteins with significantly
up-regulated phosphorylation events in our study, Ser64
phosphorylation of the unknown protein S110981 was detected
in experiment 1, whereas, phosphorylations on Thr4 of the
hypothetical protein Slr0397 and Thr349 and Thr361 of the

hypothetical protein SIl0103 were detected in both experiments.
Remarkably, the sodium-dependent bicarbonate transporter
SbtA (Slr1512) revealed in our study down-regulation of Thr189
phosphorylation in experiment 1, whereas, the neighboring
gene product, the Pri-like membrane-associated protein SbtB
(SIr1513), revealed significant up-regulation on Thr53 in
experiment 2 in response to nitrogen starvation. For a complete
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TABLE 1 | List of significantly regulated phosphorylation events.

Phospho Phosphopeptide sequence Significantly regulated phosphorylation events
protein
Experiment 1 Experiment 2
Down-regulated Up-regulated Down-regulated Up-regulated
Sslo707 YRGpS*9EYTVEFLQK - -N/NOZ and -N/NH} - -N/NO3 and -N/NH}
SIr1945 GQMGNpSBSEVGHLNLGAGR -N/NH} - -N/NH} -
SIr1686 100 QSELSTLEQELAQQDSSPTG - - -N/NOZ and -N/NH} -
PGEEQKSSR129
SIr1513 SSGQPNpT3SDIEANIK - - - -N/NH}
SIr512 QPVAAGDYGDQpT189DYPR -N/NO7 and -N/NH} - - -
SIr1225 324 \APPGATVSTPQGTNTQIQPTPAS - -N/NOZ - -
SASPLTAPKS355
SIr0875 LITTLENQQSSpS'#4Q -N/NO7 and -N/NH} - - -
SIr0599 GDRPGNpT291VANGKpT297K -N/NH} - - -
SIr0599 SNHQPTAPTLWGPT312PYNANDTQATK  -N/NH - -N/NOZ -
SIr0599 SNHQPTAPTLWGTPYNANDPT318QATK  -N/NO3 and -N/NH} - - -
SIr0599 324\ \VTQEFTGYTETQEGSPLMK343 -N/NOZ and -N/NHf - - -
SIr0483 28TDVGPITTPNPQKA0 -N/NHZ - - -
SIr0397 VLpT4QFASSPAPPQSFAVAPNR - -N/NO3 and -N/NH} - -N/NO3
SI577 ITGNApS*9AIVSNAAR - - -N/NH} -
Sli0981 LTLpS®*AQGGNK - -N/NH} - -
Sl0822 pPS*NATKPLTGEALLEK - - -N/NH} -
SI0505 187 \AAGVILPLSERSASR203 -N/NOZ - - -
Sl0103 YRQTQIAEPT349K - - - -N/NOZ
Sl0103 QGAAPT3®T MLQTAAK - -N/NH} - -N/NOZ

overview of the detected phosphorylation events revealing
significant regulation in response to nitrogen starvation, see
Table 1.

Discussion

Sample Preparation and Dimethylation Labeling
for Phosphoproteome Quantification

Numerous previous studies revealed insights with regards
to the Synechocystis proteome and shed first light into
the phosphoproteome. However, most of these studies were
exclusively focused on specific cellular compartments such as dif-
ferent membrane fractions or the cytoplasm or on specific pro-
teins. Therefore, most previous studies mapped only “snapshots”
of either delimited cellular compartments or only one particular
metabolic condition of the proteome or the phosphoproteome,
mainly performed in a qualitative manner, based on 2D gel strate-
gies. The present study aimed to establish a method to analyze
the global dynamic changes of the Synechocystis phosphopro-
teome in a site specific and quantitative manner between distinct
metabolic conditions. In the present study, this was exemplified
using nitrate and ammonia grown cells in comparison to 24h
nitrogen starved cells.

This study led to a comprehensive detection of the entire
expressed proteome, including the identification of 857 and the
quantification of 620 previously not identified proteins, and thus
far is the largest reported dataset of phosphorylation events
in Synechocystis. The efficient extraction of phosphoproteins

contributed in combination with a gel-free MS strategy to a
high percentage of detections in the qualitative phosphopro-
teome dataset. Although similar identification numbers were
detected on the proteome level, when comparing method B
with the detergent buffer based method C (Y-PER), signifi-
cantly more localized phosphorylation events (235 vs. 67) could
be obtained exclusively with method B. This may be due to
the fact that the overall extraction efficiency of hydropho-
bic proteins was higher with method B compared the other
methods. In bacteria, phosphorylation events are predominantly
present in low occupancy compared to eukaryotes. There-
fore, an overall small percentage of phosphoproteins are actu-
ally phosphorylated compared to the respective unmodified
protein (Soares et al, 2013). When more copies of a cer-
tain phosphoprotein with low phosphorylation occupancy are
present in the sample, the chances to detect the phosphoryla-
tion event or even to localize the modified S/T/Y site are much
higher. This becomes especially relevant for quantitative stud-
ies, where the corresponding phosphorylation events must be
detected in all samples and stages, even if their abundances are
strongly fluctuating as in the case of regulated phosphorylation
events.

Subsequent to an efficient protein extraction method from the
cyanobacterial samples, the quantification technique is crucial.
Although many different techniques for quantitative phospho-
proteome studies have been reported, SILAC has been estab-
lished as a precise and robust method firstly in eukaryotic and
later in prokaryotic organisms (Ong et al.,, 2002; Soufi et al,,
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2010). Previously, we could detect the phosphoproteome dynam-
ics of the model bacterium E. coli K-12 throughout the growth in
minimal medium (Soares et al., 2013). However, in autotrophic
cyanobacteria species, metabolic SILAC labeling would require
severe disruptions in the nitrogen metabolic pathway by knock-
ing out key enzymes of the lysine and/or arginine amino acid
synthesis pathways. We decided to bypass this drawback by appli-
cation of chemical stable isotope labeling based on dimethylation
of peptides on a C18 column as described earlier. As mentioned,
the methodology was applied before successfully in quantitative
phosphoproteome studies, but limited to the eukaryotic domain
as reviewed previously (Kovanich et al., 2012).

Here, we expanded this method to the quantitative
phosphoproteome analysis in prokaryotic organisms. All
validation steps of the labeling methodology confirmed a
high quality of the experiments. The labeling efficiency was
high (>94%). The correlation between technical replicates of
the phosphoproteome revealed high reproducibility and the
overlap of quantified phosphorylation events between technical
replicates (see Supplementary Information 4) and experiments
(see Supplementary Information 5) was high. We conclude that
the dimethylation labeling strategy combined with an efficient
protein extraction method is highly suitable for systematically
detecting phosphoproteome dynamics in (cyano)bacteria.

Dynamics of Protein S/T/Y Phosphorylations
Involved in Nitrogen and Carbon Metabolism and
Photosynthesis under Nitrogen Starvation

In bacteria, research on protein phosphorylation on Ser/Thr
and Tyr residues in the past years led to accumulating
evidences revealing this modification as one of the most
prominent mechanisms in signal transduction for fast cellu-
lar responses to environmental changes (Macek and Mijakovic,
2011; Soufi et al, 2012). Moreover, previous phosphopro-
teomic studies have revealed that a large portion of these
phosphorylation events are associated with key metabolic pro-
cesses in a cell, however, detailed information of the phos-
phorylation functions are rare. For cyanobacteria, having an
autotrophic lifestyle, fast response to changing environmen-
tal conditions that affect the energy-, nitrogen-, and carbon
metabolism appears to be essential. This statement agrees with
the high numbers of identified and quantified phosphoryla-
tion events in our dataset that can be assigned to photosyn-
thesis, carbon and nitrogen uptake and subsequent metabolic
pathways.

Of the significantly regulated phosphoproteins, the sensory
nitrogen signaling Py; protein showed the strongest dynamics
in response to nitrogen starvation with Ser49 phosphoryla-
tion being strongly up-regulated. This is in agreement with
previous studies and emphasizes its role as a marker for
nitrogen-limited conditions (Forchhammer and Tandeau De
Marsac, 1994, 1995; Mikkat et al., 2014). In E. coli, it was
reported, that the Py homolog protein GInK regulates the
influx of ammonia from the surrounding medium through the
homotrimeric ammonium/methylammonium permease AmtB,
and GInK-AmtB interaction blocks the uptake (Van Heeswijk

et al,, 1996). A similar mechanism, although not yet demon-
strated, could be assumed in Synechocystis between Py and
the AmtB homologue Amtl (S1l0108), with the Py Ser49
phosphorylation preventing this interaction to ensure efficient
ammonia uptake under N-limited conditions. Interestingly, we
identified Amtl as a phosphoprotein, which is increasingly phos-
phorylated under N-limitation. This mechanism could reveal
an additional and more sensitive regulative control mechanism
to ensure maximum ammonia uptake. Remarkably, the Py-like
membrane-associated protein SbtB (Slr1513) revealed significant
increasing Thr53 phosphorylation under N-limitation, like the
GInB Pyj protein. Interestingly, the sbtB gene is neighboring the
sodium-dependent bicarbonate transporter Slr1512 (sbtA) gene
on the chromosome, which revealed in our analysis significant
decreasing Thr189 phosphorylation under the same conditions.
It is thus tempting to speculate that SbtB may be involved in reg-
ulation of SbtA activity, in agreement with a recent analysis of the
sbtAB operon (Du et al., 2014).

Phosphorylation of proteins involved in the inorganic car-
bon uptake mechanism and the Calvin cycle was also observed:
On the carbon dioxide concentrating mechanism (Ccm) pro-
teinsM and N (SI11031 and SI111032), multiple phosphoryla-
tion events were detected, of which three could be quantified
and localized on SI11031 (pSer352, pThr358, and pThr609) and
one on SI11032 (pThr121). These phosphorylation events gen-
erally showed either static or slightly increasing phosphoryla-
tion under N-depletion, with the most prominent regulation on
pThr609, showing up to threefold increase for -N/NH ratios.
More pronounced, phosphorylation of the phosphoribulokinase
(SlI1525) on Serl7 increased strongly upon N-starvation. In
addition, two phosphorylation events were quantified on the
small and large subunits of the ribulose bisphosphate carboxy-
lase/oxygenase RuBisCO (SIr0012 and SIr0009), both showing
a three- to fourfold increase in response to nitrogen starva-
tion. Both phosphorylation events are localized on seryl-residues,
Ser78 on the small and supposedly Ser323 on the large subunit.
Interestingly, similar phosphorylation sites were identified in a
phosphoproteome study of Arabidopsis thaliana on the respec-
tive subunits. Here, Ser71 and Ser321 were phosphorylated on
the small and large subunits, respectively, besides several other
phosphorylation events (Aryal et al., 2011).

Several enzymes involved in the pentose phosphate path-
way and in glycolysis were detected as phosphoproteins, gen-
erally with static or increasing phosphorylation dynamics
toward N-starvation, such as the fructose-bisphosphate aldolase
(S110018) and the 6-phosphogluconate dehydrogenase (S110329).
Interestingly, the 2,3-bisphosphoglycerate-independent phos-
phoglycerate mutase (Slr1945) elicited an opposite response, with
the level of Ser65 phosphorylation significantly decreasing under
N-depletion.

Cyanobacteria are considered as progenitors of chloro-
plasts, which explains why the photosynthetic apparatus is
highly similar to that of green plants. However, some fea-
tures are unique to cyanobacteria, such as the phycobili-
some light harvesting antenna, transferring light energy to
the PSIL. Previously, linker proteins from the phycobilisome
antenna and ferredoxin-NADPH reductase were identified as
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phosphoproteins in Synechocystis, and dephosphorylation was
driven upon long-term exposure to high light intensities and
under nitrogen limitation, initiating proteolytic cleavage and
degradation (Piven et al., 2005). In our study, we detected a
high abundance of phosphorylation on proteins from the pho-
tosynthesis apparatus; we detected in the qualitative dataset 60
phosphorylation events on specific S/T/Y residues from 24 pro-
teins associated with photosynthesis (see Supplementary Table 2).
During quantitative analysis, only nine phosphoproteins asso-
ciated with photosynthesis could be detected. This is in agree-
ment with the general tendency of less identified phosphorylation
events in the quantitative dataset.

Among the detected proteins, the most prominent dynam-
ics were observed for PSI, phycocyanin and allophycocyanin
proteins. Surprisingly, phosphorylation events on these proteins
revealed increasing levels under nitrogen starvation, in con-
trast to the phycobilisome antenna linker proteins, which were
described to undergo dephosphorylation under nitrogen starva-
tion. We were not able to quantify the phosphorylation events
on linker proteins. On the proteome level, we detected strong
decreasing levels of linker proteins SI11579 and SI11471, whereas,
all other linker proteins (SIr1459, SIr0335, SlI1580, Slr2051,
Ssr3383, and Ssl3093) revealed only slight decreasing or static
levels under nitrogen starvation. This result could indicate that
either the process of chlorosis has not occurred to a level that is
required in order to significantly reduce the level of phycobilipro-
teins, or phycobiliproteins were only partially degraded and pep-
tide fragments were still present in the cells, which were then
detected by MS analysis. To solve this issue, further experiments
containing earlier and later time points are required.

Dynamics of Serine/Threonine Kinases

In our quantitative phosphoproteome dataset, we observed
an overall trend of increased phosphorylation levels dur-
ing nitrogen limitation. These dynamics are visualized in
Figures 3, 4. Overall, there was a higher incidence of increas-
ing than of decreasing phosphorylation in response to nitro-
gen limitation. This observation is more pronounced in
experiment 2, characterized by longer pre-adaption in the
respective nitrogen source. Interestingly, two Ser/Thr protein
kinases were found among the phosphoproteins with sig-
nificantly fluctuating phosphorylation dynamics. Ser/Thr pro-
tein kinase F (SIr1225) displayed in response to nitrogen
starvation increasing phosphorylation of two phosphothre-
onines on positions 24 and 27 (2-3 fold increased), and on

References

Aguirre Von Wobeser, E., Ibelings, B. W., Bok, J., Krasikov, V., Huisman, J., and
Matthijs, H. C. P. (2011). Concerted changes in gene expression and cell physi-
ology of the cyanobacterium Synechocystis sp. Strain PCC 6803 during transi-
tions between nitrogen and light-limited growth. Plant Physiol. 155, 1445-1457.
doi: 10.1104/pp.110.165837

Allen, M. and Smith, A. (1969). Nitrogen chlorosis in blue-
green algae. Arch. Mikrobiol. 69, 114-120. doi: 10.1007/BF00
409755

an unlocalized phosphorylation event on the phosphopep-
tide *** APPGATVSTPQGTNTQIQPTPASSASPLTAPK?>*. Con-
trary, we identified four phosphothreonines to be significantly
decreasing under the same conditions on the Ser/Thr pro-
tein kinase C (SIr0599) and one unlocalized phosphorylation
event (see Table1). These two Ser/Thr kinases were shown
previously in vitro by radiolabeling experiments to autophos-
phorylate (Kamei et al., 2002). Furthermore, both kinases were
suggested in combination with Ser/Thr protein kinase K to be
required for a phosphorylation cascade resulting in GroES phos-
phorylation (Zorina et al., 2011). It is conceivable that the phos-
phorylation dynamics of both kinases are interconnected and
could involve a protein phosphatase.

In conclusion, this study reports the first global phosphopro-
teome analysis of Synechocystis, with the highest discovery rate
of proteins (2382) and phosphorylation events (301 under nitro-
gen growth conditions) described thus far. We showed quanti-
tative dynamics of the total proteome in response to nitrogen
starvation. This is not only of broad relevance for Synechocystis
molecular biology, but sets the ground for a comprehensive anal-
ysis of the phosphoproteome, with quantified dynamics of 148
phosphorylation events. Using nitrogen starvation acclimation as
a test case, this study reveals that protein S/T/Y phosphorylation
may play an outstanding regulatory role for metabolic adaptation
in the model cyanobacterium Synechocystis. This analysis paves
the way for an in depth analysis of the role of protein phosphory-
lation in cyanobacteria, to unravel its contribution to homeostatic
control.

Acknowledgments

BM and KF thank the SFB766 of the Deutsche Forschungsge-
meinschaft for financial support. Furthermore, we would like to
thank all members of the Proteome Center Tuebingen, especially
Boumediene Soufi for revising the manuscript, and the Depart-
ment of Organismic Interactions, especially Khaled Selim for
help with immunoblots and Alexander Klotz for help in graphics
preparation.

Supplementary Material

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fmicb.
2015.00248/abstract

Aryal, U. K., Krochko, J. E., and Ross, A. R. S. (2011). Identification of phos-
phoproteins in Arabidopsis thaliana leaves using polyethylene glycol fraction-
ation, immobilized metal-ion affinity chromatography, two-dimensional gel
electrophoresis and mass spectrometry. J. Proteome Res. 11, 425-437. doi:
10.1021/pr200917t

Ashby, M. K., and Houmard, J. (2006). Cyanobacterial two-component proteins:
structure, diversity, distribution, and evolution. Microbiol. Mol. Biol. Rev. 70,
472-509. doi: 10.1128/MMBR.00046-05

Biggins, J., and Bruce, D. (1987). “The relationships between protein kinase activity
and chlorophyll a fluorescence changes in thylakoids from the cyanobacterium

Frontiers in Microbiology | www.frontiersin.org

March 2015 | Volume 6 | Article 248 | 32


http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00248/abstract
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Spét et al.

Synechocystis sp. PCC 6803 phosphoproteome

Synechococcus 6301,” in Progress in Photosynthesis Research, ed ]. Biggins
(Dordrecht: Springer), 773-776.

Boersema, P. J., Raijmakers, R., Lemeer, S., Mohammed, S., and Heck, A. J.
R. (2009). Multiplex peptide stable isotope dimethyl labeling for quantitative
proteomics. Nat. Protoc. 4, 484-494. doi: 10.1038/nprot.2009.21

Collier, J. L., and Grossman, A. R. (1992). Chlorosis induced by nutrient depri-
vation in Synechococcus sp. strain PCC 7942: not all bleaching is the same.
J. Bacteriol. 174, 4718-4726.

Cox, J., Matic, L, Hilger, M., Nagaraj, N., Selbach, M., Olsen, J. V., et al. (2009).
A practical guide to the MaxQuant computational platform for SILAC-based
quantitative proteomics. Nat. Protoc. 4, 698-705. doi: 10.1038/nprot.2009.36

Du, J., Forster, B., Rourke, L., Howitt, S. M., and Price, G. D. (2014). Character-
isation of cyanobacterial bicarbonate transporters in E. coli shows that SbtA
homologs are functional in this heterologous expression system. PLoS ONE
9:e115905. doi: 10.1371/journal.pone.0115905

Fadi Aldehni, M., Sauer, J., Spielhaupter, C., Schmid, R., and Forchhammer,
K. (2003). Signal transduction protein P(II) Is required for NtcA-regulated
gene expression during nitrogen deprivation in the cyanobacterium Syne-
chococcus elongatus strain PCC 7942. J. Bacteriol. 185, 2582-2591. doi:
10.1128/]B.185.8.2582-2591.2003

Forchhammer, K. (2004). Global carbon/nitrogen control by PII signal trans-
duction in cyanobacteria: from signals to targets. FEMS Microbiol. Rev. 28,
319-333. doi: 10.1016/j.femsre.2003.11.001

Forchhammer, K. (2008). PII signal transducers: novel functional and structural
insights. Trends Microbiol. 16, 65-72. doi: 10.1016/j.tim.2007.11.004

Forchhammer, K., and Tandeau De Marsac, N. (1994). The PII protein in the
cyanobacterium Synechococcus sp. strain PCC 7942 is modified by serine
phosphorylation and signals the cellular N-status. J. Bacteriol. 176, 84-91.

Forchhammer, K., and Tandeau De Marsac, N. (1995). Phosphorylation of the PII
protein (gInB gene product) in the cyanobacterium Synechococcus sp. strain
PCC 7942: analysis of in vitro kinase activity. J. Bacteriol. 177, 5812-5817.

Gorl, M., Sauer, J., Baier, T., and Forchhammer, K. (1998). Nitrogen-starvation-
induced chlorosis in Synechococcus PCC 7942: adaptation to long-term sur-
vival. Microbiology 144, 2449-2458. doi: 10.1099/00221287-144-9-2449

Hagemann, M., Golldack, D., Biggins, J., and Erdmann, N. (1993). Salt-
dependent protein phosphorylation in the cyanobacterium Synechocystis PCC
6803. FEMS Microbiol. Lett. 113, 205-209. doi: 10.1111/j.1574-6968.1993.tb
06515.x

Harrison, M. A., Tsinoremas, N. F., and Allen, J. F. (1991). Cyanobac-
terial thylakoid membrane proteins are reversibly phosphorylated under
plastoquinone-reducing conditions in vitro. FEBS Lett. 282, 295-299. doi:
10.1016/0014-5793(91)80499-S

Heinrich, A., Maheswaran, M., Ruppert, U., and Forchhammer, K. (2004). The
Synechococcus elongatus PII signal transduction protein controls arginine syn-
thesis by complex formation with N-acetyl-1-glutamate kinase. Mol. Microbiol.
52,1303-1314. doi: 10.1111/j.1365-2958.2004.04058.x

Irmler, A., and Forchhammer, K. (2001). A PP2C-type phosphatase dephospho-
rylates the PII signaling protein in the cyanobacterium Synechocystis PCC
6803. Proc. Natl. Acad. Sci. U.S.A. 98, 12978-12983. doi: 10.1073/pnas.231
254998

Ishihama, Y., Rappsilber, J., and Mann, M. (2006). Modular stop and go extraction
tips with stacked disks for parallel and multidimensional peptide fractionation
in proteomics. J. Proteome Res. 5, 988-994. doi: 10.1021/pr050385q

Jers, C., Soufi, B., Grangeasse, C., Deutscher, J., and Mijakovic, 1. (2008).
Phosphoproteomics in bacteria: towards a systemic understanding of bac-
terial phosphorylation networks. Expert Rev. Proteomics 5, 619-627. doi:
10.1586/14789450.5.4.619

Joseph, A., Aikawa, S., Sasaki, K., Teramura, H., Hasunuma, T., Matsuda, F., et al.
(2014). Rre37 stimulates accumulation of 2-oxoglutarate and glycogen under
nitrogen starvation in Synechocystis sp. PCC 6803. FEBS Lett. 588, 466-471.
doi: 10.1016/j.febslet.2013.12.008

Kamei, A., Yuasa, T., Geng, X., and Ikeuchi, M. (2002). Biochemical examination
of the potential eukaryotic-type protein kinase genes in the complete genome
of the unicellular cyanobacterium Synechocystis sp. PCC 6803. DNA Res. 9,
71-78. doi: 10.1093/dnares/9.3.71

Kopf, M., Kldhn, S., Scholz, I., Matthiessen, J. K. F., Hess, W. R., and Vof3, B. (2014).
Comparative analysis of the primary transcriptome of Synechocystis sp. PCC
6803. DNA Res. 21, 527-539. doi: 10.1093/dnares/dsu018

Kovanich, D., Cappadona, S., Raijmakers, R., Mohammed, S., Scholten, A., and
Heck, A. R. (2012). Applications of stable isotope dimethyl labeling in quan-
titative proteomics. Anal. Bioanal. Chem. 404, 991-1009. doi: 10.1007/s00216-
012-6070-z

Macek, B., and Mijakovic, I. (2011). Site-specific analysis of bacterial phosphopro-
teomes. Proteomics 11, 3002-3011. doi: 10.1002/pmic.201100012

Maheswaran, M., Ziegler, K., Lockau, W., Hagemann, M., and Forchham-
mer, K. (2006). P(II)-Regulated arginine synthesis controls accumulation of
cyanophycin in Synechocystis sp. Strain PCC 6803. J. Bacteriol. 188,2730-2734.
doi: 10.1128/JB.188.7.2730-2734.2006

Mann, N. H. (1994). Protein phosphorylation in cyanobacteria. Microbiology 140,
3207-3215. doi: 10.1099/13500872-140-12-3207

Mijakovic, L., and Macek, B. (2012). Impact of phosphoproteomics on studies of
bacterial physiology. FEMS Microbiol. Rev. 36, 877-892. doi: 10.1111/j.1574-
6976.2011.00314.x

Mikkat, S., Fulda, S., and Hagemann, M. (2014). A 2D gel electrophoresis-based
snapshot of the phosphoproteome in the cyanobacterium Synechocystis sp.
strain PCC 6803. Microbiology 160, 296-306. doi: 10.1099/mic.0.074443-0

Murata, N., and Suzuki, I. (2006). Exploitation of genomic sequences in a system-
atic analysis to access how cyanobacteria sense environmental stress. J. Exp. Bot.
57, 235-247. doi: 10.1093/jxb/erj005

Muro-Pastor, M. L, Reyes, J. C., and Florencio, F. J. (2001). Cyanobacteria perceive
nitrogen status by sensing intracellular 2-oxoglutarate levels. J. Biol. Chem. 276,
38320-38328. doi: 10.1074/jbc.M105297200

Nishiwaki, T., Satomi, Y., Nakajima, M., Lee, C., Kiyohara, R., Kageyama, H., et al.
(2004). Role of KaiC phosphorylation in the circadian clock system of Syne-
chococcus elongatus PCC 7942. Proc. Natl. Acad. Sci. U.S.A. 101, 13927-13932.
doi: 10.1073/pnas.0403906101

Olsen, J. V., De Godoy, L. M. F,, Li, G., Macek, B., Mortensen, P., Pesch, R, et al.
(2005). Parts per Million Mass Accuracy on an Orbitrap Mass Spectrometer
via Lock Mass Injection into a C-trap. Mol. Cell. Proteomics 4, 2010-2021. doi:
10.1074/mcp.T500030-MCP200

Ong, S.-E., Blagoev, B., Kratchmarova, L., Kristensen, D. B., Steen, H., Pandey, A.,
et al. (2002). Stable isotope labeling by amino acids in cell culture, SILAC, as a
simple and accurate approach to expression proteomics. Mol. Cell. Proteomics
1, 376-386. doi: 10.1074/mcp.M200025-MCP200

Pereira, S. F. F., Goss, L., and Dworkin, J. (2011). Eukaryote-like serine/threonine
kinases and phosphatases in bacteria. Microbiol. Mol. Biol. Rev. 75, 192-212.
doi: 10.1128/MMBR.00042-10

Petranovic, D., Michelsen, O., Zahradka, K., Silva, C., Petranovic, M., Jensen, P.
R., et al. (2007). Bacillus subtilis strain deficient for the protein-tyrosine kinase
PtkA exhibits impaired DNA replication. Mol. Microbiol. 63, 1797-1805. doi:
10.1111/j.1365-2958.2007.05625.x

Piven, L, Ajlani, G., and Sokolenko, A. (2005). Phycobilisome linker proteins
are phosphorylated in Synechocystis sp. PCC 6803. J. Biol. Chem. 280,
21667-21672. doi: 10.1074/jbc.M412967200

Rippka, R. (1988). “[1] Isolation and purification of cyanobacteria,” in Methods in
Enzymology, ed A. N. G. Lester Packer (Academic Press), 3-27.

Sanders, C. E., Melis, A., and Allen, J. F. (1989). In vivo phosphorylation of pro-
teins in the cyanobacterium Synechococcus 6301 after chromatic acclimation
to Photosystem I or Photosystem II light. Biochim. Biophys. Acta Bioenerg. 976,
168-172. doi: 10.1016/S0005-2728(89)80226-9

Schwarz, R., and Forchhammer, K. (2005). Acclimation of unicellular cyanobac-
teria to macronutrient deficiency: emergence of a complex network of cellular
responses. Microbiology 151, 2503-2514. doi: 10.1099/mic.0.27883-0

Soares, N. C., Spit, P., Krug, K., and Macek, B. (2013). Global dynamics of the
Escherichia coli proteome and phosphoproteome during growth in minimal
medium. J. Proteome Res. 12, 2611-2621. doi: 10.1021/pr3011843

Soufi, B., Kumar, C., Gnad, F., Mann, M., Mijakovic, L, and Macek, B. (2010).
Stable isotope labeling by amino acids in cell culture (SILAC) applied to quan-
titative proteomics of Bacillus subtilis. J. Proteome Res. 9, 3638-3646. doi:
10.1021/pr100150w

Soufi, B., Soares, N. C., Ravikumar, V., and Macek, B. (2012). Proteomics reveals
evidence of cross-talk between protein modifications in bacteria: focus on
acetylation and phosphorylation. Curr. Opin. Microbiol. 15, 357-363. doi:
10.1016/j.mib.2012.05.003

Stock, J. B., Ninfa, A. J., and Stock, A. M. (1989). Protein phosphorylation and
regulation of adaptive responses in bacteria. Microbiol. Rev. 53, 450-490.

Frontiers in Microbiology | www.frontiersin.org

March 2015 | Volume 6 | Article 248 | 33


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Spét et al.

Synechocystis sp. PCC 6803 phosphoproteome

Van Heeswijk, W. C,, Hoving, S,
Kahn, D., and Westerhoff, H. V.
tein in the regulation
coli. Mol. Microbiol. 21,
6281349.x

Vizcaino, J. A., Coté, R. G., Csordas, A., Dianes, J. A., Fabregat, A., Foster,
J. M., et al. (2013). The proteomics identifications (PRIDE) database and
associated tools: status in 2013. Nucleic Acids Res. 41, D1063-D1069. doi:
10.1093/nar/gks1262

Wang, Y., Xu, W., and Chitnis, P. (2009). Identification and bioinformatic analysis
of the membrane proteins of synechocystis sp. PCC 6803. Proteome Sci. 7, 11.
doi: 10.1186/1477-5956-7-11

Wisniewski, J. R., Zougman, A., Nagaraj, N., and Mann, M. (2009). Universal sam-
ple preparation method for proteome analysis. Nat. Methods 6, 359-362. doi:
10.1038/nmeth.1322

Yang, M.-K,, Qiao, Z.-X., Zhang, W.-Y., Xiong, Q., Zhang, J., Li, T., et al
(2013). Global phosphoproteomic analysis reveals diverse functions of ser-
ine/threonine/tyrosine phosphorylation in the model cyanobacterium Syne-
chococcus sp. Strain PCC 7002. J. Proteome Res. 12, 1909-1923. doi:
10.1021/pr4000043

Molenaar, D., Stegeman, B,
(1996). An alternative PII pro-
of glutamine synthetase in Escherichia
133-146. doi: 10.1046/j.1365-2958.1996.

Zhang, C. C,, Jang, J., Sakr, S., and Wang, L. (2005). Protein phosphorylation on ser,
thr and tyr residues in cyanobacteria. J. Mol. Microbiol. Biotechnol. 9, 154-166.
doi: 10.1159/000089644

Zorina, A., Stepanchenko, N., Novikova, G. V., Sinetova, M., Panichkin, V. B.,
Moshkov, I. E., et al. (2011). Eukaryotic-like Ser/Thr protein kinases SpkC/F/K
are involved in phosphorylation of GroES in the cyanobacterium Synechocys-
tis. DNA Res. 18, 137-151. doi: 10.1093/dnares/dsr006

Conflict of Interest Statement: The Guest Associate Editor Ivan Mijakovic
declares that, despite having coauthored an article with the author Boris Macek
in 2014, the review process was handled objectively.The authors declare that the
research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

Copyright © 2015 Spdt, Macek and Forchhammer. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

March 2015 | Volume 6 | Article 248 | 34


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

:' frontiers
in Microbiology

REVIEW
published: 16 March 2015
doi: 10.3389/fmicb.2015.00187

OPEN ACCESS

Edited by:

Jorg Stulke,
Georg-August-Universitat Gottingen,
Germany

Reviewed by:

Ulrike Kappler,

University of Queensland, Australia
Jan Maarten Van Dijl,

University of Groningen and University
Medical Center Groningen,
Netherlands

*Correspondence:

Haike Antelmann,

Institute of Microbiology,
Ernst-Moritz-Arndt-University of
Greifswald,
Friedrich-Ludwig-Jahnstr. 15,
Greifswald, Germany
antelman@uni-greifswald.de

Specialty section:
This article was submitted to Microbial
Physiology and Metabolism, a section
of the journal Frontiers in Microbiology

Received: 25 November 2014
Accepted: 20 February 2015
Published: 16 March 2015

Citation:

Loi VWV, Rossius M and Antelmann H
(2015) Redox regulation by reversible
protein S-thiolation in bacteria.
Front. Microbiol. 6:187.

doi: 10.3389/fmicb.2015.00187

Redox regulation by reversible
protein S-thiolation in bacteria

Vu Van Loi, Martina Rossius and Haike Antelmann *

Institute of Microbiology, Ernst-Moritz-Arndt-University of Greifswald, Greifswald, Germany

Low molecular weight (LMW) thiols function as thiol-redox buffers to maintain the reduced
state of the cytoplasm. The best studied LMW thiol is the tripeptide glutathione (GSH)
present in all eukaryotes and Gram-negative bacteria. Firmicutes bacteria, including
Bacillus and Staphylococcus species utilize the redox buffer bacillithiol (BSH) while
Actinomycetes produce the related redox buffer mycothiol (MSH). In eukaryotes, proteins
are post-translationally modified to S-glutathionylated proteins under conditions of
oxidative stress. S-glutathionylation has emerged as major redox-regulatory mechanism
in eukaryotes and protects active site cysteine residues against overoxidation to
sulfonic acids. First studies identified S-glutathionylated proteins also in Gram-negative
bacteria. Advances in mass spectrometry have further facilitated the identification
of protein S-bacillithiolations and S-mycothiolation as BSH- and MSH-mixed protein
disulfides formed under oxidative stress in Firmicutes and Actinomycetes, respectively.
In Bacillus subtilis, protein S-bacillithiolation controls the activities of the redox-sensing
OhrR repressor and the methionine synthase MetE in vivo. In Corynebacterium
glutamicum, protein S-mycothiolation was more widespread and affected the functions
of the maltodextrin phosphorylase MalP and thiol peroxidase (Tpx). In addition, novel
bacilliredoxins (Brx) and mycoredoxins (Mrx1) were shown to function similar to
glutaredoxins in the reduction of BSH- and MSH-mixed protein disulfides. Here we review
the current knowledge about the functions of the bacterial thiol-redox buffers glutathione,
bacillithiol, and mycothiol and the role of protein S-thiolation in redox regulation and thiol
protection in model and pathogenic bacteria.

Keywords: oxidative stress, protein S-thiolation, thiol-redox buffer, glutathione, bacillithiol, mycothiol

Introduction

The cytoplasm is a reducing environment and protein thiols are maintained in their reduced state
by low molecular weight (LMW) thiol-redox buffers and enzymatic thiol-disulfide oxidoreductases,
including the thioredoxin and glutaredoxin systems (Fahey, 2013; Van Laer et al., 2013). In their
natural environment or during infections, bacteria encounter different reactive species, such as
reactive oxygen, nitrogen, chlorine, and electrophilic species (ROS, RNS, RCS, RES) (Antelmann
and Helmann, 2011; Gray et al., 2013a). These reactive species cause different post-translational
thiol-modifications in proteins and activate or inactivate specific transcription factors resulting
in expression of detoxification pathways. LMW thiol-redox buffers function in detoxification of
different reactive species and are often present in millimolar concentrations in the cytoplasm.

The best studied LMW thiol is glutathione (GSH) present in eukaryotes and Gram-negative bac-
teria (Fahey, 2013). Most Gram-positive bacteria do not produce GSH. Instead, the Actinomycetes
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utilize mycothiol (MSH) as thiol-redox buffer (Jothivasan and
Hamilton, 2008; Newton et al., 2008). In Bacillus megaterium,
Bacillus cereus, and Staphylococcus aureus, coenzyme A (CoASH)
serves as an abundant LMW thiol (Newton et al., 1996). Many
Firmicutes bacteria, including Bacillus and Staphylococcus species
utilize bacillithiol (BSH) and cysteine as major thiol-redox bufters
(Newton et al., 2009). Alternative LMW thiols include also the
betaine-histidine derivative ergothioneine that compensates for
the absence of MSH in Mycobacterium smegmatis mshA mutants
(Ta et al., 2011). Cysteine is used for alternative S-thiolations in
the absence of BSH and MSH in Bacillus subtilis and Corynebac-
terium glutamicum since S-cysteinylated proteins were identified
in bsh and msh mutants (Chi et al., 2011, 2014).

The protozoa Leishmania and Trypanosoma produce
the glutathione-derivative trypanothione (bis-glutathionyl-
spermidine or TSHy). In Escherichia coli, glutathionylspermidine
(GSP) was detected during the stationary phase (Fahey, 2013).
Some microaerophilic y-proteobacteria utilize glutathione amide
(GASH) which forms a persulfide (GASSH) during photoau-
totrophic growth on high concentrations of sulfide (Bartsch
et al., 1996).

Under conditions of oxidative stress, LMW thiols form
mixed disulfides with protein thiols which is termed pro-
tein S-thiolation. In eukaryotes, protein S-glutathionylation has
emerged as major redox-regulatory mechanism that controls
the activity of redox sensing transcription factors and protects
active site Cys residues against irreversible oxidation to sulfonic
acids (Dalle-Donne et al., 2009). S-glutathionylation controls
numerous physiological processes, such as cellular growth and
differentiation, cell cycle progression, transcriptional activity,
cytoskeletal function, cellular metabolism, and apoptosis (Klatt
and Lamas, 2000; Ghezzi, 2005, 2013; Dalle-Donne et al., 2007,
2009). S-glutathionylation must meet several criteria to function
as redox-control mechanism: (1) reversibility, (2) specificity to
active site Cys, (3) change in protein function/activity, and (4)
induction by ROS or RNS. S-glutathionylation serves as a form
of GSH storage to prevent the export of GSSG under oxida-
tive stress (Dalle-Donne et al., 2009). Many eukaryotic proteins,
like a-ketoglutarate dehydrogenase, glyceraldehyde 3-phosphate
dehydrogenase, ornithine §-aminotransferase, pyruvate kinase,
heat specific chaperones, and regulatory proteins (c-Jun, NF-
kB) are reversibly inactivated or activated by S-glutathionylation
(Dalle-Donne et al., 2009; Kehr et al., 2011). However, the regula-
tory role of protein S-thiolation for bacterial physiology has only
recently been investigated. Here we review the current knowledge
about the functions of the bacterial redox buffers GSH, MSH, and
BSH and their roles for protein S-thiolations in GSH-, MSH- and
BSH-producing bacteria.

Sources of Reactive Oxygen, Electrophile,
and Chlorine Species (ROS, RES, RCS)

Bacteria encounter ROS during respiration or by the oxidative
burst of activated neutrophils during infections (Imlay, 2003,
2008, 2013). The incomplete stepwise reduction of molecular
oxygen (O;) leads to generation of superoxide anions (Oz+7),

hydrogen peroxide (H,O,) and the highly reactive hydroxyl
radical (OHs) (Figure 1). Superoxide anion and H,O, are also
produced by autoxidation of flavoenzymes (Mishra and Imlay,
2012; Imlay, 2013). Superoxide dismutases (SOD) convert Oy~
to H,O,. Several peroxide scavenging enzymes, such as catalases
and peroxidases catalyze the detoxification of H,O,. H,O; reacts
with ferrous iron (Fe>*) in the Fenton reaction generating the
highly toxic hydroxyl radical (OHe) which can damage all cellular
macromolecules (Imlay, 2003, 2008). HyO, destroys the Fe-S-
cluster of dehydratases and inactivates single ferrous iron-centers
of redox enzymes (Mishra and Imlay, 2012; Imlay, 2013).

During the oxidative burst, activated neutrophils release Oz 7,
H,0,, nitric oxide (NO), and hypochlorous acid (HOCI) with
the aim to kill invading pathogenic bacteria (Forman and Torres,
2001; Winterbourn and Kettle, 2013). The neutrophil NADPH
oxidase (NOX) shuttles electrons from NADPH to O, in the
phagosomal lumen and generates around 20 wM superoxide
anion. Myeloperoxidase (MPO) is released upon degranulation
in millimolar concentrations. MPO catalyzes the dismutation of
0O,+~ to H;O; and subsequent conversion of H,O, and chlo-
ride to HOCI (Figure 1) (Winterbourn and Kettle, 2013). NO is
generated in neutrophils by the inducible nitric oxide synthase
(iNOS) catalyzing the oxidation of L-arginine to L-citrulline. The
reaction of NO with Oy« leads to formation of peroxynitrite
(ONOO™). Thus, neutrophils release ROS, RNS, and the highly
reactive HOCl as antimicrobial defense mechanism.

Reactive electrophilic species (RES) have electron-deficient
centers and can react with the nucleophilic Cys thiol group
via the thiol-S-alkylation chemistry (Figure 2) (Antelmann and
Helmann, 2011). RES include quinones, aldehydes, epoxides,
diamide and o,p-unsaturated dicarbonyl compounds. RES are
often generated as secondary reactive intermediates from oxi-
dation products of amino acids, lipids or carbohydrates (Mar-
nett et al, 2003; Rudolph and Freeman, 2009). Quinones
are lipid-electron carriers of the respiratory chain, including

02 g 0_2' g H202 g HO' gHzO

Fe2* + H,0, + H* = Fe3* + HO- + H,0

NOX SOD MPO

™/ /720~
02 02’ H202 HOCI

FIGURE 1 | Generation of Reactive Oxygen Species (ROS) during
respiration and HOCI production by activated neutrophils during
infections. ROS are generated in bacteria during respiration by stepwise
one-electron transfer to Oo producing superoxide anion, hydrogen peroxide
and hydroxyl radical. The highly reactive hydroxyl radical is also produced from
HoOo and Fe2+ in the Fenton reaction. During infections, activated neutrophils
generate superoxide anion by the NADPH oxidase (NOX) that is converted to
HoOo by the superoxide dismutase (SOD). Myeloperoxidase (MPO) is released
upon degranulocytosis producing the highly reactive hypochlorous acids
(HOCI) from HoO» and CI~ as potent killing agent for pathogenic bacteria.
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FIGURE 2 | Reactive Electrophilic Species (RES) with partial positive
charges (3+) (A) and the reaction of quinones with thiols via the
S-alkylation and oxidation chemistry (B). (A) In quinones and aldehydes
the electrons are drawn to carbonyl oxygen leaving the partial positive
charges at neighboring carbon atoms that become electrophilic. Diamide is
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SH
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an electrophilic azocompound that causes disulfide stress. (B) Quinones can
react as electrophiles with the nucleophilic thiol group of Cys residues via
thiol-S-alkylation leading to irreversible thiol-S-adduct formation. In the
oxidative mode, quinones are incompletely reduced to semiquinone radicals
that generate superoxide anions and can oxidize protein thiols to disulfides.

ubiquinone and menaquinone (Farrand and Taber, 1974). Soil
bacteria encounter quinones as redox active components of
humic substances and in dissolved organic matter (Ratasuk and
Nanny, 2007). The toxic dicarbonyl compound methylglyoxal
is produced in all organisms from triose-phosphate intermedi-
ates as byproduct of the glycolysis and can be generated also
from amino acids metabolism (Ferguson et al., 1998; Booth et al.,
2003; Kalapos, 2008). Bacteria also have to cope with the carbonyl
compound formaldehyde. Formaldehyde is an intermediate in
the C;-metabolism of methanotrophic and methylotrophic bac-
teria and is ubiquitously distributed in the environment. Thus,
bacteria have evolved conserved pathways for detoxification of
formaldehyde and methylglyoxal that involve LMW thiols.

In eukaryotic cells, RES are implicated in many pathophysio-
logical processes and modulate signaling pathways (Mackay and
Knock, 2015). Eukaryotic cells produce lipid-derived RES, such
as malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE)
(Rudolph and Freeman, 2009). HNE is generated from polyun-
saturated fatty acids in biological membranes by a radical-
based peroxidation chain reaction (Jacobs and Marnett, 2010).
Furthermore, 15-deoxy-A12,14-prostaglandin J2 (15d-PGJ2) is
generated from arachidonic acid during inflammation and
2-trans-hexadecenal (2-HD) is produced during sphingolipid
metabolism which promotes apoptosis (Wang et al., 2014). Bac-
terial membrane lipids also contain unsaturated fatty acids which
are synthesized at higher levels during adaptation to cold shock
to maintain the fluidity of the membrane (De Mendoza, 2014).
These unsaturated fatty acids in bacterial membrane lipids could
be the target for ROS leading to lipid peroxidation products in
bacteria. Lipid hydroperoxides, such as linoleic acid hydroperox-
ide are sensed by the redox-sensing MarR-type repressor OhrR.

OhrR regulates the peroxiredoxin OhrA that functions in detoxi-
fication of organic hydroperoxides (Atichartpongkul et al., 2001;
Fuangthong et al., 2001). However, the fatty acid-derived perox-
idation product which is sensed by OhrR in vivo remains to be
identified.

Post-Translational Thiol-Modifications of
Proteins by ROS, RES, and RCS in Bacteria

ROS, RES, and RCS can damage all cellular macromolecules
including proteins, nucleic acids or carbohydrates (Imlay, 2008,
2013; Jacobs and Marnett, 2010; Gray et al., 2013a). However,
in eukaryotes low levels of ROS and RES act also as second
messengers to modulate signal transduction pathways (Rudolph
and Freeman, 2009; Mackay and Knock, 2015). Bacterial tran-
scription factors often use redox-sensitive Cys residues for sens-
ing of ROS, RES, and RCS to control the expression of specific
detoxification pathways (Antelmann and Helmann, 2011; Gray
et al., 2013a). The thiol group of cysteine is subject to reversible
and irreversible post-translational thiol-modifications that lead
to inactivation or activation of the transcription factor. Protein
thiols can be reversibly oxidized to protein disulfides and irre-
versibly overoxidized to sulfinic or sulfonic acids by ROS (Antel-
mann and Helmann, 2011). ROS lead first to oxidation of protein
thiols to Cys sulfenic acids as unstable intermediates (R-SOH)
(Figure 3). Cys sulfenic acid rapidly reacts further with other
thiols to form intramolecular and intermolecular protein disul-
fides or mixed disulfides with LMW thiols, collectively termed
as S-thiolations (e.g., S-cysteinylations, S-glutathionylations, S-
mycothiolations, and S-bacillithiolations). Protein S-thiolations
protect the thiol groups against the irreversible overoxidation to
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FIGURE 3 | Thiol-chemistry of ROS and HOCI with thiol-containing
proteins. The Cys thiol group is oxidized by ROS to an unstable Cys sulfenic
acid intermediate (Cys-SOH) that reacts further with proximal thiols to form
intramolecular and intermolecular disulfides or mixed disulfides with LMW
thiols (RSH), such as glutathione, bacillithiol or cysteine, termed as
S-thiolations. HOCI leads to chlorination of protein thiols to sulfenylchloride
intermediates (Cys-SCl) that react further to form disulfides. In the absence of
proximal thiols, the chlorinated Cys is overoxidized to Cys sulfinic and sulfonic
acids. Disulfides function as redox switches to control protein activity and
protect thiol groups against overoxidation to Cys sulfinic and sulfonic acids.
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Cys sulfinic (R-SO2H) and sulfonic acid (R-SO3H). This is par-
ticularly important for essential and abundant proteins whose
overoxidation would lead to loss of cell viability and requires
new protein synthesis to replace inactivated proteins. However,
eukaryotic sulfiredoxins are able to reduce sulfinic acids in 2-
Cys peroxiredoxins, but sulfiredoxins are not present in bacteria
(Lowther and Haynes, 2011).

Hypochloric acid (HOCI) is a strong two-electron oxidant and
chlorinating agent with a high redox potential [EY (HOCI/CI™) =
1.28 mV] (Davies, 2011). HOCI targets most strongly the sulfur-
containing amino acids cysteine and methionine with the
second-order rate constant of k = 3 x 107 M~! s™1 (Hawkins
et al., 2003). HOCI first chlorinates the thiol group to form the
unstable sulfenylchloride intermediate that reacts further with
another thiol group to disulfides. In the absence of another thiol,
the chlorinated thiol group is overoxidized very rapidly to sulfinic
or sulfonic acids (Hawkins et al., 2003) (Figure 3). We confirmed
that strong disulfide stress responses are caused by HOCI in dif-
ferent Gram-positive bacteria in vivo and detected mixed protein
disulfides with Cys, BSH, and MSH as major oxidation products
(Chi et al., 2011, 2013, 2014).

RNS cause reversible thiol-modifications: nitric oxide (NO)
leads to S-nitrosothiol formation (RS-NO) and peroxinitrite
(ONOO™) causes S-nitrothiol (RS-NO,) formation. Alterna-
tively, S-nitrosothiol (e.g., GSNO or MSNO) can be formed
by direct reaction of NO with LMW thiols (Antelmann and
Helmann, 2011).

RES can react via the thiol-S-alkylation chemistry with Cys
thiols. However, quinones have two modes of action, an oxi-
dation and an alkylation mode. In the oxidation mode, the

one-electron reduction of quinones generates the highly reactive
semiquinone radical leading to generation of superoxide anions
(Figure 2). The electrophilic reaction of quinones involves the
1,4-reductive Michael-type addition of thiols to quinones (Mar-
nett et al., 2003). Quinones lead to irreversible thiol-S-alkylation
and protein aggregation to deplete protein thiols in the pro-
teome in vivo (Liebeke et al., 2008). However, non-toxic quinone
concentrations resulted in reversible thiol-disulfide switches in
RES-sensing redox regulators (e.g., YodB, CatR, QsrR, NemR) to
activate the expression of specific quinone detoxification path-
ways (Antelmann and Helmann, 2011; Gray et al., 2013a; Lee
etal., 2013). Methylglyoxal reacts with nucleophilic centers of the
DNA and with the amino acids arginine, lysine and cysteine caus-
ing advanced glycation end-products (Bourajjaj et al., 2003). The
lipid-derived electrophiles MDA and HNE were shown to alky-
late DNA bases and protein thiols leading to DNA and membrane
damages in eukaryotes (Rudolph and Freeman, 2009).

Biosynthesis and Functions of Major LMW
Thiol-Redox Buffers in Bacteria

Biosynthesis, Uptake, and Functions of
Glutathione in Bacteria

The tripeptide glutathione (y-glutamylcysteinyl-glycine; GSH) is
utilized as major LMW thiol-redox buffer in Gram-negative bac-
teria and in some Gram-positive Firmicutes bacteria, including
Streptococcus agalactiae, Listeria monocytogenes, and Clostridium
acetobutylicum (Figure 4). In E. coli, GSH biosynthesis occurs
in two steps: The y-glutamate cysteine ligase (GshA) catalyzes
the formation of y-glutamylcysteine (y-Glu-Cys) from glutamate
and cysteine. In the second step, ligation of glycine to y-Glu-
Cys is catalyzed by glutathione synthase (GshB) (Meister, 1995;
Anderson, 1998). In S. agalactiae and L. monocytogenes, a bifunc-
tional fusion protein GshF is present that exhibits both GshA
and GshB activities (Gopal et al., 2005; Janowiak and Griffith,
2005). Interestingly, Lactococcus lactis, Streptococcus pneumoniae
and Haemophilus influenzae do not synthesize GSH, but encode
GSH-uptake mechanisms. In S. pneumoniae, the GSH-uptake
from the host is mediated by the ABC transporter binding pro-
tein GshT (Potter et al., 2012; Vergauwen et al., 2013). In addition,
the cystine importer TcyBC was shown to be primed for GSH
import by GshT. In H. influenzae, GSH import is mediated by the
ABC-transporter DppBCDF and requires the periplasmic GSH-
binding protein GbpA (Vergauwen et al., 2010). Strikingly, these
pathogens utilize host-derived GSH as protection mechanism
against the host immune defense.

GSH is present in millimolar concentrations in the cyto-
plasm of E. coli (Masip et al., 2006; Fahey, 2013). GSH main-
tains protein thiols in the reduced state and serves as a storage
form of cysteine. In contrast to cysteine, GSH is resistant to
metal-catalyzed autooxidation because of its bound Cys amino
and carboxyl groups that prevent ligation of heavy metal ions
(Fahey, 2013). During the bacterial growth and under oxida-
tive stress, GSH is oxidized to glutathione disulfide (GSSG). The
NADPH-dependent glutathione reductase (Gor) keeps GSH in
its reduced state to maintain a high GSH/GSSG ratio ranging
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LMW thiol-redox buffer in some bacteria, like in S. aureus and
B. anthracis.

from 30:1 to 100:1 in the cytoplasm. The standard thiol-disulfide
redox potential of the GSH redox couple was calculated as
EY(GSSG/GSH) = —240 mV at physiological pH values (Hwang
et al., 1995; Van Laer et al., 2013).

The various detoxification functions of GSH have been exten-
sively studied in E. coli gsh mutants. In E. coli, GSH functions
in detoxification of ROS, RES, RCS, RNS, xenobiotics, antibi-
otics, toxic metals, and metalloids (Masip et al., 2006) (Table 1).
Detoxification of xenobiotics, electrophiles and antibiotics by
GSH occurs either spontaneously by S-conjugation or by the
catalytic activity of GSH-S-transferases (Fahey, 2013). The GSH-
S-conjugates are usually excreted from the cell as non-toxic
mercapturic acid derivatives. GSH was shown to function as a
cofactor in methylglyoxal detoxification in E. coli. The major
pathway for methylglyoxal detoxification in E. coli is the GSH-
dependent glyoxalase pathway. The glyoxalase-I (GloA) cata-
lyzes formation of S-lactoyl-GSH from GSH-hemithioacetal and
glyoxalase-II (GloB) converts S-lactoyl-GSH to D-lactate (Fergu-
son et al.,, 1998; Booth et al., 2003). In addition, glyoxalase-III
operates GSH-independently to convert methylglyoxal to lactate.
The glyoxalase-I encoding gloA gene and the nemRA operon
are redox-regulated by the NemR repressor under methylgly-
oxal, quinone and HOCI stress (Gray et al., 2013b; Lee et al,,

2013; Ozyamak et al., 2013). The glyoxalase GloA and the oxi-
doreductase NemA are important for methylglyoxal survival and
confer resistance to methylglyoxal in E. coli (Ozyamak et al.,
2013). The resistance to methylglyoxal is also linked to the acti-
vation of potassium efflux by the S-lactoyl-GSH intermediate
leading to cytoplasmic acidification (Ferguson et al., 1998; Booth
et al., 2003). The cytoplasmic acidification limits the interaction
of methylglyoxal with DNA bases. Thus, potassium efflux and
detoxification by GloA protect against methylglyoxal toxicity in
E. coli.

Interestingly, expression of the E. coli gshAB genes in
the industrial important Clostridium acetobutylicum enhances
robustness and alcohol production as a promising strategy for
engineering industrial production strains. Thus, GSH protects
also against large-scale ethanol and butanol production in C. ace-
tobutylicum during fermentation (Hou et al., 2013).

Functions of Glutathione in the Virulence of
Pathogenic Bacteria

GSH has many detoxification functions to maintain the redox
balance of the cytoplasm, but only recently the role of GSH
for the control of virulence functions has been explored in
the pathogenic bacteria S. pneumoniae, L. monocytogenes, and
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TABLE 1 | Functions of the bacterial redox buffers glutathione, bacillithiol, and mycothiol.

Redox buffer  Organism

Functions of thiol-redox buffers and thiol-dependent enzymes

References

Glutathione Escherichia coli GSH functions in detoxification of ROS, RES, RCS, RNS, xenobiotics, antibiotics, Masip et al., 2006
toxic metals, metalloids Potter et al., 2012
Salmonella Typhimurium Gor: GSSG reductase
Gpx: GSH-dependent peroxidase
Gst: GSH S-transferases required for conjugation of alkylating agents and antibiotics
Grx: Glutaredoxins for reduction of S-glutathionylated proteins
GloA/GloB: glyoxalase-I/Il for GSH-dependent conversion of methylglyoxal to lactate
Bacillithiol Bacillus subtilis BSH involved in detoxification of hypochlorite, diamide, methylglyoxal, ROS Gaballa et al., 2010
(paraquat, HoO»), alkylating agents and fosfomycin Chi et al., 2011
Staphylococcus aureus BSH provides a Zn buffer for labile Zn pool Ma et al., 2014
YpdA: possible BSSB reductase Gaballa et al., 2010
FosB: BSH-dependent epoxide hydrolase for fosfomycin detoxification Lamers et al., 2012
Roberts et al., 2013
Thompson et al., 2013, 2014
YfiT/BstA: DinB-family BSH S-transferases required for conjugation of alkylating Newton et al., 2011 Perera et al.,
agents (monochlorobimane, 1-chloro-2,4-dinitrobenzene and cerulenin) 2014
BrxA/BrxB: Bacilliredoxins for reduction of S-bacillithiolated proteins Gaballa et al., 2014
GIXA/GIxB: glyoxalase-I/Il for BSH-dependent conversion of methylglyoxal to lactate Chandrangsu et al., 2014
Mycothiol Streptomyces coelicolor MSH protects against ROS, RES, NO, toxins, antibiotics (erythromycin, vancomycin, Newton et al., 2008
rifampicin), heavy metals, maleylpyruvate, ethanol, gentisate, glyphosate, arsenate in Fahey, 2013
Mycobacterium Actinomycetes Liu et al., 2013
tuberculosis Mtr: MSSM reductase
Tpx, AhpE, Mpx: MSH-dependent peroxidases Chiet al., 2014
Corynebacterium Hugo et al., 2014
glutamicum Mst: DinB-family MSH S-transferases required for conjugation of alkylating agents Newton et al., 2012

and antibiotics (monochlorobimane, DTNB, rifampicin, cerulenin)

LmbT, LmbV and LmbE: MSH S-transferases for biosynthesis of the lincosamide
antibiotic lincomycin in S. lincolnensis

Mca: S-conjugate amidase cleaves MSH-S-conjugates to mercapturic acids
Mrx1: Mycoredoxin-1 for reduction of S-mycothiolations

MscR/AdhE/FadH: MSNO reductase/ formaldehyde dehydrogenase

Zhao et al., 2015

Newton et al., 2008, 2011
Van Laer et al., 2012
Newton et al., 2008

Cg3349: maleylpyruvate isomerase for maleylpyruvate detoxification

in C. glutamicum

ArsC1/C2: MSH-dependent arsenate reductases

Lessmeier et al., 2013
Witthoff et al., 2013
Feng et al., 2006

Ordonez et al., 2009

Salmonella Typhimurium (Potter et al., 2012; Song et al., 2013;
Reniere et al., 2015) (Table 2). In S. pneumoniae, the glutathione
reductase Gor and the GSH-importer GshT were required for
oxidative stress protection and metal ion resistance. Moreover,
the gshT mutant was attenuated in colonization and invasion
in a mouse model of pneumococcal infection (Potter et al,
2012). Thus, GSH protects against the host immune defense and
contributes to fitness of S. pneumoniae.

The intracellular pathogen L. monocytogenes is able to syn-
thesize GSH via the gshF fusion protein, but GSH can be also
imported from the host (Reniere et al., 2015). The L. monocy-
togenes gshF mutant was two-fold less virulent compared to the
wild type in a mice model. In addition, the gshF mutant was
sensitive to oxidative stress, contains lower levels of ActA and
formed small plaques in tissue culture assays that measure cell-
to-cell spread (Reniere et al., 2015). The Actin assembly-inducing
protein ActA is controlled by the virulence regulator PrfA and
used by L. monocytogenes to move through the host cells (Freitag
etal,, 2009). It was shown that the virulence phenotype of the gshF
mutant is caused by the lack of PrfA activation by bacterial and

host-derived GSH (Reniere et al., 2015). Interestingly, activation
of PrfA is mediated by an allosteric binding of GSH to PrfA, but
not by S-glutathionylation. Thus, GSH plays a role as signaling
molecule to activate virulence gene expression in an intracellular
pathogen.

In S. Typhimurium, GSH antagonizes the bacteriostatic effects
of RNS in vivo and gshA mutants were sensitive to ROS and
RNS (Song et al., 2013). Thus, GSH presents a first line defense
against ROS and RNS produced by the host immune system. This
was shown in an acute model of salmonellosis in mice express-
ing the wild-type NRAMP1R allele (natural resistance-associated
macrophage protein 1) which is linked to high NO production
of the macrophages. The gshA and gshB mutants were attenuated
in this acute model of salmonellosis. It was further shown that
GSH protects against ROS and RNS produced by the NADPH
phagocyte oxidase and inducible nitric oxide synthase (iNOS) in
this mice model (Song et al., 2013). These recent studies high-
light the important roles of GSH in the control of virulence func-
tions, expression of virulence factors and pathogen fitness under
infection conditions in S. pneumoniae, L. monocytogenes, and
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TABLE 2 | The role of thiol-redox buffers for virulence in pathogenic bacteria.

Redox Organism Genes for biosynthesis or Virulence phenotypes of mutants References
buffer uptake
Glutathione Streptococcus pneumoniae gshT gshT mutant attenuated in colonization and invasion in a Potter et al., 2012
(uptake) (GSH importer) mouse model of pneumococcal infection
Glutathione Listeria monocytogenes gshF Virulence defect of the gshF mutant caused the lack of Reniere et al., 2015
(biosynthesis (y-Glu-Cys ligase/GSH synthase) PrfA activation and lower actA expression by bacterial and
and uptake) host GSH
Glutathione Salmonella Typhimurium gshA (y-Glu-Cys ligase) gshA and gshB mutants attenuated in acute model of Song et al., 2013
(biosynthesis) gshB (GSH synthase) salmonellosis in NRAMP1R mice;

GSH protects against ROS and RNS produced by NOX in

mice
Bacillithiol Staphylococcus aureus bshA (glycosyltransferase) COL and USA300 bshA mutants impaired in human Posada et al., 2014
(biosynthesis) bshB (deacetylase) whole-blood survival assays; Pother et al., 2013

bshC (Cys ligase) SH1000 natural bshC mutant survival defect in

macrophage phagocytosis assays
Mycothiol Mycobacterium tuberculosis ~ mshA1 (glycosyltransferase) mshC mutant impaired in growth and survival in mouse Sareen et al., 2003;
(biosynthesis) mshA2(phosphatase) model of infection Sassetti and Rubin,

mshB (deacetylase)
mshC (Cys ligase)
mshD (acetyltransferase)

20083

S. Typhimurium. As shown for L. monocytogenes, GSH might
play similar roles to activate virulence gene expression by redox
control of virulence gene regulators in other pathogens which
remains to be elucidated.

Redox Proteomic Methods to Study Protein
S-Glutathionylation at a Global Scale

Advances in probe design and mass spectrometry-based thiol-
trapping approaches have facilitated the detection of specific
reversible thiol-modifications, including sulfenylation, nitrosy-
lation, glutathionylation, and sulfhydrations of proteins at a
global scale (Leonard and Carroll, 2011; Pan and Carroll, 2013;
Paulsen and Carroll, 2013; Gupta and Carroll, 2014; Zhang et al.,
2014). Different methods have been applied for specific detec-
tion of S-glutathionylations in eukaryotic cells, including the
use of GSH-specific antibodies and the labeling of S-thiolations
with 3°S-cysteine followed by 2D gel electrophoresis and phos-
phoimaging (Fratelli et al., 2002, 2003, 2004). However, the
specificity of the GSH antibodies is questionable and the gel-
based detection of S-thiolations using 3>S-cysteine does not
distinguish between S-cysteinylations and S-glutathionylations
or other forms of S-thiolations. Hence, more sensitive mass
spectrometry-based redox proteomics methods have been devel-
oped, including the glutaredoxin-coupled NEM-biotin switch
assay and the treatment of cell extracts with N,N-biotinyl glu-
tathione disulfide (BioGSSG) (Lind et al., 2002; Brennan et al,,
2006; Kehr et al, 2011; Zaffagnini et al., 2012a) (Figure 5).
Both methods make use of the specific streptavidin enrich-
ment of biotinylated peptides that improve the identification
of S-glutathionylated peptides using mass spectrometry. The
NEM biotin-switch assay was successfully applied to detect
protein S-glutathionylation in eukaryotic endothelial cells and

malaria parasites which applies glutaredoxin for reduction of
protein-SSG followed by NEM-biotin alkylation and enrich-
ment using streptavidin columns (Lind et al., 2002; Kehr et al.,
2011). The biotin-GSSG approach has been applied to identify
S-glutathionylated proteins in the green algae Chlamydomonas
reinhardtii (Zaffagnini et al., 2012a) and in the photosynthetic
cyanobacterium Synechocystis sp. PCC6803 (Chardonnet et al.,
2015). In total, 383 S-glutathionylated proteins were identified
in Synechocystis sp. PCC6803 and 125 glutathionylation sites
were mapped by mass spectrometry. In addition, the peroxire-
doxin PrxII (S111621) and the 3-phosphoglycerate dehydrogenase
PGDH (S111908) could be S-glutathionylated by BioGSSG in vitro
(Chardonnet et al., 2015).

In another approach, biotinyl-spermine (biotine-spm) and
in vivo expressed E. coli GspS have been applied for mammalian
cells to convert GSH to biotin-glutathionylspermidine (biotin-
Gsp) which subsequently modified proteins by Biotin-Gsp-S-
thiolation (Chiang et al., 2012; Lin et al., 2015). The biotine-spm
is removed enzymatically by GspA from the enriched biotin-
Gsp-S-thiolated peptides and the GSS-peptides are identified by
mass spectrometry. This approach allows the identification of S-
glutathionylation sites without the biotin-tag and enhances the
coverage for S-glutathionylated proteins. In mammalian cells,
1409 S-glutathionylated cysteines in 913 proteins were identi-
fied using the Gsp-biotin approach (Chiang et al., 2012; Lin
et al,, 2015). This makes the application of this chemoenzymatic
approach using the GspS enzyme attractive for global and specific
studies of S-glutathionylated proteins.

In S. Typhimurium, protein S-glutathionylation has been
studied at a global scale by top-down and bottom-up pro-
teomic approaches (Ansong et al., 2013). Top-down proteomics
uses whole proteins for separation and fragmentation directly
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FIGURE 5 | Redox proteomics methods to study protein
S-glutathionylation at a global scale. Mass spectrometry-based methods
for identification of S-glutathionylations include the glutaredoxin-coupled
NEM-biotin switch assay (A), the biotin-Gsp assay, (B) or the N,N-biotinyl
glutathione disulfide (BioGSSG) assay, (C) (Lind et al., 2002; Brennan et al.,
2006; Kehr et al., 2011; Zaffagnini et al., 2012a). In the biotin-Gsp assay, E.

coli GspS is expressed in mammalian cells and converts GSH and
biotinyl-spermine (biotine-spm) to biotin-glutathionylspermidine (biotin-Gsp).
Proteins in ROS-treated cells are modified by biotin-Gsp-S-thiolation (Chiang
etal., 2012; Lin et al., 2015). The biotin-spm is removed from the enriched
biotin-Gsp-S-thiolated peptides by GspA and the GSS-peptides are
identified by mass spectrometry.

in the mass spectrometer. In bottom-up proteomics approaches
proteins are digested by a protease and the peptide mixtures are
analyzed by mass spectrometry to identify proteins at the peptide
level. The top-down proteomic approach identified 563 proteins
with 1665 post-translational modifications in S. Typhimurium.
The authors identify 25 S-thiolated proteins in cells grown
in complete LB medium including 16 S-glutathionylated pro-
teins and nine S-cysteinylated proteins. Interestingly, a sub-
set of nine S-glutathionylated are modified by S-cysteinylation
in infection-like minimal LPM medium (Table 3). This could
indicate a shift from S-glutathionylation to S-cysteinylation
under infection-like conditions in S. Typhimurium. These S-
thiolated proteins include phosphoglycerate kinase (Pgk), elon-
gation factor (Tuf) and enolase (Eno) that are also targets for
S-glutathionylations in endothelial cells (Fratelli et al., 2002).
The top-down proteomics results were verified by bottom-
up proteomics approaches to identify the specific S-thiolated
Cys peptides (Ansong et al., 2013). Structural analysis revealed
that S-glutathionylation occurred mostly at buried Cys residues
and not at surface-exposed Cys. S-glutathionylation on buried
Cys was also shown for the enolase whose activity is known
to be modified by S-thiolation in human cells (Fratelli et al,
2002). It is postulated that S. Typhimurium switches from S-
glutathionylation to S-cysteinylation during infection conditions
as novel redox-control mechanism. In agreement with the pro-
teome data, transcriptome results point to an up-regulation
of Cys biosynthesis and down-regulation of GSH biosynthe-
sis under infection-like conditions. However, the physiological
role of this S-thiolation switch for redox control of the identi-
fied protein targets under ROS stress remains to be elucidated.

Furthermore, no blocking of reduced thiols with NEM or IAM
was performed to avoid artificial disulfide formation. Thus, it
remains to be verified that the observed S-thiolations are not
caused by artificial thiol-disulfide exchange. Previous studies
have also shown that L. monocytogenes is able to both import
and synthesize GSH (Reniere et al., 2015). Furthermore, the non-
GSH-utilizing S. aureus was shown to import GSH during growth
in LB medium (Pother et al., 2013). Thus, the possible uptake of
GSH in S. Typhimurium from LB-medium could contribute to
the observed S-glutathionylations which needs to be investigated.

The Regulatory Potential of Protein
S-Glutathionylation in Gram-negative Bacteria
The role of protein S-glutathionylation for redox control
has been studied in few Gram-negative bacteria, including
E. coli, S. Typhimurium, Neisseria meningitidis, Pseudoal-
teromonas haloplanktis, and Synechocystis sp. PCC6803 (Table 3).
In E. coli, the peroxide-sensing regulator OxyR is activated by S-
glutathionylation at its redox-sensing Cys199 in vitro (Kim et al.,
2002). In addition, the activities of glyceraldehyde-3-phosphate
dehydrogenase, methionine synthase and the PAPS reductase are
inhibited by S-glutathionylation in E. coli (Lillig et al., 2003; Hon-
dorp and Matthews, 2004; Brandes et al., 2009). A recent study
provides a model for the S-glutathionylation of the conserved
active site Cys in GapDH and explains the reactivity of the active
site toward H,O, (Peralta et al., 2015). Reaction of the active
site Cys with H,O, is catalyzed by a mechanism which stabi-
lizes the transition state and promotes leaving group departure
by providing a proton relay. This model suggests the conserved
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TABLE 3 | Targets for protein S-thiolation by bacterial thiol-redox buffers.

Redox buffer

Organism

Functions of S-thiolated proteins

S-thiolated Cys

References

Glutathione Salmonella Typhimurium 16 protein-SSG and nine Ansong et al., 2013
protein-SSCys identified in LB
medium cultures
nine protein-SSG in LB switch to
protein-SSCys in minimal medium:
DnaK (chaperone) Cys15
CspD (cold shock protein) Cys19
HNS (transcription regulator) Cys21
MinE (cell devision factor) Cys16
Ndk (nucleoside diphosphate kinase) Cys139
GrxC (glutaredoxin) Cys66
RplC (50S ribosomal protein) Cys199
YifE (unknown function) Cys64
YjgF (translation inhibitor) Cys107
Glutathione Escherichia coli OxyR (peroxide sensor) Cys199 redox-sensing Kim et al., 2002
Gap (glyceraldehyde-3-phosphate Cys152 active site Brandes et al., 2009
DH) Hondorp and Matthews,
MetE (methionine synthase) Cys645 not conserved 2004
PpaC (PAPS reductase) Cys239 active site Lillig et al., 2003
Glutathione Neisseria meningitidis EstD (esterase) Cysb4 substrate binding Chen et al., 2013
Glutathione Pseudo-alteromonas PhSOD (iron-superoxide dismutase) Cysb7 conserved Castellano et al., 2008
haloplanktis
Glutathione Synechocystis sp. 383 total protein-SSG Chardonnet et al., 2015
PCC6803 125 S-glutathionylation sites:
Inorganic pyrophosphatase Cys164
Phosphoribulokinase Cys19
PAPS reductase Cys230
Triose phosphate isomerase Cys127
IMP dehydrogenase Cys222
ADP-glucose pyrophosphorylase Cysb5
RubisCo Cys422, Cys242
MerA (mercury reductase) Cys78 active site Marteyn et al., 2013
AbrB (repressor of hydrogenase Cys34 redox-sensing Cassier-Chauvat et al.,
operon) 2014
Bacillithiol Bacillus subtilis 54 total protein-SSB including eight Chietal., 2011
conserved protein-SSB: Chietal., 2013
Bacillus pumilus MetE (methionine synthase) Cys730 active site
PpaC (Mn-dependent inorganic Cys158 active site
Bacillus pyrophosphatase)
amyloliquefaciens SerA (D-3-phosphoglycerate DH) Cys410 conserved
AroA (chorismate mutase) Cys126 conserved
Staphylococcus TufA (Elongation factor Tu) Cys83 GTP-binding site
carnosus GuaB (IMP dehydrogenase) Cys308 active site
YphP/BrxA (bacilliredoxin) Cysb3 active site
YumC (Ferredoxin-NADP reductase?2) Cys85 active site
Mycothiol Corynebacterium 25 total protein-SSM identified:
glutamicum MalP (Maltodextrin phosphorylase) Cys180 conserved
MetE (Methionine synthase) Cys713 active site
Hom (Homoserine DH) Cys239
Ino-1 (Myo-inositol-1-P-synthase) Cys79
Fba (Fructose-bisphosphate aldolase) Cys332
SerA (Phosphoglycerate DH) Cys266
Pta (Phosphate acetyltransferase) Cys367
XyIB (pentulose/hexulose kinase Cys338
GuaB1/2 (IMP dehydrogenase) Cys302/Cys317 active site
NadC (Nicotinate-nucleotide Cys114
pyrophosphorylase)
(Continued)
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TABLE 3 | Continued

Redox buffer Organism Functions of S-thiolated proteins S-thiolated Cys References
Mycothiol Corynebacterium PurlL (Phosphoribosyl Cys716 Chietal., 2014
glutamicum formylglycinamidine synthase)

TheD/ThiD2 (Thiamine biosynthesis)
Tpx (Thiol peroxidase)

Mpx (Mycothiol peroxidase)

MsrA (Met-SO reductase)

HmMuO (Heme oxygenase)
RpsC/F/M, RpIM (ribosomal proteins)
Tuf (translation elongation factor)
PheT (Phe-tRNA synthetase)

Cys451 active site/Cys111

Cys60 active site/Cys94 resolving
Cys36 active site

Cys91 conserved

Cys165

Cys153/67/50/86

Cys277 conserved

Cys89 tRNA binding

redox-regulation of GapDH by S-thiolation of its active site Cys
across all domains of life.

In Neisseria meningitidis, an esterase EstD acts together with
the GSH-dependent alcohol dehydrogenase AdhC in formalde-
hyde detoxification. EstD is inactivated via S-glutathionylation
at its conserved Cys54 by its substrate S-formyl-GSH during
formaldehyde detoxification in vitro (Chen et al, 2013). In
the psychrophilic bacterium Pseudoalteromonas haloplanktis, S-
glutathionylation of the iron-superoxide dismutase PhSOD at the
single Cys57 protected the enzyme from tyrosine nitration and
peroxynitrite inactivation in vitro and in vivo (Castellano et al,,
2008).

In Synechocystis sp. PCC6803, a MerA-like enzyme that func-
tions in mercury and uranium reduction was shown to be redox-
controlled by S-glutathionylation (Marteyn et al., 2013). MerA
was S-glutathionylated at Cys78 that is required for mercury
reduction resulting in inhibition of MerA activity. MerA redox
regulation and reactivation required reduction by glutaredoxin-
1 (Grx1). The active site Cys31 and Cys86 of Grx-1 operate in
MerA interactions and both Cys are required for MerA reacti-
vation. Furthermore, S-glutathionylation was shown to control
the activity of the transcription factor AbrB2 in Synechocystis
sp. PCC6803 (Cassier-Chauvat et al., 2014). AbrB2 is a repres-
sor of the hydrogenase-encoding hoxEFUYH operon and also
down-regulates antioxidant genes, such as cydAB encoding the
cytochrome bd-quinol oxidase and norB encoding the nitric
oxide reductase. The production of hydrogen is thought to
be an antioxidant mechanism to eliminate electrons for oxy-
gen reduction and ROS generation. AbrB2 contains a con-
served single cysteine that is essential for redox-regulation
and oligomerisation of AbrB2 as shown in C34S mutants. S-
glutathionylation of Cys34 affected the binding of AbrB2 to
the hox promoter and the stability of AbrB2 in vitro. In con-
clusion, S-glutathionylation has been shown to function in the
redox-control of two transcriptional regulators, OxyR and AbrB2
in Gram-negative bacteria in vitro. However, compared to the
many targets for S-glutathionylation that have been studied in
eukaryotic organisms, there is much to be discovered about the
regulatory potential of S-glutathionylation in bacteria.

Protein S-glutathionylation is a reversible redox switch mech-
anism. The glutaredoxin (Grx)/GSH/GSH reductase (Gor) sys-
tem catalyzes specific de-glutathionylation of S-glutathionylated
proteins (Fernandes and Holmgren, 2004; Inaba, 2009). Grx

were first discovered in E. coli (Holmgren, 1976) where they
have important functions as electron donors for ribonucleotide
reductase (RNR), adenosine-5"-phosphosulfate (APS) reductase,
3’-phosphoadenosine-5'-phosphosulfate (PAPS) reductase and
arsenate reductases (Holmgren, 1981; Aslund et al., 1994). Grx
are structurally classified into the classical di-thiol Grxs with a
CPTC redox active site and the monothiol Grx containing a CGPS
redox active site (Lillig et al., 2008). In E. coli, three di-thiol
Grx proteins (Grx1, Grx2, and Grx3) and one monothiol protein
(Grx4) have been characterized.

The de-glutathionylation by Grx enzymes involves thiol-
disulfide exchange reactions with GSH via nucleophilic double
displacement (ping-pong) mechanisms and occurs via mono- or
di-thiol mechanisms. Most di-thiol Grx use monothiol mecha-
nisms that take place in two steps: In the first step, the nucle-
ophilic thiolate anion attacks the S-glutathionylated substrate
protein, resulting in reduction of the mixed disulfide and the
S-glutathionylated Grx (Grx-SSG) intermediate. This Grx-SSG
intermediate is regenerated by GSH and Gor at expense of
NADPH (Allen and Mieyal, 2012). The di-thiol mechanism
involves a second active site Cys that forms an intramolecu-
lar disulfide to resolve the Grx-SSG intermediate that has been
shown for some plant Grx enzymes (Zaffagnini et al., 2012b).
However, this di-thiol mechanism of Grx is less efficient for pro-
tein de-glutathionylation and more involved in the reduction of
intermolecular protein disulfides (Lillig et al., 2008; Allen and
Mieyal, 2012). Thus far, the knowledge about Grx functions and
substrates in most GSH-producing bacteria is scarce and remains
an important subject for future studies.

Biosynthesis and Regulation of Bacillithiol in
Gram-Positive Firmicutes Bacteria

Bacillithiol (BSH) is composed of Cys-GlcN-malate and serves as
major LMW thiol in many Firmicutes bacteria, including Bacillus
and Staphylococcus species, Deinococcus radiodurans, and Strep-
tococcus agalactiae (Newton et al., 2009) (Figure 4). The BSH
biosynthesis pathway was first identified in B. subtilis. In the
first step, the glycosyltransferase BshA couples UDP-GIcNAc to
L-malic acid for generation GIcNAc-Mal (Ruane et al., 2008;
Gaballa et al., 2010; Parsonage et al., 2010). The deacetylase BshB1
catalyzes deacetylation of GIcNAc-Mal to GlcN-Mal. The last step
involves the putative cysteine ligase YIIA (BshC) that presum-
ably adds Cys to GlcN-Mal (Gaballa et al., 2010). BshB1 has a
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paralog BshB2 and both enzymes have deacetylase activity. The
functional redundancy of BshB1 and BshB2 in B. subtilis sug-
gests that BshB2 might function as BSH-S-conjugate amidase Bca
in detoxification of RES similar to the MSH-S-conjugate ami-
dase Mca (Parsonage et al., 2010). The functions of the BshB1/2
homologs of B. anthracis (BA1557 and BA3888) and B. cereus
(BC1534 and BC3461) in the deacetylation of GlcNAc-Mal have
been demonstrated in vitro. In addition, BA3888 was shown to
function as BSH-S-conjugate amidase (Bca) (Fang et al.,, 2013).
In contrast to BshA and BshB, the activity of the putative cysteine
ligase BshC has never been demonstrated biochemically in vitro.
The structure of BshC was resolved revealing a core Rossmann
fold with connecting peptide motifs (CP1 and CP2) and an «-
helical coiled-coil domain required for dimerization (Vanduinen
etal., 2015). BshC was crystallized with citrate and glycerol in the
canonical active site and ADP bound in a second binding pocket
that is different from the ADP-binding pocket in the related
MshC structure. The active sites are solvent exposed and open
for possible interactions with a protein, substrate or cofactor that
remain to be elucidated to understand the catalytic mechanism of
BshC (Vanduinen et al., 2015).

The regulation of the BSH biosynthesis genes has been studied
in B. subtilis. The bshA and bshB1 genes belong to a large operon
of seven genes including mgsA which encodes a methylglyoxal
synthase. The bshB2 and bshC genes are encoded by two differ-
ent operons. The bshA, bshB, and bshC genes are induced under
conditions of disulfide stress provoked by diamide or NaOCl and
positively controlled by the disulfide stress regulator Spx (Chi
et al., 2011; Rochat et al., 2012; Gaballa et al., 2013). Consistent
with the Spx-dependent control of the BSH biosynthesis genes,
lower BSH levels were detected in the spx mutant using thiol-
metabolomics (Chi et al., 2011; Rochat et al., 2012; Gaballa et al.,
2013). It is interesting to note, that the Trx pathway and BSH
biosynthesis genes are both regulated by the major disulfide stress
regulator Spx in B. subtilis (Zuber, 2004, 2009; Chi et al., 2011;
Rochat et al., 2012; Gaballa et al., 2013).

Functions of Bacillithiol and BSH-Dependent
Detoxification Enzymes

BSH is predominantly present in its reduced form in the cyto-
plasm with BSH/BSSB ratios ranging from 100:1 to 400:1 in
B. subtilis indicating the presence of an efficient bacillithiol disul-
fide reductase (Sharma et al., 2013). The FAD-dependent pyri-
dine nucleotide disulfide oxidoreductase YpdA (IPR023856) was
suggested to function as BSSB reductase because of its phyloge-
netic relationship to the BSH biosynthesis enzymes as revealed by
a STRING search (Gaballa et al., 2010). However, the function of
YpdA has not yet been demonstrated.

The standard thiol-redox potential of BSH was calculated as
EY (BSSB/BSH) = —221 mV which is higher than the GSH redox
potential [EO/(GSSG/GSH) = —240mV] (Sharma et al., 2013).
The microscopic pK, values of the thiol group of BSH were deter-
mined as pK, = 7.97 when the amino group of the Cys is pro-
tonated and as pK, = 9.55 in the presence of the deprotonated
amino group of Cys (Sharma et al., 2013). Thus, the thiol group in
BSH is more acidic compared to the thiol group in Cys suggest-
ing an enhanced level and reactivity of the BSH thiolate anions

to detoxify reactive species. The BSH concentrations in B. subtilis
vary during the growth in LB medium and increase strongly dur-
ing the stationary phase to 3.5-5.2 mM. In contrast, the cellular
Cys concentration is kept at a relatively low level (0.13-0.28 mM).
Thus, BSH concentrations are ~17-fold higher compared to the
level of Cys (Sharma et al., 2013). Similar concentrations of BSH
(2mM) were measured in Bacillus pumilus during growth. In
B. pumilus, BSH levels increased under peroxide stress to 6 mM
which is caused by an increased bshB expression (Handtke et al.,
2014). BSH levels are also two-fold increased under diamide and
NaOCl stress in B. subtilis due to Spx-dependent induction of
bshA, bshB, and bshC (Chi et al., 2013; Gaballa et al., 2013). In
S. aureus, the BSH levels are lower (0.3-1 mM) in the different
clinical isolates (COL, USA300, Mu50, or N315) and BSH levels
are not up-regulated during the stationary phase (Posada et al.,
2014).

The physiological functions of BSH were studied in bsh
mutants of B. subtilis and S. aureus (Table 1). Phenotype analyses
showed increased sensitivities of bsh mutants toward hypochlo-
rite, diamide, methylglyoxal, ROS (paraquat, H,0O,), osmotic,
and acidic stress, alkylating agents and fosfomycin in B. subtilis
(Gaballa et al., 2010; Chi et al., 2011). The fosfomycin-sensitive
phenotype of bsh mutants depends on the epoxide hydrolase
FosB that requires BSH as a cofactor to open the ring structure
for fosfomycin detoxification (Lamers et al., 2012; Roberts et al.,
2013; Thompson et al., 2013) (Figure 6). FosB shows a prefer-
ence for BSH as thiol cofactor and does only work poorly with
Cys. The biochemical activity has been demonstrated for vari-
ous Bacillus and Staphylococcus FosB homologs (Lamers et al.,
2012; Roberts et al., 2013; Thompson et al., 2013). In B. subtilis
and S. aureus, both FosB and BSH confer resistance to fosfomycin
treatment in survival assays in vivo (Gaballa et al., 2010; Thomp-
son et al., 2014). Co-crystallization of S. aureus FosB with L-Cys
or BSH revealed a mixed disulfide at the active site Cys9 of FosB
which is unique in FosB from S. aureus (Thompson et al., 2014).

Reactive electrophiles, such as monobromobimane are detox-
ified by direct conjugation to BSH or by conjugation reactions
catalyzed by BSH S-transferases. BSH functions as a cofactor
for DinB-family S-transferases that are widely distributed among
GSH-, BSH-, and MSH-producing bacteria (Newton et al., 2011;
Perera et al, 2014). The B. subtilis DinB-family YT protein
was active as S-transferase with BSH to conjugate monochloro-
bimane, but inactive with MSH or GSH (Newton et al., 2011).
The yfiT gene is flanked by yfiS and yfiU encoding putative
efflux transporters for mercapturic acids produced during elec-
trophile detoxification. The YfiT-homolog of S. aureus BstA
catalyzed the conjugation of BSH to monochlorobimane, 1-
chloro-2,4-dinitrobenzene and cerulenin, while rifampicin was
BstA-independently conjugated to BSH (Perera et al., 2014).

BSH is involved in methylglyoxal detoxification and functions
as a cofactor for BSH-dependent glyoxalases in B. subtilis (Chan-
drangsu et al., 2014). Methylglyoxal rapidly depletes BSH leading
to BSH-hemithioacetal formation that is converted to S-lactoyl
BSH by the glyoxalase-I (GIxA). The glyoxalase-II (GIxB) cat-
alyzes conversion of S-lactoyl-BSH to lactate (Figure 6). Pheno-
type studies further indicated that BSH can detoxify heavy metal
ions, such as tellurite and selenite in B. subtilis (Helmann, 2011).
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FIGURE 6 | The functions of bacillithiol (BSH) in B. subtilis and

S. aureus. Bacillithiol functions in detoxification of ROS, RES, HOCI, and
antibiotics (fosfomycin, rifampicin) in B. subtilis and S. aureus. BSH is
oxidized by ROS to bacillithiol disulfide (BSSB). Electrophiles (RX) are
conjugated to BSH by the BSH S-transferase BstA to form
BS-electrophiles (BSR) which are cleaved by the BSH S-conjugate
amidase Bca to CysSR and mercapturic acids (AcCySR) that are
exported from the cell. BSH serves as a cofactor for the epoxide
hydrolase FosB which adds BSH to fosfomycin to open the ring structure
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for its detoxification. BSH functions in methylglyoxal detoxification as a
cofactor for the glyoxalases l/ll (GIxA and GIxB) in B. subtilis. GIxA
converts BSH-hemithioacetal to S-lactoyl-BSH that is further converted by
GIxB to D-lactate. BSH serves as Zn buffer under conditions of Zn
excess in B. subtilis. In' S. aureus, BSH is important under
infection-related conditions and increased the survival of S. aureus in
phagocytosis assays using murine macrophages. Under conditions of
NaOCI stress, proteins are oxidized to mixed disulfides with BSH, termed
as S-bacillithiolations which is reversed by bacilliredoxins.

In addition, BSH functions as Zn buffer in metal ion homeosta-
sis (Ma et al., 2014). The Cys thiol and carboxylate moieties of
BSH can bind and store Zn(II) as BSH;:Zn complex under con-
ditions of Zn(II) stress (Ma et al., 2014). BSH binding to Zn(II)
occurred at much higher affinity compared to GSH. Mutants
lacking BSH are more sensitive to Zn(II) stress and induced the
Zn efflux CadA system at lower Zn levels compared to the wild
type. BSH also protected against Zn(II) toxicity in cells lacking
Zn efflux pumps. In addition, Zn efflux is elevated under condi-
tions of diamide stress when the pool of reduced BSH is depleted.
These results establish a new role of BSH as buffer for the labile
Zn pool that are likely important for related pathogens under
infection conditions.

In conclusion, functional analyses of bsh mutants established
important roles of BSH as GSH surrogate in Firmicutes bacteria,
including similar detoxification functions and BSH-dependent
enzymes, such as DinB-family S-transferases and glyoxalases
that are widely conserved across bacteria. However, the con-
served role of FosB as BSH-dependent fosfomycin hydrolase and
the function of BSH as Zn buffer have been described only in
BSH-producing bacteria.

Functions of Bacillithiol in the Virulence of
Staphylococcus aureus

Phenotype analyses of S. aureus bsh mutants were conducted
for different clinical isolates of methicillin-resistant S. aureus

strains (MRSA) that revealed a role of BSH for stress resis-
tance and under infection conditions (Pother et al., 2013; Posada
et al., 2014) (Table2). In survival assays, S. aureus USA300
LAC transposon bsh mutants were more sensitive to alkylat-
ing agents (iodoacetamide and CDNB), methylglyoxal, peroxide
and superoxide stress, diamide, fosfomycin, cerulenin, rifamycin
and metals ions, like copper and cadmium (Rajkarnikar et al.,
2013). In S. aureus COL and USA300 backgrounds, bshA and
fosB mutants with clean deletions showed increased sensitivi-
ties to fosfomycin, diamide and H,O; and the levels of NADPH
and BSH were decreased in fosB mutants suggesting a func-
tion of FosB as S-transferase in the oxidative stress resistance
(Posada et al., 2014). The S. aureus COL and USA300 bshA
mutants showed a decreased survival in human whole-blood sur-
vival assays (Posada et al., 2014). Microarray analyses of the
bshA mutant further revealed that staphyloxanthin biosynthetic
genes are induced while the level of staphyloxanthin was strongly
decreased in the S. aureus bshA mutant. Interestingly, the widely
used strains of the S. aureus NCTC8325 lineage including SH1000
harbor natural ylIA (bshC) null mutations that are caused by a 8
bp duplication in the bshC gene and these strains do not pro-
duce BSH (Gaballa et al., 2010; Newton et al., 2012; Posada et al.,
2014). In contrast, S. aureus Newman encodes a functional bshC
gene and produces BSH as revealed by thiol metabolomics (New-
ton etal.,, 2012; Pother et al., 2013). BSH biosynthesis in S. aureus
SH1000 could be restored by plasmid-encoded expression of the
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bshC gene (Pother et al., 2013; Posada et al., 2014). In phagocy-
tosis assays using murine macrophages and human epithelial cell
lines the survival of the SH1000 strain was decreased compared
to the bshC complemented S. aureus strain (Pother et al., 2013;
Posada et al., 2014). Thus, BSH is involved in the defense against
the host-immune system and contributes to pathogen fitness in
S. aureus clinical MRSA isolates under infection-related condi-
tions. It will be exciting to unravel the regulatory mechanisms
that contribute to virulence control by BSH in S. aureus.

The Role of Protein S-Bacillithiolation in
Gram-Positive Firmicutes Bacteria

Protein S-bacillithiolation was recently discovered as a
widespread thiol protection and redox-regulatory mecha-
nism in different Firmicutes bacteria (Chi et al., 2011, 2013)
(Figure 7). S-bacillithiolation functions as a redox-switch
mechanism to control the activity of redox-sensing transcription
factors and metabolic enzymes, including OhrR and MetE (Lee
et al, 2007; Chi et al., 2011) (Table 3). S-bacillithiolation of
the OhrR repressor occurs at its lone Cysl5 residue leading
to inactivation of OhrR and expression of the thiol-dependent
OhrA peroxiredoxin for detoxification of organic hydroper-
oxides and NaOCIl (Fuangthong et al., 2001; Chi et al., 2011).
S-bacillithiolation is also widespread among other Firmicutes

with eight common and 29 unique S-bacillithiolated proteins
identified in B. subtilis, Bacillus amyloliquefaciens, Bacillus
pumilus, B. megaterium, and Staphylococcus carnosus (Chi et al.,
2011, 2013). The S-bacillithiolome contains mainly biosynthetic
enzymes for amino acids (methionine, cysteine, branched chain
and aromatic amino acids), cofactors (thiamine), nucleotides
(GTP), as well as translation factors, chaperones, redox, and
antioxidant proteins. Among the most conserved protein-SSB
were abundant and essential proteins like TufA, MetE, GuaB that
are targets for S-thiolation also in MSH-producing bacteria (Chi
etal, 2014).

The methionine synthase MetE is the most abundant S-
bacillithiolated protein in Bacillus species after NaOCl expo-
sure. S-bacillithiolation of MetE occurs at its Zn-binding active
site Cys730 and at the non-essential surface-exposed Cys719,
leading to methionine starvation in NaOCl-treated cells (Chi
et al., 2011). Similarly, methionine auxotrophy is caused by S-
glutathionylation of MetE in E. coli after diamide stress (Hon-
dorp and Matthews, 2004). The active site Zn center of MetE
is also S-mycothiolated in C. glutamicum (Chi et al., 2014).
Since formyl methionine is required for initiation of transla-
tion, MetE inactivation could stop translation during the time
of hypochlorite detoxification. This translation arrest caused by
S-bacillithiolation is supported by the strong repression of the
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FIGURE 7 | Physiological roles of S-bacillithiolations in B. subtilis and
other Firmicutes. NaOCI leads to S-bacillithiolation of OhrR, MetE, Yx|G,
PpaC, SerA, AroA, GuaB, YumC, TufA, and YphP in B. subtilis (Chi et al.,
2011). S-bacillithiolation of OhrR inactivates the repressor and causes
induction of the OhrA peroxiredoxin that confers NaOCI resistance.
S-bacillithiolation of the methionine synthase MetE at its active site Cys730
and other enzymes of the Cys and Met biosynthesis pathway (YxjG, PpaC,
SerA, Metl) leads to methionine auxotrophy (Chi et al., 2011, 2013). In

addition, other amino acids biosynthesis enzymes, translation factors and
ribosomal proteins are S-bacillithiolated in Firmicutes bacteria. Thus, we
hypothesize that S-bacillithiolation leads to a transient translation stop during
the time of NaOCI detoxification to prevent further protein damage. NaOCI
stress causes oxidation of BSH to BSSB and a two-fold decreased
BSH/BSSB redox ratio that possibly contributes to S-bacillithiolation. The
reduction of MetE-SSB and OhrR-SSB is catalyzed by bacilliredoxins
(BrxA/B) in B. subtilis.
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stringent response RelA regulon under NaOCI stress, which
includes genes for ribosomal proteins and translation factors (Chi
etal., 2011).

Our studies revealed that S-bacillithiolations were observed
under diamide and NaOCI stress, but not under control con-
ditions. This confirms previous results about the mechanisms
of S-glutathionylations which requires activation of protein thi-
ols by ROS. S-glutathionylation can be caused via thiol-disulfide
exchange with GSSG and by activation of thiols to sulfenic
acid, sulfenylamides, thiyl radicals, thiosulfinate or S-nitrosyl
intermediates (Gallogly and Mieyal, 2007; Mieyal et al., 2008;
Allen and Mieyal, 2012; Mieyal and Chock, 2012). Hypochlorite
leads to chlorination of the thiol group to form sulfenylchlo-
ride that is unstable and rapidly reacts further to form mixed
BSH protein disulfides (Hawkins et al., 2003; Davies, 2011). The
increased BSSB level under NaOCl-stress might also contribute
to S-bacillithiolation via thiol-disulfide exchange.

Among the S-bacillithiolated proteins, the thioredoxin-like
proteins Ytx], YphP, and YqiW were identified in B. subtilis
and Staphylococcus that occur only in BSH-producing bacte-
ria (Chi et al, 2013). These Trx-like enzymes were suggested
to function as bacilliredoxins (Brx) in the de-bacillithiolation
process. YtxJ could functions as monothiol Brx and contains
a single Cys in the conserved TCPIS motif. YphP (BrxA) and
YqiW (BrxB) are paralogs of the uncharacterized DUF1094 fam-
ily (53% identity) with unusual CGC active sites (Gaballa et al.,
2010). YphP has also weak thiol-disulfide isomerase activity and
a relatively high standard redox potential of EY = —130mV
(Derewenda et al.,, 2009). It was demonstrated that BrxA and
BrxB function in the reduction of the S-bacillithiolated sub-
strates MetE and OhrR in vitro (Gaballa et al., 2014) (Figure 8).
The BrxBCxA resolving Cys mutant protein was able to reduce

S-bacillithiolated OhrR to restore the DNA-binding activity of
OhrR. However, the BrxBCxA mutant was unable to reduce S-
cysteinylated OhrR. These results provide first evidence for the
function of glutaredoxin-like enzymes in BSH-producing bacte-
ria. However, phenotype analyses revealed that both, BrxA and
BrxB are not essential and rather dispensable for oxidative stress
resistance under conditions of S-bacillithiolations in B. subtilis
(Gaballa et al., 2014). Thus, the bacilliredoxin pathway is redun-
dant with other thiol-disulfide oxidoreductases or the thiore-
doxin pathway in vivo for reduction of BSH mixed disulfides.
In conclusion, the redox regulation of enzymes and transcrip-
tion regulators by S-bacillithiolation and bacilliredoxins has been
studied in detail in the model bacterium B. subtilis. Future studies
should be directed to elucidate if S-bacillithiolation and bacillire-
doxins control virulence functions and pathogen fitness in the
major pathogen S. aureus.

Biosynthesis and Regulation of Mycothiol in
Actinomycetes

Mycothiol (MSH) is composed of N-Acetyl-Cys-GlcN-
myoinositol (Figure 4) and is present in high-GC Gram-positive
Actinomycetes, such as Streptomycetes, Mycobacteria and
Corynebacteria (Jothivasan and Hamilton, 2008; Newton et al.,
2008). The biosynthesis of MSH proceeds from myo-inositol-
1-phosphate, UDP-GIcNAc and cysteine and occurs in five
steps (Jothivasan and Hamilton, 2008; Newton et al., 2008).
The glycosyltransferase MshA conjugates myo-inositol-1-P to
UDP-GIcNAc and produces GlcNAc-Ins-P. Dephosphorylation
of GlcNAc-Ins-P by the phosphatase MshA2 generates GIcNAc-
Ins which is the substrate for the deacetylase MshB. The MshB
enzyme is homologous to the MSH S-conjugate amidase (Mca),
and has both deacetylase and amidase activities. The cysteine

Glutaredoxin pathway

ROS

?k

ROS

SSG

FIGURE 8 | Reduction of protein S-glutathionylations,
S-bacillithiolations and S-mycothiolations by glutaredoxin,
bacilliredoxin and mycoredoxin pathways. The S-glutathionylated
proteins are reduced by glutaredoxins (Grx) leading to a Grx-SSG
intermediate that is reduced by GSH leading to GSSG which is recycled back
to GSH by the NADPH-dependent GSSG reductase (Gor). Analogous
bacilliredoxin and mycoredoxin pathways have been characterized in BSH-

Bacilliredoxin pathway

GSH @ 1 BSH
@zﬁe@ o @

GSH GSSG BSH BSSB MSH MSSM
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Mycoredoxin pathway

ROS
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and MSH-utilizing Gram-positive bacteria. The S-bacillithiolated proteins are
reduced by bacilliredoxins (Brx) leading to Brx-SSB formation. Brx-SSB is
reduced by BSH with the generation of BSSB that likely requires the
NADPH-dependent BSSB reductase YpdA for regeneration of BSH. In
Actinomycetes, mycoredoxin catalyzes reduction of S-mycothiolated
proteins leading to Mrx1-SSM generation that is recycled by MSH and the
NADPH-dependent MSSM reductase Mtr.
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ligase MshC adds Cys to GlcN-Ins to generate Cys-GlcN-Ins. The
final acetylation of the Cys is catalyzed by the acetyltransferase
MshD to produce MSH (Jothivasan and Hamilton, 2008; Newton
et al., 2008). The structure of MSH is similar to that of BSH and
the glycosyltransferase BshA and deacetylase BshB of B. subtilis
are homologs of the MshA and MshB enzymes of Mycobacteria.

MSH biosynthesis enzymes in Streptomycetes are redox-
controlled under diamide stress by the disulfide stress spe-
cific o® ECF sigma factor/RsrA anti sigma factor system (Kim
et al, 2012). oR is sequestered by its redox-sensitive anti sigma
factor RsrA in non-stressed cells. RsrA is oxidized at redox-
sensing Cys residues in the Zn-binding site under disulfide stress
that leads to relief of o®. Free o® transcribes genes required
to maintain the thiol-redox homeostasis, including the genes
for TrxAB and MSH biosynthesis, such as mshA, mshB, mshC,
mshD, mca (Bae et al., 2004; Newton and Fahey, 2008; Park
and Roe, 2008). In C. glutamicum, the homologous ECF sigma
factor 6"/RshA system controls the disulfide stress response
genes for the Trx/TrxR system (trxB, trxB1, trxC) and for MSH
biosynthesis and recycling (mshC, mca, mtr) (Ehira et al., 2009;
Busche et al., 2012). The regulation of the Trx and MSH path-
ways by oR/RsrA or o"'/RshA is conserved among Actino-
mycetes (Park and Roe, 2008; Antelmann and Helmann, 2011;
Kim et al, 2012). Thus, it is common in Gram-positive bac-
teria that the genes for BSH and MSH biosynthesis pathways
are under redox-control of the major disulfide stress regulators,
Spx in Firmicutes bacteria and RsrA/RshA in Actinomycetes,
respectively.

Functions of Mycothiol and MSH-Dependent
Enzymes in Actinomycetes

MSH serves as the major thiol-redox buffer in Actinomycetes.
MSH is oxidized to MSH disulfide (MSSM) under oxidative
stress conditions. The mycothiol disulfide reductase Mtr main-
tains MSH in its reduced state at the expense of NADPH. MSH
is involved in protection against oxidative and electrophile stress,
alkylating agents, toxins, antibiotics (erythromycin, vancomycin,
rifampin, azithromycin), heavy metal stress, aromatic com-
pounds, ethanol and glyphosate in Streptomycetes, Mycobac-
teria and Corynebacteria (Buchmeier et al., 2003, 2006; Rawat
et al., 2007; Newton et al., 2008; Liu et al., 2013) (Table1).
MSH is used as a cofactor for MSH-dependent enzymes during
detoxification of toxins, electrophiles and antibiotics in Actino-
mycetes (Figure 9, Table 1). MSH forms conjugates with xeno-
biotics and antibiotics either spontaneously or by the DinB-
family MSH S-transferases (Newton et al,, 2011). The MSH
S-transferase Mst of M. smegmatis was shown to catalyze the
conjugation of monochlorobimane and DTNB to MSH but its
natural substrate is not known (Newton et al., 2011). MSH-S-
conjugates are rapidly cleaved by the MSH-S-conjugate amidase
(Mca) to glucoseamine-myo-inositol (GlcN-Ins) and mercap-
turic acid derivatives (AcCysSR) that are excreted from the cell.
Mca is the major detoxification enzyme for MSH S-conjugates
with antibiotics, including cerulenin and rifamycin in Mycobac-
teria (Newton et al., 2008, 2011). Interestingly, MSH and the
Mca-homologs LmbT, LmbV and LmbE play also a direct role in
the biosynthesis of the sulfur-containing lincosamide antibiotic

lincomycin in Streptomyces lincolnensis (Zhao et al., 2015). MSH
functions as the sulfur donor for incorporation of the methylmer-
capto group into lincomycin after thiol exchange. In addition,
ergothioneine (EGT), that is utilized as another thiol by Actino-
mycetes, acts as a carrier for the assembly of the N-methylated
4-propyl-L-proline (PPL) and lincosamide moieties to form lin-
comycin. EGT and MSH were shown to function in lincomycin
biosynthesis through unusual S-glycosylations documenting a
first biochemical role of LMW thiols in bacteria. Since the biosyn-
thetic pathways for many sulfur-containing natural compounds
include Mca homologs, the involvement of LMW thiols in natu-
ral product biosynthesis might be a common mechanism (Zhao
et al., 2015).

MSH functions as a cofactor for many redox enzymes that
are involved in the detoxification of peroxides, electrophiles
(formaldehyde), NO, aromatic compounds (maleylpyruvate) and
arsenate (Fahey, 2013) (Table 1). There is evidence for a MSH-
peroxidase Mpx involved in peroxide detoxification that was
identified as S-mycothiolated Gpx-homolog under oxidative
stress in C. glutamicum (Chi et al., 2014). The MSH-dependent
alcohol dehydrogenase MscR (MSNO reductase/formaldehyde
dehydrogenase) catalyzes the detoxification of formaldehyde
and S-nitrosyl-mycothiol (MSNO) (Newton et al., 2008). MSH
reacts with formaldehyde to MS-CH,OH that is converted to
formate by MscR. MscR also converts MSNO to MSH sulfi-
namide (MSONHy,). In C. glutamicum, a similar MSH-dependent
pathway for formaldehyde oxidation by the MSH-dependent
formaldehyde dehydrogenase AdhE/FadH has been character-
ized (Lessmeier et al., 2013; Witthoff et al., 2013). In C. glutam-
icum, MSH is further involved in degradation of aromatic com-
pounds, including gentisate, 3-hydroxybenzoate, maleylpyruvate,
resorcinol, and naphthalene and msh mutants were unable to
grow on these substrates (Liu et al., 2013). MSH functions as a
cofactor for the maleylpyruvate isomerase in the gentisate ring-
cleavage pathway to catalyze the isomerization of maleylpyru-
vate to fumaryl pyruvate in C. glutamicum (Feng et al., 2006).
Similarly, MSH was suggested as a cofactor for enzymes of
the naphthalene and resorcinol degradation pathway (Liu et al.,
2013).

MSH confers resistance to metal ions, such as Cr(VI), Zn(II),
Cd(II), Co(II), and Mn(I1) in C. glutamicum (Liu et al., 2013). The
detoxification of arsenate [As-(V)] to arsenite [As(III)] depends
on the MSH-dependent arsenate reductases ArsC1/C2 (Ordonez
et al., 2009). ArsC1/C2 function similar to S-transferases in arse-
nate detoxification by formation of an arseno-MSH conjugate
that requires the mycoredoxin-1/MSH/Mtr electron pathway for
reduction. In contrast, another arsenate reductase Cg_ArsCl’
detoxifies arsenate with electrons from the Trx pathway (Vil-
ladangos et al., 2011).

MSH enhanced also the robustness of C. glutamicum dur-
ing industrial production of glutamate and L-lysine (Liu et al,,
2014). The overexpression of mshA resulted in increased MSH
biosynthesis and higher resistance of C. glutamicum to per-
oxides, methylglyoxal, antibiotics (erythromycin and strepto-
mycin), metal ions, organic acids, furfural and ethanol (Liu et al.,
2014). Thus, the increased biosynthesis of LMW thiol redox
buffers, as shown for GSH in C. acetobutylicun and MSH in
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FIGURE 9 | The functions of mycothiol (MSH) in Mycobacteria and
Corynebacteria. Mycothiol (MSH) is oxidized by ROS to mycothiol disulfide
(MSSM). MSSM is reduced back to MSH by the mycothiol disulfide
reductase Mtr on expense of NADPH. MSH-dependent peroxidases, such as
Mpx, Tpx, and AhpE function in peroxide detoxification. Electrophiles (RX) are
conjugated to MSH by the MSH S-transferase Mst to form MS-electrophiles
(MSR) which are cleaved by the MSH S-conjugate amidase Mca to
mercapturic acids (AcCySR) that are exported from the cell. The
Mca-homologs LmbT, LmbV, and LmbE function also in the assembly and
biosynthesis of the sulfur-containing lincosamide antibiotic lincomycin in

Streptomyces lincolnensis (Zhao et al., 2015). MSH serves as a cofactor for
the alcohol dehydrogenase AdhE/MscR in Mycobacteria and Corynebacteria
for detoxification of formaldehyde to formate and MSNO to MSO2H. MSH
functions in detoxification of maleylpyruvate as a cofactor for maleylpyruvate
isomerase in C. glutamicum. Arsenate reductases CgArsC1 and CgArsC2
conjugate MSH and arsenate As(V) to form As(V)-SM that is reduced to As(lll)
by Mrx1. In M. tuberculosis, MSH is important under infection conditions and
for growth and survival. Under conditions of NaOCI stress, proteins are
oxidized to mixed disulfides with MSH, termed as S-mycothiolations which is
reversed by mycoredoxins.

C. glutamicum, might be a promising strategy to engineer robust
industrial production strains.

In Mycobacterium tuberculosis, MSH is essential for growth
and survival of M. tuberculosis under infection conditions
(Sareen et al., 2003; Sassetti and Rubin, 2003). In addition, MSH
is required to activate the antituberculosis prodrug isoniazid and
hence M. tuberculosis mshA mutants are resistant to isoniazid
(Buchmeier et al., 2003). Tuberculosis (TB) causes still nearly 2
million death each year and multiple and extensive drug resis-
tant strains occur that require new targets for antituberculosis
drugs. Thus, inhibitors of MSH biosynthesis enzymes are promis-
ing candidates for antituberculosis drug developments. Several
MSH biosynthesis inhibitors have been applied that target the
MSH-S-conjugate amidase Mca, the deacetylase MshB, the cys-
teine ligase MshC and the MSSM reductase Mtr that are attractive
antituberculosis drug targets (Nilewar and Kathiravan, 2014).

The Role of Protein S-Mycothiolation in
Gram-Positive Actinomycetes

Protein S-mycothiolation was first studied in C. glutamicum and
25 S-mycothiolated proteins could be identified under NaOCl

stress by mass spectrometry (Chi et al., 2014) (Table 3). The
thiol-peroxidase Tpx and the putative MSH peroxidase Mpx
were S-mycothiolated under control and NaOCI stress condi-
tions at their active site Cys residues. The fragment ion spectra of
the S-mycothiolated Cys-peptides are characterized by diagnostic
myoinositol-loss precursor ions (—180 Da) that serve as markers
for identification. The 25 S-mycothiolated proteins overlap with
16 NaOCl-sensitive proteins identified in the fluorescent-label
thiol-redox proteome. These include Tuf, GuaB1, GuaB2, SerA,
and MetE as conserved abundant targets for S-thiolations across
Gram-positive bacteria (Chi et al., 2013). The S-mycothiolated
proteins are involved in the metabolism of carbohydrates, such
as glycolysis (Fba, Pta, XyIB), glycogen and maltodextrin degra-
dation (MalP) and several biosynthesis pathways for serine,
cysteine, methionine (SerA, Hom, MetE), nucleotides and thi-
amine (GuaBl, GuaB2, PurL, NadC, ThiD1, and ThiD2) and
myo-inositol-1-phosphate (Ino-1 or Cg3323) (Figure 10). Fur-
ther protein-SSM function in peroxide detoxification (Tpx, Gpx),
methionine sulfoxide reduction (MsrA), heme degradation for
iron mobilization (HmuO) and protein translation (RpsE, RpsC,
RpsM, RplM, Tuf). The glycogen phosphorylase MalP is one of
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the most abundantly S-mycothiolated proteins in NaOCl-treated
cells (Chi et al., 2014). S-mycothiolation of MalP is important
for oxidative stress resistance in C. glutamicum since the malP
deletion mutant is NaOCl-sensitive in growth assays. MalP func-
tions in glycogen degradation during the stationary phase. S-
mycothiolation of MalP may prevent glycogen degradation under
NaOCl stress since the glycogen content remained stable despite
a strongly decreased glucose uptake rate.

The mycoredoxin-1 (Mrx1) has been characterized as
glutaredoxin-homolog of Actinomycetes in reduction of MSH
mixed disulfides (Van Laer et al., 2012) (Figure 8). Mrx-1 has
a typical Trx-like fold with a CGYC motif and a cis-Pro57 in
a groove that presumable binds MSH. The redox potential of

Mrx-1 was calculated as E = —218mV and the pK, of the
active site Cys17 was 5.1-5.6. Mrx-1 catalyzed de-mycothiolation
in a hydroxyethyl disulfide (HED) assay and is coupled to the
MSH/Mtr/NADPH pathway. Mrx-1 operates via a monothiol
reaction mechanism in the de-mycothiolation reaction analogous
to most glutaredoxins that are involved in de-glutathionylation.
The first Mrx1 substrate was identified as the thiol-peroxidase
Tpx that was S-mycothiolated at its active site Cys60 and resolv-
ing site Cys94 in C. glutamicum in vivo under hypochlorite stress
(Chi et al., 2014). Tpx showed NADPH-linked peroxidase activ-
ity and reduced H,O; in a Trx/TrxR-coupled electron assay. S-
mycothiolation of Tpx inhibits the peroxidase activity which was
restored after reduction by the Mrx1/MSH/Mtr pathway. Thus,

Frontiers in Microbiology | www.frontiersin.org

March 2015 | Volume 6 | Article 187 | 51


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Loi et al.

Protein S-thiolation in bacteria

S-mycothiolation controls Tpx activity and protects the perox-
idatic Cys against overoxidation. In M. tuberculosis, Mrx1 has
been shown to reduce the one-Cys peroxiredoxin AhpE (Hugo
et al., 2014). AhpE is a membrane-associated peroxidase that
detoxifies peroxinitrite and fatty acid hydroperoxides as preferred
substrates (Hugo et al., 2009; Reyes et al., 2011). AhpE is oxidized
by peroxides to form a sulfenic acid intermediate (AhpE-SOH)
that can be reduced directly by Mrx1. Alternatively, AhpE-SOH
can react with MSH to S-mycothiolated AhpE-SSM which is
reduced by the Mrx1/MSH/Mtr electron pathway (Hugo et al.,
2014). The direct AhpE-SOH reduction may occur in the mem-
brane when MSH is not available and the formation of AhpE-
SSM and subsequent Mrx1-reduction was suggested to predom-
inate in the cytosol. Interestingly, the reducing mechanism of
AhpE-SSM is similar to the detoxification of arsenate by CgArsC1
and CgArsC2. Arsenate reacts with MSH to an arseno-(V)-MSH
complex that is reduced by Mrx1 releasing As(III) and Mrx1-
SSM that is recycled by the MSH/Mtr/NADPH electron path-
way (Ordonez et al.,, 2009; Villadangos et al., 2011). It remains
to be shown if AhpE is mycothiolated under oxidative stress in
M. tuberculosis cells in vivo. These results show that Mrx1 func-
tions as glutaredoxin homolog in C. glutamicum and M. tuber-
culosis in the reduction of S-mycothiolated peroxiredoxins (Tpx
and AhpE), when coupled to the MSH/Mtr/NADPH electron
pathway and as electron donor for arsenate reductase in arsenate
detoxification.

Recently, Mrx1 has been coupled to redox sensitive GFP
(roGFP2) to construct a new genetically encoded biosensor for
dynamic measurements of the MSH redox potential in differ-
ent M. tuberculosis strains (Bhaskar et al., 2014). This study
revealed phenotypic redox heterogeneity of EY (MSSM/MSH)
within Mycobacteria inside infected macrophages that are caused
by sub-vacuolar compartments. Those sub-populations with
higher EY(MSSM/MSH) were more susceptible to clinical rel-
evant antibiotics whereas populations with lower MSH redox
potentials were resistant to antibiotics. The results further show
that several anti-TB drugs induce oxidative stress in M. tuberculo-
sis during infections. In conclusion, this Mrx1-roGFP2 biosensor
is a promising tool to study MSH redox potential changes of
M. tuberculosis under infections and antibiotic treatments. This
is the first example for a genetically encoded redox biosensor
that measures dynamic changes of the mycothiol redox poten-
tial in bacteria. Future studies should be directed to apply similar
biosensors in other pathogenic bacteria to study the dynamics of
redox potential changes during infections.

Conclusion and Perspectives for Future
Research

In this review, we provide an overview about the biosynthesis
pathways and functions of the bacterial redox buffers glutathione,
bacillithiol and mycothiol and their regulatory roles for protein
S-thiolations. Bacterial redox buffers maintain the reduced
state of the cytoplasm and function as cofactors of conserved
enzymes for detoxification of ROS, RES, chlorines, antibi-
otics and xenobiotics. These thiol-dependent enzymes include

NADPH-dependent disulfide reductases (Gor, Mtr, YpdA)
and related glutaredoxin-like enzymes (Grx, Mrx, Brx), DinB-
family S-transferases (Gst, Mst, BstA), S-conjugate amidases
(Mca, Bca) and glyoxalases (GloAB, GIxAB). However, some
detoxification enzymes still need to be characterized in BSH-
utilizing bacteria, including the BSH-dependent formaldehyde
reductase (AdhA), the putative BSH peroxidase (Bpx) or thiol-
dependent dioxygenases (MhqA, MhqE and MhqO) (Antelmann
et al, 2008). The discovery of the biochemical functions of
MSH, EGT and S-transferases in the lincomycin antibiotic
biosynthesis opens perspectives to characterize the roles of
thiol-redox buffers in the biosynthesis of sulfur-containing
co-factors, natural compounds and antibiotics in other
bacteria.

The structures of BSH and MSH are similar and the BSH
biosynthesis enzymes BshA, BshB and BshC are homologous to
the MSH biosynthesis enzymes MshA, MshB, and MshC. How-
ever, the crystal structure of BshC has revealed significant dif-
ferences compared to MshC which requires further studies to
understand the still unknown cysteine ligation mechanism of
BshC (Vanduinen et al., 2015). It is further interesting, that the
levels of BSH and MSH vary strongly between Firmicutes and
Actinomycetes and also during growth and stress conditions.
While Mycobacteria produce up to 20 mM MSH, the levels of
BSH are much lower reaching 1-6 mM in Firmicutes bacteria.
The differences in BSH and MSH levels during growth and under
stress can be explained by the redox control of the BSH and
MSH biosynthesis enzymes by the major thiol-based redox sen-
sors (Spx and RsrA/RshA), presumably to enhance the redox
buffer capacity under certain conditions to keep the reduced
state of the cytoplasm. In contrast, redox regulation of GSH
biosynthesis genes has not been shown. However, the pathogen
L. monocytogenes is able to synthesize GSH and to import host-
derived GSH as adaptation strategy under infection conditions
(Reniere et al., 2015). Importantly, synthesized and host-derived
GSH both contribute to virulence factor regulation in L. mono-
cytogenes, while GSH-import was required for full virulence in
S. pneumoniae (Potter et al., 2012; Reniere et al., 2015). Over-
all, the roles of GSH, BSH and MSH for virulence and pathogen
fitness have been shown for many important human pathogens,
including L. monocytogenes, S. pneumoniae, S. Typhimurium, S.
aureus, and M. tuberculosis. Future studies in the field of infection
biology should be directed to understand the molecular mecha-
nisms of virulence factor regulation by thiol-redox bufters that
might involve also protein S-thiolation mechanisms. The GSH,
BSH and MSH biosynthesis enzymes, GSH uptake systems as
well as S-thiolated proteins could be promising drug targets for
the development of novel anti-infectives against emerging drug
resistant strains of S. pneumoniae, S. aureus and M. tuberculo-
sis. Thus, the large scale identification and quantification of S-
thiolated proteins in pathogens is an important topic for future
research.

Advances in mass spectrometry and chemical probe design
have facilitated the development of more sensitive redox pro-
teomics methods, such as the NEM-biotin switch assay or the
Gsp-biotin assay to study targets for protein S-glutathionylation
at a global scale (Lind et al., 2002; Kehr et al,, 2011; Lin et al.,
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2015). In addition, numerous BSH- and MSH-mixed protein
disulfides have been identified recently under disulfide stress con-
ditions, such as NaOCl and diamide. However, more quantitative
MS-based redox proteomics approaches are required to deter-
mine the level of mixed BSH- and MSH-protein disulfides by
combining the direct shotgun approach with OxICAT or the
NEM-biotin switch assay coupled to Brx or Mrx1 (Leichert et al.,
2008; Kehr et al., 2011). In addition, the regulatory roles for only
few S-bacillithiolated and S-mycothiolated proteins have been
studied thus far, including the redox regulator OhrR and the
methionine synthase MetE (Lee et al., 2007; Chi et al,, 2011).
However, many interesting metabolic enzymes, redox-sensing
transcription factors or virulence factors might be controlled by
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Nisin is a posttranslationally-modified antimicrobial peptide that has the ability to induce its
own biosynthesis. Serines and threonines in the modifiable core peptide part of precursor
nisin are dehydrated to dehydroalanines and dehydrobutyrines by the dehydratase NisB,
and subsequently cysteines are coupled to the dehydroamino acids by the cyclase NisC.
In this study, we applied extensive site-directed mutagenesis, together with direct binding
studies, to investigate the molecular mechanism of the dehydratase NisB. We use a
natural nisin-producing strain as a host to probe mutant-NisB functionality. Importantly,
we are able to differentiate between intracellular and secreted fully dehydrated precursor
nisin, enabling investigation of the NisB properties needed for the release of dehydrated
precursor nisin to its devoted secretion system NisT. We report that single amino acid
substitutions of conserved residues, i.e., R83A, R83M, and R87A result in incomplete
dehydration of precursor nisin and prevention of secretion. Single point NisB mutants
Y80F and H961A, result in a complete lack of dehydration of precursor nisin, but do not
abrogate precursor nisin binding. The data indicate that residues Y80 and H961 are directly
involved in catalysis, fitting well with their position in the recently published 3D-structure
of NisB. We confirm, by in vivo studies, results that were previously obtained from in vitro
experiments and NisB structure elucidation and show that previous findings translate well

to effects seen in the original production host.

Keywords: NisB, dehydratase, posttranslational modifications, mechanism, NisC, lanthionine, lantibiotics, nisin

INTRODUCTION

Lantibiotics are ribosomally synthesized polycyclic peptides. The
rings contain post-translationally introduced thioether-bridged
amino acids, so called lanthionines. The most studied lantibi-
otic, which has also found commercial application, is nisin. Nisin
has been successfully used for over 50 years as a food preserva-
tive without significant resistance development in food pathogens
(Gravesen et al., 2001; Kramer et al., 2008).

Precursor nisin is composed of a 23 amino acid leader pep-
tide followed by a modifiable 34 amino acid core peptide part
(Figure 1). The leader peptide is a recognition signal for the mod-
ification enzymes NisB and NisC (Xie et al., 2004; Mavaro et al.,
2011; Khusainov et al., 2013a) and the transporter NisT (van der
Meer et al., 1994). It furthermore keeps the fully modified precur-
sor nisin inactive (Kuipers et al., 1993b; van der Meer et al., 1994).
Nisin contains one lanthionine ring and four (methyl)lanthionine
rings that are introduced enzymatically. Analysis of truncated
nisin variants has shown that the presence of at least the three N-
terminal rings ABC is necessary for nisin variants to exert some
antimicrobial activity (Chan et al., 1996).

NisB is a dehydratase of about 117.5kDa (Kuipers et al.,
1993a). It is the first enzyme to come into play during the
modification by dehydrating serines and threonines in the core
peptide part of precursor nisin, to form dehydroalanines and

dehydrobutyrines, respectively (Figurel). Moreover, in vitro
activity studies have indicated a possible mechanism for the
dehydration reaction, involving glutamylination of Ser and Thr
residues (Garg et al., 2013). Recently the structure of NisB was
solved implicating an un-expected cofactor namely glutamyl-
tRNASY (Ortega et al., 2015). This study gives insight in the
mechanism of action of NisB and also revealed the location of
its active sites, the glutamylation domain and the glutamate elim-
ination domain. Dehydrated amino acids are coupled to cysteines
by a second enzyme, NisC, in a regio- and stereospecific manner,
to generate lanthionine rings (Figure 1). A model of the catalytic
mechanism of NisC has been proposed based on in vitro studies
and the crystal structure of NisC (Li and van der Donk, 2007).
Modified precursor nisin is transported via the dedicated
ABC transporter NisT and the nisin leader peptide is extracel-
lularly cleaved off by the protease NisP, liberating active nisin
(Kuipers et al., 1993a). While nisin itself is renowned for its strong
antimicrobial and autoinducer activity, the nisin modification
enzymes have additional relevance because of their influence on
the extent of modification. NisB, NisC, and NisT can also mod-
ify and transport peptides unrelated to nisin provided that the
nisin leader peptide is present at the N-terminus (Kuipers et al.,
2004; Kluskens et al., 2005; Rink et al., 2007; Majchrzykiewicz
et al., 2010; van Heel et al., 2013). In this way lanthionines can
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FIGURE 1 | Nisin biosynthesis. NisA is ribosomally synthesized in a form of
precursor nisin. (A) NisB dehydrates underlined Ser/Thr’s (in bold), the
resulted dehydrated precursor nisin contains dehydroalanines (Dha) and
dehydrobutyrines (Dhb); (B) NisC forms thioether bridges between
dehydrated residues and cysteines resulting in fully modified precursor nisin.

outside
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(C) NisT transports the fully modified precursor nisin outside the cell. NisP
cleaves off the nisin leader extracellularly to liberate active nisin. The Figure is
in accordance with recent recommendations for a universal nomenclature for
ribosomally synthetized and posttranslationally modified peptide natural
products (Arnison et al., 2013).

be introduced into medically relevant peptides. By imposing a
conformational constraint, the lanthionines confer resistance to
breakdown by peptidases (Rink et al., 2010), enable in specific
cases oral and pulmonary delivery (de Vries et al., 2010) and
allow to select for peptides with optimal receptor interaction, thus
strongly enhancing their therapeutic potential (Kluskens et al.,
2005, 2009; van Heel et al., 2011). LanB enzymes do not share
significant sequence homology to members of known protein
families, thus representing a unique family of enzymes. Recent
studies have shown that the process of dehydration by NisB and
cyclization by NisC can alternate at the nisin precursor peptide
(Kuipers et al., 2008; Lubelski et al., 2009). This appears to pro-
ceed from the N- to the C-terminus for class I enzymes (Lubelski
et al., 2009), as well as for class II enzymes (Lee et al., 2009).
A complex of the nisin biosynthesis enzymes has been isolated
consisting of NisB, NisC, and NisT (Khusainov et al., 2011).
Moreover, NisB has been demonstrated to have stronger interac-
tions with precursor nisin than NisC has (Khusainov et al., 2011).
Interestingly, the nisin leader is not absolutely required for class
I lantibiotic biosynthesis in vivo (Khusainov and Kuipers, 2012),
however, its addition in trans increases the efficiency of modifica-
tion (Khusainov and Kuipers, 2012). Recently, it has been shown
that synthetic nisin variants lacking Ser/Thr’s in the core struc-
ture still bind NisB and synthetic nisin variant lacking Cys in
the core structure bind NisC (Khusainov and Kuipers, 2013b).
Increasing the number of negatively charged amino acids in the
core peptide part of precursor nisin does not abolish binding of

the nisin modification enzymes to these unnatural nisin variants
(Khusainov and Kuipers, 2013b).

Nisin’s N-terminal lanthionine ring binds to the cell wall pre-
cursor lipid II that is considered to act as a docking molecule
(Breukink et al., 1999; Hasper et al., 2006). Nisin exerts at least
two modes of antimicrobial action: it displaces lipid II from the
septum thereby inhibiting cell wall synthesis and it forms hybrid
pores composed of nisin and lipid II, which permeabilize the
target cell membrane (Hasper et al., 2006; Lubelski et al., 2008).

Four classes of lanthipeptides have been distinguished (Xie
et al., 2004; Goto et al., 2010; Mueller et al., 2010). Nisin belongs
to class I, in which precursor peptides are dehydrated by LanB
enzymes and cyclized by LanC enzymes. (Methyl)lanthionines in
classes II, III, and IV are installed by the bi- or multifunctional
enzymes LctM, RamC/LabKC, or LanL, respectively, that perform
both dehydration and cyclization reactions (Xie et al., 2004; Goto
et al., 2010; Mueller et al., 2010). We here applied extensive pro-
tein engineering of NisB to elucidate the potential mechanistic
roles of highly and less conserved residues. We identified two
likely catalytic site residues, i.e., Y80 and H961 and several regions
for substrate binding and discuss these results in conjunction with
the recently published NisB 3D-structure (Ortega et al., 2015).

MATERIALS AND METHODS

BACTERIAL STRAINS AND GROWTH CONDITIONS

Table S1 (supplementary material) lists the strains and plasmids
that were used in this study. Lactococcus lactis was used as a host
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for the overexpression plasmids pNZnisA-E3 or pNZnisA-H6
expressing precursor nisin or His-tagged precursor nisin, respec-
tively. Mutated versions of NisB as well as of wild type NisC
and NisT were overexpressed using the pIL3BTC plasmid (Rink
etal., 2005). Cells were grown as described previously (Khusainov
etal., 2011) at 30°C in M17 medium (Difco) supplemented with
0.5% (w/v) glucose and antibiotics at 5 pug/ml chloramphenicol
and 5 pg/ml erythromycin, where appropriate. When both chlo-
ramphenicol and erythromycin were used, 4 jug/ml of each was
applied. Prior to mass spectrometric analyses, cells were cultured
in minimal medium as previously described (Rink et al., 2005).

RECOMBINANT DNA TECHNIQUES

Standard genetic manipulations were essentially performed as
described by Sambrook and Russell (2001). Plasmid pIL3BTC
(Rink et al., 2005) served as a template for PCR in order to
obtain site-specific NisB mutants. The round PCR method was
performed as described earlier (Rink et al., 2005). In brief, the
primers used were 5'-phosphorylated to allow ligation of the
amplicon ends after PCR. The primers were oriented in the
reverse direction to allow amplification of the whole plasmid.
The mismatches were in the 5-ends of either the forward or
the reverse primer. Standard PCR was performed with these
primers according to the Phusion DNA-polymerase manufacture
(Finnzymes). After PCR, the PCR product was purified with the
PCR-purification kit (Roche). Subsequently, DNA ligation was
performed with T4 DNA ligase (Thermo Scientific). Plasmid iso-
lation was performed by means of the Plasmid DNA Isolation Kit
(Roche Applied Science). Restriction analysis was performed with
restriction enzymes from Thermo Scientific.

PROTEIN EXPRESSION AND PURIFICATION

C-terminal His-tagged precursor nisin was purified as described
before (Khusainov et al., 2011). L. lactis NZ9000 (de Ruyter et al.,
1996) containing mutated versions of nisB together with wild
type nisTC and nisA containing the C-terminal sequence for the
His-tag, was grown overnight followed by 1:50 dilution in GM17
(M17 (Difco) supplemented with 0.5% (w/v) Glucose). Growth
was continued until ODggp = 0.6, followed by induction with
0.5ng/ml of nisin for 2 h. Cells were collected by centrifugation,
and lysed by use of 10 jug ml™! freshly prepared lysozyme solu-
tion, followed by the addition of 10 mM MgSOy4 and 100 g ml~!
Dnase I (Sigma). Cells were disrupted by several rounds of freeze
thaw cycles with liquid nitrogen in cases when 0.5 L of culture was
used. Cells were disrupted by French Pressure treatment (15,400
psi) in case 2L cultures were used, and remaining debris was
removed by low speed centrifugation (13,000 x g for 15 min at
4°C; Sorvall SS34 rotor).

MASS SPECTROMETRIC ANALYSIS

In order to conduct mass spectrometric analysis of the pro-
duced peptides we used crude supernatants from bacteria grown
on minimal medium. Prior to the mass spectrometric analysis,
samples were ZipTipped (C18 ZipTip, Millipore) essentially as
described before (Khusainov et al., 2011). In short, ZipTips were
equilibrated with 100% acetonitrile and washed with 0.1% tri-
fluoroacetic acid. Subsequently, the supernatant containing the

peptides was mixed with 0.1% trifluoroacetic acid and applied
to a ZipTip. Bound peptides were washed with 0.2% trifluo-
roacetic acid and eluted with 50% acetonitrile and 0.1% tri-
fluoroacetic acid. The eluent was mixed in a ratio of 1:1 with
matrix (10 mg/ml a-cyano-4-hydroxycinnamic acid) and 1.5 pl
was spotted on the target and allowed to dry. Mass spectra
were recorded with a Voyager-DE Pro (Applied Biosystems)
MALDI-time-of-flight mass spectrometer. In order to increase
the sensitivity and the accuracy, external calibration was applied
with six different peptides (Protein MALDI-MS Calibration Kit,
Sigma).

INTERACTION ANALYSIS OF PRECURSOR NISIN WITH THE
MODIFICATION ENZYMES NisB AND NisC

To investigate the binding of NisB mutants to precursor nisin a
previously described pull-down method of the nisin biosynthe-
sis complex, using His-tagged precursor nisin as bait, was applied
(Khusainov et al., 2011).

RESULTS

Amino acid sequence alignment of 36 LanB protein sequences
resulted in the identification of several conserved residues
(Figure 2) (Schuster-Bockler et al., 2004). We selected 25 (semi)
conserved residues for site-directed mutagenesis. NisB mutants
harboring single amino acid substitutions residues were gener-
ated (Table1). The expression of the NisB mutants and their
integrity were checked by, either mass spectrometric determina-
tion of nisin in the supernatant, or by SDS-PAGE and Western
blot analysis (Figure S1). NisB is about 117.5kDa and is known
to have a natural N-terminal degradation product of ~90kDa
(Khusainov et al., 2011).

L. lactis strain NZ9000, expressing simultaneously nisA, nisTC
and in each case a different mutant version of the nisB gene,
was used to study the functionality of mutants of NisB. Wild
type precursor nisin is naturally secreted out of the cell by NisT.
In this study, the secreted precursor nisin variants were puri-
fied from the supernatant by ZipTip purification (Millipore)
and subsequently analyzed by MALDI-TOF mass spectrometry
(Tables 1, S2, Figure 3). Those precursor nisin variants that were
not secreted, were His-tagged and Ni-NTA purified and subse-
quently analyzed by MALDI-TOF mass spectrometry (Tables 1,
S2, Figure 3).

MUTATIONS IN NisB THAT HAVE NO MAJOR IMPACT ON THE
SECRETION AND MODIFICATION OF NISIN

To gain insight in the mechanism of action of NisB 25 dif-
ferent mutations were made in the sequence. The mutations
were selected to modify different conserved residues based on an
alignment of LanB-type dehydratases. Throughout the sequence
of NisB, we observed several repetitions of conserved leucine
and isoleucine residues or islands of adjacent leucine-isoleucine
residues. To investigate the role of these conserved leucine and
isoleucine residues, we performed a substitution of a single
isoleucine (1298A) and a double substitution of adjacent leucine-
isoleucine residues (1L223A, 1224A). Both mutants resulted in the
secretion of fully modified nisin. Further NisB mutants F342A,
Y346F, D648A, P639A, R775A, Y827F, D843A, S844A, S958A,
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FIGURE 2 | HMM-logo of the N-terminal amino acid alignment of
thirty six members of the dehydratase LanB family. The hidden
markov model (HMM) shows a number of conserved amino acid
residues. Residues marked with an asterisk have been (among others)

mutated in this study. Other mutations have been selected on the
basis of the full models of the C (PFAM PF04738 http://pfam.xfam.org/
family/PF04738) and the N terminal domains (PFAM PF04737
http://pfam.xfam.org/family/Lant_dehyd_N).

Table 1 | Dehydration pattern of precursor nisin modified by NisB

mutants.

Mutated residue in NisB Dehydrations Secretion
observed* of NisA

(L223A, 1224A), 1298A, 8,7 (6) +

F342A, Y346F, P639A,

R775A, Y827F, D843A,

S844A, S958A, R966A,

E975Q,

D121A, D299A, D648A 8,7, (6) +

T89A 76,5 +

R784A 7 +

R83A, R83M 0,1,2,@Q) -

R87A 4,5,6,7 -

R14A, W616A (Khusainov 0,1,2,3,4,5,6,7 -

et al., 2011)

Y80F, H961A 0 -

+Demonstrated by the NisA-H6 pull-down assay (Figure S1).
*Most prominent mass peak observed is indicated with the bold number.

R966A, E975Q also resulted in the secretion of fully modified
precursor nisin identical to the wild type precursor nisin. In all
these samples the most prominent mass peak corresponded to
the 8-fold dehydrated nisin as is normal for the wild type nisin.
Therefore, these mutations appear not to affect NisB-precursor
nisin interactions and NisB-catalyzed dehydration. The dehydra-
tion pattern of precursor nisin, modified and secreted by wild
type NisBTC enzymes, harbors 8, 7, and 6 dehydrated residues,
with 8 being the most predominant peak in the mass spectra. For
the mutant R784A, the only peak observed corresponded to the 7
times dehydrated NisA, indicating a slightly reduced modification
efficiency and possibly a slightly lower production level since no
peaks corresponding to the 6 and 8 times dehydrated substrate
were observed. The analyzed dehydration pattern of precursor
nisin which was modified by the NisB mutants where aspartate
was changed to alanine (D121A, D299A, D648A) showed a sim-
ilar pattern to that of wild type. Although all three expected

dehydration species were present, i.e., 8, 7 and 6, the major peak
observed corresponded, unlike in wild type precursor nisin, to a
7-fold dehydrated precursor nisin. This indicates that the dehy-
dration efficiency of the above Asp?Ala NisB mutants was slightly
decreased.

Intriguingly, the mutation T89A led to a secreted precur-
sor nisin containing exactly one dehydration less than usually
observed for wild type NisB. Mass spectrometry demonstrated a
dehydration pattern of precursor nisin with 7, 6 and 5 dehydra-
tions, while the 6-fold dehydration peak was the most prominent
peak (Table 1, Figure 3). T89 is not very remote from the likely
catalytic residue Y80 (vide infra).

MUTATIONS IN NisB THAT ABOLISH SECRETION OF MODIFIED
PRECURSOR NISIN (TABLE 1)

Notably, several single NisB mutations at conserved positions, i.e.,
R14A, Y80F, R83A, R83M, R87A, H961A (Table 1; Figure S1) and
the previously reported W616A (Khusainov et al., 2011) resulted
in a lack of secretion of modified precursor nisin to the outside of
the cell, thus hampering the evaluation of mutant NisB-mediated
dehydration. To analyze these intracellularly-trapped precursor
nisins, His-tagged precursor nisin variants were constructed, used
and purified by Ni-NTA columns from the cell extract (Figure
S1). To break the cells (Figure S1), we used several rounds of lig-
uid nitrogen freeze-thaw cycles, which lead to cell lysis. However,
application of this method may result in differences in the effi-
ciency of L. lactis cell lysis. For this reason, results presented here
should be interpreted qualitatively only. Subsequently, these mod-
ified precursor nisin mutants were analyzed by MALDI-TOF mass
spectrometry (Tables 1, S1, Figure 3). A previously developed
pull-out assay, which relies on interaction of His-tagged precur-
sor nisin with its modification enzymes (Khusainov et al., 2011)
demonstrated that all these NisB mutants could still bind pre-
cursor nisin (Figure S1). Since unmodified precursor nisin can
also be exported via NisT (Kuipers et al., 2004), the NisB mutants
leading to intracellularly trapped precursor nisin apparently have
a reduced capacity to release their substrate. Furthermore, these
data clearly demonstrate that the specific NisB mutants that cause
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version of precursor nisin was purified out of the cytoplasm of the cell. Cells
containing plasmid pIL3BTC and a plasmid encoding for NisA with C-terminal
extension and a His6 tag were grown until OD 0.6, induced with 0.5 ng/ml
nisin and let grow for two additional hours. Subsequently, cells were
harvested, disrupted by French press and purified precursor nisin was
analyzed by MALDI-TOF MS.

a lack of secretion of precursor nisin, have a reduced dehydration
capacity.

NisB SINGLE MUTANTS R83A, R83M, AND R87A HAVE SEVERELY
REDUCED DEHYDRATION CAPACITIES

Interestingly, R83A and R83M were severely hampered in their
dehydration capacity and led to intermediate dehydration pat-
terns: up to 3 or 2-fold dehydration of precursor nisin. R87A
resulted in 4, 5, 6, and 7 dehydrations. This suggests that these

residues are important for possible positioning of the partially
dehydrated peptide into the active site.

CATALYTIC RESIDUES OF NisB

Site-directed mutagenesis of Y80F and H961A resulted in a lack
of secreted precursor nisin. This result is consistent with recent
studies (Garg et al., 2013; Ortega et al., 2015), where mutagen-
esis of the NisB H961 residue also resulted in a non-dehydrated
precursor nisin and was shown to be part of the active site of the
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glutamate elimination domain. Applying the previously described
modification enzyme co-purification binding assay (Khusainov
et al., 2011) we showed that the NisB mutants Y80F and H961A
are still able to bind precursor nisin (Figure S1). MALDI-TOF
MS analysis resulted in one major peak, corresponding to fully
unmodified precursor nisin for both NisB mutants (Table S2,
Figure 3). These results strongly suggest that Y80 and H961 are
directly involved in catalysis, since no dehydration at all was
observed.

DISCUSSION

The class I dehydratase NisB is a remarkable catalyst that breaks
16 bonds by modifying 3 Ser and 5 Thr residues in precursor
nisin. To investigate the effect of mutations in NisB on its activ-
ity, we applied extensive site-directed mutagenesis of its conserved
residues without prior knowledge of its later published structure.
This resulted in the identification of residues in NisB that are
important for catalysis and/or for the efficiency of dehydration.

The effects of the mutations that we observed can be classi-
fied into three groups: (1) mutations that resulted in a wild type
extent of dehydration and secretion, (2) mutations that resulted
in non-secreted peptides with intermediate dehydration patterns,
and (3) mutations that resulted in non-secreted and unmodified
precursor nisin.

The NisB mutants from the groups 2 and 3 prevented export of
precursor nisin. However, NisT has been demonstrated of being
capable of exporting unmodified precursor nisin in the absence of
NisB (Kuipers et al., 2004). It can be speculated that the absence
of the export might be caused by strongly reduced release of pre-
cursor nisin from a mutant NisB. Another explanation might be
that lack of secretion is observed because NisB and NisC are act-
ing alternatingly (Lubelski et al., 2009). Incomplete dehydration
might disturb this delicate process leading to complexes that do
not release the product, which might block the export.

Mechanistic in vitro investigations of the dehydration reac-
tion of the bifunctional and multifunctional LctM, RamC/LabKC,
and LanL enzymes demonstrated that LctM, RamC/LabKC, and
LanL phosphorylate Ser and Thr in the substrate peptide, as was
evidenced by MALDI-TOF MS, which identified peaks with a
mass shift of 480 Da differences (Chatterjee et al., 2005; Goto
etal., 2010; Mueller et al., 2010). The class II LanM enzymes have
been shown to use ATP as an energy source. Notably, the class
III labyrinthopeptin A2 modification enzyme LabKC has been
recently demonstrated to require GTP for the phosphorylation
and dehydration reaction of serines (Mueller et al., 2010). The
recently published reconstitution of the in vitro activity of class I
NisB (Garg et al., 2013), shows that the dehydration by class I lan-
tibiotic enzymes happens via glutamylation of Ser/Thr and not by
phosphorylation. It is not clear why class I lantibiotic enzymes use
different mechanism for dehydration, however this might be due
different evolutionary lineages that these enzymes followed.

In the in vitro study of Garg et al., individual replacement of
residues Argl4, Arg83, Arg87, Thr89, Aspl121, Asp299, Arg464,
and Arg966 with Ala and subsequent expression and purification
of these NisB mutants in E. coli resulted in abolishment of dehy-
dration (Garg et al., 2013). In our in vivo study in its native host
L. lactis, the NisB mutants Argl4, Arg83, Arg87, Thr89, Asp121,

Asp299, and Arg966 resulted in partial dehydration of the pre-
cursor nisin (Table 1). These differences are most likely due to
the differences in the host (E. coli vs. L. lactis) or due to the dif-
ferences between in vivo and in vitro conditions. However, both
of the studies pinpoint the importance of these residues for the
dehydration reaction. Moreover, we identified one more residue
of crucial importance: i.e., Y80. The mutant Y80F most likely
interferes with the glutamylation domain that was recently identi-
fied (Ortega et al., 2015). Furthermore, we show that NisB R14A,
Y80F, R83A, R83M, R87A, H961A, and W616A mutants result in
a lack of transport of precursor nisin.

Here we present data that is perfectly in line with the recent
publication of the structure of NisB (Ortega et al., 2015) as can
be seen in Figure 4, indicating the relation between position and
effect of the mutation in the 3D-structure of NisB. With our in-
vivo results we can confirm conclusions made on the basis of
experiments that were performed in vitro using heterologously
expressed enzymes and substrates.

In the structure of NisB four specific domains have been iden-
tified, a glutamylation domain, a glutamate elimination domain,
a tRNA interaction domain and a region likely to interact with
the nisin and its leader. We investigated several mutants that lie
within the proximity of the glutamylation domain (Figure 4A), of
which only H961A resulted in complete loss of activity. All other
mutants showed normal dehydration patterns indicating a certain
degree of structural freedom around the active site. The gluta-
mate elimination domain shows a different picture (Figure 4B).
The mutant Y80F resulted in total loss of activity but also many
mutations in the vicinity (R83A/M, R87A, R14A, and T89A) had
a detrimental effect on the activity. Although in Figure 4B, D648
seems to be in the proximity of the active site, this is actually
not the case (2D vs. 3D artifact) and therefore it is explainable
that mutating it into Ala had no effect on the activity. The glu-
tamate elimination site contains several conserved residues that
are less tolerant to amino acid changes. No mutants close to the
tRNA interaction domain were investigated. Close to the puta-
tive nisin leader interaction site (< IOA) only one double mutant
(I223A, 1224A) was investigated which resulted in normal activ-
ity. Although the NisA interaction region of the structure was not
extensively probed in this study, it can be expected that there is a
high degree of tolerance to amino acid substitutions since many
different substrates can be modified by NisB.

From the mutants we tested only the single mutants, i.e., NisB
Y80F and NisB H961A result in non-modified precursor nisin,
and importantly these mutants still bind precursor nisin and
are able to co-purify NisB in the precursor nisin co-purification
assay. Overall, we can conclude that R14, R83, R87, and W616
(Khusainov et al., 2011) in NisB play an important, though not
direct catalytic role, in the dehydration reaction of class I lan-
tibiotics, since their substitution leads to a reduced extent of
dehydration, without completely abolishing it and a lack of secre-
tion. The (novel) single point mutation Y80F and the single point
mutation H961A in NisB lead to unmodified and non-secreted
precursor nisin. Notably, NisB residues that resulted in an inter-
mediate dehydration pattern also resulted in a lack of secretion of
precursor nisin. This observation suggests that the NisB mutants
that result in unsecreted precursor nisin either do not release

Frontiers in Microbiology | Microbial Physiology and Metabolism

February 2015 | Volume 6 | Article 102 | 62


http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Khusainov et al.

The mechanism of NisB action

FIGURE 4 | Mapping the NisB mutants on two functional domains, the
glutamylation domain (A) and the glutamate elimination domain (B)
(PDB 4WD9, Ortega et al., 2015). Colors indicate the effect of the mutation
on the dehydratase activity, red, no activity observed; orange, activity
severely hampered; yellow, activity slightly hampered; green, normal activity.
The exact nature of the mutation can be looked up in Table 1. (A) Next to the

sidechain of His961 also the sidechains of Arg826 and Arg786 are indicated
which have been indicated to be important for glutamylation previously (Garg
et al., 2013). The vicinity of the glutamylation domain (A) seems to allow for
some amino acid changes whereas the surrounding of the glutamate
elimination domain (B) seems to be more strictly determined. Image was
created using UCSF chimera version 1.10.1 (Pettersen et al., 2004).

the substrate precursor nisin or a subsequent cyclization reac-
tion by NisC is significantly slowed down, preventing the export.
This observation indicates that the modification and the trans-
port processes are linked to each other, in line with a previous
publication (van den Berg van Saparoea et al., 2008), possibly
through the complex formation that has recently been described
(Khusainov et al., 2011).
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We set out to provide a resource to the microbiology community especially with respect
to systems biology based endeavors. To this end, we generated a comprehensive
dataset monitoring the changes in protein expression, copy number, and post translational
modifications in a systematic fashion during growth and ethanol stress in E. coli
We utilized high-resolution mass spectrometry (MS) combined with the SuperSILAC
approach. In a single experiment, we have identified over 2300 proteins, which represent
approximately 88% of the estimated expressed proteome of E. coli and estimated protein
copy numbers using the Intensity Based Absolute Quantitation (iBAQ). The dynamic range
of protein expression spanned up to six orders of magnitude, with the highest protein copy
per cell estimated at approximately 300,000. We focused on the proteome dynamics
involved during stationary phase growth. A global up-regulation of proteins related to
stress response was detected in later stages of growth. We observed the down-regulation
of the methyl directed mismatch repair system containing MutS and MutL of E. coli
growing in long term growth cultures, confirming that higher incidence of mutations
presents an important mechanism in the increase in genetic diversity and stationary phase
survival in E. coli. During ethanol stress, known markers such as alcohol dehydrogenase
and aldehyde dehydrogenase were induced, further validating the dataset. Finally, we
performed unbiased protein modification detection and revealed changes of many known
and unknown protein modifications in both experimental conditions. Data are available via
ProteomeXchange with identifier PXD001648.

Keywords: Super-SILAC, quantitative proteomics, absolute quantitation, stress response, E. coli, post translational

modifications

INTRODUCTION

E. coli serves as an excellent model to study general features
of prokaryotic proteome, such as its dynamics under various
physiological conditions, its dynamic range of expression and
its modifications. Despite the significant progress made toward
the understanding of bacterial regulatory processes, the scale and
dynamics of the global protein expression during bacterial growth
and stress response has not been addressed systematically. During
growth in batch culture, bacteria have to constantly monitor
changes and make adjustments on the molecular level during
different stages of bacterial growth (Nystrom, 2004). For exam-
ple, long term growing E. coli in stationary phase have developed
specific mechanisms encouraging certain genetic mutations to
occur in order to cope with the numerous stresses encountered
during stationary phase, better known as the growth advantage
in stationary phase (GASP) phenotype (Finkel, 2006). E. coli
is an excellent organism to use when studying ethanol stress
response, as it is a commonly used industrial strain in many pro-
cesses including bio-ethanol production (Woodruff et al., 2013).
Ethanol stress in E. coli is known to cause a variety of different
physiological responses such as the inhibition of peptidoglycan
biosynthesis (Buttke and Ingram, 1978), and fatty acid biosynthe-
sis (Clark and Beard, 1979). Despite the fact that previous studies
monitored bacterial proteome changes in response to various

stresses and growth conditions (Bernhardt et al., 2003; Lee et al,,
2006; Soufi et al., 2010; Soares et al., 2013), a systematic and
comprehensive analysis of proteome changes during growth, and
ethanol stress in E. coli has not been performed. Monitoring these
changes and processes on the level of the proteome, will allow
for a much better understanding into the adaptive mechanisms
bacteria undertake during changes in their environment.
Quantitative mass spectrometry (MS) based proteomics has
become an invaluable tool utilized to study protein expression
and dynamics in a global fashion (Aebersold and Mann, 2003).
Technologies developed in this field have evolved quite dramat-
ically within the last decade, especially in context of advanced
methodologies in the metabolic labeling of proteins using stable
isotopes such as N labeling (Gouw et al., 2011) and Stable iso-
tope labeling of amino acids in cell culture (SILAC) (Ong et al.,
2002). SILAC has been used before in studies of bacterial growth;
however, its classical application allows for comparison of only
three conditions at a time (Soares et al., 2013). One extension
of SILAC, known as the Super-SILAC approach, involves mix-
ing samples from different experimental conditions labeled with
the same SILAC-label to obtain an internal standard. This labeled
standard can then be added into several samples and used for their
indirect quantitative comparison. This approach can be used to
produce a quantitative analysis of a wide range of biological and
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environmental samples (Geiger et al., 2010) and has been applied
primarily in eukaryotic systems for quantification of many differ-
ent types of cancer and tumor cell lines (Deeb et al., 2012; Geiger
et al., 2012; Lund et al., 2012; Boersema et al., 2013; Schweppe
et al., 2013); only one application of this approach has been
reported in prokaryotic systems so far (Berghoff et al., 2013).

In this study, we employ the Super-SILAC approach to study
proteome dynamics in bacteria during growth and ethanol stress.
We investigate the absolute and relative proteome dynamics on
the global scale at seven distinct growth phases in E. coli cultured
in minimal medium. We identify 2303 proteins with 1604 pro-
teins being absolutely quantified in all seven growth phases, and
achieve good reproducibility between biological replicates. We
extend this approach to monitor ethanol stress response in E. coli
at two distinct time points leading to the identification of 2251
and quantification of 1804 proteins. Distinct global proteome
changes were observed in both analyzed conditions with good
correlation between biological replicates in all experiments. In
terms of an unbiased detection of protein post translational mod-
ification changes, we detected numerous types of modifications
depending on the growth state employed.

MATERIALS AND METHODS

BACTERIAL STRAIN

The E. coli BW25113 strain was employed in all experiments
conducted in this study.

BACTERIAL CELL CULTURE AND SILAC LABELING

Each experiment was performed in two biological replicates.
E. coli cells were grown in a 2L flask containing 500 ml of mini-
mal M9 media with stable isotope-labeled (heavy) L-Lysine-13C6,
15N2 in batch culture. Aliquots of batch culture were removed at
each specific growth stage (7 time points) in the growth exper-
iment or collected at pre stress, 10 min, and 2h post ethanol
stress in the ethanol stress experiment (Supplementary Figure 1).
Separately, 1.25L of cells were grown in a 5L flask with M9
medium containing unlabeled (light) L-Lysine-12C6, 14N2 at the
exact seven different phases of growth or collected at 10 min and
2h post ethanol stress. For ethanol stress experiments, 4% v/v of
ethanol was added when cells had reached an OD600 of 0.4.

PROTEIN EXTRACTION AND MIXING

The cells were harvested by centrifugation at 4000 g for 10 min,
media was removed and cells were snap-frozen in liquid nitro-
gen and stored at —80°C. The cell pellets were resuspended
in the appropriate amount of the commercially available YPER
lysis buffer (Thermo Scientific), plus 50 pg/ml lysozyme. Cell
wall lysis was performed at 37°C for 20 min, followed by brief
sonication on ice (I min at 40% amplitude) to remove DNA.
Cellular debris was removed by centrifugation at 13000 g for
30min. The crude protein extract was precipitated via the
methanol/chloroform approach and the proteins were resus-
pended in denaturation buffer containing 6 M urea/2 M thiourea
in 10 mM Tris. Protein concentration was measured by Bradford
assay (Bio-Rad, Munich, Germany). Protein extracts obtained
from L-Lysine-13C6, 15N2 labeled cells were mixed 1:1:1:1:1:1:1

for growth, and 1:1:1 for ethanol stress to obtain the Super-
SILAC standard (SSS) for each respective experiment. Proteins
labeled with L-Lysine-12C6, 14N2 (50 Lg) were then mixed in
an equimolar ratio with the SSS (50 wg), resulting in 7 protein
samples per biological replicate.

IN-SOLUTION DIGESTION

A total of 100 g (50 ug SSS and 50 g light) of crude protein
extract in denaturation buffer were digested via in-solution prior
to peptide separation. Briefly, proteins were reduced with 1 mM
dithiothreitol for 1 h shaking at room temperature, alkylated with
5.5 mM iodoacetamide for 1 h shaking at room temperature in the
dark, predigested with 1:100 (w/w) endoproteinase Lys-C for 3h
at room temperature, diluted with 4 volumes of 20 mM ammo-
nium bicarbonate followed by an overnight digestion step 1:100
(w/w) endoproteinase Lys-C at room temperature. The protein
digest was acidified using trifluoroacetic acid (TFA) to a final
concentration of 0.1% (v/v) to stop the protein digestion. In the
case of samples fractionated using Off-Gel fractionation no TFA
was added. For the intensity-based absolute quantification of pro-
teins (iBAQ), the UPS2 Proteomics Dynamic Range Standard set
(Sigma-Aldrich) was spiked in prior to digestion.

ISOELECTRIC FOCUSING

Hundred microgram of peptides were separated using the
OFFGEL 3100 Fractionator (Agilent) following the experimen-
tal steps as previously reported (Hubner et al., 2008). Separation
was performed on a 13 cm Immobiline DryStrip (GE Healthcare)
with a PH separation gradient of 3-13 to a maximum of 50 LA
for 20 kVh. Peptides were acidified using an acidic solution (30%
ACN, 5% Acetic acid, 10%TFA), followed by a cleanup step using
Stage-Tips loaded with C18 material (Rappsilber et al., 2007).

SDS-PAGE AND IN-GEL DIGESTION

Protein separation via SDS-PAGE followed by an In-Gel diges-
tion was used for one biological replicate from each Super-SILAC
experiment. Briefly, 100 pug (50 g SSS and 50 g light) of crude
protein extracts were separated on a NuPage Bis-Tris 4-12% gra-
dient gel (Invitrogen). After staining the gel with Coomassie Blue,
protein lanes with cut into 12 equal slices. Coomassie Blue stain
was subsequently removed from each gel slice via washing with
10 mM ammonium bicarbonate (ABC) and acetonitrile (ACN)
(1:1, v/v). Protein slices were reduced with 10 mM dithiothreitol
(DTT) in 20mM (ABC) for 45 min at 56°C and alkylated with
55 mM iodoacetamide IAA in 20 mM ABC for 30 min in the dark
at room temperature. Gel slices were washed twice with 5mM
ABC, followed by a dehydration step by incubating with 100%
ACN at room temperature. Proteins were digested with Lys-C
(Wako) (12.5ng/pL in 20 mM ABC) at 37°C overnight. Digested
peptides were recovered from each gel slice using three consecu-
tive extraction steps: (I) 3% TFA in 30% ACN (II) 0.5% acetic acid
in 80% ACN (III) 100% ACN. Resulting peptides were desalted
using StageTips (Ishihama et al., 2006).

LC-MS/MS ANALYSIS

All samples were measured on an EASY-nLC II nano-LC (Proxeon
Biosystems) coupled to an Orbitrap Elite mass spectrome-
ter (Thermo Fisher Scientific). Peptides were further separated
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chromatographically using a 15 cm PicoTip fused silica emitter
with an inner diameter of 75um (New Objective) packed in-
house with reversed-phase ReproSil-Pur C18-AQ 3 pm resin (Dr.
Maisch GmbH). A total of 2 g of peptides were injected into the
column, using the intelliflow technology with solvent A (0.5%
acetic acid) at a rate of 200 nL/min to a maximum pressure of
280 Bar. Peptides were then eluted using a 90 min segmented gra-
dient of 5-50% solvent B (80% ACN in 0.5% acetic acid).The
mass spectrometer was operated on a data-dependent positive ion
mode. Peptide fragmentation (MS/MS) was induced using either
collision induced dissociation (CID) or higher-energy collisional
dissociation (HCD). Survey spectral full-scans were recorded
between 300 and 2000 Thomson at a resolution of 120,000 with
a target value of 1E6 charges in the LTQ mass analyzer. The 20
most intense peaks from the survey scans were selected for frag-
mentation using CID with a normalized collision energy of 35%
at a target value of 5000 charges. The dynamic exclusion win-
dow was set at 90 s. For operation via HCD, normalized collision
energy of 40 eV requiring a minimum signal of 1000 and a target
value of 4E4 charges was employed. The spectra were acquired
in the Orbitrap mass analyzer with a resolution of 7500. The
15 most intense peaks from the survey scans were selected for
fragmentation using HCD.

DATA PROCESSING

All acquired MS data was processed with the MaxQuant software
suite (Cox and Mann, 2008) version 1.2.2.9. Briefly, the SILAC
labeling parameter was set to a multiplicity of Two (Lys0, Lys8).
After all peptides were quantified, a database search was per-
formed using the MaxQuant internal search engine Andromeda
(Cox et al., 2011). Full enzyme specificity was required, with an
allowance of up to two missed cleavages. Lys-C was specified as
the protease. MS/MS spectra were searched against the Uniprot
Escherichia coli K12 database (taxonomy reference: 833333),
complete proteome set containing 4303 protein entries, down-
loaded Dec 24, 2012. For absolute protein quantification anal-
ysis, MS/MS spectra were also searched against another FASTA
file containing the Proteomics Dynamic Range Standard (UPS2,
Sigma) with a total of 48 entries. Methionine oxidation and
protein N-terminal acetylation were defined as variable modifi-
cations. Cysteine carbamidomethylation was defined as a fixed
modification. MS scan mass tolerance was set to 6 ppm. For
CID fragmentation, the MS/MS tolerance was 0.5 Da, whereas
for HCD fragmentation the mass tolerance was set to 20 ppm.
Peptides and assembled proteins were searched at a false discov-
ery rate (FDR) of 1%. A minimum of two quantified peptides per
protein were required for protein quantitation.

RELATIVE PROTEIN QUANTITATION

SILAC ratios of proteins (“light” to “heavy”) were transformed
to log2 scale and only proteins that were quantified in all seven
growth phases (growth) or all three time points (ethanol stress)
were considered for further quantitative analysis. The magnitude
of fluctuation was expressed by calculating the standard deviation
of the log-transformed ratios across the growth phases or time
points. The resulting quartiles of the distribution were used to

bin proteins according to the extent of fluctuation. Those belong-
ing to the quartile with the highest standard deviation (75-100%)
were defined as “fluctuating” or dynamic, whereas those belong-
ing to the quartile with the lowest standard deviation (0-25%)
were defined as “non-fluctuating” or static.

BACTERIAL CELL COUNTING

As part of the protein copy number /cell calculation, the total
number of E. coli cells were counted. Briefly, E. coli cells were
grown in minimal M9 media supplemented with 0.5% glucose
at an OD600 = 0.5 (TP3) and 1.0 (TP5) were grown in minimal
media. Experiments were performed in biological triplicates and
replicates at an OD600 of 0.5 and 1.0, respectively. 500 pl of cells
were mixed with 50 pl 25% para-formaldehyde (20 mM MOPS
PS = 7) and 50 pl 2.5% glutaraldehyde, followed by an incuba-
tion period of 15 min at room temperature. Cells were counted
using Fluorescence-activated Cell Sorting (FACS). In brief, the BD
LSR Fortesa FACS instrument was used. Standard settings were
employed (log scale acquisition, Threshold: 400 FCS, Acquisition
speed: low). Gating settings were set according to cell size in order
to remove background noise in the form of cellular aggregates and
debris. E. coli cells were diluted 1:20 for more accurate counts
(5l cells, 95 ul water). Each biological replicate was measured
3 times (technical replicates) and averaged in order to obtain
the final cell count at each growth phase. The exact number of
cells was derived from the total volume of cells taken for pro-
tein extraction, and calculated for the amount of input protein
material that was used for digestion (50 jug).

ABSOLUTE PROTEIN QUANTITATION

The absolute protein copy number per cell was calculated for the
Super-SILAC growth experiment in two stages of growth: loga-
rithmic and early stationary. To this end, the intensity based abso-
lute quantitation approach (iBAQ) supported by the MaxQuant
Software suite was employed as previously shown. The absolute
amount of protein is proportional to the absolute molar amounts
of the UPS2 protein standard spiked into the protein sample. All
acquired iBAQ values were divided by 4, due to the fact that %
of the UPS2 protein was spiked in the log and early stationary
Super-SILAC growth experimental samples. The total number of
cells counted via FACS (Njis), was used to calculate the absolute
protein copy numbers (CNpotein) by utilizing the calculation as
previously described (Carpy et al., 2014):

Na (iBAQ protein * 107'%)
Ncells

CNprotein =

Ny represents Avogadro’s number. The absolute protein amounts
calculated for the super-SILAC standard together with corre-
sponding SILAC ratios were used to calculate the absolute amount
for each protein in all seven stages of growth in the growth
analysis experiment.

PEAK TIME INDEX CALCULATION

For each protein we determined the experimental condition of its
highest expression (“peak time index”) as described in Olsen et al.
(2010). Briefly, the SILAC ratios for each protein were normalized
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to the maximal change across the experiment. We then calculated
the weighted mean of the expression ratio in a particular condi-
tion with respect to the normalized ratios of adjacent conditions,
i.e., adjacent growth phases or time points upon ethanol stress.
We slightly modified the peak time index calculation as described
in Olsen et al. (2010) to account for the acyclicity of our experi-
ments. To assign the resulting “peak time index” of every protein
to a specific growth phase respective time point, we applied hier-
archical clustering on these values using the Euclidian distance
and a defined cluster numbers of seven (growth phase) or three
(ethanol stress).

FUNCTIONAL ENRICHMENT ANALYSIS

We retrieved Gene Ontology (GO) annotation of E. coli from the
UniProt-GOA database (downloaded on April 18, 2012). To test
whether specific annotation terms are enriched or depleted within
a set of proteins of interest we applied Fisher’s exact test using the
theoretical E. coli proteome as background. Derived p-values were
further adjusted to address multiple hypothesis testing using the
method proposed by Benjamini and Hochberg (1995).

UNBIASED DETECTION OF PROTEIN MODIFICATIONS

All acquired MS data was processed with the MaxQuant software
suite (Cox and Mann, 2008) version 1.2.2.9. Briefly, the SILAC
labeling parameter was set to a multiplicity of Two (Lys0, Lys8),
or as unlabeled (in order to serve as quality control for depen-
dent peptide (DP) function). All other parameters were the same
as described above, except that the DP function was enabled in
order to search for modified peptides that were not identified.
Briefly, MaxQuant compares all identified MS/MS to all unidenti-
fied MS/MS spectra. The precursor mass differences are calculated
between identified spectra (“base peptides”) and unidentified
spectra with similar MS/MS features (“dependent peptides”) and
corresponding possible modifications are reported.

RESULTS AND DISCUSSION

ABSOLUTE QUANTIFICATION OF E. COLI PROTEOME

In total, we identified 2303 proteins at a false discovery rate
(FDR) of 1% of which 1604 were quantified in all seven stages
of growth (Table 1, Table S1). We applied the iBAQ MS based
strategy (Schwanhausser et al., 2011) to estimate copy numbers
of proteins in the analyzed conditions. To this end, we used an
internal standard containing absolute molar amount of proteins
(standard) spiked into the protein samples. The iBAQ standard
was spiked in the E. coli Super-SILAC experiment at two time
points (TP3 & TP5). This led to the estimates of protein copy
numbers for 1587 proteins during growth in minimal medium
(Table S2). Moreover, we applied the protein copy numbers from
the growth dataset (T3 time point) to the proteins quantified in

Table 1 | Total number of identified and quantified proteins.

Growth Ethanol Stress
Identified 2303 2260
Quantified (all phases) 1604 1984
Absolutely quantified 1587 1620

order to assess protein abundance changes during ethanol stress,
which lead to protein copy number estimates for 1620 proteins
(Table S7).

Despite the fact that MS based strategies have been increasingly
used in determining protein copy numbers in living organisms,
there is a large discrepancy between previous studies that have
estimated protein copy numbers from bacteria to eukaryotes.
Possible reasons have been recently discussed in detail (Milo,
2013) and include loss of material during sample preparation
(cell lysis, protein digestion etc), the inherent detection limits
of mass spectrometers toward low abundant proteins, and errors
in MS quantitation methodologies. Furthermore, in bacteria, the
total amount of protein moieties per cell and the number of cells
can differ greatly depending on the strain and growth conditions
employed. Therefore, cell counting was recently identified as one
of the main reasons for inaccuracies in estimation of protein copy
numbers. To address this, we carefully determined the number of
cells that existed in the exact experimental conditions that were
employed. To this end, we performed multiple biological and
technical measurements of the total E. coli cell counts using FACS
which showed excellent reproducibility (Table S4, Supplementary
Figure 12). We also employed orthogonal methods of determining
the number of E. coli cells, such as CFU counting and microscopy-
based methods, however with much lower level of reproducibility
and accuracy then FACS (data not shown). The FACS-derived
total cell count was then used to derive the absolute protein copies
per cell.

Bland-Altman analysis of replicate UPS standard measure-
ments (difference of the copy numbers between TP3 and TP5
vs the average), revealed a small standard deviation (Figure 1B).
Therefore, the average of protein copy numbers between TP3 and
TP5 was used to obtain copy numbers for all time points in both
growth and ethanol stress datasets. We observed a good level of
reproducibility between the protein intensities derived from both
the UPS2 internal standard as well as their iBAQ intensities for
all proteins between TP3 and TP5 (Supplementary Figure 2).
We deduced no significant difference between the total protein
moieties/cell in different growth stages (Table S5), which demon-
strates an overall balance of protein synthesis and degradation at
different points during growth to maintain an overall level of cel-
lular homeostasis. Our results showed that an E. coli cell under
tested conditions has an average of 10,761,042 protein molecules
with a dynamic range of protein copy number within 6 orders
of magnitude (Figure 1A). Many of the higher abundant pro-
teins were ribosomal, membrane and carbohydrate metabolism
related proteins. For example, previous studies have shown that
the most abundant lipomembrane protein in E. coli is the Braun
lipoprotein found in the outer membrane with approximately
200,000 copies per cell (Braun, 1975). Our studies revealed sim-
ilar protein copy number estimates of the Braun lipoprotein at
167,568/118,072 copies per cell at TP3 and TP5 respectively which
is within the same range of magnitude as previously reported.
Elongation factor Tul was found to be the most abundant protein
with 327,934 and 301,73 1copies per cell at TP3 and TP5, respec-
tively. The least abundant classes of proteins (<500 copies/cell)
for both TP3 and TP5 were enriched toward membrane and
membrane associated proteins (inner,outer, plasma etc). This is
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FIGURE 1 | Protein copy number estimates of E. coli. (A) Dynamic
range of protein copy number estimates which span across less than six
orders of magnitude from approximately 1-300,000 protein copies per
cell. (B) Biological reproducibility of Copy number estimates between

5

Difference of Copy Numbers (log2)

o & A b O N & O ®

01 23 456 7 8 9101112131415 1617 18 19
Average of Copy Numbers (log2)

time points T3 and T5 as indicated through Bland-Altman statistical
analysis, indicate a good level of correlation. Outliers between copy
number estimates are usually associated with those proteins that are of
a general low abundance.

due to the fact that membrane proteins typically pose problems
during a typical cell lysis procedure without specific membrane
protein enrichment, thus difficult to accurately detect.

The economics of protein synthesis becomes especially impor-
tant during extended periods of growth as the bacterial cells
needs to prioritize and conserve their energy toward those bio-
logical processes that are essential in order to sustain the growth
and survival when facing conditions of nutrient starvation and
harsh stress conditions. For example, we observed that most
Glycolytic/Gluconeogenic enzymes (essential proteins required in
environmental growth conditions employed) stay the same or
increase in abundance whereas non-essential proteins such as cold
shock proteins (respond to specific stress conditions) decrease
during the later stages of growth as their synthesis would be a
waste or precious energy in which the bacterial cell cannot afford
(Supplementary Figures 3A, B). Furthermore, we estimated pro-
tein copy numbers for all 299 gene products of E. coli that are
considered essential which showed a high level of correlation
between TP3 and TP5. This is as expected, as essential pro-
teins need to be constantly present in order to maintain cellular
viability.

In order to validate the absolute quantification data, we inves-
tigated known protein complexes in E. coli. Protein complexes
serve as a very important role as they act together in order
to implement numerous biological functions ultimately regulat-
ing complex metabolic pathways. Recently, a study analyzed the
synthetic rates of a total of 64 well characterized (in terms of
stoichiometry) E. coli multiprotein complexes (Li et al., 2014).
We took the protein stoichiometries reported from this study
to compare with our copy number estimates. We would expect
that those protein complexes with similar stoichiometries should
have similar copy numbers. We observed that absolute levels of
proteins with predicted high copy numbers/cell (>10,000) are
more accurate (with respect to their stoichiometry) than those
with low copy numbers (<500). This is to be expected as the
errors tend to become larger with low copy number proteins due
to their lower intensities during MS analysis. All stoichiometries
and their copy numbers of the 64 protein complexes (that were
identified/quantified) can be seen in Supplementary File 1.

RELATIVE DYNAMICS OF E. COLI PROTEOME DURING GROWTH

For relative quantitation, we assessed the extent of protein fluctu-
ation during different stages of growth and ethanol stress, using
the standard deviation of SILAC ratios as described previously
(Carpy et al., 2014). To this end we calculated the standard devi-
ations of the log2-transformed protein ratios measured across
the analyzed points and binned the proteins into a total of four
quartiles (See Experimental Procedures for details). We then per-
formed a functional enrichment analysis for the proteome data
(GO analysis) in order to gain insights into which classes of pro-
teins are dynamic and which are static (Supplementary Figure 4).
Hierarchical clustering was performed in order to gain a better
understanding on significantly changing protein profiles (quar-
tile with top 25% changing proteins) cluster together during the
seven different stages of growth (Figure 2A). Enrichment anal-
ysis of GO terms revealed association of certain protein clusters
with distinct cellular processes (Supplementary Figure 5). For
example, during later stages of stationary phase growth in batch
culture, an increased expression of multiple universal stress pro-
teins and other proteins involved in stress response occurred
(Figure 2B). These proteins continue to increase into the later
stages of stationary phase (TP7) despite the fact that the cells
are under an enormous amount of growth perturbations, E. coli
attempts to maintain cellular homeostasis by expressing high
levels of stress response proteins. The same is true for protein
peak time index (Supplementary Figure 6A), which indicates that
proteins associated with stress response are peaking during sta-
tionary phase (Supplementary Figure 6B). Furthermore, during
stationary phase we observed an increase in the pspA protein is
which helps maintain cellular growth during alkaline and nutri-
ent depleted environmental conditions typically associated with
stationary phase growth (Weiner and Model, 1994).

E. coli as well as other bacterial species have the ability to
maintain viability during extended periods of growth during sta-
tionary phase. This phenomena is known as the GASP phenotype
(Zambrano and Kolter, 1996). This occurs in many Gram nega-
tive bacterial species including E. coli, and is normally defined as
growth in culture for 10 days or longer (Zambrano and Kolter,
1996). As the bacterial cells are encountering several stresses and
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starvation conditions during extended periods of growth, the
bacterial cells are developing increased tolerance toward these
harsh environmental conditions through mutations on certain
genes, thereby increasing the cellular fitness of these mutants thus
enabling a small proportion of the cellular population to survive.
Although we did not sample E. coli cells growing for a period
longer than 10 days, there was evidence of protein activity asso-
ciated with the GASP phenotype at TP7 (4 days growth). For
example, MutS and MutL act as part of the E. coli methyl directed
mismatch repair system and remove wrongly incorporated bases
to ensure both a high fidelity and a low mutation rate of the
global protein pool. In the GASP phenotype, lowering the lev-
els of these proteins will increase the gene mutation rate of the
bacteria (Finkel, 2006). This promotes a higher level of genetic
diversity leading to a greater chance of survival for the bacteria.
To this end, expression levels of MutS, MutL decreased during
extended growth periods in stationary phase (TP7) (Figure 2C).
It has also previously been reported that Dps plays an impor-
tant role during starvation conditions in E. coli, has a significant
increase in its synthetic rate during long term growth (6-7 days)
(Farrell and Finkel, 2003). Interestingly we observed an approxi-
mate 4 fold increase in the levels of Dps between 30 h and 4 days
of stationary phase growth, which suggests that this protein could

also play an important role in maintaining the cellular integrity of
E. coli at much earlier periods of stationary phase than previously
reported.

Dps is induced by the gene product of the o° RNA poly-
merase better known as the rpoS gene. RpoS serves as a major
regulator of multiple genes associated with stress response typ-
ically associated with nutrient starvation (Lacour and Landini,
2004). Moreover, many of these Sigma-S dependent genes were
found to be specifically induced during the initial onset of station-
ary phase growth (Lacour and Landini, 2004). Since we did not
observe an increase of Dps synthesis (induced by RpoS) until TP7,
this prompted us to look for other RpoS regulated targets and
observe their proteome dynamics during growth. We observed an
increased level of the tnaA encoded tryptophanase enzyme, which
acts as an important signaling molecule during stationary phase
growth and is also regulated by RpoS (Lacour and Landini, 2004).
These observations could suggest that these RpoS regulated pro-
teins have a more important role in extended periods of stationary
phase growth rather than at the onset of stationary phase. It is
important to note that not all RpoS regulated targets showed this
profile type which could be due to the fact that these proteins
are specifically induced and regulated by RpoS under different
environmental or growth conditions.
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Interestingly, we also noticed a dramatic increase in the abun-
dance of the novel aldo-keto reductase protein yghZ (Grant et al.,
2003). It is known to assist with methylglyoxal toxicity, a prod-
uct that is produced in E. coli by methylglyoxal synthase (mgsA)
which assists to prevent the accumulation of phosphorylated sug-
ars. Despite that fact that we do see a steady increase of mgsA
production from TP1-TP7, since its dynamics are similar to those
of tnaA and DPs could suggest that it might play an important
role during later stages of stationary growth.

RELATIVE PROTEOME DYNAMICS DURING ETHANOL STRESS

In response to alcohol stress, bacteria undergo many changes on
both the physical and physiological levels. This includes but is
not limited to changes in fatty acid composition, loss of ions
from membrane leakage, an increase in membrane fluidity, and
a decreased level of translation (Ingram, 1990). We extended
the Super-SILAC approach to study the global changes of the
proteome upon stress with ethanol. Hierarchal clustering anal-
ysis reveals very distinct changes on the proteome upon 10 min
and 2h post ethanol stress as opposed to pre stress conditions
(Figure 3A). This is as expected, as with an acute and rapid
perturbation such as ethanol stress, many physiological changes
will be employed by E. coli in a rapid fashion. Peak time index
analysis of the top 25% most changing proteins revealed that
those proteins belonging to general stress response and heat
shock response had the highest increase in expression levels
during extended periods of ethanol stress (2h) in both biolog-
ical replicates (Supplementary Figure 7). Heat shock proteins
are commonly known to be up-regulated during many differ-
ent types of stresses including but not limited to ethanol stress.

Supplementary Figure 8A shows many heat shock proteins are
induced upon ethanol stress.

The alcohol dehydrogenase YqhD and aldehyde dehydrogenase
AldB were highly induced upon ethanol stress as expected. In
mesophilic bacteria, it has been previously reported that when
submitted to alcohol stresses, they attempt to make a balance
between stress response and growth (Huffer et al., 2011). In this
dataset, we observed that many stress response pathways such as
the universal stress proteins (Supplementary Figure 8B), and mul-
tiple stress resistance proteins (ex BhsA, RpoH etc) were induced.
However, key pathways critical for growth such as the glycoly-
sis/gluconeogenesis pathways overall remained at a constant level.
Figure 3B depicts all alcohol dehydrogenases identified in this
study. As expected the main alcohol dehydrogenase yqhD is highly
induced upon the addition of ethanol, however it appears that
once yghD is activated other alcohol dehydrogenases such as the
propanol preferring alcohol dehydrogenase are down-regulated
suggesting a type of a highly controlled network by different
alcohol dehydrogenase members.

Many proteins involved in carbohydrate synthesis and trans-
port were also found to be significantly regulated during exposure
to ethanol. Interestingly, many of these regulated genes were also
previously found to be over expressed during response to butanol
(Rutherford et al., 2010) suggesting that many of these proteins
play a role in responding to general solvent stress. For example,
the manXYZ system is known to play a role in tolerating solvent
stress in E. coli (Okochi et al., 2007). To this end, we also observed
an up-regulation of manX and manZ upon ethanol stress at vir-
tually identical levels which is expected since they are expressed
from the same operon, and fall within the same range in terms
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of protein copies/cell. Unfortunately no quantification data could
be obtained for ManY. We also detected an up-regulation of the
maltose-binding protein MalE as well as other proteins related
to the transport of Maltose into the cell (Figure 3C). Maltose is
known to exhibit certain properties similar to that of chaperones,
in an attempt to prevent the aggregation of proteins during heat
shock stress (Richarme and Caldas, 1997).

Another noteworthy observation is with regards to the
YehU/YehT system in E. coli. This two component signaling trans-
duction system was never characterized until very recently where
this system was reported to be involved in the stationary phase
control network of E. coli (Kraxenberger et al., 2012). Moreover,
it showed that currently the only known and exclusive substrate
of YehT is YjiY, an inner membrane protein that is a member
of the CstA transporter superfamily (Kraxenberger et al., 2012).
This superfamily is typically associated with the transport of pep-
tides and amino acids. The authors reported that upon the onset
of stationary phase, YjiY is strongly induced. An up regulation
of YjiY was observed during late stationary phase growth and
ethanol stress in both biological replicates, however YjiY was the
most strongly induced protein after 10 min post ethanol stress.
Currently the exact function of YjiY is not known. Therefore,
from these observations one could speculate that perhaps YjiY
(an inner membrane transporter) acts as a general stress response
protein or perhaps also very specific to ethanol stress itself. Upon
stress it could be feasible that it removes peptides and amino
acids caused from misfolded proteins and degraded proteins via
proteases. Further experimental validation on the potential role
and function of YjiY during ethanol stress is required in order to
understand the exact function of this protein.

How well bacteria can maintain their membrane integrity is a
critical survival factor during ethanol stress. Upon ethanol stress,
a common phenomenon is that the bacterial membrane increases
in fluidity. This results in a sudden loss in the control of solute
transportation (Huffer et al., 2011). This can cause a detrimen-
tal effect on the viability and stability of bacteria due to the rapid
loss of many important ions such as magnesium (Ingram, 1976).
In E. coli, membrane fluidity increases approximately 15% upon
ethanol treatment (Huffer et al., 2011). One strategy that many
bacteria employ to circumvent this increase in fluidity is known as
lipid mixing. The bacteria replace the lipid content with stronger
more complex unsaturated fatty acids in an attempt to maintain
cell membrane rigidity. In E. coli, the key genes involved in unsat-
urated fatty acid synthesis are faba and fabb (Feng and Cronan,
2009). We observed that these proteins as well as many other
members of the fab protein family exhibited minor changes dur-
ing ethanol stress (Supplementary Figure 8C). This observation
could be one of the reasons why the E. coli membrane increases
in fluidity hence ceasing the growth of WT E. coli strains upon
ethanol stress. For further insights with respect to this section,
please refer to the Supplemental text section.

UNBIASED DETECTION OF PROTEIN MODIFICATIONS DURING
GROWTH AND ETHANOL STRESS

To perform a global screen of protein modifications during
growth and ethanol stress we employed the “DP” algorithm
which is a part of the MaxQuant software suite. This algorithm

can identify co-translational and post translational modifications,
modifications encountered during sample preparation, unknown
modifications, as well as amino acid substitutions in a systematic
and unbiased fashion. To this end, MaxQuant uses all MS/MS
spectra that were identified during the regular database search
and compares them to all unidentified MS/MS spectra. It then
calculates precursor mass differences between identified spectra
(“base peptides”) and unidentified spectra with similar MS/MS
features (“dependent peptides”). Therefore, the algorithm reports
mass differences that correspond to possible modifications on
dependent peptides. This can be used as a powerful approach
to detect various modifications without specifically searching for
them, and thus has great potential for discovering novel pro-
tein modifications. This algorithm works in a similar way as
previously reported (Savitski et al., 2006).

Since our dataset contained SILAC label we first tested the
accuracy of the algorithm by processing the data without defin-
ing any SILAC labels. As expected, DP analysis revealed high
number of dependent peptides that contained a Lys8 label
(Supplementary Files 2, 3). We then implemented this feature
in our experiments in order to elucidate which modifications
are present during growth and ethanol stress, and whether
these modifications are growth state dependent or ethanol
stress dependent.

In all experiments, we observed more than 50 distinct mass dif-
ferences that were detected in more than 50 MS/MS spectra. Most
of them corresponded to known modifications that most likely
result from sample preparation (e.g., deamidation, methionine
oxidation, carbamidomethylation, etc.), as well as other known
and unknown PTMs that could potentially have a biological or
regulatory relevance (Tables S8, S9). For both growth and ethanol
stress datasets, we compiled the 10 annotated modifications that
occurred with highest frequency (Table 2). Utilizing a pairwise
comparison of each growth stage relative to TP3 (Supplementary
File 2), and each ethanol stress time point relative to pre stress
(Supplementary File 3).We did observe subtle changes of many
different PTMs, which could be due to both the specific environ-
mental/biological growth condition, or technical variations due
to sample preparation (Supplementary Files 2, 3). There was very
little detection of some known regulatory modifications, such
as protein phosphorylation, stressing the importance of enrich-
ment steps prior to MS analysis for those PTMs that are of low
abundance and stoichiometry.

Interestingly, during ethanol stress, already after 10 min post
stress, a strong increase in the level of acetylation was encoun-
tered relative to pre stressed E. coli cells (Figure 4). A similar
pattern was detected after 2 h post ethanol stress treatment. This
increased level of protein acetylation during ethanol stress in a
bacteria is a novel observation, likely resulting from conversion
of ethanol into acetate, which can then bind randomly to amino
acid residues of the protein in a non-enzymatic fashion. However,
further experiments will be needed to confirm this.

CONCLUSIONS AND FUTURE PERSPECTIVES

In this study, we used the Super-SILAC approach to inves-
tigate global relative proteome dynamics in E. coli during
growth and ethanol stress grown in minimal medium. Moreover,
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Table 2 | Frequent annotated modifications observed during growth and ethanol stress.

Modification Average mass Most frequent Max# dependent Max# dependent
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Deamidation 0.984 Asparginine 2031 1675
Carbamidomethyl DTT 151.995 n-terminal 814 475
di-Oxidation 31.988 Tryptophan 1851 1023
Sulfide 31.971 Cysteine 401 586
Acetylation 42.010 n-terminal 1116 1289
Oxidation 15.994 Tyrosine 3951 2172
Loss of ammonia —17.026 n-terminal 999 795
Loss of water —-18.010 n-terminal 1044 1046
Formylation 27.994 n-terminal 319 123
Acetaldehyde 26.015 n-terminal 392 795
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FIGURE 4 | Unbiased detection of protein modifications during
ethanol stress. Comparison of protein modification that occur in
pre-stress vs. 10min ethanol stress reveals the presence of many post
translational modifications associated with sample preparation, but also
the presence of an increased amount of acetylation likely due to the

Mass difference (Da)

production of acetate associated with ethanol metabolism. The Y axis
represents the difference between the normalized counts (absolute
counts divided by the number of sequenced precursors) of each
modification. The legend lists the absolute difference and fold

change (FC).

we estimated the absolute protein copy number per cell in
E. coli using the iBAQ. To this end, we identified 2303 pro-
teins which represents approximately 88% of the estimated
expressed proteome of E. coli. The estimates of protein copy
numbers of over 2000 proteins were derived. Unbiased detection
of protein modifications revealed an increased level of protein
acetylation after only 10 min post ethanol stress. Overall, this
dataset represents the most comprehensive relative and abso-
lute quantitative analysis of bacterial growth during normal
and ethanol stress conditions at the proteome level and impli-
cates both known as well as novel observations of E. coli pro-
teome dynamics during growth and ethanol stress in minimal
medium.

AUTHOR CONTRIBUTIONS

BS and BM designed the experiments. BS and AH performed
bacterial cell culture/ counting, MS measurements, proteome
analysis and data processing. BS and KK performed bioinformat-
ics analysis. BS and BM wrote the manuscript.

ACKNOWLEDGMENTS

Authors wish to thank Katharina Fuchs for help with FACS
analysis, and Alejandro Carpy for advice on protein copy num-
ber analysis. We also wish to thank the Juniorprofessoren-
Programm of the BW-Stiftung, the PRIME-XS Consortium, the
German Research Foundation (DFG) and the SFB-766 for fund-
ing. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository with the
dataset identifier PXD001648.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fmicb.2015.
00103/abstract

REFERENCES

Aebersold, R., and Mann, M. (2003). Mass spectrometry-based proteomics. Nature
422, 198-207. doi: 10.1038/nature01511

www.frontiersin.org

February 2015 | Volume 6 | Article 103 | 73


http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00103/abstract
http://www.frontiersin.org/journal/10.3389/fmicb.2015.00103/abstract
http://www.frontiersin.org
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Soufi et al.

E. coli absolute proteome dynamics

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Statist. Soc. B 57,
289-300.

Berghoff, B. A., Konzer, A., Mank, N. N., Looso, M., Rische, T., Forstner, K.
U., et al. (2013). Integrative “omics”-approach discovers dynamic and reg-
ulatory features of bacterial stress responses. PLoS Genet. 9:¢1003576. doi:
10.1371/journal.pgen.1003576

Bernhardt, J., Weibezahn, J., Scharf, C., and Hecker, M. (2003). Bacillus subtilis dur-
ing feast and famine: visualization of the overall regulation of protein synthesis
during glucose starvation by proteome analysis. Genome Res. 13, 224-237. doi:
10.1101/gr.905003

Boersema, P. J., Geiger, T., Wisniewski, J. R., and Mann, M. (2013). Quantification
of the N-glycosylated secretome by super-silac during breast cancer progres-
sion and in human blood samples. Mol. Cell. Proteomics 12, 158-171. doi:
10.1074/mcp.M112.023614

Braun, V. (1975). Covalent lipoprotein from the outer membrane of Escherichia
coli. Biochim. Biophys. Acta 415, 335-377. doi: 10.1016/0304-4157(75)90013-1

Buttke, T. M., and Ingram, L. O. N. (1978). Mechanism of ethanol-induced
changes in lipid composition of Escherichia coli: inhibition of saturated fatty
acid synthesis in vivo. Biochemistry 17, 637-644. doi: 10.1021/bi00597a012

Carpy, A., Krug, K., Graf, S., Koch, A., Popic, S., Hauf, S., et al. (2014). Absolute
proteome and phosphoproteome dynamics during the cell cycle of fission yeast.
Mol. Cell. Proteomics. 13, 1925-1936. doi: 10.1074/mcp.M113.035824

Clark, D. P., and Beard, J. P. (1979). Altered phospholipid composition in mutants
of Escherichia coli sensitive or resistant to organic solvents. J. Gen. Microbiol.
113, 267-274. doi: 10.1099/00221287-113-2-267

Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat. Biotechnol. 26, 1367-1372. doi: 10.1038/nbt.1511

Cox, J. R., Neuhauser, N., Michalski, A., Scheltema, R. A., Olsen, J. V., and Mann,
M. (2011). Andromeda: a peptide search engine integrated into the maxquant
environment. J. Proteome Res. 10, 1794-1805. doi: 10.1021/pr101065j

Deeb, S. J., D’souza, R. C. J., Cox, J., Schmidt-Supprian, M., and Mann, M.
(2012). Super-silac allows classification of diffuse large b-cell lymphoma sub-
types by their protein expression profiles. Mol. Cell. Proteomics 11, 77-89. doi:
10.1074/mcp.M111.015362

Farrell, M. J.,, and Finkel, S. E. (2003). The growth advantage in stationary-phase
phenotype conferred by rpoS mutations is dependent on the pH and nutri-
ent environment. J. Bacteriol. 185, 7044-7052. doi: 10.1128/JB.185.24.7044-
7052.2003

Feng, Y., and Cronan, J. E. (2009). Escherichia coli unsaturated fatty acid syn-
thesis: complex transcription of the fabA gene and in vivo identification of
the essential reaction catalyzed by FabB. J. Biol. Chem. 284, 29526-29535. doi:
10.1074/jbc.M109.023440

Finkel, S. E. (2006). Long-term survival during stationary phase: evolution and the
GASP phenotype. Nat. Rev. Microbiol. 4, 113—-120. doi: 10.1038/nrmicro1340

Geiger, T., Cox, J., Ostasiewicz, P., Wisniewski, J. R., and Mann, M. (2010). Super-
SILAC mix for quantitative proteomics of human tumor tissue. Nat. Methods 7,
383-385. doi: 10.1038/nmeth.1446

Geiger, T., Wehner, A., Schaab, C., Cox, J., and Mann, M. (2012). Comparative
proteomic analysis of eleven common cell lines reveals ubiquitous but vary-
ing expression of most proteins. Mol. Cell. Proteomics 11:M111.014050. doi:
10.1074/mcp.M111.014050

Gouw, J., Tops, B. J., and Krijgsveld, J. (2011). Metabolic labeling of model
organisms using heavy nitrogen (15N). Methods Mol. Biol. 753, 29-42. doi:
10.1007/978-1-61779-148-2_2

Grant, A. W,, Steel, G., Waugh, H., and Ellis, E. M.. (2003). A novel aldo-keto reduc-
tase from Escherichia coli can increase resistance to methylglyoxal toxicity. FEMS
Microbiol. Lett. 218, 93-99. doi: 10.1111/j.1574-6968.2003.tb11503.x

Hubner, N. C., Ren, S., and Mann, M. (2008). Peptide separation with immobi-
lized pI strips is an attractive alternative to in-gel protein digestion for proteome
analysis. Proteomics 8, 4862—4872. doi: 10.1002/pmic.200800351

Huffer, S., Clark, M. E,, Ning, J. C., Blanch, H. W,, and Clark, D. S. (2011).
Role of alcohols in growth, lipid composition, and membrane fluidity of
yeasts, bacteria, and archaea. Appl. Environ. Microbiol. 77, 6400-6408. doi:
10.1128/AEM.00694-11

Ingram, L. O. (1976). Adaptation of membrane lipids to alcohols. J. Bacteriol. 125,
670-678.

Ingram, L. O. (1990). Ethanol tolerance in bacteria. Crit. Rev. Biotechnol. 9,
305-319. doi: 10.3109/07388558909036741

Ishihama, Y., Rappsilber, J., and Mann, M. (2006). Modular stop and go extraction
tips with stacked disks for parallel and multidimensional Peptide fractionation
in proteomics. J. Proteome Res. 5, 988-994. doi: 10.1021/pr050385q

Kraxenberger, T., Fried, L., Behr, S., and Jung, K. (2012). First insights into the
unexplored two-component system YehU/YehT in Escherichia coli. J. Bacteriol.
194, 4272-4284. doi: 10.1128/JB.00409-12

Lacour, S., and Landini, P. (2004). SigmaS-dependent gene expression at the onset
of stationary phase in Escherichia coli: function of sigmaS-dependent genes and
identification of their promoter sequences. J. Bacteriol. 186, 7186-7195. doi:
10.1128/JB.186.21.7186-7195.2004

Lee, K. ., Bae, S. M., Lee, M. R, Yeon, S. M., Lee, Y. H., and Kim, K. S. (2006).
Proteomic analysis of growth phase-dependent proteins of Streptococcus pneu-
moniae. Proteomics 6, 1274-1282. doi: 10.1002/pmic.200500415

Li, G. W,, Burkhardt, D., Gross, C., and Weissman, J. S. (2014). Quantifying abso-
lute protein synthesis rates reveals principles underlying allocation of cellular
resources. Cell 157, 624-635. doi: 10.1016/j.cell.2014.02.033

Lund, R. R, Terp, M. G., Lenkholm, A.-V,, Jensen, O. N., Leth-Larsen, R., and
Ditzel, H. J. (2012). Quantitative proteomics of primary tumors with vary-
ing metastatic capabilities using stable isotope-labeled proteins of multiple
histogenic origins. Proteomics 12, 2139-2148. doi: 10.1002/pmic.201100490

Milo, R. (2013). What is the total number of protein molecules per cell vol-
ume? A call to rethink some published values. Bioessays 35, 1050-1055. doi:
10.1002/bies.201300066

Nystrom, T. (2004). Stationary-phase physiology. Annu. Rev. Microbiol. 58,
161-181. doi: 10.1146/annurev.micro.58.030603.123818

Okochi, M., Kurimoto, M., Shimizu, K., and Honda, H. (2007). Increase of
organic solvent tolerance by overexpression of manXYZ in Escherichia coli. Appl.
Microbiol. Biotechnol. 73, 1394-1399. doi: 10.1007/500253-006-0624-y

Olsen, J. V., Vermeulen, M., Santamaria, A., Kumar, C., Miller, M. L., Jensen, L. J.,
etal. (2010). Quantitative phosphoproteomics reveals widespread full phospho-
rylation site occupancy during mitosis. Sci. Signal. 3, ra3. doi: 10.1126/scisig-
nal.2000475

Ong, S. E., Blagoev, B., Kratchmarova, L, Kristensen, D. B., Steen, H., Pandey, A.,
et al. (2002). Stable isotope labeling by amino acids in cell culture, SILAC, as a
simple and accurate approach to expression proteomics. Mol. Cell. Proteomics 1,
376-386. doi: 10.1074/mcp.M200025-MCP200

Rappsilber, J., Mann, M., and Ishihama, Y. (2007). Protocol for micro-purification,
enrichment, pre-fractionation and storage of peptides for proteomics using
StageTips. Nat. Protocols 2, 1896-1906. doi: 10.1038/nprot.2007.261

Richarme, G., and Caldas, T. D. (1997). Chaperone properties of the bacterial
periplasmic substrate-binding proteins. J. Biol. Chem. 272, 15607-15612. doi:
10.1074/jbc.272.25.15607

Rutherford, B. J., Dahl, R. H., Price, R. E., Szmidt, H. L., Benke, P. L,
Mukhopadhyay, A., et al. (2010). Functional genomic study of exogenous n-
butanol stress in Escherichia coli. Appl. Environ. Microbiol. 76, 1935-1945. doi:
10.1128/AEM.02323-09

Savitski, M. M., Nielsen, M. L., and Zubarev, R. A. (2006). ModifiComb, a new
proteomic tool for mapping substoichiometric post-translational modifica-
tions, finding novel types of modifications, and fingerprinting complex protein
mixtures. Mol. Cell. Proteomics 5, 935-948. doi: 10.1074/mcp.T500034-MCP200

Schwanhausser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J., Wolf, J., et al.
(2011). Global quantification of mammalian gene expression control. Nature
473, 337-342. doi: 10.1038/nature10098

Schweppe, D. K., Rigas, J. R., and Gerber, S. A. (2013). Quantitative phosphopro-
teomic profiling of human non-small cell lung cancer tumors. J. Proteomics 91,
286-296. doi: 10.1016/j.jprot.2013.07.023

Soares, N. C., Spat, P, Krug, K., and Macek, B. (2013). Global dynamics of the
Escherichia coli proteome and phosphoproteome during growth in minimal
medium. J. Proteome Res. 12, 2611-2621. doi: 10.1021/pr3011843

Soufi, B., Kumar, C., Gnad, E, Mann, M., Mijakovic, L., and Macek, B. (2010).
Stable isotope labeling by amino acids in cell culture (SILAC) applied to quan-
titative proteomics of Bacillus subtilis. ]. Proteome Res. 9, 3638-3646. doi:
10.1021/pr100150w

Weiner, L., and Model, P. (1994). Role of an Escherichia coli stress-response operon
in stationary-phase survival. Proc. Natl. Acad. Sci. U.S.A. 91, 2191-2195. doi:
10.1073/pnas.91.6.2191

Woodruff, L. B., Pandhal, J., Ow, S. Y., Karimpour-Fard, A., Weiss, S. J., Wright,
P. C, et al. (2013). Genome-scale identification and characterization of
ethanol tolerance genes in Escherichia coli. Metab. Eng. 15, 124-133. doi:
10.1016/j.ymben.2012.10.007

Frontiers in Microbiology | Microbial Physiology and Metabolism

February 2015 | Volume 6 | Article 103 | 74


http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Soufi et al.

E. coli absolute proteome dynamics

Zambrano, M. M., and Kolter, R. (1996). GASPing for life in stationary phase. Cell
86, 181-184. doi: 10.1016/S0092-8674(00)80089-6

Conflict of Interest Statement: The Guest Associate Editor Ivan Mijakovic declares
that, despite having coauthored an article with the authors Boris Macek and
Karsten Krug in 2014, the review process was handled objectively. The authors
declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Received: 28 November 2014; accepted: 27 January 2015; published online: 18
February 2015.

Citation: Soufi B, Krug K, Harst A and Macek B (2015) Characterization of the E. coli
proteome and its modifications during growth and ethanol stress. Front. Microbiol.
6:103. doi: 10.3389/fmicb.2015.00103

This article was submitted to Microbial Physiology and Metabolism, a section of the
journal Frontiers in Microbiology.

Copyright © 2015 Soufi, Krug, Harst and Macek. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

February 2015 | Volume 6 | Article 103 | 75


http://dx.doi.org/10.3389/fmicb.2015.00103
http://dx.doi.org/10.3389/fmicb.2015.00103
http://dx.doi.org/10.3389/fmicb.2015.00103
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

frontiers in
MICROBIOLOGY

REVIEW ARTICLE
published: 10 February 2015
doi: 10.3389/fmicb.2015.00087

—

Post-translational modifications are key players of the
Legionella pneumophila infection strategy

Céline Michard"***° and Patricia Doublet '?>%% *

! Legionella Pathogenesis Group, International Center for Infectiology Research, Université de Lyon, Lyon, France

2 INSERM U1111, Lyon, France

3 Ecole Normale Supérieure de Lyon, Lyon, France
4 Centre International de Recherche en Infectiologie, Université Lyon 1, Lyon, France
5 Centre National de la Recherche Scientifique, UMR5308, Lyon, France

Edited by:
Christophe Grangeasse, Centre

National de la Recherche Scientifique,

France

Reviewed by:

Buchrieser Carmen, Institut Pasteur,
France

Nelson Cruz Soares, University of
Cape Town, South Africa

*Correspondence:

Patricia Doublet, Legionella
Pathogenesis Group, International
Center for Infectiology Research,
Université de Lyon, Bat A. Lwoff, 10
rue Dubois, 69622 Villeurbanne
cedex, Lyon, France

e-mail: patricia.doublet@univ-lyon1.fr

Post-translational modifications (PTMs) are widely used by eukaryotes to control the
enzymatic activity, localization or stability of their proteins. Traditionally, it was believed
that the broad biochemical diversity of the PTMs is restricted to eukaryotic cells, which
exploit it in extensive networks to fine-tune various and complex cellular functions. During
the last decade, the advanced detection methods of PTMs and functional studies of the
host—pathogen relationships highlight that bacteria have also developed a large arsenal of
PTMs, particularly to subvert host cell pathways to their benefit. Legionella pneumophila,
the etiological agent of the severe pneumonia legionellosis, is the paradigm of highly
adapted intravacuolar pathogens that have set up sophisticated biochemical strategies.
Among them, L. pneumophila has evolved eukaryotic-like and rare/novel PTMs to hijack
host cell processes. Here, we review recent progress about the diversity of PTMs catalyzed
by Legionella: ubiquitination, prenylation, phosphorylation, glycosylation, methylation,
AMPylation, and de-AMPylation, phosphocholination, and de-phosphocholination. We
focus on the host cell pathways targeted by the bacteria catalyzed PTMs and we stress the
importance of the PTMs in the Legionella infection strategy. Finally, we highlight that the
discovery of these PTMs undoubtedly made significant breakthroughs on the molecular
basis of Legionella pathogenesis but also lead the way in improving our knowledge of the
eukaryotic PTMs and complex cellular processes that are associated to.

Keywords: post-translational modification, Legionella pneumophila, Dot/lcm effectors, host cell pathways

hijacking, Legionella virulence

INTRODUCTION

Post-translational modifications (PTMs) are widely used by
eukaryotes to control quickly, locally and specifically the enzy-
matic activity, localization or stability of their proteins, and thus
to fine-tune key factors of the cellular biology to environmental
changes. Eukaryotic PTMs involve diverse modifications of spe-
cific residues of the protein by the covalent addition of simple
or complex chemical groups; they include the addition of chem-
ical group (e.g., phosphate, methyl, or acetate), more complex
molecules (e.g., carbohydrates or lipids), the covalent linkage of
small proteins (e.g., ubiquitin), and the irreversible hydrolysis
of a specific peptide bond between two amino acids, or prote-
olysis (for review, see Walsh etal., 2005). PTMs are catalyzed
by specific enzymes and most of them are reversed by antago-
nistic catalytic activities. Traditionally, it was believed that the
broad biochemical diversity of the PTMs is restricted to com-
plex eukaryotic cells, which exploit it in extensive networks to
control various and complex cellular functions. During the last
decade, the advanced detection methods of PTMs, including
the modified peptides enrichment combined with high accu-
racy mass spectrometry, the pathogen genomes sequencing that
predicts PTMs activities, and the functional studies of the host—
pathogen relationships highlight that bacteria have also developed

a large arsenal of PTMs, particularly to subvert host cell path-
ways to their benefit, to escape to the host defences, and finally
to promote their replication (for review, see Ribet and Cossart,
2010a,b).

Legionella pneumophila, the etiological agent of the severe
pneumonia legionellosis, is a paradigm of highly adapted intravac-
uolar pathogens that have set up sophisticated biochemical strate-
gies to hijack host cell processes. Legionella pathogenic strains
(i) emerge from the environment after intracellular multiplica-
tion in protozoans, especially in amoebae; (ii) are disseminated by
contaminated aerosols; and (iii) can infect alveolar macrophages
of its accidental human host. Within environmental phago-
cytic cells and human macrophages, L. pneumophila evades
endocytic degradation (Horwitz and Maxfield, 1984; Clemens
etal., 2000), controls the innate immune response, especially
the NF-kB pathway (Schmeck etal., 2007; Shin etal., 2008),
and triggers the biogenesis of a Legionella-containing vacuole
(LCV), a rough endoplasmic reticulum-like compartment per-
missive for its intracellular replication (Horwitz, 1983; Kagan
and Roy, 2002). Crucial for hijacking host cell vesicle trafficking
necessary for LCV biogenesis, and subsequently for intracellular
multiplication of L. pneumophila, is the Dot/Icm Type 4 Secre-
tion System (T4SS; Marra etal., 1992; Andrews etal., 1998) that
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translocates into the host cell cytosol over 275 bacterial pro-
teins, named effectors (Zhu etal., 2011). Many Dot/Icm effectors
harbor eukaryotic domains (Cazalet et al., 2004), such as protein—
protein interaction domains and enzymatic activity-associated
domains, in particular for PTMs such as methylation, phospho-
rylation, ubiquitination, and glycosylation, which support that
L. pneumophila has evolved eukaryotic-like PTMs to hijack host
cell processes.

Here, we review recent progress about the diversity of PTMs
catalyzed by Legionella. We focus on the host cell pathways targeted
by the bacteria-catalyzed PTMs and we stress the importance of
the PTMs in the Legionella infection strategy.

DIVERSITY OF PTMs CATALYZED BY L. pneumophila

A key finding of the L. pneumophila genome analysis was the
identification of a large number of proteins similar to eukaryotic
proteins. The wide variety of these proteins includes enzymatic
activity—associated domains for various PTMs such as phospho-
rylation, glycosylation, methylation, prenylation, ubiquitination,
reversible AMPylation, and phosphocholination of host cell
proteins to modulate cellular functions (Table 1).

PROTEIN PHOSPHORYLATION

Phosphorylation—dephosphorylation of proteins represents a
powerful regulatory mechanism of cellular activity. Indeed, inten-
sive research has revealed that eukaryotes contain numerous
interconnected signal transduction networks in which protein
phosphorylation plays a dominant role for controlling essential
functions, such as growth, cell cycle and apoptosis, in response
to extracellular stimuli and stresses. It consists in the reversible
covalent addition of a phosphate group, from the phosphate
donor ATP, to specific residues of a target protein, the most
frequent being hydroxyl groups of serine, threonine or tyrosine
residues. The phosphoester bond is catalyzed by eukaryotic pro-
tein kinases that share a common catalytic domain characterized
by 11 conserved Hanks’s subdomains (Hanks, 2003). Conversely,
phosphatases hydrolyze the phosphoester bond, thereby releasing
the phosphate group and restoring the acceptor amino acid in its
unphosphorylated form.

The genomes of the six sequenced L. pneumophila strains,
Philadelphia, Lens, Paris, Corby, Alcoy, and 130b, have been
reported to encode four putative eukaryotic-like serine/threonine
kinases, named LegKl-LegK4 (Cazalet etal., 2004; de Felipe
etal., 2005; D’Auria etal., 2010; Schroeder etal., 2010). Align-
ment with several eukaryotic protein kinases revealed residues
that are highly conserved in the Hanks’ subdomains, including
the glycine-rich loop and the invariant lysine in subdomains I and
I1, which are essential for binding and correct orientation of the
phosphate donor ATP. In vitro phosphorylation assays confirmed
that these kinases were functional for autophosphorylation and/or
phosphorylation of the classical substrate for eukaryotic kinases
Mpyelin-basic protein (Hervet etal., 2011; Table 1).

PROTEIN ALKYLATION

Protein alkylation consists in the addition of alkyl substituents on
specific amino acids. The common alkyl groups transferred are the
methyl (C1) or the C15 (farnesyl)/C20 (geranyl-geranyl) isoprenyl

groups, leading to protein methylation and protein prenylation,
respectively.

Protein methylation typically takes place on arginine or lysine
residues in the protein sequence. Arginine can be methylated
once or twice, with either both methyl groups on one termi-
nal nitrogen (asymmetric dimethylated arginine) or one on both
nitrogens (symmetric dimethylated arginine) by peptidylargi-
nine methyltransferases (PRMTs). Lysine can be methylated once,
twice, or three times by lysine methyltransferases (Walsh etal.,
2005). Protein methylation has been extensively studied in the
histones. The transfer of methyl groups from S-adenosyl methio-
nine (SAM) to histones is catalyzed by SET domain-containing
proteins. This protein family is characterized by an ~130 amino
acid-long SET domain that possesses catalytic activity toward
the e-amino group of lysine residues. In vivo, lysine methyla-
tion can be dynamically regulated by the opposing actions of
lysine methyltransferases and lysine demethylases (Herz etal,
2013). L. pneumophila genome analysis revealed that all the five
strains Philadelphia, Lens, Paris, Corby, and Alcoy encode each an
orthologous protein encoding a SET domain that show 95-100%
sequence identity over the entire length (Cazalet etal., 2004). In
vitro assays recently demonstrated that Lpp1683 in Paris strain and
Lpg1718 in Philadelphia strain, display histone methyltransferase
activity toward the histone H3 substrate (Li etal., 2013; Rolando
etal., 2013b; Table 1).

Prenylation, i.e., addition of a farnesyl (C15) or a geranyl-
geranyl (C20) group, is a PTM that covalently links a lipid moiety
at the cysteine residue of the CAAX motif in the C-terminal region
of proteins (where C represents cysteine and A an aliphatic amino
acids). The Ras GTPases, Rab small GTPases, and protein kinases
superfamilies have members that can be prenylated on cysteine
thiolate side chains. The lipid anchors drive the modified proteins
to partition more to membranes, thus controlling their subcel-
lular localization (Walsh etal., 2005). Interestingly, bioinformatic
approaches identified 11-12 (depending on the strains) different
Legionella proteins containing a CAAX motif in the C terminus,
which have been so called Pel proteins for Prenylated effectors
of Legionella (Ivanov etal., 2010; Price etal., 2010a,b). Six of
these proteins had highly conserved homologs across all Legionella
stains, whereas four of the proteins were unique for either the
Philadelphia or Lens strain. Host farnesyltransferase and class I
geranylgeranyltransferase were both involved in the lipidation of
the Legionella CAAX motif proteins, among which AnkB from L.
pneumophila AA100 and Philadelphia Lp01 (Ivanov etal., 2010
Price etal., 2010a,b; Table 1).

PROTEIN UBIQUITINATION

Ubiquitination consists in the addition of one or several ubiq-
uitins on a target protein, most frequently on lysine residue,
although linkages on cysteine, serine or threonine, or on the N-
terminal amino group have also been reported. Ubiquitin is a
small protein of 9 kDa, which contains itself seven lysines; all
of these lysine residues can be used as a target for the addition
of another ubiquitin moiety, thus leading to polyubiquitina-
tion. Polyubiquitin chains built up through Lys48 side chains
are commonly associated with proteasome binding and degra-
dation of the modified protein, whereas chains tethered through
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Table 1 | Diversity of PTMs catalyzed by Dot/Icm effectors of Legionella pneumophila.

PTMs Mechanism Effector name Motif Target Reference
. ATP ADP
Phosphorylation LegK1 STPK kB Ge etal. (2009), Hervet etal. (2011)
kinase LegK2 STPK Hervet etal. (2011)
protein protein
LegK3 STPK Hervet etal. (2011)
LegK4 STPK Hervet etal. (2011)
. SAM SAH ) :
Methylation LegAS4/RomA  SET domain  H3 Li etal. (2013), Rolando etal. (2013b)
methyltransferase
protein protein
. Prenyl diphosphate PPi .
Prenylation F— AnkB CAAX Price etal. (2010a)
renyl
prenyltransferase /LegAU13
protein protein
/Ceg27
o ATP+ubiquitin  AMP+PPi . .
Ubiquitination LubX U-box Clk1 /SidH Kubori etal. (2008)
ubiquitylation
T machinery R /LegUZ
AnkB F-box Skp1/ParvB  Price etal. (2009), Lomma etal. (2010)
/LegAU13
/Ceg27
LegU1 F-box BAT3 Ensminger and Isberg (2010)
SidC Hsu etal. (2014)
. NDP-sugar NDP . . .
Glycosylation Lgt1 Coiled- coil ~ eEF1A Belyi etal. (2006)
-y Lgt2 Coiled-coil ~ eEF1A Belyi etal. (2008), Aktories (2011)
protein protein
Lgt3 Coiled- coil ~ eEF1A Belyi etal. (2008), Aktories (2011)
/Legch
SetA Heidtman etal. (2009)
. ATP PPi .
AMPylation SidM Rab1 Muller etal. (2010)
AMPylator AMP
protein protein / DrrA
DeAMPylation e pe SidD Rab1 Neunuebel etal. (2011), Tan etal. (2011)
AMP hydrolase
AMP H,0
CDP-choline CMP
Phosphocholination AnkX Ankyrin Rab1 Mukherjee etal. (2011)
phosphocholinase PC
protein protein /An kN
/LegA8
Dephosphocholination Lem3 Rab1 Tan etal. (2011)

protein protein

dephosphocholinase

PC

STPK, Ser/Thr protein kinase.

Lys63 participate in signal transduction, vesicular trafficking or
DNA repair (Hochstrasser, 2009). The conjugation of ubiqui-
tin requires different enzymes (Figure 1): E1 activating enzymes
that bind ubiquitin in a ATP dependent manner; E2 conjugation
enzymes that bind ubiquitin in a thioester bond; E3 ubiquitin
ligases are then required to catalyze the efficient transfer of the

activated ubiquityl protein tag to Lys side chains of target pro-
teins. There are two different families of E3 ubiquitin ligases, the
HECT family and the RING/U-Box family. In the RING fam-
ily, some of the enzyme 3 are multicomponent catalysts, such
as the SCF E3s that consist in four subunits: the invariable sub-
unit Skpl, the central core component Cullin, the RING finger
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FIGURE 1 | Sequential steps of ubiquitination. The small protein
ubiquitin is first activated by an E1 enzyme in an ATP-dependent manner,
then transferred to an E2 conjugating enzyme. Two main classes of E3
enzymes, the RING, and HECT classes, transfer differently the ubiquitin to
a specific protein substrate. Polyubiquitin chains are then built up through
Lys48 side chains or through Lys63 of ubiquitin, which directs the protein to
proteasome degradation or participate in signal transduction, vesicular
trafficking, or DNA repair.

protein Rbx1/Rocl and the variable F-Box protein that serves as
a receptor for the target protein, such providing selectivity for
a given protein (Lorick etal., 1999). There are several 100 iso-
forms of such E3 ubiquitin ligases in higher eukaryotes, which
allow subtle discrimination among many target proteins selected
for ubiquitination.

Genome analysis of the L. pneumophila strains Paris and
Philadelphia revealed they encode a protein, named LubX, con-
taining two U-box domains similar to eukaryotic E3 ubiquitin
ligases (Cazalet etal., 2004). Indeed, in vitro and in host cells,
LubX functions as an ubiquitin ligase (Kubori et al., 2008). More-
over, L. pneumophila encodes several proteins with predicted

F-Box motifs (de Felipe etal., 2005). The best characterized is
the AnkB protein, that is conserved in the five sequenced L.
pneumophila strains (Table 1). Genome sequence of L. pneu-
mophila Philadelphia reveals the presence of at least another
four F-box containing proteins (Price and Kwaik, 2010). These
include Lpg2224 (PpgA), Lpg2525 (MavK), LicA, and LegU1.
Finally, the Dot/Icm effector SidC has been recently reported
to define a unique family of ubiquitin ligase (Hsu etal., 2014).
While the amino acid sequence of SidC does not exhibit signifi-
cant homology with any known protein, the crystal structure of
its N-terminal domain revealed a canonical catalytic triad C46-
H444-D446 found in cystein-based proteases and deubiquitinases.
Unexpectedly, in vitro assays demonstrated that SidC exhibits
ubiquitin ligase rather than protease or deubiquitinase activity.
More precisely, SidC catalyzes the formation of high-molecular-
weight ubiquitinated conjugates in a manner that is dependent on
the catalytic residue C46. Authors further showed that the SidC
paralog SdcA has also ubiquitin ligase activity (Hsu etal., 2014;
Table 1).

PROTEIN GLYCOSYLATION

O-glycosylation and N-glycosylation of proteins are very com-
mon in eukaryotes but only O-glycosylation has been described to
date in the two major groups of bacterial toxins. O-glycosylation
consists in the modification of serine or threonine residues. A
60 kDa protein that exihibited UDP-glycosyltransferase activity
toward a 50 kDa protein from HeLa cell lysates was firstly puri-
fied from L. pneumophila (Belyi et al., 2003). This protein, named
Lgt1 (for Legionella glycosyltransferase 1) contains a DXD motif,
which is conserved in many prokaryotic and eukaryotic glucosyl-
transferases. In L. pneumophila strains Philadelphia, Lens, Paris,
and Corby, two other proteins very similar to Lgt1 were then iden-
tified; they were thus called Lgt2 and Lgt3 and were shown to
exhibit the same glycosylase activity (Belyi etal., 2008; Aktories,
2011). An additional protein, namely SetA, possesses a functional
glycosyltransferase domain (Heidtman etal., 2009). However, its
target in the host cell has not been yet identified (Table 1).

REVERSIBLE PROTEIN AMPylation

AMPylation or adenylylation is the addition of an adenosine
monophosphate (AMP) group from ATP onto a threonine, tyro-
sine, or serine residue of a protein. This PTM was first and
recently discovered on host cell proteins infected by Vibrio para-
haemolyticus and Histophilus somni (Worby et al., 2009; Yarbrough
etal.,, 2009). This activity involves a conserved domain, called
Fic domain (for filamentation induced by cAMP domain), which
was originally described in Escherichia coli as a stress response
protein associated with filamentous bacterial growth in the pres-
ence of cAMP (Komano etal., 1991). The Fic domain is also
found in eukaryotic proteins, and AMPylation has now been
shown to be naturally occurring in eukaryotic cells (Kinch etal.,
2009; Roy and Mukherjee, 2009; Worby etal., 2009; Yarbrough
and Orth, 2009; Yarbrough etal., 2009). Despite the lack of a
consensus Fic domain on its sequence and that its amino acid
sequence did not suggest its function, the protein SidM from L.
pneumophila has been recently shown to possess AMPylase activ-
ity (Miiller etal., 2010). More precisely, its N-terminal domain
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FIGURE 2 | Post-translational modifications controlling various
infectious cycle steps of Legionella pneumophila. Immediatly after
uptake of the bacteria, L. pneumophila secretes a high number of
Dot/lcm effectors into the host cell cytosol. (1) L. pneumophila exploits
the host prenylation apparatus to alkylate some of these effectors and
target them to the LCV surface. The effector LubX is able to ubiquitinate
some effectors thus addressing them to proteasomal degradation and
controlling their temporal presence on the LCV during infection. (2) Four
Dot/lcm effectors reversibly AMPylate and phosphocholinate the host
Rab1 small GTPase, thus controlling its activity to promote ER recruitment
on the LCV, a prerequisite feature to make the phagosome a replicative
niche. SidC and its paralog SdcA monoubiquitinate Rab1 and catalyze

polyubiquitin chains formation necessary for ER recruitment on the LCV.
(3) The Dot/lcm effector AnkB functions as a platform for the docking of
polyubiquitinated proteins to the LCV membrane, thus promoting
proteasome-mediated generation of free amino acids essential as energy
and carbon sources for L. pneumophila intracellular proliferation. (4) The
Dot/lcm effector LegK1 phosphorylates kB thus mimicking the host IKKs,
and triggering the activation of the NF«kB pathway and the transcription of
NF«B dependent genes. (5) The Dot/lcm effector LegAS4/RomA trigger
the methylation of the histone H3, thus inducing epigenetic changes and
subsequent transcriptional control of host genes. (6) Several Dot/lcm
effectors exhibits glycosidase activity toward eEF1A, thus inhibiting the
host cell translation.

exhibits structural similarities with the C-terminal domain of the
glutamine synthase adenylyl transferase, which leads the authors
to speculate that the N-terminal region of SidM might have
AMPylase activity toward the small GTPase Rabl, the substrate
of its GEF domain. Indeed, in vitro assays and mass spectrome-
try analysis demonstrates that SidM, more precisely its N-terminal
domain, AMPylates Rab1 on the Tyr77 residue (Miiller et al., 2010;
Table 1).

AMPylation is a reversible process. Two independent groups
simultaneously identified SidD from L. pneumophila as the first
protein exhibiting a deAMPylase activity, by using two distinct
approaches. Neunuebel etal. (2011) observed that a whole cell
lysate from L. pneumophila but not from E. coli efficiently removes
in vitroradiolabeled AMP from AMPylated Rab1. Given that genes
of functionally linked proteins tend to be clustered on bacte-
rial genomes, they deleted the immediately nearby sidM gene,
namely sidD gene, and they observed that the whole cell lysate
from the sidD mutant was not able anymore to deAMPylate SidM

(Neunuebel etal., 2011). On the other hand, Tan and Luo iden-
tified SidD as a protein capable of suppressing the toxicity of the
AMPylase SidM to yeast (Tan and Luo, 2011). Both groups demon-
strated that SidD removes the AMP moiety from Tyr77 of Rabl,
thus reversing the effect of SidM on this small GTPase activity
(Table 1).

REVERSIBLE PHOSPHOCHOLINATION

As mentioned above, the Fic domain is associated to enzymes that
trigger AMPylation of target proteins. In silico analysis revealed
that another protein from L. pneumophila, namely AnkX, con-
tains a Fic domain. However, mass spectrometry demonstrated
that AnkX promotes a novel PTM, namely phosphocholination
rather than AMPylation (Mukherjee etal., 2011). Phosphocholi-
nation consists in the covalent link of a phosphocholine group to a
serine residue (Table 1). More precisely, AnkX catalyzes the phos-
phocholination of Ser76 of the small GTPase Rab1, immediately
upstream the Tyr77 AMPylated by SidM (Mukherjee etal., 2011).
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Like AMPylation, phosphocholination is a reversible PTM. Tan
etal. (2011) recently identified the Dot/Icm effector Lem3 as a
protein capable to rescue the growth of yeast transformed by
AnkX expression vector, which suggested that Lem3 was able to
antagonize the activity of phosphocholination of AnkX. Indeed, in
vitroassays demonstrated that Lem3 reverses the AnkX-dependent
phosphocholination of Rabl by removing the phosphocholine
moiety from Rab1 (Tan etal., 2011; Table 1).

PTMs FOR Legionella CONTAINING VACUOLE BIOGENESIS
Legionella-containing vacuole biogenesis is a main trait of
Legionella intracellular fate that allows the bacteria to generate
a niche permissive for intracellular replication. Within 15 min
of uptake, the LCV is surrounded and fused with ER-derived
smooth vesicles and mitochondria (Horwitz, 1983), and 4 h
post-contact it is decorated by host cell ribosomes (Horwitz
and Silverstein, 1981; Roy and Tilney, 2002), thus resulting in a
replication-permissive vacuole (Figure 2). Legionella-containing
vacuole biogenesis mobilizes complex molecular mechanisms that
are strictly dependent on the Dot/Icm T4SS and its exceptionally
high number of effectors. PTMs of both host cell proteins and
Dot/Icm effectors play a key role in the fine-tuned orchestration
of this infection step.

Dot/lcm EFFECTORS ACETYLATION AND UBIQUITINATION
SPATIO-TEMPORALLY CONTROL THEIR RECRUITMENT ON THE LCV
Given the high number of effectors, it could be assumed that
both translocation into the host cell cytosol, organelles address-
ing, and degradation of each effector must be controlled such
that it could sequentially participate to the LCV biogenesis.
Many Dot/Icm effectors are targeted to the LCV surface. L.
pneumophila uses [PI(4)P] to anchor some Dot/Icm substrates,
such as SidC and SidM to the cytoplasmic face of LCV (Ragaz
etal., 2008; Brombacher etal., 2009). Another way for L. pneu-
mophila to address injected effectors to the LCV membrane, is
the exploitation of the host cell prenylation apparatus (Ivanov
etal., 2010; Price etal.,, 2010a). The Dot/Icm substrate AnkB,
of strains L. pneumophila AA100 and Philadelphia Lp01, con-
tains a CAAX motif. During infection, the CAAX motif of AnkB
is modified by the host farnesylation machinery (Ivanov etal.,
2010; Price etal., 2010a). Expression of a CAAX substituted-
variant results in defective anchoring of AnkB to the LCV, severe
defects in intracellular replication, and attenuation of intrapul-
monary proliferation in a mouse model, thus demonstrating that
the farnesyl-dependent vacuolar location of AnkB is essential to
its role in the infectious cycle of L. pneumophila (Price etal.,
2009).

In addition to the appropriate addressing of Dot/Icm effec-
tors, a specific temporal control of their stability in the host cell is
carried out during L. pneumophila infection. In that purpose, L.
pneumophila interferes with the ubiquitin system to address some
effectors to proteasomal degradation. LubX is a Dot/Icm effector
containing two U-box domains and functions as a E3 ubiquitin
ligase toward the cellular Clk1 protein. However, cellular con-
sequences of ubiquitination of Clkl remain unknown (Kubori
etal., 2008). LubX was also shown to bind and polyubiquitinate
in vitro SidH, another Dot/Icm effector. It mediates proteasomal

degradation of SidH in infected cells. Thus, LubX is considered
like a metaeffector that controls in space and time, the presence
of another effector, by using ubiquitination PTM (Kubori etal.,
2010).

AMPylation AND PHOSPHOCHOLINATION CONTROLS THE GTPase Rab1
ACTIVATION FOR ER RECRUITMENT ON THE LCV

One main characteristic of the LCV is that it is fused with
ER-derived vesicles. The manipulation of host cell vesicu-
lar trafficking by L. pneumophila is strictly dependent of the
Dot/Icm T4SS. In particular, some of Dot/Icm substrates tar-
get host cell small GTPases. Among them, the effector SidM
interacts with Rabl, and its GEF and GDF activities result in
Rabl1 release from GDI (Ingmundson etal., 2007), and in LCV
membrane associated GTP-coupled Rabl (Arasaki etal., 2012),
respectively (Figure 3). An additional PTM-associated enzy-
matic activity of the multifunctional protein SidM has recently
been revealed. The N-terminal domain of SidM, which exhibits
similarities with the catalytic domain of glutamin synthetase
adenylyl transferase, modifies the tyrosine 77 of Rabl by AMPy-
lation or adenylylation, i.e., the addition of a AMP moiety
(Miiller etal., 2010). This PTM inhibits GAP-stimulated GTP
hydrolysis, thus locking Rabl in the GTP-bound active state,
and finally allows ER recruitment at the surface of the LCV
(Figure 3).

The activation of Rab1 by SidM is counteracted by two others
Dot/Icm effectors, SidD and LepB (Figure 3). SidD removes AMP
from Tyr77 of Rab1 (Neunuebel et al., 2011; Tan and Luo, 2011) by
a protein phosphatase-like catalytic mechanism, as suggested by
structural analysis (Rigden, 2011). DeAMPylation of Rab1l makes
it accessible for GAP activities, such as that exhibited by LepB.
Despite any similarity with eukaryotic Rab-GAPs, LepB harbors a
Rab1-specific GAP activity that promotes GTP hydrolysis and sub-
sequent removal of Rabl from the LCV (Ingmundson et al., 2007;
Mihai Gazdag etal., 2013). Consistent with the SidD-dependent
action of LepB, the phenotype of a lepB mutant is similar to that
of a sidD mutant, i.e., a prolonged localization of Rab1 on the LCV
(Neunuebel etal., 2011).

Two additional Dot/Icm effectors target the Rabl GTPase for
PTM and participate to the temporal control of its activation
during Legionella infection cycle. AnkX harbors a novel PTM
activity, namely phosphocholination, that transfers a phospho-
choline moiety from CDP-choline to serine 76 of Rabl, preceding
the SidM-modified tyrosine (Mukherjee etal., 2011; Figure 3).
Although the biological effect of this PTM of Rabl is not com-
pletely deciphered, it results in the same biochemical consequence
as the SidM-mediated AMPylation, i.e., locking Rab1 in the active
form. Like AMPylation, phosphocholination is reversible. The
Dot/Icm effector Lem3 has been recently shown to possess an
antagonistic activity to that of AnkX by removing the phospho-
choline from the Ser76 of Rabl (Tan etal., 2011; Goody etal.,
2012). Thus, Rabl is directly targeted and its activity is con-
trolled by four different Dot/Icm effectors that catalyze different
PTMs.

It is noteworthy that ubiquitination, mediated by the Dot/Icm
effectors SidC and SdcA, could also participate to ER recruitment
on the LCV. The Dot/Icm effector SidC and its paralog SdcA were
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FIGURE 3 | Post-translational modifications of small GTPase Rab1 by
L. pneumophila for LCV biogenesis. The ER recruitment on the LCV is
orchestrated by four Dot/lcm effectors-mediated PTMs. SidM releases
Rab1 from GDI with its GEF activity. SidM then modifies Rab1 by
AMPylation, i.e., the addition of a AMP moiety. This PTM locks Rab1 in
the GTP-bound active state, and finally allows ER recruitment at the
surface of the LCV. SidD removes AMP from Rab1, making it accessible

Legionella pneumophila

for GAP activities, such as that exhibited by LepB. LepB promotes GTP
hydrolysis of Rab1, removing it from the LCV. AnkX harbors a novel PTM
activity, the phosphocholination, that transfers a phosphocholine moiety to
Rab1, resulting in the same effect that the SidM-mediated AMPylation,
i.e., locking Rab1 in the active form. The Dot/lcm effector Lem3 possesses
an antagonistic activity to that of AnkX by removing the phosphocholine
from Rab1.

proposed to function as vesicle fusion tethering factors involved
in the recruitment of ER vesicles on the LCV (Luo and Isberg,
2004; Ragaz etal., 2008). Recently, infection by a WT L. pneu-
mophila strain was shown to mediate the mono-ubiquitination
of Rab1 on lysine 187 (Horenkamp etal., 2014). Given that cells
infected with the double mutant sdcA-sidC did not exhibit this
Rab1 PTM, it was assumed that Rab1 ubiquitination required the
Dot/Icm effectors SidC and SdcA. However, ectopic expression
of SidC or SdcA alone in HEK293 cells did not result in Rabl
ubiquitination, which suggests that neither SidC nor SdcA are E3
ubiquitin ligases. By contrast, another study demonstrated that
the N-terminal domain of SidC exhibits ubiquitin ligase activity
that catalyzes polyubiquitin chains formation and is necessary for
ER recruitment on the LCV (Hsu etal., 2014). According to the
authors, SidC does not seem to directly target Rabl but more
likely triggers a remodeling of proteins composition at the sur-
face of the LCV. Although the mono-ubiquination of Rabl would
be mediated by an indirect unknown mechanism and that the
substrates and impact of the SidC/SdcA-catalyzed polyubiquiti-
nation remains unclear, both these studies highlight the role of
ubiquitination in ER recruitment on the LCV.

UBIQUITINATION OF BAT3 COULD MITIGATE THE EFFECTS OF
DISRUPTING NORMAL VESICULAR TRAFFICKING

Legionella pneumophila co-opts host vesicular trafficking during
infection, in particular to recruit ER on the LCV surface. It can be
assumed that some Dot/Icm substrates are translocated to protect

host cells against the cytotoxic stress generated by the ER traf-
fic hijacking. Among them, the Dot/Icm effector LegU1 contains
an F-box domain and interferes with ubiquitin signaling. It can
be integrated into the functional SCF1 complex that confers E3
ubiquitin ligase activity. It specifically targets the host chaperone
protein BAT3, a key regulator of the ER stress response. LegU1
associates with BAT3 and mediates its polyubiquitination in vitro
(Ensminger and Isberg, 2010). Moreover, another translocated L.
pneumophila protein, Lpg2160, plays a role in this complex by
binding both the SCF complex and BAT3. These results suggest
that this multicomplex formation leads to BAT3 ubiquitination,
probably to modulate the ER stress response during infection
(Ensminger and Isberg, 2010).

PTMs FOR SUSTAINING Legionella INTRACELLULAR
REPLICATION

In the rough ER-like compartment of the LCV, L. pneumophila
proliferates in a so-called replicative form until vacuolar nutrients
become limiting. Polyubiquination of host cell proteins medi-
ated by a Legionella effector has been recently proposed to be
a bacterial strategy dedicated to generate sources of carbon and
energy needed for microbial proliferation in vivo (Price etal,
2011). Indeed, in addition to the CAAX farnesylation motif
described above, AnkB from L. pneumophila Philadelphia strain
harbors two ankyrin (ANK) protein—protein interaction domains
and a F-box domain. In both macrophages and protozoa, AnkB
functions as a bona fide F-box protein where it recruits Skpl,
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thus subverting the host SCF1 complex and functionning as a
platform for the docking of polyubiquitinated proteins to the
LCV membrane. The polyubiquitinated proteins assembled by
AnkB on the LCV are preferentially enriched for Lys48-linked
polyubiquitinated proteins, which is a hallmark for proteaso-
mal degradation, that generate 2-24 amino acid peptides (Price
etal., 2011). Interestingly, substitution of Lys48 to Arg abolishes
the decoration of the LCV with polyubiquitinated proteins and
blocks intracellular proliferation. Moreover, inhibition of protea-
some, or host amino- and oligo-peptidases that degrade the short
peptides generated by proteasomal degradation, blocks intracellu-
lar proliferation (Price etal., 2011). However, both inhibitions
are bypassed by excess amino acid supplementation. Together
these data strongly support that AnkB promotes proteasome-
mediated generation of free amino acids essential as energy
and carbon sources for L. pneumophila intracellular proliferation
(Figure 2).

It is noteworthy that in some L. pneumophila strains such as the
strain Paris, AnkB does not contain the CAAX motif. Given they do
not localize to the LCV, these AnkB homologues might not be key
effectors of L. pneumophila that generate nutrients for intracellular
growth. A yeast two-hybrid screen and co-immunoprecipitation
analysis identified ParvB as one target of the L. pneumophila F-
box protein AnkB encoded by strain Paris. ParvB, or affixin, is
known to play important roles in focal adhesion, cell spreading
and motility. Surprisingly, expression of AnkB led to a decrease
of ubiquitination of ParvB. Thus, it was proposed that L. pneu-
mophila modulates ubiquitination of ParvB by competing with
eukaryotic E3 ligases for the specific protein—protein interaction
site of ParvB. However, the role of AnkB in the infectious cycle
of L. pneumophila strain Paris remains unknown (Lomma etal.,
2010).

PTMs FOR CONTROLLING HOST CELL GENES EXPRESSION
PHOSPHORYLATION OF IxB FOR CONTROLLING THE NF-«B DEPENDENT
GENES TRANSCRIPTION

After phagocytosis, L. pneumophila resides and replicates in the
LCV within the host cytosol. Consequently, survival of the host
cell is necessary for successful replication. To prevent cell death,
some Dot/Icm translocated substrates interfere with pro-death
pathways (Laguna etal.,, 2006; Banga etal., 2007). A second
mechanism of preventing host cell death during infection is to
stimulate the NF-kB pathway, which results in up-regulation of
genes encoding anti-apoptotic proteins (Karin and Lin, 2002).
NF-kB homo- and heterodimers are master transcription regu-
lators of the mammalian innate immune response that control
the expression of almost 400 genes (Karin and Lin, 2002; Ahn
and Aggarwal, 2005; Hayden and Ghosh, 2008). NF-kB activa-
tion can result from sensing of pathogen associated molecular
patterns (PAMPs) by the pattern recognition receptors (PRRs),
which leads to activation of IkB kinases (IKKs). Once activated,
IKKs phosphorylate IkB family members, inhibitory proteins that
are bound to NF-k B subunits in the cell cytoplasm, thus triggering
IkB ubiquitination, IkB degradation, and subsequent transloca-
tion of NF-kB into the nucleus (Hayden and Ghosh, 2008). L.
pneumophila infection results in increased Dot/Icm-dependent
transcription of NF-kB subunits as well as NF-kB regulated genes

including pro-inflammatory cytokines and antagonists of apop-
tosis (Losick and Isberg, 2006; Abu-Zant etal., 2007; Shin etal.,
2008). Besides the engagement of PRRs with PAMPs, direct tar-
geting of the pathway by a Dot/Icm effector, namely LegKl,
has been demonstrated (Ge etal., 2009; Figure 2). LegK1 effi-
ciently phosphorylates IkB on Ser-32 and Ser-36 both in vitro
and in cells, thus mimicking the host IKKs. Ectopic expression
of the protein in mammalian cells results in activation of an
NF-kB-dependent promoter. The kinase activity is necessary for
this activation, as a point mutation in the ATP binding domain
or a catalytic residue abolishes NF-kB activity (Ge etal., 2009;
Losicketal.,2010), and cell-free reconstitution revealed that LegK1
stimulated NF-kB activation in the absence of IKKs (Ge etal.,
2009).

METHYLATION OF HISTONES FOR CONTROLLING HOST CELL GENE
TRANSCRIPTION

Legionella-containing vacuoles are studded with an increasing
number of ribosomes during the first 8 h after bacterial internal-
ization, after which the bacteria start to replicate in the vacuole.
Besides, transcription of rRNA genes (rDNAs) in the nucleolus
is known to be regulated by epigenetic chromatin modifica-
tions including histone H3 lysine (de)methylation. Recently, the
Dot/Icm LegAS4 from L. pneumophila Philadelphia strain was
shown to localize in the host nucleolus and promoted rDNA
transcription (Li etal., 2013; Figure 2). LegAS4 contains an
active SET-domain-sharing 35% sequence identity with eukary-
otic NSD2/3 Lys Histone Methyltransferases of the SET2 family.
Invitrostudies on histone H3 substrate, using methylation-specific
H3 antibodies, show that LegAS4 catalyses dimethylation of his-
tone H3 on Lys4 (H3K4me2). Consistently, ectopic expression
of LegAS4 in human cells is associated with increased levels
of H3K4me2 at rDNA promoters and the activation of the
transcription of these genes. LegAS4’s association with rDNA
chromatin is mediated by interaction with host HP1la/c. Dock-
ing of LegAS4 to these regions through binding to HP1, and
subsequent methylation of H3K4, might convert the epigenet-
ically silent state of rDNA genes to an active state methylated
H3. Stimulation of rDNA transcription might contribute to bac-
terial replication in two flavors. The enforced higher proliferation
potential of infected cells, resulting from activation of rDNA
transcription, could provide a better niche for bacterial repli-
cation. On the other hand, intracellular bacteria could exploit
host ribosome activity for its own survival advantages (Li etal,,
2013).

Interestingly, mass spectrometry analysis revealed that the
equivalent effector of LegAS4 from the L. pneumophila strain Paris,
named RomA (for regulator of methylation A) trimethylates in
vitro Lys14 of H3 (H3K14me3), a histone mark not previously
described in mammals (Rolando etal., 2013b). This epigenetic
mark was confirmed by systematic site-directed mutagenesis of
the lysine residues in the N-terminal tail of H3. It is notewor-
thy that while H3 methylation was almost completely decreased
when H3 was mutated on K14, RomA enzymatic activity appeared
to be also reduced on H3 carrying a mutated K4. However, no
H3K4 methylation was revealed in western-blot probed with anti-
H3K4me2 or H3K4me3 antibodies, thus suggesting that RomA
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only targets K14 of H3 and that H3K4 methylation could influ-
ence H3K14 methylation by being part of the motif required by
RomaA to bind to its substrate (Rolando et al., 2013b). By promot-
ing a burst of H3K14me3, RomA decreases H3K14 acetylation,
which is an activating mark, thus leading to repression of host gene
expression. In addition, ChIP-seq analysis identified 4,870 H3K14
methylated promoter regions, including at innate immune genes,
during Legionella infection.

Recently, the H3K14-specific methylation was shown to be
conserved in cells infected by seven different strains of L. pneu-
mophila, including the Philadelphia 1 (Lp02) strain (Rolando and
Buchrieser, 2014). Thus, there is more likely no different speci-
ficity of the methylation activities of LegAS4 and RomA, and
despite slight discrepancies about the biochemistry and the bio-
logical effect of these effectors, both these studies highlight the key
role of histone PTMs during Legionella infection (Figure 2).

GLYCOSYLATION OF EF1A FOR INHIBITING THE HOST CELL
TRANSLATION

In addition to controlling the host cell gene transcription, L.
pneumophila is able to inhibit the overall host cell translation.
L. pneumophila encodes three Dot/Icm effectors, namely Lgtl,
Lgt2, and Lgt3, that monoglycosylate the serine residue Ser53
of the GTPase domain of the host translational factor eEF1A
(eukaryotic Elongation Factor 1A), leading to the inhibition of
protein synthesis, and consequently to the death of the host cell
(Belyi etal., 2006). Although EF1A glycosylation seems to pro-
mote L. pneumophila pathogenesis, the biological role of this PTM
remains to be addressed. Because their activities cause the host
cell death, glysosyltransferases are usually considered like bacterial
toxins rather than molecular tools that hijack host cell pathways
to the benefit of the bacteria. However, it can be assumed that
the inhibition of host cell protein synthesis leads to the over-
all decrease of the host metabolism, which promotes the ability
of the bacteria to overcome the cellular response and conse-
quently to replicate (Belyi etal.,, 2011). Moreover, it has been
recently shown that Lgtl, Lgt2, Lgt3 plus two others Dot/Icm
effectors, Sidl and SidL that respectively, interacts with eEF1A
and eEF1B (Shen etal., 2009) and inhibit protein synthesis by an
unknown mechanism, are critical to control the host cell tran-
scription response to Legionella infection (Fontana etal., 2011).
In fact, these Dot/Icm effectors decrease the overall translation
of host cell proteins, among which the NF-kB inhibitor IkB, thus
promoting the activation of the NF-kB pathway. In that way, gly-
cosylation of eEF1A by these effectors and thus inhibition of host
cell translation could potentiate the activation of the NF-kB path-
way, already controlled by the IkB phosphorylation by LegK1, as
described above.

CONCLUSION

Given PTMs play key roles in the cellular biology, it is not surpris-
ing that interference with host PTMs is a strategy widely used by
bacterial pathogens to not only escape from host cell defences but
also to hijack host cell pathways to their benefit. However, recent
technological progresses in the detection of PTMs and advanced
functional studies of the host—bacteria relationship highlighted an
unexpected diversity of the PTMs triggered by bacteria and the

complexity of these processes in host—pathogen interactions, thus
making studies of bacteria-mediated PTMs an emerging field of
research.

Legionella pneumophila is a paradigm of a pathogenic bacteria
that evolved sophisticated biochemical strategies to successfully
infect and replicate into professional bacteria killer phagocytic
cells. In fact, L. pneumophila is a unique example for the co-
evolution of a bacterium with environmental hosts, namely
amoeba, that results in the acquisition of many genes encod-
ing proteins that can be secreted by the Dot/Icm T4SS and
trigger diverse PTMs into the host cells. Indeed, the large reper-
toire of Dot/Icm effectors enables the bacteria to phosphorylate,
alkylate, ubiquitinate, glycosylate, AMPylate, and phosphocholi-
nate specific host cell proteins. Noteworthy, L. pneumophila also
catalyze PTMs of its own proteins, namely some of Dot/Icm effec-
tors, to control their localization and/or their stability in the
host cell, and subsequently their activity during the infection.
Importantly, despite PTMs are usually catalyzed by eukaryotic-
like proteins, some of them are performed by enzymes that do
not exhibit similarity with their eukaryotic counterparts. More
interestingly, research on Dot/Icm effectors functional roles lead
to the discovery of a new PTM, namely the reversible phos-
phocholination, that may also be used by eukaryotic cells to
modulate cellular functions, as previously suggested by studies
that detected phosphoryl-choline substituted peptides secreted
by nematodes and from mammalian cells residing in the pla-
centa (Lovell etal., 2007; Grabitzki etal., 2008). AMPylation
had been also discovered by studying infections by V. para-
haemolyticus and H. somni, a human pathogen and the causal
agent of septicemia in cattle, respectively (Worby etal., 2009;
Yarbrough etal., 2009). These discoveries reveal that studies of
the relationship between pathogenic bacteria and their host cells
could lead the way to improve our knowledge of the eukary-
otic PTMs and complex cellular processes that are associated
to.

Interestingly, L. pneumophila targets host proteins that have
been already described to be preferential targeted for bacterial-
induced PTMs. This is the case of regulators of the NF-kB pathway,
which allows the bacteria to control both anti-apoptotic genes and
host immune response, like previously demonstrated for Shigella
flexneri (Kim etal., 2005), Salmonella typhimurium (Le Negrate
etal., 2008), L. monocytogenes (Gouin etal., 2010), and Yersinia
species (Mittal etal., 2006). Moreover, L. pneumophila joins those
bacteria that secrete effectors manipulating PTMs at histones
tails, allowing a fine-tuned regulation of host genes transcription
(Hamon and Cossart, 2008; Bierne, 2013; Rolando etal., 2013a).
These recent insights highlight the key role of both these pro-
cesses and their control by PTMs in the pathogenic bacteria—host
relationships.
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INTRODUCTION

Reversible protein phosphorylation, regulated by protein kinases and phosphatases,
mediates a switch between protein activity and cellular pathways that contribute to a
large number of cellular processes. The Mycobacterium tuberculosis genome encodes
11 Serine/Threonine kinases (STPKs) which show close homology to eukaryotic kinases.
This study aimed to elucidate the phosphoproteomic landscape of a clinical isolate
of M. tuberculosis. We performed a high throughput mass spectrometric analysis of
proteins extracted from an early-logarithmic phase culture. Whole cell lysate proteins were
processed using the filter-aided sample preparation method, followed by phosphopeptide
enrichment of tryptic peptides by strong cation exchange (SCX) and Titanium dioxide (TiO»)
chromatography. The MaxQuant quantitative proteomics software package was used for
protein identification. Our analysis identified 414 serine/threonine/tyrosine phosphorylated
sites, with a distribution of S/T/Y sites; 38% on serine, 59% on threonine and 3%
on tyrosine; present on 303 unique peptides mapping to 214 M. tuberculosis proteins.
Only 45 of the S/T/Y phosphorylated proteins identified in our study had been previously
described in the laboratory strain Hz7Rv, confirming previous reports. The remaining 169
phosphorylated proteins were newly identified in this clinical M. tuberculosis Beijing
strain. We identified 5 novel tyrosine phosphorylated proteins. These findings not
only expand upon our current understanding of the protein phosphorylation network
in clinical M. tuberculosis but the data set also further extends and complements
previous knowledge regarding phosphorylated peptides and phosphorylation sites in
M. tuberculosis.

Keywords: M. tuberculosis, phosphoproteomics, tyrosine phosphorylation, serine phosphorylation, threonine
phosphorylation

interest is the identification of proteins with post-translational

According to the World Health Organization (WHO), tubercu-
losis (TB) ranks as the second leading cause of death from an
infectious disease worldwide, after HIV (WHO|Global tubercu-
losis report 2014, 2014). It is estimated that one third of the
world’s population is infected with Mycobacterium tuberculosis,
the causative agent of TB and 8.6 million new TB cases were
reported in 2012 alone (WHO|Global tuberculosis report 2013,
2013). In order to control this epidemic there is a critical need for
the development of effective and affordable anti-TB therapy and
diagnostic tools.

Harnessing the power of the field of proteomics provides
a unique opportunity to identify novel protein candidates for
diagnosis and drug targets of pathogenic bacteria. Of particular

modifications (PTMs) as these modifications are often critical
to protein functions, such as regulating protein-protein interac-
tions, subcellular localization or modification of catalytic sites
(Seo and Lee, 2004; Gupta et al., 2007). Protein phosphoryla-
tion is an important reversible PTM that directly or indirectly
regulates signal transduction cascades linking the intracellular
and extracellular environments. In bacteria, protein phosphory-
lation plays a fundamental role in the regulation of key processes
ranging from metabolism and cellular homeostasis to cellular sig-
naling which can be mediated by two classes of phosphorylation
events (Cozzone, 1998). The underlying molecular mechanisms
regulating protein phosphorylation and dephosphorylation is of
great physiological importance due to its ability to ultimately
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affect protein activity, function, half-life or subcellular localiza-
tion (McConnell and Wadzinski, 2009). Until recently it was
thought that histidine/aspartate phosphorylation was the main
mediator of signal transduction in bacteria (Frasch and Dworkin,
1996). However, with the advancement of mass spectrometry-
based analyses serine/threonine and tyrosine kinases have been
identified in a number of different bacteria (Macek et al., 2007;
Macek and Mijakovic, 2011; Mijakovic and Macek, 2012).

The M. tuberculosis genome encodes 11 Serine/Threonine
kinases (STPK’s) (PknA, PknB, PknD, PknE, PknF, PknG, PknH,
Pknl, Pkn], PknK, PknL), two tyrosine phosphatases (PtpA,
PtpB) and 11 two-component systems, highlighting the complex-
ity of signaling network mediated by protein phosphorylation
and thereby their potential as drug targets (Chopra et al., 2003;
Koul et al., 2004; Sharma et al., 2004; Sala and Hartkoorn, 2011).
Prisic et al. described the Serine/Threonine (S/T) phosphoryla-
tion profiles of the laboratory strain M. tuberculosis H3;Rv under
6 different culture conditions (Prisic et al., 2010). This study iden-
tified 301 phosphorylated proteins after combining data from six
different culture conditions (Prisic et al., 2010) and identified
four phosphorylated STPKs, ribosomal and ribosome-associated
proteins as well as phosphorylated substrates which suggest that
protein phosphorylation provides a mechanism for regulating
key physiological process during infection. A more recent study
of Hz7Rv further expanded the knowledge of the phosphopro-
teome by identifying novel tyrosine (Y) phosphorylated proteins
in M. tuberculosis further supporting the broad regulation of its
physiology by phosphorylation (Kusebauch et al., 2014).

In this study we report the phosphoproteome of a previously
described clinical Beijing genotype M. tuberculosis isolate at early-
logarithmic growth phase in liquid culture to provide further
insight the influence of S/T/Y phosphorylation events on bacterial
growth and virulence (de Souza et al., 2010). We used a combi-
nation of strong cation exchange (SCX) with Titanium dioxide
(TiO,) enrichment in a mass spectrometry-based phosphopro-
teomic analysis of a hyper-virulent clinical M. tuberculosis isolate
(de Souza et al., 2010). We confirmed the presence of previ-
ously described M. tuberculosis phosphorylated proteins and also
identified novel phosphorylated proteins and sites. In addition,
this dataset identified novel tyrosine phosphorylation events, and
thereby confirmed that there are multiple tyrosine kinase targets
in this clinically relevant M. tuberculosis strain.

MATERIALS AND METHODS

CELL CULTURE AND LYSATE PREPARATION

A previously described hyper-virulent clinical Beijing genotype
Mycobacterium tuberculosis isolate, SAW5527, isolated from a TB
patient attending a primary health care clinic in the Western
Cape province, South Africa was used for this phosphopro-
teomics analysis (de Souza et al., 2010). Secondary cultures were
inoculated into 50 ml 7H9 Middlebrooks medium supplemented
with Dextrose and Catalase and incubated at 37°C until early-
logarithmic phase (ODggo between 0.6 and 0.7). Mycobacterial
cells were collected by centrifugation (2000 x g for 10 min at 4°C)
and washed two times with cold lysis buffer containing 10 mM
Tris-HCI (pH 7.4), 0.1% Tween-80, Complete Protease inhibitor
cocktail (Roche, Mannheim Germany) and Phosphatase inhibitor

cocktail (Roche, Mannheim Germany). An equal amount of
0.1 mm glass beads (Biospec Products Inc., Bartlesville, OK) was
added to the cell pellet after centrifugation together with cold
300 w1 lysis buffer and 10 1l DNasel (2U/ml) (NEB, New England
Laboratories). Lysis was achieved by mechanical bead-beating in
a Rybolyser (Biol01 SAVANT, Vista, CA) for 6 cycles of 20s at
a speed of 4.0 m.s™!, with 1 min cooling periods on ice. The
whole cell lysates were filter-sterilized with a sterile 0.22 um
pore acrodisc 25 mm PF syringe filter (Pall Life Sciences, Pall
Corporation, Ann Arbour, MI) and stored at —80°C. The pro-
tein concentration of the whole cell lysate was determined using
the RC DC Protein assay according to manufacturer’s instructions
(BioRad). A single biological replicate was analyzed in triplicate
for downstream phosphoproteomic analysis.

FILTER AIDED SAMPLE PREPARATION AND TRYPSIN DIGESTION

Four milligrams of concentrated whole cell lysate proteins was
heated in 4% SDS buffer and 0.1 M dithiothreitol (DTT) in
100 mM Tris/HCl pH 7.5. The samples were processed using Filter
Aided Sample Preparation (FASP) (Wisniewski et al., 2009). In
brief, 4 mg dried whole cell lysate protein was resuspended in
250 ] of urea (UA) and loaded onto a 15ml Amicon filtration
device (30 kDa MWCO) and centrifuged at 2000 x g for 40 min
at 25°C. After centrifugation, the flow-through was collected in
a clean falcon tube and discarded. The concentrated whole cell
lysate proteins in the filter unit were diluted in 2 ml 8 M Urea in
0.1 M Tris/HCl (pH 8.5) and re-centrifuged to remove the SDS.
The flow-through was discarded and the remaining proteins in
the filter unit were alkylated by mixing with 1.5 ml 50 mM iodac-
etamide (IAA) and incubated in the dark for 20 min to irreversibly
modify cysteine. The alkylated proteins were equilibrated with
2ml 50 mM ammonium bicarbonate (ABC) and digested with
trypsin (Promega) in a protein to enzyme ratio of 100:1 at 37°C
overnight. After trypsin digestion the filter unit is transferred to a
clean collection tube and the peptides were eluted by centrifuged
at 14 000 x g for 10 min. The eluted peptides were diluted in 50 1
water to avoid desalting for further processing of the peptide and
acidified with trifluoroacetic acid (TFA).

FRACTIONATION OF PEPTIDES BY STRONG CATION EXCHANGE (SCX)
Extracted trypsin digested peptides were diluted to a volume of
7ml in Solvent A (5 mM monopotassium phosphate (KH,POy)
30% acetonitrile (ACN), pH 2.7). The pH of the diluted pep-
tide samples was adjusted to 2.7 and made up to a volume of
10ml with 100% ACN. The respective peptide samples were
then separated at pH 2.7 by strong cation exchange (SCX ) by
loading each peptide mixture onto a cation exchanger column
(3.0mm x 20cm) (Poly LC, Columbia, MD) containing 5 um
polysulfoethyl aspartamine beads with a 200 A pore size and
a flow rate of 350 ul/min~! equilibrated with SCX solvent A.
The flow-through was collected and the bound peptides were
eluted from the columns using an increasing salt gradient (0—
30%) containing 5mM KH,PO4 pH and 150 mM KCl. A total
of 9 fractions were collected; 5 fractions generated by SCX based
on UV absorbance (220 and 280), 3 from the flow-through and
1 salvage fraction (containing washes from the cation exchanger
column) from the SCX column as an additional fraction.
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ENRICHMENT OF PHOSPHOPEPTIDES WITH Ti0, BEADS

All nine fractions (5 SCX, 3 SCX flow-through, 1 salvage frac-
tion) were subjected to Titanium dioxide (TiO;) phosphopeptide
enrichment. The TiO;,-beads,10 wm in size, (GL Sciences, Inc.,
Japan) was resuspended 30 mg/ml dihydrobenzoic acid (DHB)
(Sigma) to prevent non-specific binding. Each of the 9 fractions
was incubated 4 times with TiO; at a peptide to bead ratio of
1:2-1:8. Each fraction was rotated for 30 min, and then briefly
centrifuged (14,000g x 30s). The supernatants were aspirated
and transferred to a new labeled tube and the phosphopeptides
bound to the TiO,beads were washed twice with 30% ACN and
3% TFA followed by washing twice with 75% ACN and 0.3%
TFA. The enriched phosphorylated peptides were eluted with elu-
tion buffer containing 25% ammonia and ACN pH10. The eluted
phosphopeptides were desalted using in house prepared Cig
Stage tips.

LC-MS/MS ANALYSIS

The peptides were separated on a column packed in-house with
C18 beads (reprosil-AQ Pur, Rd Maisch) on an Proxeon Easy-nLC
system (Proxeon Biosystems, Odense, Denmark) using a binary
gradient with buffer A (0.5% acetic acid in water) and buffer B
(0.5% acetic acid and 80% ACN). The 4 pl of the enriched phos-
phopeptides from each of the 9 fractions were injected 3 times and
were loaded directly without any trapping column with buffer A
at a flow rate of 500 nl/min. Elution was carried out at a flow rate
of 250 nl/min, with a linear gradient from 10 to 35% buffer B
over a period of 95 min followed by 50% buffer B for 15 min. At
the end of the gradient the column was washed with 90% buffer B
and equilibrated with 5% buffer B for 10 min. The LC system was
directly coupled in-line with the LTQ-Orbitrap Velos instrument
(Thermo Fisher Scientific) via the Proxeon Biosystems nano-
electrospray source. The mass spectrometer was programmed to
acquire in a data-dependant mode with a resolution of 30,000
at 400 m/z with lock mass option enabled for the 445.120025.
However, the target lock mass abundance was set to 0% in order to
save the injection time for lock mass. For full scans 1E6 ions were
accumulated within a maximum injection time of 250 ms in the
C trap and detected in the Orbitrap mass analyser. The 10 most
intense ions with charge states >2 were sequentially isolated and
fragmented by high-energy collision dissociation (HCD) mode
in the collision cell with normalized collision energy of 40% and
detected in the Orbitrap analyser at 75,000 resolution. For HCD
based method, the activation time option in the Xcalibur file was
set to 0.1 ms. For the high-low strategy, full scans were acquired
in the Orbitrap analyser at 60,000 resolution as parallel acquisi-
tion is enabled in the high-low mode. Up to the 10 most intense
peaks with charge states >2 were selected for sequencing to a tar-
get value of 5000 with a maximum injection time of 25ms and
fragmented in the ion trap by HCD with normalized collision
energy of 35%, activation of 0.25 and activation time of 10 ms.

DATABASE SEARCH

The raw data acquired were processed using MaxQuant software
version (1.4.1.2) and processed as per default workflow. Since
HCD spectra were acquired in profile mode, deisotoping was
performed similar to survey MS scans to obtain singly charged
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FIGURE 1 | Growth curves of hyper-virulent M. tuberculosis Beijing
strain. Growth monitored over a 24 day period using ODggp measurements
in 7H9 Middlebrooks liquid media supplemented with dextrose and
catalase.

peak lists and searched against the M. tuberculosis H3;Rv protein
database (version R11 tuberculist.epfl.ch). The search included
cysteine carbamidomethylation as a fixed modification while
N-acetylation, oxidation of methionine and phosphorylation at
serine, threonine and tyrosine were set as variable modifications.
Up to two missed cleavages were allowed for protease digestion
and a peptide had to be fully tryptic. Identifications were fil-
tered at 1% FDR at three levels namely; site, peptide and protein
using reversed sequences. As such there is no fixed cut-off score
threshold but instead spectra were accepted until the 1% false
discovery rate (FDR) is reached. Only peptides with a minimum
length of 7 amino acids were considered for identification and
detected in at least one or more of the replicates. All phospho-
peptide spectra were manually validated by applying stringent
acceptance criteria: only phosphorylation events on S/T/Y with
a localization probability of >0.75 and PEP < 0.01 were used
for further analysis and reported as high confidence localized
phosphosites.

GENE ONTOLOGY ANALYSIS

The categorization of identified phosphorylated proteins in
terms of functional categorization, molecular function, biolog-
ical processes and cellular components was carried out using
TubercuList-Mycobacterium tuberculosis Database.

RESULTS

In this study we set out to analyse the phosphoproteome of a
hyper-virulent Beijing genotype M. tuberculosis isolate by extract-
ing whole cell lysate proteins at early-logarithmic growth (ODggo
of 0.8) (Figure 1) which resulted in the identification of 619
MS/MS spectra. The 274 LC-MS/MS spectra that fulfilled the cri-
teria for high confidence phosphosites identified a total of 414
(38:59:3%) S/T/Y phosphorylation sites present in 214 M. tuber-
culosis H37Rv proteins (Supplementary Table S2; Supplementary
Figure S1).
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Table 1| List of phosphopeptides identified in this and previous studies of M. tuberculosis.

Rv numbers Protein name Phosphopeptides Phospho-residue References

Rv0007 Rv0007 FISGASAPVTGPAAAVR Not known Prisic et al., 2010
FIS*GAS*APVT*GPAAAVR ST This study
FIS*GASAPVT*GPAAAVR ST This study

Rv0014c PknB AIADSGNSVTQTAAVIGTAQYLSPEQAR Not known Prisic et al., 2010
AIADSGNSVT*QT*AAVIGTAQYLSPEQAR T This study
AIADSGNS*VT*QTAAVIGTAQYLSPEQAR ST This study
TSLLSSAAGNLSGPRTDPLPR Not known Prisic et al., 2010
TSLLSSAAGNLS*GPRTDPLPR S This study
TSLLSSAAGNLSGPRT*DPLPR T This study

Rv0015¢ PknA RPFAGDGALTSVAMK T Prisic et al., 2010; This study

Rv0020c FhaA FEQSSNLHTGQFR Not known Prisic et al., 2010
FEQS*SNLHT*GQFR ST This study
HPDQGDY$PEQIGYPDQGGYPEQR Y Kusebauch et al., 2014; This study
QDYGGGADY®TR Y Kusebauch et al., 2014; This study
VPGY$APQGGGYAEPAGR Y Kusebauch et al., 2014; This study

Rv0175 Rv0175 AADSAESDAGADQTGPQVK Not known Prisic et al., 2010
AADSAESDAGADQT*GPQVK T This study

Rv0204c Rv0204c DPPT$DPNLR Prisic et al., 2010; This study

Rv0227¢ Rv0227¢ GGFEEPVPGAEAETEKLPTQRPDFPR Not known Prisic et al., 2010
GGFEEPVPGAEAETSEK T Prisic et al., 2010; This study

Rv0351 GrpE RIDPET#*GEVR T Prisic et al., 2010
IDPET*GEVR T This study

Rv0389 PurT AAGHQVQPQT®GGVSPR T Prisic et al., 2010; This study

Rv0410c PknG SGPGTQPADAQTAT#SATVRPL T O'Hare et al., 2008
S*GPGT*QPADAQTATSATVR ST This study
SGPGTQPADAQTAT*S*ATVRPLSTQAVFR ST This study
SGPGTQPADAQTAT*SAT*VR T This study
PLST#*QAVFRPDFGDEDNFPHPTLGPDTEPQDR T O'Hare et al., 2008
PLS*T*QAVFR ST This study

Rv0421c Rv0421¢c GLAEGPLIAGGHS*YGGR S Prisic et al., 2010
GLAEGPLIAGGHS*Y*GGR S;Y This study

Rv0440 GroEL2 KWGAPTITENDGVSIAK T Molle et al., 2006
WGAPTIT*NDGVSIAK T This study
AVEKVT#ETLLK T Molle et al., 2010
VTET*LLK T This study

Rv0497 Rv0497 RGDSDAITVAELTSGEIPIIR T Prisic et al., 2010; This study
T*GPHPETESSGNR T This study

Rv0685 Tuf PDLNET®KAFDQ T Sajid et al., 2011
VLHDKFPDLNET*K T This study

Rv0733 Adk LGIPQISTGELFR Not known Prisic et al., 2010
LGIPQIS*TGELFR S This study

Rv0822¢ Rv0822¢ VHDDADDQQDTEAIAIPAHSLEFLSELPDLR Not Known Prisic et al., 2010
VHDDADDQQDT*EAIAIPAHSLEFLSELPDLR T This study

Rv0896 GItA2 ADTDDTSATLR T Prisic et al., 2010; This study

Rv0931c PknD PGLTQTSGTAVG T Duran et al., 2005; This study
AASDPGLT*QT*GTAVGTYNYMAPER T This study
WSPGDS*AT*VAGPLAADSR ST This study
WSPGDSATVAGPLAADSR Not known Prisic et al., 2010
WSPGDS*AT*VAGPLAADSR ST This study
WSPGDS*ATVAGPLAADS*R S This study

Rv1388 MihF AQEIMTELEIAPTSRR T Prisic et al., 2010; This study

Rv1719 Rv1719 S$GGIQVIAR S Prisic et al., 2010This study

(Continued)
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Table 1| Continued

Rv numbers Protein name Phosphopeptides Phospho-residue References

Rv1746 PknF DDTRVS$QPVAV S Durén et al., 2005; This study

Rv1747 Rv1747 YPTGGQQLWPPSGPQR T Prisic et al., 2010
YPT*GGQQLWPPS*GPQR S;T This study
IPAAPPSGPQPR Not known Prisic et al., 2010
IPAAPPS*GPQPR S This study

Rv1820 IIvG STDTAPAQTMHAGR Not Known Prisic et al., 2010
STDT*APAQTMHAGR T This study

Rv1827 GarA DQTSDEVTVETTSVFR Not known Prisic et al., 2010
DQTSDEVT*VET*T*SVFR T This study
VTVETTSSVFRA T Prisic et al., 2010; This study
DQTSDEVTVETSTSVFR T Villarino et al., 2005; This study
DQT*SDEVTVET*TSVFR T This study
DQTSDEVT*VET*TSVFR T This study
DQTSDEVTVET*T*SVFR T This study
DQTSDEVT*VET*T*SVFR T This study

Rv2094c TatA VDPSAASGQDS*T*EARPA ST This study
AEASIETPTPVQSQR Not known Prisic et al., 2010
AEAS*IETPTPVQSQR S This study
AEASIETPT*PVQSQR T Prisic et al., 2010; This study
VDPSAASGQDSTEARPA Not known Chou et al., 2012
VDPSAASGQDST*EARPA T This study

Rv2127 AnsP1 ERLGHTSGPFPAVANPPVR T Prisic et al., 2010; This study

Rv2151c FtsQ VADDAADEEAVT#EPLATESK T Prisic et al., 2010; This study

Rv2197¢ Rv2197¢c MAEAEPATRPT*GASVR T Prisic et al., 2010; This study
MAEAEPAT#*RPTGASVR T Prisic et al., 2010
MAEAEPAT*RPT*GASVR T This study

Rv2198c MmpS3 ASGNHLPPVAGGGDKLPSDQTGETDAYSR Not known Prisic et al., 2010
ASGNHLPPVAGGGDKLPSDQT*GETDAY®SR TY Kusebauch et al., 2014; This study

Rv2536 Rv2536 ADDSPTGEMQVAQPEAQTAAVATVER Not known Prisic et al., 2010
AADTDVFSAVR Not known Prisic et al., 2010
AADT*DVFS*AVR T This study

Rv2536 Rv2536 EAPTSEVIR T Prisic et al., 2010; This study
ADDSPT*GEMQVAQPEAQTAAVAT*VER T This study
ADDS*PTGEMQVAQPEAQTAAVATVER S This study

Rv2606¢c SnzP MDPAGNPATGTSAR T Prisic et al., 2010; This study
MDPAGNPAT*GTAR T This study

Rv2694c Rv2694c RIPGIDTSGR T Prisic et al., 2010; This study

Rv2696¢ Rv2696¢ EAAAAQADT*QRQAAAGVAR T Prisic et al., 2010
EAAAAQADT*QR T This study

Rv2921 FtsY IDTSGLPAVGDDATVPR Not known Prisic et al., 2010
IDTS*GLPAVGDDATVPR S This study
IDT*SGLPAVGDDAT*VPR T This study
IDT*SGLPAVGDDAT*VPR T This study

Rv2940c Mas ALAQYLADTLAEEQAAAPAASS® S Prisic et al., 2010; This study

Rv2996¢ SerA1 SATTVDAEVLAAAPK Not known Prisic et al., 2010
SAT*TVDAEVLAAAPK T This study
S*ATTVDAEVLAAAPK S This study

Rv3181c Rv3181c LAALDST#DTLER T Prisic et al., 2010
LAALDST*DT*LER T This study

Rv3197 Rv3197 S*KDEVTAELMEK S Prisic et al., 2010

Rv3200c Rv3200c QSGADTVVVSSSETAGR S Prisic et al., 2010; This study
QSGADTVVVS*SETAGR S This study

(Continued)
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Table 1| Continued

Rv numbers Protein name Phosphopeptides

Phospho-residue References

Rv3248c SahH GVTEETTTGVLR
GVTEETT*T*GVLR
GVTEET*TTGVLR
TADTPPDDSGGLHAR
TADTPPDDS*GGLHAR
DPLTGGQSVADLMAR
DPLTGGQSVADLMAR
FDPEDTSEQLVIVGER
FDPEDT*SEQLVIVGER
LWQAEDDS*S*R
RLWQAEDDSSR

LAQVLDIDTSLDEDRLR

Rv3604c Rv3604c

Rv3801¢c

FadD32

Rv3817

Rv3817

Rv3868 EccA1

Not known Prisic et al., 2010

T This study

T This study

Not known Prisic et al., 2010

S This study

Not known Prisic et al., 2010

T Prisic et al., 2010; This study
Not known Prisic et al., 2010

T This study

S This study

Not known Prisic et al., 2010

T Prisic et al., 2010; This study

*Novel phosphorylated amino acid identified in this study.
#Phosphorylated residue identified in previous studies.
$ Phosphorylated residue identified in current and previous studies.

Of the 401 serine/threonine phosphorylation sites (pS/T), only
156 had been previously described for M. tuberculosis (Table 1).
Only 6 of 13 tyrosine phosphorylation sites (pY) has been pre-
viously described for M. tuberculosis (Kusebauch et al., 2014).
The remaining 245 pS/T and 7 pY were uniquely identified
in this study (Supplemental Table S2). To determine whether
phosphorylated proteins were differentially represented in any
particular cellular process, we grouped the phosphorylated pro-
teins based on their functional category according to Tuberculist
(Lew et al., 2011) (Figure 2). One hundred and seventy (79.4%)
of the phosphorylated proteins had an annotated function, while
the remaining 59 phosphorylated proteins (20.5%) were assigned
as hypothetical. The biological function of the annotated pro-
teins varied from transcription, translation, protein biosynthesis,
fatty acid metabolism to phosphorylation. Our analysis identified
phosphorylated forms of the 9 of the 11 M. tuberculosis STPK’s:
PknA, PknB, PknD, PknF, PknG PknE, PknH, PknJ, and PknL
(Table 2). Of these, phosphorylated forms of PknE, PknH, Pkn],
and PknL had not been previously described in M. tuberculosis.

We detected 13 Y phosphorylation sites located on 10 proteins
in M. tuberculosis during early-logarithmic growth. Six of the 13
Y phosphorylation sites (Table 3) were located on two proteins,
FhaA and MmpS3 (Kusebauch et al., 2014) and have recently
been described in a M. tuberculosis Hz7Rv at stationary growth
phase. The remaining 7 Y phosphorylated sites were uniquely
identified in this study. Amongst these with known annotations
were 2 virulence factors (GroS and GroEL2) and Ppa involved in
macromolecule biosynthesis.

A large number of proteins involved in intermediary
metabolism and respiration processes such as lipid and fatty acid
metabolism (KasB, FadD32, AccD4, and MmaA3) were found to
be phosphorylated in this study (Supplemental Table S2). In addi-
tion, several proteins from the ESX-1 type seven secretion system
(T7SS) in M. tuberculosis including EspR, EccA, CFP10, Espl,
EspL, EspB were amongst the identified phosphorylated proteins
(Supplemental Table S1). We also identified virulence factors such
Pks15, AceA5, FadD5, EsxB, KatG, GlpX, Rv2032, and PtbB that

were phosphorylated in this hyper-virulent M. tuberculosis strain
(Supplemental Table S2).

Of the 21 phosphorylated proteins involved in information
pathways, we identified 6 phosphorylated ribosomal proteins; two
phosphorylated small subunit (30S) ribosomal proteins (S3, S19),
and four large subunit (50S) ribosomal proteins (L3, L24, L29,
L31) with a total of 8 S/T phosphorylation sites. In addition, phos-
phorylated sites on the ribosomal proteins RpsS and RplX were
also identified (Table 4).

DISCUSSION

Here we report 214 phosphorylated proteins extracted dur-
ing early-logarithmic growth phase from a hyper-virulent clin-
ical Beijing genotype Mycobacterium tuberculosis isolate. These
proteins can be categorized into different biological functions
according to Tuberculist (Lew et al., 2011). The impact of
phosphorylation on these Hank’s type Ser/Thr kinases (STPKs),
phosphatases and their substrates, and the functional role of
phosphorylated residues still remains to be elucidated. However,
as in previous studies, the identification of phosphorylated
residues clearly suggests functional importance.

REGULATORY PROTEINS

In recent years, bacterial S/T/Y kinases and phosphatases have
been extensively investigated, with indications that they might
play a crucial role in pathogenicity. These Hank’s type kinases
have the ability to short-circuit the host defense mechanism since
they are mostly involved in key biological processes. We identi-
fied phosphopeptides from 9 of the 11 STPKs encoded by the
M. tuberculosis genome. This included both previously described
S/T phosphorylation sites (Boitel et al., 2003; Young et al., 2003;
Durén et al., 2005; Villarino et al., 2005; Molle et al., 2006; O’Hare
et al., 2008; Prisic et al., 2010; Sajid et al., 2011; Chou et al., 2012;
Kusebauch et al., 2014) and novel sites on these STPKs thereby
highlighting the complexity of the signal transduction mecha-
nism of this pathogen. Phosphorylated peptides were not detected
for Pknl and PknK. However MS/MS spectra for these peptides
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»

% proteins/functional category

1

F1 Lipid metabolism
F2 Information pathways
F3 Cell wall and cell processes

F6 PE/PPE

F7 Intermediary metabolism and respiration

F9 Regulatory proteins
F10 Conserved hypotheticals

Functional Categories

FO Virulence, detoxification, adaptation

FIGURE 2 | Functional classification of phosphorylated proteins. Percentage phosphorylated proteins per functional category were classified according to
Tuberculist. Number of phosphorylated proteins identified in each functional category depicted above the black bars.

Table 2 | Serine/threonine kinases and their phosphorylation sites identified in this study.

STPK Phosphorylated residue (position in protein) Phosphopeptides References
PknA T8, S0, T224 5299 301 T302 AAPAAIPS*GT*T*AR This study
VGVT*LS*GR This study
RPFAGDGALT#VAMK Prisic et al., 2010
PknB §169 T171 T173 5305, 7309 AIADSGNS*VT*QTAAVIGTAQYLSPEQAR This study
TSLLSSAAGNLS*GPRTDPLPR This study
AIADSGNSVT*QT*AAVIGTAQYLSPEQAR This study
TSLLSSAAGNLSGPRT*DPLPR This study
PknD T169 171, 332 T334 5343 5350 GGNWPS*QTGHSPAVPNALQASLGHAVPPAGNK This study
WSPGDS*AT*VAGPLAADSR This study
WSPGDS*ATVAGPLAADS*R This study
AASDPGLT*QT*GTAVGTYNYMAPER This study
PknE g304 LPVPSTHPVS*PGTR This study
PknF T289 5290 LGGAGDPDDT*RVS*QPVAVAAPAK This study
PknG §10, 714 T23 g24 726 g31 782 TS5 PLS*T*QAVFR This study
S*GPGT*QPADAQTATSATVR This study
SGPGTQPADAQTAT*S*ATVRPLSTQAVFR This study
PDFGDEDNFPHPTLGPDT*EPQDR This study
SGPGTQPADAQTAT*SAT*VR This study
PknH T LTQLGT*AVGTWK This study
PknJ g498 HLADLAS*IWRR This study
PknL G306 7309 S*RIT*QQGQLGAK This study

*Novel phosphorylation sites identified in this study.
#Phosphorylated residue identified in previous studies.

for these proteins were detected with mass spectrometry thereby
confirming the presence of these proteins (data not shown).

Of the phosphorylated STPKs, PknA, PknB, and PknG have
been shown to be essential for in vitro growth (Sassetti et al.,
2003) and to regulate cell growth and cell division and inter-
fere with host signaling pathways (Fernandez et al., 2006). PknE,
PknH, PknJ, and PknL have been implicated in the adapta-
tion to the extracellular environment or intracellular survival
of M. tuberculosis (Sharma et al., 2006; Lakshminarayan, 2009;
Arora et al., 2010; Parandhaman et al., 2014) which is in agree-
ment with reports that during early growth the bacilli undergo a
period of adaptation to their external environment (Stock et al.,
1989; Soares et al., 2013). PknE is involved in the suppression

of apoptosis during nitrate stress (Kumar and Narayanan, 2012)
and intracellular survival and adaptation to hostile environments
(Parandhaman et al., 2014). In M. tuberculosis, PknH controls
the expression of a variety of cell wall related enzymes and
regulates in vivo growth in mice (Zheng et al, 2007). PknJ
undergoes autophosphorylation and phosphorylates the Thr!8,
Thr'”!, and Thr'”? residues of Embr (a transcriptional regula-
tor), MmaA4/Hma (a methyltransferase involved in mycolic acid
biosynthesis) and PepE (a peptidase located adjacent to the pknJ
gene in the M. tuberculosis genome), respectively (Jang et al.,
2010). Lastly, PknL is involved in an adaptive response to nutri-
ent starvation. This kinase regulates transcription which allows
the bacilli to maintain metabolic activity without sourcing energy
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Table 3 | Tyrosine phosphorylation sites identified.

Rv number Protein name Tyrosine phosphopeptides Biological Function References

Rv0020c FhaA GGQGQGRPDEY*YDDR Signal transduction This study
GGYPPETGGYPPQPGY*PRPR This study
HEEGSY*VPSGPPGPPEQR This study
HPDQGDY®PEQIGYPDQGGYPEQR Kusebauch et al., 2014; This study
QDYGGGADY$TR Kusebauch et al., 2014; This study
VPGYSAPQGGGYAEPAGR Kusebauch et al., 2014; This study

Rv0421c Rv0421c GLAEGPLIAGGHS*Y*GGR Hypothetical This study

Rv0440 GroEL2 QEIENSDSDY$DREK Protein refolding Kusebauch et al., 2014; This study

Rv0613c RecC IVLAGY*DEELLER Exonuclease V gamma chain This study

Rv1513 Rv1513 HQDAFPPANY*VGAQR Hypothetical This study

Rv2198c MmpS3 ASGNHLPPVAGGGDKLPSDQT*GETDAY*SR Integral Membrane protein This study
AYS*APESEHVTGGPY®VPADLR Kusebauch et al., 2014
AYS*APESEHVT*GGPY*VPADLR This study

Rv3418c GroS Y*GGTEIK Response to stress This study

Rv3628 Ppa HFFVHY*K Phosphate metabolic process This study

# Previously identified pY site.
*Novel pY site identified in this study.
$pY site identified in current and previous studies.

Table 4 | List of phosphorylated ribosomal proteins identified in this study and other bacteria.

Protein name Protein name Phosphopeptides Phospho-residue References

rosC Streptomyces coelicolor Not known Not known Mikulik et al., 2011
M. tuberculosis NPES*QAQLVAQGVAEQLSNR S This study

AAGGEEAAPDAAAPVEAQSTES* S This study

rosS M. tuberculosis HVPVFVTES*MVGHK S This study

plC Streptomyces coelicolor Not known Not known Mikulik et al., 2011
Streptococcus pneumonia Not known Not known Zhang et al., 2000
Halobacterium salinarum Not known Not known Aivaliotis et al., 2009
M. tuberculosis IVWEVCSQCHPFYT*GK T This study

plX M. tuberculosis S*GGIVTQEAPIHVSNVMVVDSDGKPTR S This study

omC Streptococcus agalatiae FQAAAGQLEKT*AR T Burnside et al., 2011
Streptomyces coelicolor RERELGIET*VESA T Manteca et al., 2011
Listeria monocytogenes FQLATGQLENT*AR T Misra et al., 2011

DLSTTEIQDQEK Not known Misra et al., 2011

Lactococcus lactis MKLSETK Not known Soufi et al., 2008
M. tuberculosis ELGLATGPDGKES* S This study

romE Klebsiella pneumonia S*TVGHDLNLDVCGK S Lin et al., 2009
Halobacterium salinarum ASSEFDDRFVTVPLRDVTK Not known Aivaliotis et al., 2009
M. tuberculosis T*GGLVMVR T This study

*Novel pY site identified in this study.

from elsewhere (Lakshminarayan, 2009). Furthermore, we iden-  TYROSINE PHOSPHORYLATION

tified a number of STPK substrates that were phosphorylated
in clinical hyper-virulent M. tuberculosis strain (list not shown)
thereby highlighting the complexity of the phosphorylation regu-
latory network in M. tuberculosis. Even though the role of STPKs
in bacterial physiology is not yet fully understood the data pre-
sented here could underpin a targeted approach to improving
our understanding of STPK-mediated signal transduction mech-
anisms in M. tuberculosis.

The M. tuberculosis genome encodes for two putative tyrosine
phosphatases (PtpA and PtpB) but is not predicted to encode
tyrosine kinases (Cole et al., 1998; Bach et al., 2009). Most bac-
terial phosphorylation sites are on serine and threonine; a survey
of 11 bacterial phosphoproteomes revealed that S/T phospho-
rylation accounted for an average of 48 and 40% of phospho-
rylated sites, respectively, while tyrosine phosphorylation events
account for less than 10% of the overall phosphoproteome (Ge
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and Shan, 2011). Tyrosine phosphorylated proteins have been
previously shown to play important regulatory roles through
their involvement in biological functions such as exopolysaccha-
ride production, DNA metabolism, stress responses (Ge et al.,
2011; Whitmore and Lamont, 2012). Recently, Kusebauch et al.
identified tyrosine phosphorylated proteins in M. tuberculosis
and demonstrated that a number of STPKs can phosphorylate
tyrosine in either cis or trans (Kusebauch et al., 2014). This sug-
gests that STPKs have the ability to phosphorylate S/T/Y. In this
study we identified 13 tyrosine phosphorylation sites in 8 pro-
teins (Table 3). An overlap of three proteins (FhaA, MmpS3, and
GroES) and 6 tyrosine phosphorylated sites we similar between
this and the previous study (Kusebauch et al., 2014). Five of
the tyrosine phosphorylated proteins (FhaA, GroEL2, MmpS3,
GroES, and Ppa) identified in this study are essential for in vitro
growth (Sassetti et al., 2003; Griffin et al., 2011) and involved in a
variety of functions.

This study confirmed and expanded work by Kusebauch
et al., where multiple tyrosine phosphopeptides were identified
for FhaA. FhaA is a regulatory protein which has been impli-
cated in cell wall biosynthesis (Fernandez et al., 2006) and has
a strong association with PknA and PknB (Pallen et al., 2002;
Roumestand et al., 2011). We found that the highly S/T/Y phos-
phorylated FHA-domain contained 6 tyrosine phosphopeptides
of which 4 were previously been identified in H3;Rv (Kusebauch
et al., 2014). FhaA is a major substrate of PknB and has been
implicated in the formation of a regulatory complex with MviN
required for peptidoglycan biosynthesis (Warner and Mizrahi,
2012). In our dataset, we found that all three of the pro-
teins (PknB, FhaA, and MviN) in the regulator complex were
phosphorylated.

We also confirm the presence of a previously reported Y
phosphopeptide of MmpS3 and identified a second phospho-
peptide. MmpS3 forms part of the mycobacterial membrane
protein small family and is an essential protein for mycobac-
terial growth and cholesterol metabolism (Griffin et al., 2012).
The role of phosphorylation of this protein has yet to be
determined.

The two proteins GroEL2 and GroES have been identified as
potential candidates for antituberculosis treatment (Al-Attiyah
et al., 2006). We confirmed the presence of the Y phosphopep-
tide in GroEL2 identified in H3;Rv (Kusebauch et al., 2014).
Recently it has been shown that the antigen GroES is sufficient
to protect BALB/c mice against challenge infection (Lima et al.,
2003) and up-regulated in kanamycin and amikacin resistant iso-
lates (Kumar et al., 2013). Ppa is an inorganic pyrophosphate
and is involved in macromolecule biosynthesis. The M. tuber-
culosis Ppa is highly similar to a well conserved homolog of
Legionella. pneumophila PPase which is induced in macrophages,
although the M. tuberculosis PPa promotor is not respon-
sive to any specific intracellular triggers (Triccas and Gicquel,
2001).

VIRULENCE FACTORS

The identification of virulence factors is crucial in order to
improve our understanding of the mechanisms involved in patho-
genesis of M. tuberculosis. Several of the phosphorylated virulence

factors identified in this study were found to be involved in
basic metabolic pathways such a lipid and fatty acid metabolism,
secretion systems and response and adaptation to environmental
changes. The virulence factor KasB and key enzymes (FadD32,
AccD4, and MmaA3) in the mycolic acids biosynthesis path-
way were phosphorylated in this hyper-virulent M. tuberculosis
strain. The kasB gene is not essential for growth, however, the
deletion mutant, AkasB, resulted in an alteration in growth mor-
phology and loss of acid-fast staining (Bhatt et al., 2007). This
suggests that modification of this protein could influence the
synthesis of mycolic acids and thereby the pathogenicity of the
bacilli.

The specialized ESX-1 Type VII secretion system (T7SS),
unique to pathogenic mycobacteria is responsible for the secre-
tion of two culture filtrate proteins EsxA and EsxB (ESAT-6 and
CFP-10). These secretion systems have been shown to be involved
in virulence and are critical for intracellular survival (Bitter and
Kuijl, 2014) due to their ability to secrete proteins that lack clas-
sical signal peptides across the complex cell envelope to host
cells during infection (Houben et al., 2014, p. 5). M. tuberculo-
sis have several different ESX regions (ESX-1 to ESX-5) (Daleke
et al., 2012) with varying gene numbers and size for each of
these secretion machinery. In this study we found 6 T7SS proteins
to be phosphorylated in the hyper-virulent strain. In a previous
study, proteomics of whole cell extracts of this hyper-virulent
M. tuberculosis strain revealed an under-representation of viru-
lence factors such as ESAT-6 and Esx-like proteins (de Souza et al.,
2010). The authors showed the abundance of ESAT-6 gene expres-
sion was reduced in the hyper-virulent M. tuberculosis suggesting
that the low levels of this protein might be as a result of its abil-
ity to export these proteins more efficiently into the extracellular
environment (de Souza et al., 2010).

PROTEIN SYNTHESIS AND INTERACTIONS

The impact of phosphorylation on the functionality of riboso-
mal proteins is not fully understood. Mikulik et al. hypothesized
that phosphorylation of ribosomal proteins induces or stabilizes
conformational changes during proteins synthesis which could
allow modification of subunit association or changes in interac-
tions with proteins and RNAs (Mikulik et al., 2011). According
to the protein phosphorylation database, phosphopeptides of
RpmC have been identified in four different bacteria (Soufi et al.,
2008; Burnside et al., 2011; Manteca et al., 2011; Misra et al.,
2011). The implication of phosphorylation on RpmC has not
been investigated. However, in E.coli, RpmC, RplW and Trigger
factor are located at the exit tunnel in the ribosome, suggest-
ing that phosphorylation may impact on multiple stages of
transcription (Kramer et al., 2002). In our study we identified
phosphopeptides for 7 ribosomal proteins. We also identified
unique phosphopeptides on ribosomal proteins RpsS and RplX
(Table 3).

OVERLAP OF PHOSPHORYLATED PROTEINS WITH OTHER BACTERIA

Twenty-five of phosphorylated proteins identified in our study
were also identified in phosphoproteomics studies of other bac-
teria such as Klebsiella pneumonia (Lin et al., 2009), Helicobacter
pylori (Ge et al., 2011), Steptococcus pneumonia (Sun et al., 2010),
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Bacillus subtillis (Macek et al., 2007), Halobacterium salinarum
(Aivaliotis et al., 2009), etc. (Table 4). In our dataset the distri-
bution of S/T/Y seem to be bias toward pT and is in accordance
with previously described phosphoproteomes of M. tuberculosis
(Prisic et al., 2010; Kusebauch et al., 2014). Manual evaluation
of the genome found an over-representation of Threonine rel-
ative to Serine (52:48%). This compared to other bacteria such
as Acinetobacter baumannii (Soares et al., 2014), Bacillus sub-
tilis (Macek et al., 2007), Escherichia coli (Macek et al., 2008;
Soares et al., 2013) and Halobacterium salinarum (Aivaliotis et al.,
2009), Pseudomonas aeruginosa (Ravichandran et al., 2009), and
Streptomyces coelicolor (Parker et al., 2010) which demonstrate a
bias toward pS.

Forty-five of the phosphorylated proteins identified in our
study were previously described for M. tuberculosis H3;Rv (Boitel
et al., 2003; Young et al., 2003; Molle et al., 2004, 2006; Durdn
et al., 2005; Kang et al., 2005; Villarino et al., 2005; O’Hare et al.,
2008; Thakur et al., 2008; Prisic et al., 2010; Sajid et al., 2011; Gee
et al., 2012). The reason for not identifying all of the previously
identified phosphorylated proteins in the protein phosphoryla-
tion database could be ascribed to different genetic backgrounds
of the analyzed M. tuberculosis strains, culture conditions, sam-
ple preparation and different MS-based proteomics approaches
used in each of the studies. Our analysis was performed on a
hyper-virulent clinical isolate of M. tuberculosis and a member of
the Beijing genotype which is genetically distinct from the lab-
oratory strain M. fuberculosis H3;Rv analyzed by Prisic et al. and
Kusebauch et al. In addition, the Prisic et al. study reported on the
combined phosphoproteome from 6 different conditions (5 dif-
ferent culture conditions and 2 different growth phases) (Prisic
et al., 2010) while Kusebauch et al. reported on the phospho-
proteome of late-logarithmic phase cultures (Kusebauch et al.,
2014), whereas our study analyzed early-logarithmic phase cul-
tures. Even though the overlap between our study of clinical
M. tuberculosis and that of the previously described laboratory
M. tuberculosis Hz7Rv is low this work substantially extends our
knowledge of the M. tuberculosis phosphoproteome. During log-
arithmic growth phase of bacterial growth the cells are adapting
to the environment of the growth media and biological process
such as RNA synthesis, DNA replication and synthesis of micro-
and macromolecules are up-regulated. It is important to note
that in this study the whole cell lysate proteins were enriched
for phosphopeptides and we detected a number of phospho-
rylated proteins involved in these biological processes such as
fatty acid- and lipid biosynthetic metabolism; RNA modification
and translation; DNA repair, replication and modification. It is
believed that environmental conditions, cell density and growth
phase influence the expression of virulence factors by a pathogen
(Mclver et al., 1995). This is consistent other bacterial phospho-
proteomes, thereby emphasizing that S/T/Y phosphorylation is
an important process required for the regulation of numerous
cellular processes.

CONCLUSION

Recent developments in the methodology and mass spectrom-
etry technology for phosphoproteomics have highlighted the
need to explore the involvement of phosphorylation in disease

development and progression. However, the impact of the pro-
tein phosphorylation cascade on the physiology of pathogenic
bacteria such as M. tuberculosis has yet to be fully elucidated.
Improved preparative techniques and more sensitive instrumen-
tation are required to fully appreciate the complexity of protein
modification. This can only be achieved if concomitant methods
are developed to elucidate the impact of phosphorylation on pro-
tein function. Although this qualitative study was done in clinical
hyper-virulent M. tuberculosis, without any follow-up validation
studies it still provides a valuable resource for further investi-
gating and understanding the impact of protein phosphorylation
regulation in M. tuberculosis.
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Lantibiotics are ribosomally synthesized (methyl)lanthionine containing peptides which
can efficiently inhibit the growth of Gram-positive bacteria. As lantibiotics kill bacteria
efficiently and resistance to them is difficult to be obtained, they have the potential to
be used in many applications, e.g., in pharmaceutical industry or food industry. Nisin
can inhibit the growth of Gram-positive bacteria by binding to lipid Il and by making
pores in their membrane. The C-terminal part of nisin is known to play an important role
during translocation over the membrane and forming pore complexes. However, as the
thickness of bacterial membranes varies between different species and environmental
conditions, this property could have an influence on the pore forming activity of nisin. To
investigate this, the so-called “hinge region” of nisin (residues NMK) was engineered to
vary from one to six amino acid residues and specific activity against different indicators
was compared. Antimicrobial activity in liquid culture assays showed that wild type nisin
is most active, while truncation of the hinge region dramatically reduced the activity
of the peptide. However, one or two amino acids extensions showed only slightly
reduced activity against most indicator strains. Notably, some variants (+2, +1, —1, —2)
exhibited higher antimicrobial activity than nisin in agar well diffusion assays against
Lactococcus lactis MG1363, Listeria monocytogenes, Enterococcus faecalis VE14089,

Bacillus sporothermodurans |C4 and Bacillus cereus 4153 at certain temperatures.

Keywords: lantibiotics, nisin, hinge region, membrane, diffusion

INTRODUCTION
The increasing occurrence of multi-drug resistance (Davies and
Davies, 2010) has made the development of new antibiotics
a priority. Lantibiotics (lanthionine-containing antibiotics) dis-
play strong activity against Gram-positive pathogens and can
become a valuable addition to traditional antibiotics (van Heel
et al., 2011). Nisin (Figure 1), is the prototype lantibiotic from
Lactococcus lactis and it is active against Gram-positive bacte-
ria at the nanomolar range. The biosynthesis of nisin involves
ribosomal peptide synthesis, dehydration of serine and threo-
nine residues, cyclization via sulthydryl addition of cysteine to
a dehydrated residue, transportation of the precursor peptide
and proteolytic activation (Lubelski et al., 2008b). After ribo-
somal synthesis, nisin has a leader peptide part in front of the
core peptide and is called prenisin. The leader peptide guides
prenisin to NisB that dehydrates serines and threonines to form
dehydroalanines (Dha) and dehydrobutyrines (Dhb). NisC can
couple cysteines to dehydrated residues by an addition reaction,
resulting in five (methyl)lanthionine rings in the structure of
nisin. Subsequently, NisT transports the modified prenisin to the
outside of the cell. Prenisin can be activated by cutting off the
leader, a process that is catalyzed by the dedicated proteinase
NisP.

Nisin has two inhibition mechanisms (Wiedemann et al.,
2001; Breukink and de Kruijff, 2006): it binds to lipid II and
causes pore formation. Lipid II is located in the membrane and

plays an essential role in cell wall synthesis. Nisin can pass the
peptidoglycan layer of Gram-positive bacteria and can bind to
lipid II with the first two rings, which inhibits cell wall synthe-
sis and bacterial growth. After binding, the C-terminal part of
nisin will insert into the lipid bilayer, and subsequently a nisin
-lipid IT complex will be assembled (8:4) to form a pore complex
in the membrane, eventually killing the bacterium (Hasper et al,,
2004).

The so-called hinge region of nisin consisting of 3 amino acids
(NMK) is located between the first three rings and the last two
rings of nisin (see Figure 1). This region has been implicated to
play an important role during insertion of the C-terminus of nisin
into the membrane (Hasper et al., 2004). Mutagenesis of the hinge
region has been studied intensively (Lubelski et al., 2008b; Ross
and Vederas, 2011). The most recent research was conducted by
Healy et al. (2013). Two mutants (AAA and SAA) were rationally
designed based on random mutagenesis results, and the mutants
showed enhanced activity against specific indicator strains such
as Lactococcus lactis HP, Streptococcus agalactiae ATCC 13813,
Mpycobacterium smegmatis MC2155 and Staphylococcus aureus
RF122.

So far, there has been no systematic study performed on the
influence of the length of the hinge region on activity and spec-
trum. Nisin has to bend into the membrane and form a stable
pore complex, and the membrane thickness of the bacteria might
affect the activity of nisin. As we know, the thicknesses of bacterial
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membranes are affected by temperature (Cybulski et al., 2010)
and different species can have different membrane thicknesses.
To modulate the activity of nisin against bacteria with different
membrane thicknesses, varying the length of the peptide could be
effective. In the paper of Lubelski et al. (2008a), one to four ala-
nines were added behind lysine 22 of nisin and the activities of
these variants against L.lactis were tested, but the inhibition spec-
trum was not shown. In this current paper, the length of the nisin
hinge region was varied from 1 to 6 amino acids. The variants
were characterized by MS and activity assays on 10 different indi-
cator strains. Profound effects of the length of the hinge region
on the activity of the resulting peptides were demonstrated. This
study represents a first trial on the rational design of the length
of the hinge region assuming the difference in membrane thick-
ness of targeted bacteria is important for effective membrane
insertion.

MATERIALS AND METHODS

BACTERIAL STRAINS AND GROWTH CONDITIONS

The bacterial strains used in this study are listed in Table 1. L. lac-
tis strains were cultured in M17 broth supplemented with 0.5%
(w/v) glucose (GM17) or GM17 agar for genetic manipulation
or in minimal expression medium (MEM) for protein expression
at 30°C (Rink et al., 2005). E. faecalis, S. aureus, S. pneumo-
nia, and L. monocytogenes were grown in GM17 at 37°C or
GM17 agar at different temperatures for agar diffusion assay.
M. luteus was grown in Luria-Bertani broth shaken (200 rpm)
at 30°C or LB agar at 20°C for agar diffusion assay. Bacillus
strains were cultured in Brain Heart Infusion (BHI) shaken
(200 rpm) or BHI agar at different temperatures for agar diffusion
assay.

MOLECULAR CLONING

To obtain the hinge region variants, primers were designed to
modify the DNA sequence of specific amino acids. With these
primers (containing the modification on the 5" end), the full
plasmid was amplified. Phusion High-Fidelity DNA Polymerase
(Thermo Scientific) was used to perform the PCR (Sambrook and
Russell, 2001). PCR products were purified (Roche Switzerland)
and ligated according to the manufacturer of the ligase (Thermo
Scientific). The DNA sequence encoding the 43 variant was syn-
thesized commercially (Life Technologies). Preparation of com-
petent cells and transformation were performed as described
previously (Holo and Nes, 1995).

EXPRESSION, TCA PRECIPITATION AND TRICINE SDS-PAGE

The expression strain L. lactis NZ9000 contained plasmids
pIL3EryBTC and pNZnisA harboring different variants of the
hinge region. Cells were cultured at 30°C first in GM17 medium
with 4 pg/ml chloramphenicol and 4 pg/ml erythromycin until
OD (600 nm) reached 0.7, then centrifuged and resuspended in
MEM medium with 0.5% (w/v) glucose, 3 pg/ml chlorampheni-
col, 3 ug/ml erythromycin and 2nM nisin to induce. After 3h
induction, the supernatant was harvested. The supernatant of
small volume of fermentation (<10 ml) was concentrated by TCA
precipitation (Sambrook and Russell, 2001) and the concentrated
peptides were loaded on Tricine SDS-PAGE gel (Schigger, 2006)
to check the amount and purity.

PURIFICATION, CHARACTERIZATION AND QUANTIFICATION

>100 microgram of prenisin variants were purified by cation-ion
exchange, desalting and freeze-drying (van Heel et al., 2013). The
freeze dried peptides were dissolved and cut by trypsin overnight
at 37°C in 50 mM Tris-HCl (pH 6.8) to separate the leader and
core peptide. The digested product was further purified by HPLC
(Agilent 1260 Infinity LC) equipped with a semi-preparative
C12 column (Phenomenex 250 x 10 mm). The fractions were
collected, tested for activity against L. lactis and analyzed with
MALDI-TOF (van Heel et al., 2013). The active, fully dehydrated
and pure fractions were freeze-dried. The freeze-dried peptides
were dissolved with 0.05% acetic acid and first quantified by BCA
(Thermo Scientific), using pure nisin as standard. The prelim-
inary normalized peptides were further quantified with HPLC
with an analytical C12 column (Phenomenex 250 x 4.60 mm).
The concentration of the peptide was calculated by comparing
the area of absorption peak at 226 nm with the area of different
amount of pure nisin.

DETERMINATION OF THE MINIMUM INHIBITORY CONCENTRATION
(MIC)

The indicator strains were cultured until OD (600 nm) reached
0.5. Before MIC value test, the culture was diluted 1000 times
to make the concentration of cells around 5 x 10> per milliliter.
The test was performed using a temperature controlled plate
reader [Tecan200 (Tecan Group AG)] and 96 well plate (Greiner
Bio-one). 180l indicator strain culture mixed with 20 pl
hinge region analogs with final concentration from 0.031 pg/ml—
32 pg/ml was incubated at 30°C or 37°C for 18 h. OD (600 nm)
was checked every 30 min. For aerobic strains, 2 min of shaking
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Table 1| Strains and plasmids used in this study.

Strain or plasmids

Characteristics

References

STRAIN
Lactococcus lactis NZ9000
PLASMIDS
pIL3EryBTC
pNZ8048
pNZnisA
pNZnisA H-2
pNZnisA H-1
pNZnisA H+1L
pNZnisA H+1V
pNZnisA H+11
pNZnisA H+2

pNZnisA H+3

Indicator strains

Lactococcus lactis MG1363
Enterococcus faecalis VE14089
Staphylococcus aureus
Micrococcus luteus
Streptococcus pneumonia R6
Listeria monocytogenes
Bacillus sporothermodurans 1C4
Bacillus cereus (L'29) 16
Bacillus cereus 4147

Bacillus cereus 4153

nisRK

nisBTC, encoding nisin modification machinery, EryR?@

Nisin inducible promoter in shuttle vector

nisA, encoding nisin, CmR?, inserted in pNZ8048

nisA, encoding nisin, with methionine and lysine in the hinge region deleted

nisA, encoding nisin, with methionine in the hinge region deleted

nisA, encoding nisin, with leucine inserted behind asparagine in the hinge region
nisA, encoding nisin, with valine inserted behind asparagine in the hinge region
nisA, encoding nisin, with isoleucine inserted behind asparagine in the hinge region
nisA, encoding nisin, with isoleucine and valine inserted behind asparagine in the
hinge region

nisA, encoding nisin, with isoleucine, valine and leucine inserted behind asparagine
in the hinge region

Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator
Nisin sensitive indicator

Kuipers et al., 1997

van Heel et al., 2013
de Ruyter et al., 1996
van Heel et al., 2013
This study

This study

This study

This study

This study

This study

This study

Gasson, 1983
Rigottier-Gois et al., 2011
Lab collection

Lab collection

Lab collection

Lab collection

TIFN collection

TIFN collection

TIFN collection

TIFN collection

@EryR, erythromycin resistance; CmR, chloramphenicol resistance.

was performed before every check. The concentration of peptide
without observed growth of indicator strains was considered as
the MIC value.

AGAR WELL DIFFUSION ASSAY

For the agar well diffusion assay, the same cultures as in the MIC
value test were used and diluted 200 times with solid media.
Identical sizes of wells (7.5 mm diameter) were made and 2 pg
of hinge region analogs dissolved in 20 pl 0.05% acetic acid were
added. The plates were incubated at different temperatures for
at least 1 day until apparent halos appeared. For activity test at
low temperature, the indicators were diluted in the same way
but poured into smaller plates (52mm diameter). The plates
were incubated at 4°C overnight before the peptides were added.
B. sporothermodurans 1C4 and B. cereus 4153 were first incubated
with the peptides at 4°C for 2 weeks then moved to 30°C and
incubated overnight. The diameters of the halos were measured.

RESULTS

THE HINGE REGION WAS VARIED FROM ONE TO SIX AMINO ACIDS
The hinge region is a positively charged and flexible part of
nisin. According to previous mutagenesis results, incorporat-
ing negatively charged amino acids into the hinge region will
greatly reduce the activity, while small, polar, hydrophobic or
positively charged amino acids incorporation did not reduce the
activity dramatically (Ross and Vederas, 2011). Therefore for

Table 2 | Sequence of the hinge region variants.

Name Hinge region

-2 N

-1 NK

Wild type NMK

+1 NLMK
NVMK
NIMK

+2 NIVMK

+3 NIVLMK

this research, the nonpolar and hydrophobic amino acids valine,
leucine and isoleucine were chosen to elongate the hinge region
and inserted between the asparagine residue and methionine
residue. In the two amino acids truncation variant, methionine
and lysine were deleted. And in the one amino acid truncation
variant, methionine was deleted. Table 2 shows the sequence of
the hinge-region variants.

THE HINGE REGION VARIANTS SHOW DIFFERENT EXTRACELLULAR
EXPRESSION LEVELS

The nisin-inducible two plasmids expression and modification
system (Kluskens et al., 2005) was used to express nisin and the
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FIGURE 2 | Comassie stained tricine SDS-PAGE gel. (A) TCA precipitated
hinge region analogs. 1.8 ml supernatant was concentrated to 100 pl solution
by TCA precipitation and 15 pl was loaded on the gel. Lane 1, protein marker
(Thermo Scientific), the molecular weight are indicated on the left, from low
to high are 10kDa, 15kDa and 25kDa; Lane 2-8, hinge region analogs.
Lane 2, —2; Lane 3, —1; Lane 4, wild type; Lane 5, +1(valine); Lane 6,

14,3kDa

6,5kDa

3,4kDa

BEAL 3 21

+1(leucine); Lane 7. +2; Lane 8, +3. The dimer of the —2 variant is indicated
by an arrow. (B) Purified hinge region analogs (3 ng peptides were loaded per
well). From left to right are —2 (lane 1), —1 (lane 2), wild type (lane 3), +1
(leucine) (lane 4), +2 (lane 5), +3 (lane 6) and the protein marker (Biolabs)
(lane 8). The molecular weight of the marker are indicated, from low to high
3.4kDa, 6.5kDa, and 14.3kDa.

hinge region variants. In Figure 2A the production of different
hinge region variants is compared by loading TCA precipitated
supernatants on a tricine SDS-PAGE gel. From lane 4 we can see
that nisin is produced at a good amount. The —2 (lane 2),—1
(lane3) and 42 (lane 7) variants showed an almost equal level of
production compared to nisin. The +3 (lane 8) variant showed
about half the amount of production. However, the +1 (lane
5 and lane 6) variants showed about 100 times lower produc-
tion than wild type. And this deficiency did not change when
the inserted amino acid was changed from isoleucine (data not
shown) to valine or leucine. As the leucine insertion analog
showed a slightly improved production level, in the following
experiments, the +1L was used.

VARIATION OF THE HINGE REGION DOES NOT CHANGE THE DEGREE OF
DEHYDRATION OF THE PEPTIDE EXCEPT FOR THE —2 PEPTIDE

The dehydrated residues and the (methyl)lanthionine rings are
very important for the activity of lantibiotics. And these modifi-
cations are catalyzed by NisB and NisC (Lubelski et al., 2008b).
However, varying the length of the hinge region can change the
distance between the modifiable residues and the leader and affect
the behavior of NisB and NisC. To make sure the variants were
fully modified, MALDI-TOF was used to assess the dehydration
extent of the peptides (Table 3). The mass of the TCA precipi-
tated peptides indicated that the —2 peptide was dehydrated 7
times and other analogs were fully dehydrated (—8 H,O). Also
the —2 analog has more tendency to form a dimer (see arrow in
Figure 2A), and this has been confirmed by western blot (data not
shown). However, by large scale purification, the 8 times dehy-
drated —2 variant was also obtained through isolation by HPLC
(Table 3). Figure 2B shows the purified peptides.

VARYING THE LENGTH OF THE HINGE REGION CHANGES THE
ANTIMICROBIAL ACTIVITY OF NISIN, IN A TARGET-SPECIFIC WAY

The MIC values of 10 different indicator strains were assessed for
the hinge region mutants and wild type. Literature indicates that
Staphylococcus and Micrococcus commonly have thinner mem-
branes, while Streptococcus and Lactococcus lactis have a thicker

Table 3 | Molecular mass of hinge region analogs detected by
MALDI-TOF.

Hinge Number of TCA Peptides after large
region dehydration precipitated scale purification
analogs prepeptides (without leader)
Predicted Observed Predicted Observed
mass(Da) mass(Da) mass(Da) mass(Da)
-2 8 54279 3095.7 3093.1
7 54459 54475 3113.7
-1 8 5556.1 5560.1 3223.9 3224.2
WT 8 56873 5686.9 3355.1 3353.5
+1L 8 5800.7 5800.7 3468.5 34674
+2 8 5899.6 5899.2 35674 3564.4
+3 8 6012.8 6013.8 3680.6 3681.0

membrane (Bierbaum and Sahl, 2009). In Table 4, the strain-
specific activities of hinge region variants are shown. To compare
activity of all analogs, the residual activity of analogs of nisin
were calculated. From the ratio, we can see wild type nisin has
the best activity against all indicators. The —2 variant lost most
of the activity. One amino acid deletion was also detrimental for
the activity, but against S. pneumoniae and B. sporothermodurans,
which grow slowly, the —1 variant showed less reduced activity
than other analogs. One or two amino acids elongation changed
the activity only modestly. Against Enterococcus faecalis, the +1
showed better activity than +2, while against Listeria monocy-
togenes, Bacillus cereus 4147 and 4153, the +2 variant showed
relatively higher activity. Activity against Staphylococcus aureus
was dramatically reduced when changing the length of the hinge
region.

ACTIVITY OF HINGE REGION ANALOGUES IN SOLID MEDIA

The antimicrobial activity of the hinge region analogs in solid
media were tested by an agar well diffusion assay. The diameters
of the halos were measured and the residual activity of the analogs
were estimated according to the formula of the relationship
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Table 4 | Minimum inhibitory concentration (MIC) of the hinge-region variants against representative Gram-positive strains, determined in

liquid culture.

Indicators

MIC value (png/ml)

Residual activity of variants
compared to nisin (%)?

-2 -1 WT +1 +2 +3 -2 -1 WT +1 +2 +3
Enterococcus faecalis VE14089 >32 >32 1.7 4 5.3 >8 <6 <6 100 37 30 <21
Listeria monocytogenes >8 >8 2 8 4 >8 <25 <25 100 25 50 <25
Bacillus cereus 4147 >32 >32 4 16 8 16 <13 <13 100 25 50 25
Bacillus cereus 4153 >32 >32 4 16 8 32 <13 <13 100 25 50 13
Lactococcus lactis MG1363 0.5 1 0.03 0.125 0.125 0.25 6 3 100 25 25 13
Bacillus cereus (L'29) 16 >32 >32 4 16 16 32 <13 <13 100 25 25 13
Micrococcus luteus >8 >8 2 8 8 8 <25 <25 100 25 25 25
Streptococcus pneumoniae R6 8 4 1 6 4 8 13 25 100 17 25 13
Bacillus sporothermodurans 1C4 3 0.75 0.375 1 1 2 13 50 100 33 33 17
Staphylococcus aureus >16 16 0.5 8 >8 >16 <3 3 100 6 <6 <3

4The percentage of residual activity was calculated by dividing the MIC value of nisin by that of the analogs.

between the concentration of nisin and the sizes of halos. We
made use of the fact that the size of the halo is directly related
to the log of nisin concentration. Of course this is an estimate
of activity of the variants because any changes in diffusion of
the variant bacteriocin or growth rates of indicator bacteria dur-
ing the assay could also affect the size of the halo. (Table 5 and
Supplementary Figure 1). The plates were shown in supplemen-
tary data (Supplementary Figures 2-8). As we can see, nisin did
not always show the best activity. More specifically, against L. lac-
tis, L. monocytogenes and E. faecalis, the +2 variant showed a
higher or equal activity compared to nisin. And the +1 variant,
which is not as efficient as the 42, also displayed almost equal or
better activity than nisin. In contrast to the MIC value test in lig-
uid culture, the —2 variant showed large halos in the plate activity
test against these three strains. And against L. lactis at 20°C, the
inhibition zone was larger than nisin. The —1 variant showed
about 30% residual activity against L. lactis and L. monocytogenes
at all tested temperatures. However, against E. faecalis, the —1
variant showed an increased activity when the temperature goes
higher (from 21 to 140%). Notably, against B. sporothermodurans,
the —1 variant showed an apparently larger halo than nisin, which
is in accordance with the MIC value test. And the +2 variant also
showed higher activity than nisin. The Bacillus cereus are diffi-
cult to be inhibited by nisin, and the +2 variant displayed either
equal or higher plate activity than nisin at 30°C (Supplementary
Figure 8). The M. luteus grows quite fast at room temperature and
only the +2 variant retained 55% of the activity of nisin. Against
S. aureus, the analogs displayed dramatically reduced activity. And
in this case, the +1 variant displayed relatively higher activity
than the +2 variant. In all the cases, the +3 variant displayed
dramatically reduced activity.

THE INHIBITION CAPABILITY OF NISIN AND +2 VARIANT AT LOW
TEMPERATURE

Some food spoilage bacteria e.g., Bacillus cereus and Listeria
monocytogenes, can grow at low temperature. In this research, sev-
eral kinds of bacteria were chosen to test their sensitivity to nisin
and the hinge region analog 42 at low temperatures (Figure 3).

The L. lactis and L. monocytogenes grow well at 4°C. After 1 week,
big halos can be seen in the plates. Against L. lactis, nisin showed
an apparently larger halo than the 42 variant, which are different
from the results at higher temperature. Against L. monocytogenes,
both wild type and the 42 displayed high activity but the wild
type can inhibit the growth of bacteria a bit more efficiently
than +2. B. cereus 4147 cannot grow at 4°C but grow well at 12°C.
However, the +2 variant also showed lower activity than nisin at
this temperature. As the Bacillus did not show apparent growth
after incubated with the peptides at 4°C for 2 weeks, the plates
were moved to 30°C and incubated overnight. In this case, the
Bacillus grow fast and various sizes of colonies were shown. As the
figure shows, the wild type displayed significantly higher activ-
ity than +2 against B. sporothermodurans, while against B. cereus
4153, the 42 variant showed a modestly larger halo than nisin.

DISCUSSION

Nisin inhibits the growth of Gram-positive bacteria by binding to
lipid I, inserting into the membrane and forming stable pores in
the membrane. However, the thicknesses of the membrane vary
between different species and growth conditions. This difference
can affect the activity of the peptide. For example, some lantibi-
otics with shorter length, e.g., epidermin (Bonelli et al., 2006),
gallidermin (Bonelli et al., 2006), mutacin 1140 (Smith et al,
2008) and bovicin HC5 (Paiva et al., 2011), display lipid II bind-
ing activity but only form pores when the targeted bacteria or
liposomes have a thinner membrane (not exceeding 40 A). These
results indicate that the length of the lantibiotics, especially at the
C-terminal part, could be optimized to efficiently inhibit growth
of bacteria with different membrane thicknesses. In this paper, the
length of the hinge region of nisin was varied to make the peptides
have different lengths of C-terminus.

Three similar amino acids (I, V, L) were used to elongate
the hinge region at the same position (between N20 and M21).
Notably, all 41 variants showed an extremely low production
level. Since the dehydration extent of the 41 variant was nor-
mal and since this peptide showed good activity, the modification
machinery seems to work properly. To understand the reasons for
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Table 5 | Activities of the hinge region analogs in agar well diffusion assay.

Indicators T (°C) Diameter of the halos (mm) T (°C) Residual activity (%)?
-2 -1 wt +1 +2 +3 -2 -1 wt +1 +2 +3

L. lactis MG1363 20 16.0 14.0 15.5 15.8 16.2 1.0 20 120 33 100 122 140 5
20 16.8 14.9 16.8 n.d. 171 12.5 30 91 17 100 14 3
30 15.8 13.5 16.1 n.d. 16.3 1.0
30 16.1 13.4 16.1 n.d. 16.3 n.d.

L. monocytogenes 20 17.0 14.8 173 16.8 178 1.8 20 82 19 100 72 139 3
30 15.8 13.8 15.8 n.d. 16.0 1.0 30 76 29 100 114 3
30 15.0 14.2 16.0 n.d. n.d. 10.2

E. faecalis VE14089 20 17.5 16.5 19.0 18.5 19.5 15.0 20 36 21 100 72 144 6
20 17.6 17.0 19.2 n.d. 19.8 14.5 30 77 72 100 88 9
30 15.0 14.9 15.4 n.d. 15.2 1n.7 37 76 140 100 82 101 14
37 12.3 13.6 13.3 n.d. 13.1 10.2
37 13.3 14.0 13.3 13.0 13.5 10.5

M. luteus 20 7.5 7.5 12.1 8.5 1.2 8.0 20 0 0 100 9 b5 7

S. aureus 20 8.0 8.0 10.8 8.8 8.5 7.5 20 16 16 100 27 22

B. sporothermodurans 1C4 30 n.d. 15.0 12.5 n.d. 13.8 9.0 30 522 100 236 10

aThe residual activity is estimated according to a standard curve of various nisin concentrations plotted against diameter (halo diameter is directly related to log of
nisin concentration). Improvements in residual activity are indicated in gray. n.d.: not determined.

Amount of Diameter of the halos Plates
Indicators peptides (ug) | (mm)
WT +2 WT +2

L. lactis MG1363 1 37 345

L. monocytogenes 2 45 44

B. cereus 4147 2 14 13

B. sporothermodurans 1C4 1 10

B. cereus 4153 4 34

FIGURE 3 | Activity of nisin and +2 variant in solid media at low temperature.

the low production level, additional different amino acids could
be inserted at different positions of the hinge region. Especially
since previously it was shown that inserting an alanine at the end
of the hinge region (NMKA) did not affect the production level
(Lubelski et al., 2008a).

Specific activity of the variants was tested against different
indicators. As the hinge region connects the first three rings and
the intertwined rings of nisin, deletion of one or two amino acids
will reduce the flexibility of the peptide and the pore formation

activity will be weakened or abolished. The results show that
these truncations are detrimental for activity against all indi-
cators, which proves that the flexibility of the hinge region is
important for the activity of nisin. This has also been shown
before by proline-proline containing variants (Kuipers et al.,
1996). Elongation of the hinge region can potentially enhance
the activity of peptides against those bacteria with thicker mem-
brane. In this paper, one or two amino acids extensions only
modestly reduced the activity. This indicated that a slightly longer
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hinge region did not greatly affect the function of nisin and
the pore formation activity could still be performed. The rela-
tively lower activity is probably because the addition of leucine
(+1), or isoleucine and valine (42) changed the amphipathic-
ity of the C-terminus of nisin, due to which the peptide cannot
perform the pore formation efficiently. If the added amino acids
and position of the insertion can be randomly changed, probably
higher activity can be obtained. According to the literatures, some
point mutants in the hinge region showed enhanced or modestly
reduced activity, e.g., N20 (PK), M21(V,K,G), K22(T,S) (Yuan
et al., 2004; Field et al., 2008) and the combinations of AAK,
NAI, SLS, AAA and SAA have been shown to have high activ-
ity (Healy et al., 2013). These residues can be good candidates
to elongate the hinge region. Furthermore, the elongated variants
showed 16 times or more reduced activity against Staphylococcus
aureus, which indicates significant strain specificity of the +1
and +2 variants. This bacterium was described to have a thin-
ner membrane (Bonelli et al., 2006), but whether longer peptides
have reduced activities against bacteria with thinner membranes
needs to be further proven.

As it can be seen, the peptides showed different inhibition
capability in the solid media compared to the MIC value test. This
can be related to the growth differences of the strain and diffu-
sion rate of the peptides. Against some indicators (e.g., M. luteus,
S. aureus), the hinge region analogs did not show any advan-
tages compared to nisin, and nisin showed much better activity
than the 42 variant at low temperatures, which indicate that after
a long time of evolution, nisin has more advantages than the
analogs in most of the conditions.

Increasing the activity of nisin is very hard, because it is already
evolutionary optimized against its natural targets. But engineer-
ing of nisin can change the properties of the peptide and the
analogs can be applied against specific targets. To be used as
a valuable antimicrobial reagent, the production level is very
important. The +1 variant is not suited in this respect although
the activity is relatively high. The —2 variant is also not a good
candidate for application because of the incomplete dehydration.
The +2 variant showed good properties and can be specifically
used to inhibit growth of L. lactis MG1363 and L. monocytogenes
at room temperature or higher, B. cereus 4153 in refrigerator or
at 30°C in solid media. Both the +2 and —1 variant can be used
to inhibit growth of B. sporothermodurans IC4 at 30°C in solid
media. It has been shown that the thickness of the lipid bilayer is
affected by temperature and the membrane will become thinner
as the temperature goes up (Szekely et al., 2011). In this research,
the activities of hinge region analogs against E. faecalis showed
temperature dependence in the agar well diffusion assay. As the
temperature goes up, the peptide with a shorter hinge region
(—1 variant) displayed higher activity. So the —1 variant can be
applied at 37°C in solid media against E. faecalis. At room temper-
ature, this bacterium grows more slowly, and then the +2 variant
can inhibit its growth more efficiently. This study shows that by
engineering the length of the hinge region of nisin, variants with
a changed host range can be obtained, but that the effects are very
host range- and temperature dependent. Moreover, some vari-
ants display better activity in a solid test medium, while being
worse in liquid culture. Thus, the choice of wild-type or variant

nisin will depend on the specific application, temperature and
matrix.
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The discovery of tyrosine-phosphorylated proteins in Bacillus subtilis in the year 2003
was followed by a decade of intensive research activity. Here we provide an overview
of the lessons learned in that period. While the number of characterized kinases and
phosphatases involved in reversible protein-tyrosine phosphorylation in B. subtilis has
remained essentially unchanged, the number of proteins known to be targeted by
this post-translational modification has increased dramatically. This is mainly due to
phosphoproteomics and interactomics studies, which were instrumental in identifying new
tyrosine-phosphorylated proteins. Despite their structural similarity, the two B. subtilis
protein-tyrosine kinases (BY-kinases), PtkA and PtkB (EpsB), seem to accomplish different
functions in the cell. The PtkB is encoded by a large operon involved in exopolysaccharide
production, and its main role appears to be the control of this process. The PtkA seems
to have a more complex role; it phosphorylates and regulates a large number of proteins
involved in the DNA, fatty acid and carbon metabolism and engages in physical interaction
with other types of kinases (Ser/Thr kinases), leading to mutual phosphorylation. PtkA also
seems to respond to several activator proteins, which direct its activity toward different
substrates. In that respect PtkA seems to function as a highly connected signal integration
device.
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substrate specificity

Bacillus subtilis POSSESSES 2 BY-KINASES (PtkA AND
PtkB), ONE COGNATE PHOSPHATASE (PtpZ), AND TWO
PUTATIVE PHOSPHOTYROSINE-PROTEIN PHOSPHATASES

YfkJ AND YwlIE

The first report of proteins being phosphorylated on tyrosine
residues by a protein-tyrosine kinase in Bacillus subtilis was pub-
lished by Mijakovic et al. (2003). At the time it was known that
some other bacteria, such as Escherichia coli and Streptococcus
pneumoniae, encode proteins that autophosphorylate on tyro-
sine residues in their C-terminal domains (Vincent et al., 1999;
Morona et al., 2000). These autokinases were shown to be impli-
cated in regulating the synthesis of extracellular polysaccharides
(Wugeditsch et al., 2001; Bender et al., 2003), and were later
named BY-kinases (abbreviation of “bacterial tyrosine kinases”;
Grangeasse et al., 2007). Proteins belonging to the BY-kinase fam-
ily exhibit a surprisingly low degree of sequence homology, with
the only conserved features being the catalytic site composed of
the Walker A, A’ and B motifs and the autophosphorylation region
in their C-termini (Shi et al., 2014b). BY-kinases were identified
in B. subtilis based on sequence homology with E. coli Wzc and

Keywords: protein phosphorylation, BY-kinase, phosphotyrosine-protein phosphatase, regulatory network,

S. pneumoniae CpsB (Mijakovic et al., 2003). B. subtilis possesses
two BY-kinases, originally known as YwqD and YveL, which were
renamed PtkA and PtkB, respectively (Mijakovic et al., 2005a).
PtkB is also known as EpsB (Kearns et al., 2005). One finding
that emerged during the initial functional characterization of the
B. subtilis BY-kinases had a broad impact on the field: BY-kinases
not only can autophosphorylate, they can also phosphorylate
other cellular proteins, and thus regulate their functions. The
first reported BY-kinase substrate was the UDP-glucose dehydro-
genase Ugd (YwqF), which was found to be phosphorylated by
the B. subtilis PtkA (Mijakovic et al., 2003). The Ugd homolog
in E. coli was also found to be phosphorylated by the PtkA
homolog, Wzc (Grangeasse et al., 2003). The second B. subtilis
BY-kinase, PtkB, was initially not biochemically characterized due
to its insolubility (Mijakovic et al., 2003). Genes encoding PtkA
and PtkB are adjacent to genes encoding their respective trans-
membrane activators, TkmA (YwqC) and TkmB (YveK). These
proteins have two transmembrane helices with a large extracellu-
lar loop between them, and short cytosolic termini, responsible
for the interaction with the cytosolic kinase. Structures of some
BY-kinases have been resolved, and notably that of CapB from
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Staphylococcus aureus (Olivares-Illana et al., 2008) has provided
a number of important structural and functional insights. BY-
kinases from Firmicutes form octamers, in which the C-terminus
of one subunit enters the active site of the adjacent subunit
where it gets phosphorylated. Upon trans-autophosphorylation,
the BY-kinase octamers dissociate, and this may have impor-
tant functional consequences, which are discussed in the next
section.

Bacillus subtilis possesses one polyhistidinol phosphatase-like
phosphotyrosine-protein phosphatase, PtpZ (YwqE; Mijakovic
et al., 2005a), which dephosphorylates PtkA and its known sub-
strates. PtkA and PtpZ are encoded by the same operon, and
thus seem to act in concert. In addition to PtpZ, there are two
low molecular weight phosphotyrosine-protein phosphatases in
B. subtilis: YWIE and YfkJ (Musumeci et al., 2005). Yfk] and YwIE
were both suggested to play a role in ethanol stress resistance in
B. subtilis, but the exact mechanism of this regulation has not been
clarified (Musumeci et al., 2005). The crystal structure of YwIE has
recently been solved (Xu et al., 2006), and this phosphatase has
also been reported to dephosphorylate arginine-phosphorylated
CtsR (Fuhrmann et al., 2009). There is overwhelming recent
evidence in support of its role in dephosphorylating arginine-
phosphorylated proteins (Schmidt et al., 2014).

The last review of the state-of-the art concerning protein-
tyrosine phosphorylation in B. subtilis, comprising the above
mentioned findings, was published almost a decade ago
(Mijakovic et al., 2005b). In the perspectives section of that paper
it was argued that the next step in the field should be a systematic
search for tyrosine-phosphorylated proteins, exploring the pos-
sibility that kinases phosphorylate multiple substrates. Another
highlighted perspective was the possibility that kinases cross-react
with alternative activator proteins and possibly other kinases. As
will be discussed in the following sections, these predictions have
been to a large extent validated by recent developments in the

field.

LESSONS LEARNED OVER THE LAST DECADE: PtkA

IS A HIGHLY CONNECTED REGULATORY DEVICE,
PHOSPHORYLATING MANY SUBSTRATES AND REGULATING
VARIOUS CELLULAR PROCESSES

Investigations of the B. subtilis phosphoproteome started in the
era of gel-based proteomics (Lévine et al., 2006), but the first
identification of tyrosine-phosphorylated sites came with the gel-
free site-specific phosphoproteomics (Macek et al., 2007). Sub-
sequently, a number of phosphoproteomics studies mapped an
increasing number of tyrosine-phosphorylated proteins (Eymann
et al., 2007; Soufi et al., 2010; Ravikumar et al., 2014). All of
the mentioned site-specific phosphoproteome studies, except for
Ravikumar et al. (2014), focused on a single experimental point,
typically in exponential stage, but in different media. For example,
the dataset in Macek et al. (2007) was obtained in LB, Soufi et al.
(2010) report the data for the minimal medium with phosphate
starvation, etc. The overlap among the reported phosphorylation
sites in these different studies is very limited. This can be partly
explained by the diversity of the B. subtilis phosphoproteome
in different stages of growth, which was reported by Ravikumar

et al. (2014), highlighting the highly dynamic nature of this
reversible modification (Nicolas et al., 2012). But it is also plausi-
ble to presume that the reported phosphoproteomes are far from
exhaustive due to technical limitations of our current approaches.
Ongoing phosphoproteomics studies indicate that the size of
the detected bacterial phosphoproteomes is likely to increase
dramatically due to new methods for phosphopeptide enrich-
ment. The incompleteness of published phosphoproteomes, and
the apparent low level of conservation of phosphorylation sites,
seriously limit the performance of available predictors of pro-
tein phosphorylation (Iakoucheva et al., 2004; Miller et al,
2009).

The phosphoproteomics results immediately invited the ques-
tion whether PtkA or PtkB could phosphorylate any of these
newly-identified tyrosine-phosphorylated proteins. There are no
known motifs for substrate recognition by PtkA and PtkB, thus
the only way to answer this question was to examine the substrate-
kinase relationships experimentally. In vitro follow-up studies
indicated that PtkA can indeed phosphorylate many of them
(Mijakovic et al., 2006; Jers et al., 2010; Figure 1). Nevertheless,
tyrosine kinases different from BY-kinases are likely to be present
in bacteria. For example, phosphoproteome studies with Liste-
ria monocytogenes, a close relative of B. subtilis, revealed about
a dozen tyrosine-phosphorylated peptides (Misra et al., 2011,
2014). However, no protein resembling BY-kinases is present in
this pathogen.

The consequences of PtkA-dependent phosphorylation vary
considerably depending on its substrate. Phosphorylation of Ugd
led to an increase in its UDP-glucose dehydrogenase activity,
and thus production of UDP-glucuronate (Mijakovic et al., 2003;
Petranovic et al., 2007). Unphosphorylated tyrosine 70 occupies
the active site of Ugd and thus obstructs substrate binding.
Phosphorylation displaces tyrosine 70 from the active site and
hence activates Ugd function (Petranovic et al., 2009). PtkA also
phosphorylates and activates the aspartate dehydrogenase Asd,
which converts aspartyl-phosphate to a semi-aldehyde (Jers et al.,
2010). A number of substrates phosphorylated and activated
by PtkA are involved in single-stranded DNA-metabolism; these
include the ssDNA-binding proteins SsbA (Ssb) and SsbB (YwpH;
Mijakovic et al., 2006) and the ssDNA-specific exonuclease YorK
(Jers et al., 2010). Phosphorylation of these proteins has been
linked to the cell cycle and DNA replication phenotype of the
AptkA mutant (Petranovic et al., 2007), although the details of
the underlying mechanism are not clear. PtkA-dependent phos-
phorylation directly regulates the activity of the protein sub-
strates mentioned above (Ugd, Asd, SsbA, SsbB, YorK), but that
is not the only possible outcome of substrate phosphorylation.
In case of other tyrosine-phosphorylated proteins revealed by
phosphoproteomics: Ldg, Eno, YnfE, YjoA, and YvyG, the PtkA
did not control their activity, but seems to be required for their
proper cellular localization (Jers et al., 2010). There are also cases
where PtkA-dependent phosphorylation had no detectable effect
on either activity or localization; such is the case of the peptide
transport protein OppA (Jers et al., 2010). PtkA and its cognate
phosphatase PtpZ have also been linked with biofilm formation,
although their precise roles in this process remain elusive (Kiley
and Stanley-Wall, 2010).

Frontiers in Microbiology | Microbial Physiology and Metabolism

January 2015 | Volume 6 | Article 18 | 109


http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Mijakovic and Deutscher

Protein-tyrosine phosphorylation in Bacillus subtilis

[ Asp-semialdehyde

<

PtkA
N, fatty acid oxidation

FIGURE 1 | Architecture and protein substrates of B. subtilis
BY-kinases. (A) Schematic structure of the ptkA and tkmA genes, encoding
the kinase and its activator, respectively. (B) Network of BY-kinases and
their substrates in B. subtilis. Proteins are colorcoded: BY-kinases are
shown in red, kinase activators in green and substrates in yellow.
Phosphorylation reactions are indicated with red arrows. Substrate
physiological role is indicated next to substrate whose activity is affected by
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phosphorylation. Substrates whose subcellular localization is affected in the
AptkA strain are grouped together. The substrate activity is regulated by
phosphorylation as follows: Ugd (UDP-glucose dehydrogenase)—activated,
Asd (aspartate semialdehyde dehydrogenase)—activated, FatR (repressor
of fatty acid oxidation)—inactivated, SsbA and SsbB (ssDNA binding
proteins)—activated, YorK (ssDNA exonuclease)—activated, EpsE
(glycosyltransferase)—activated.

While the phosphoproteomics studies continue to provide a
growing list of tyrosine-phosphorylated proteins, they do not
provide direct evidence for physiological links between these
phosphoproteins and kinases and phosphatases responsible for
their phosphorylation state. Another global approach, the inter-
actomics, has recently provided important insights in that direc-
tion (Shi et al., 2014a). A global two-hybrid interactomics study
focused on B. subtilis BY-kinases and cognate phosphatases as
initial baits revealed a large network of 137 interactions, linking
82 proteins. The capacity of the network to reveal new BY-
kinase substrates was demonstrated immediately. The first such
characterized substrate was the fatty acid-regulated transcrip-
tional factor FatR, which interacted with TkmA in two hybrid
experiments. The transcription regulator was subsequently shown
to be phosphorylated by PtkA/TkmA on a tyrosine residue, which
plays a key role in FatR interaction with its DNA binding site

(Derouiche et al., 2013). Phosphorylation of FatR led to a loss
of interaction with DNA, and derepression of its target operon
involved in hydroxylation of polyunsaturated fatty acids. Further
substrates of PtkA revealed by interactomics were the general
recombinase RecA and the cell division protein DivIVA (Shi et al.,
2014a), but these have not yet been characterized beyond the
in vitro phosphorylation studies. The interaction network also
provided a number of proteins interacting with both a kinase and
a phosphatase, strongly indicating that they may be the substrates
of both.

Interestingly, not all BY-kinase interacting proteins turned out
to be substrates. The BY-kinases and their respective activators
are encoded by a single gene, and thus exist as fusion proteins
in Proteobacteria. In Firmicutes, they are encoded by separate
genes, and thus theoretically capable of dissociating from one
another. Based on this, we have been speculating for some time
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that BY-kinases may indeed dissociate from their canonical trans-
membrane activators and interact with other proteins, which may
act as alternative activators (Shi et al., 2010). The interaction
network in B. subtilis provided first evidence for this. We have
previously pointed out that PtkA exhibits significant homology
with two other Walker motif-containing proteins, MinD and SalA
(Mijakovic et al., 2005b). Both MinD and SalA were revealed as
PtkA interactants (Shi et al., 2014a). While neither MinD nor
SalA possess kinase activity, they both exhibit the capacity to
activate PtkA kinase function (Shi et al., 2014a). MinD specifically
activates kinase autophosphorylation (Shi et al., 2014a). Our
recent results suggest that SalA behaves more like the canonical
modulator TkmaA, it activates both kinase autophosphorylation
and substrate phosphorylation, but the Ptk/SalA complex exhibits
different substrate specificity than the PtkA/TkmA complex. This
suggests that the purpose of alternative activators for PtkA could
be to expand and diversify its substrate pool. Protein localiza-
tion studies also support the notion that PtkA cycles among
different activators in the cell. When ptkA and tkmA were jointly
overexpressed as fluorescent protein fusions, they co-localized at
the membrane during the exponential phase, but PtkA left the
membrane and became cytosolic in the stationary phase (Jers
et al., 2010). In the absence of overexpression, PtkA localized at a
single cell pole in a significant fraction of cells in the exponential
phase, and this localization was MinD dependent (Shi et al.,
2014a). It therefore seems plausible that TkmA, MinD, and SalA
represent three alternative anchoring points for PtkA, directing its
localization and activity toward different substrates throughout
the cell cycle.

PtkB: AN INSULATED REGULATORY DEVICE, REGULATING
ONLY EXOPOLYSACCHARIDE PRODUCTION?

PtkB is encoded by a large eps operon involved in production
of exopolysaccharides (Elsholz et al., 2014) and biofilm devel-
opment (Gerwig et al., 2014). PtkB phosphorylates at least one
enzyme encoded by the same operon, the glycosyl-transferase
EpsE (Elsholz et al., 2014). This phosphorylation mechanism has
been described as a positive feedback loop, in which exopolysac-
charides act through the transmembrane activator protein TkmB
(EpsA, YveK). According to Elsholz et al. (2014 ), in the presence of
exopolysaccharides TkmB prevents autophosphorylation of PtkB
and diverts its activity toward the substrate: EpsE. Phosphorylated
EpsE is activated, and consequently the production and export
of exopolysaccharides increases. This is a very surprising find-
ing, since it has never been reported that autophosphorylation
and substrate phosphorylation can be mutually antagonistic in
any BY-kinase. In fact, the structural data suggest quite the
opposite. The octamer structure of the BY-kinases represents the
conformation in which the kinase active sites are inaccessible
to substrates (Olivares-Illana et al., 2008). Autophosphorylation
triggers octamer dissociation, and theoretically renders the active
sites of the kinase accessible to substrates. It will therefore be very
interesting to investigate the structural context of PtkB inactiva-
tion by autophosphorylation. Whatever the mechanism of PtkB
regulation is, the phenotype of AptkB and the present studies
suggest its involvement uniquely in a single process, the produc-
tion of extracellular polysaccharides during biofilm development

(Elsholz et al., 2014; Gerwig et al., 2014). However, one should
not prematurely conclude that PtkB is an insulated regulatory
device. Firstly, the role of PtkB is partially complemented by
PtkA with respect to biofilm development (Gerwig et al., 2014).
Further, interactomics data suggest the ability of Tkm/PtkA and
TkmB/PtkB to switch partners, at least at the protein—protein
interaction level (Shi et al., 2014a). This suggests a possibility of
promiscuity also at the level of substrate phosphorylation. Finally,
in the two hybrid screen PtkB interacted directly with MinD,
PolA, RpoB, and MutL, which are the key players of housekeeping
processes such as division, replication, transcription, and damage
repair (Shi et al., 2014a). These interactions in a high confidence
network are very likely to have physiological significance, and thus
suggest that PtkB may be involved in coordinating exopolysaccha-
ride synthesis with other key cellular processes.

EMERGING PROPERTIES OF THE BY-KINASE REGULATORY
NETWORK IN B. subtilis: RAPIDLY EVOLVING BY-KINASES
ADOPT NEW SUBSTRATES AND ENGAGE IN INTERACTION
WITH OTHER TYPES OF KINASES

A recent study compared the sequences of BY-kinases from all
available bacterial genomes, in an attempt to understand their
evolutionary history (Shi et al., 2014b). One surprising finding of
that study was the apparent hyper-mutability of BY-kinase genes.
The synonymous substitution rate in BY-kinase genes was com-
parable to other bacterial genes. However, the non-synonymous
substitution rate in BY-kinase genes was about threefold higher
compared to the control. This indicates that BY-kinases accumu-
late mutations at an increased rate. One direct consequence of
this phenomenon is no detectable co-evolution between kinases
and their known substrates. This lack of co-evolution means
that BY-kinases are promiscuous and can phosphorylate substrate
homologs from different bacteria (Shi et al., 2014b). This promis-
cuity toward substrates thus seems to be “hard-wired” in the
evolutionary setup of BY-kinases. Why would bacteria maintain
such promiscuous regulatory devices? One possible explanation
that was put forward is the maintenance of BY-kinases as rapidly
evolving regulators, which can readily adopt new substrates when
environmental changes impose selective pressure for rapid evolu-
tion of new regulatory modules (Shi et al., 2014b). In that sense,
BY-kinases should be seen as sensing/regulatory devices at the
forefront of rapid adaptation.

Eukaryal serine/threonine and tyrosine kinases are known
to form complex cascades of mutual activation, in which
one kinase phosphorylates another (cross-phosphorylation), and
which serve as signal integration and amplification devices
(Nishida and Gotoh, 1993). No evidence of such cascades existed
in bacteria until two very recent studies, in Mycobacterium tuber-
culosis (Baer et al., 2014) and B. subtilis (Shi et al., 2014c). Baer
et al. (2014) reported cross-phosphorylation among mycobac-
terial serine/threonine kinases of the Hanks type, while Shi
et al. (2014c) detected extensive cross-phosphorylation among
serine/threnonine kinases of several distinct families (Hanks type,
two-component-like, HprK/P) and the BY-kinases. The BY-kinase
PtkA thus engages in extensive cross-phosphorylation interplay
with other kinases. In addition to being able to switch activators
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FIGURE 2 | Cross-phosphorylation among PtkA and serine/threonine
kinases from B. subtilis. Proteins are color-coded: BY-kinases are shown in
red, kinase activators in green and serine/threonine kinases in blue. If known,
activating signals for serine/threonine kinases are shown with gray arrows.
Phosphorylation reactions catalyzed by PtkA are shown with red arrows and

CARBOHYDRATES

those catalyzed by the serine/threonine kinases with blue arrows. Adapted
from Shi et al. (2014c¢). FBP stands for fructose-1,6-bisphosphate, which
activates the bifunctional HPr kinase/phosphorylase (Mijakovic et al., 2002), a
component involved in carbon catabolite repression in firmicutes (Deutscher
etal., 2014).

with PtkB, it also phosphorylates the following serine/threonine
kinases: YabT, RsbW and SpolIIAB in vitro (Figure 2). In turn, it is
phosphorylated by PrkC, PrkD, YabT, and HprK/P. It has not yet
been clearly established whether all these cross-phosphorylation
events have regulatory roles, but the existing data seem to
favor that notion. In the case of phosphorylation of the Hanks-
type kinase YabT by PtkA, three phosphorylated tyrosines were
detected by mass spectrometry (Shi et al., 2014c). Two of them
(Y28 and Y92) are putatively involved in YabT dimerization and
the third one (Y254) is in the region essential for DNA binding.
DNA binding is the key signal which activates YabT (Bidnenko
et al.,, 2013), and phosphorylation of Y254 is likely to prevent
this activation. In the case of PtkA phosphorylation by PrkC, the
target residue is S223 (Shi et al., 2014c). The phosphorylated S223
is adjacent to the C-terminal cluster of tyrosines (Y225, Y227,
and Y228) which constitute PtkA autophosphorylation sites. As
mentioned previously, PtkA autophosphorylation in this region
triggers the dissociation of the octameric ring (Olivares-Illana
et al., 2008). In agreement with this finding, it has been observed
that PtkA autophosphorylation in vivo gets strongly enhanced in
the AprkC strain (Ravikumar et al., 2014). Therefore the PrkC-
dependent phosphorylation of PtkA could constitute a signal
to tune PtkA autophosphorylation levels, and by extension its
oligomerization state and access to substrates.

In conclusion, the picture of the regulatory network that
emerges around the BY-kinase PtkA is an extremely complex one,

with many degrees of connectivity. This kinase phosphorylates
and regulates over a dozen cellular substrates, including three
other protein kinases (YabT, RsbW, and SpolIAB). It interacts
with three activator proteins: TkmA, MinD, and SalA, but appar-
ently not at the same time, nor the same place. These activa-
tors can respectively transmit to PtkA the inputs regarding the
presence of exopolysaccharides at the surface, progression of the
cell cycle and the exoprotease activity. They also influence the
choice of substrates that PtkA can phosphorylate. Finally, PtkA
is phosphorylated by four other kinases: PrkC, YabT, HprK/P, and
PrkD, which are likely to transmit signals relative to germination,
sporulation and sugar availability. The emergent picture is that of
a signal integration device that receives a large number of inputs
and distributes the outputs via regulation of relevant downstream
processes via substrate phosphorylation. From the pleiotropic
phenotype of AptkA (Petranovic et al., 2007), early on it could
be imagined that its cellular role will be complex. Untangling this
web of interactions and sorting them out spatially and temporally
will require significant additional efforts. PtkB should also not be
forgotten in this network reconstruction, as preliminary evidence
indicates that it could also be more promiscuous than presently
believed. In order to fully explain the roles of PtkA and PtkB in
B. subtilis physiology, the attention should now be turned to in-
depth physiological characterization of all the connected signaling
pathways. This effort should be supported by more time-resolved
quantitative phosphoproteomics, which should be able to capture
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the dynamic aspect of these regulatory events. Lessons learned in
B. subtilis are likely to be of interest for the studies of BY-kinases
in pathogenic bacteria, as they are known to play important roles
in bacterial virulence (Cozzone, 2009).
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INTRODUCTION

The two-component regulatory system (TCS) CiaRH of Streptococcus pneumoniae is
implicated in competence, [3-lactam resistance, maintenance of cell integrity, bacteriocin
production, host colonization, and virulence. Depending on the growth conditions, CiaR
can be highly active in the absence of its cognate kinase CiaH, although phosphorylation
of CiaR is required for DNA binding and gene regulation. To test the possibility that
acetyl phosphate (AcP) could be the alternative phosphodonor, genes involved in pyruvate
metabolism were disrupted to alter cellular levels of acetyl phosphate. Inactivating the
genes of pyruvate oxidase SpxB, phosphotransacetylase Pta, and acetate kinase AckA,
resulted in very low AcP levels and in strongly reduced CiaR-mediated gene expression in
CiaH-deficient strains. Therefore, alternative phosphorylation of CiaR appears to proceed
via AcP. The AcP effect on CiaR is not detected in strains with CiaH. Attempts to
obtain elevated AcP by preventing its degradation by acetate kinase AckA, were not
successful in CiaH-deficient strains with a functional SpxB, the most important enzyme
for AcP production in S. pneumoniae. The ciaH-spxB-ackA mutant producing intermediate
amounts of AcP could be constructed and showed a promoter activation, which was much
higher than expected. Since activation was dependent on AcP it can apparently be used
more efficiently for CiaR phosphorylation in the absence of AckA. Therefore, high AcP
levels in the absence of CiaH and AckA may cause extreme overexpression of the CiaR
regulon leading to synthetic lethality. AckA is also involved in a regulatory response, which
is mediated by CiaH. Addition of acetate to the growth medium switch CiaH from kinase to
phosphatase. This switch is lost in the absence of AckA indicating metabolism of acetate
is required, which starts with the production of AcP by AckA. Therefore, AckA plays a
special regulatory role in the control of the CiaRH TCS.

Keywords: Streptococcus pneumoniae, two-component regulatory system CiaRH, acetyl phosphate, alternative
phosphorylation, pyruvate oxidase, acetate kinase

small non-coding RNAs (csRNAs, cia-controlled small RNAs)

The two-component regulatory system (TCS) Competence
Induction and Altered cefotaxime susceptibility (CiaRH) of
the human pathogen Streptococcus pneumoniae is a pleiotropic
regulatory device, which is involved in controlling a variety
of physiological processes such as genetic competence (Sebert
et al., 2005; Cassone et al., 2012), maintenance of cell integrity
(Dagkessamanskaia et al., 2004; Mascher et al., 2006a), 8-lactam
resistance (Guenzi et al., 1994; Miiller et al., 2011), bacteriocin
production (Dawid et al., 2009; Kochan and Dawid, 2013), and
virulence (Throup et al., 2000; Sebert et al., 2002; Ibrahim et al.,
2004). CiaR belonging to the OmpR family of response regulators
(Martinez-Hackert and Stock, 1997) and the periplasmic-sensing
EnvZ-PhoQ-type (Mascher et al., 2006b) histidine kinase CiaH
constitute a prototypical TCS. The response regulator CiaR con-
trols directly 16 promoters, 15 positively and one negatively
(Halfmann et al., 2007b; Denapaite et al., 2012). These promoters
drive transcription of 29 genes, among them five genes specifying

(Halfmann et al., 2007b). The ¢sRNAs in turn are implicated in
autolysis (Halfmann et al., 2007b), competence (Tsui et al., 2010;
Schnorpfeil et al., 2013), -lactam resistance (Schnorpfeil et al.,
2013), and virulence (Mann et al., 2012). In addition, a gene prod-
uct of another member of the CiaR regulon, the serine protease
HtrA, participates in regulating most of the above mentioned
phenotypes (Ibrahim et al., 2004; Cassone et al., 2012; Kochan
and Dawid, 2013).

TCSs with transcription regulators as output domains typically
turn gene expression on and off in response to the presence of
certain stimuli (Gao and Stock, 2009; Krell et al., 2010). CiaRH
however, was found to be highly active under a variety of lab-
oratory growth conditions (Halfmann et al., 2011), but also in
animal models analyzing colonization and virulence (Throup
et al., 2000; Marra et al., 2002; Sebert et al., 2002; Ibrahim et al.,
2004). Moreover, the system is active in various S. prneumoniae
clinical isolates (Sebert et al., 2002; Lanie et al., 2007; Kumar
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et al., 2010; Tsui et al., 2010), not only in strain R6 used in this
study.

Even in the absence of CiaH, CiaR-dependent promoters are
still active and their strength may even be higher than with a func-
tional CiaH under certain growth conditions (Halfmann et al.,
2011). On the other hand, purified CiaR did not bind to pro-
moter fragments unless acetyl phosphate (AcP) was added prior
to the gel shift assay (Halfmann et al., 2011). A mutant form of
CiaR containing an alanine instead of aspartic acid at position
51 was no longer able to activate gene expression and did not
bind efficiently to promoter fragments even in the presence of AcP
(Halfmann et al., 2011). Therefore, in vitro and in vivo evidence
strongly suggests that the phosphorylated form of CiaR is active in
DNA binding and transcriptional regulation. Nevertheless, high
CiaR-dependent promoter activity is detected in the absence of
CiaH indicating that CiaR must be able to obtain its phosphate
from other sources.

Two ways are conceivable how CiaR could be phosphory-
lated in the absence of cognate CiaH kinase: Phosphorylation
by another histidine kinase by cross-talk (Laub and Goulian,
2007), or cross-phosphorylation by small molecular weight high-
energy donors such as AcP (Lukat et al., 1992; Wanner, 1992;
Wolfe, 2010). Since in vitro CiaR DNA binding activity could be
stimulated by AcP, CiaR may indeed be phosphorylated by this
molecule in vivo.

Synthesis of AcP in S. pneumoniae depends on three enzymes,
pyruvate oxidase SpxB, phosphotransacetylase Pta, and acetate
kinase AckA (Spellerberg et al., 1996; Pericone et al., 2003;
Ramos-Montanez et al., 2010; Carvalho et al., 2013). SpxB uses
oxygen and inorganic phosphate to produce AcP and H,O;
directly from pyruvate. AcP production by Pta proceeds via
acetyl-coenzyme A, which is produced by pyruvate-formate lyase
(Yesilkaya et al., 2009). Finally, AckA converts AcP to acetate,
which is excreted, and generates ATP. The enzyme is also able to
catalyze the reverse reaction but the equilibrium is far toward ATP
formation.

In the present study, we examined the hypothesis that AcP
could be the phosphoryl donor for CiaR by creating mutants in
the spxB, pta, and ackA AcP biosynthesis genes and subsequent
measurements of CiaR-mediated gene expression in the presence
or absence of CiaH. The results of these experiments provide
strong evidence that AcP is important for CiaR phosphorylation
in the absence of CiaH. They also reveal a special role of AckA in
this regulation.

MATERIALS AND METHODS

BACTERIAL STRAINS, PLASMIDS, GROWTH CONDITIONS, AND
TRANSFORMATION

The S. pneumoniae strains used in this study are derivatives of
S. pneumoniae R6 (Ottolenghi and Hotchkiss, 1962) and are listed
in Table 1. S. pneumoniae was grown at 37°C in static cultures
without aeration in C-medium (Lacks and Hotchkiss, 1960) sup-
plemented with 0.1% yeast extract (C+Y) or brain-heart infusion
(BHI). BHI was purchased from Becton Dickinson, France. The
cultures for all experiments had a volume of 10 ml and were kept
in glass tubes with a diameter of 1.4 mm. Therefore, S. pneu-
moniae was grown under semi-aerobic conditions, identical to

Table 1| S. pneumoniae strains used in this study.

Strain® Characteristics Sources or
references
R6 Wild type Ottolenghi and
Hotchkiss, 1962
RCH cliaH::aad9 Halfmann et al.,
20M
RKL95 spxB::ermB This work
RKL399 spxB::ermB, pta::cat This work
RKL369 spxB::ermB, pta::cat, This work
ackA::aphlll
RKL394 spxB::ermB, ackA:.aphlll This work
RKL380 pta::cat This work
RKL416 pta::cat, ackA:.aphlll This work
RKL379 ackA::aphlll This work
RKL400 ciaH::aad9, spxB::ermB This work
RKL410 ciaH::aad9, spxB::ermB, This work
pta::cat
RKL373 ciaH::aad9, spxB::ermB, This work
pta::cat, ackA::aphlll
RKL401 ciaH::aad9, spxB::ermB, This work
ackA::aphllil
RKL385 ciaH::aad9, pta::cat This work
RKL168 ciaH3086, rpsL41° Miiller et al., 2011
RKL162 ciaH202, rpsL41 Midiller et al., 2011
RKL163 ciaH305, rpsL41 Midiller et al., 2011
RKL164 ciaH208, rpsL41 Miiller et al., 2011
RKL165 ciaH408, rpsL41 Miiller et al., 2011
RKL243 ciaH232, rpsL41 Miiller et al., 2011
RKL245 ciaH556, rpsL41 Miiller et al., 2011
RKL246 ciaH1057 rpsL41 Miiller et al., 2011
RKL244 ciaHtpyr, rpsL41 Mdller et al., 2011

2 All strains are R6 derivatives.
b Strains contain rpsL41 (strepR) because ciaH alleles were introduced by the
Janus counter-selection procedure (Sung et al., 2001).

our previous experiments. For the acetate experiments, C+Y-
medium and BHI-medium have been modified. The standard
C+Y-medium contains 12.5mM sodium acetate (Lacks and
Hotchkiss, 1960). Modified C+Y medium contained no sodium
acetate, 25 mM or 50 mM. Sodium acetate was added from a 3M
stock solution, which had been adjusted to pH 7.8, the pH of
C+Y medium. BHI was treated similarly, except that a 3M sodium
acetate stock solution of pH 7.4 was used according to the pH of
this medium. Growth of S. pneumoniae was monitored by mea-
suring optical density of 600 nm (ODgqp). S. pneumoniae and its
derivatives were grown at 37°C on plates containing D-blood agar
(Alloing et al., 1996). Strains with inactivated ackA were kept in
an air proof candle jar containing 5% oxygen and 10% carbon
dioxide.

The promoter probe plasmids with E. coli lacZ as a reporter
gene pPP2 containing htrA, spr0931, and ccnA promoters, respec-
tively, were described previously (Halfmann et al., 2007b). The
plasmids were multiplied in E. coli DH5a [¢$p80dlacZAMI15
A(lacZYA-argF) recAl endAl hsdR17 supE44 thi-1 gyrA96 phoA
relAl] and subsequently transferred to S. pneumoniae strains as
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described (Halfmann et al., 2007b). Natural competent cells of
S. pneumoniae were only used for the wild type R6 and the
ciaH mutant RCH. The other mutant strains described in this
study were transformed by the addition of CSP as described
(Schnorpfeil et al., 2013), since their competence development
has not been thoroughly studied. E. coli strains were grown in LB
medium and transformed according to Hanahan (1983).

GENE INACTIVATIONS

The oligonucleotides used for the gene inactivations are listed
in Table 2. The construction of the ciaH mutant (ciaH::aad9)
has been described previously (Halfmann et al,, 2011). The
spxB inactivation construct was obtained in strain S. pneumoniae
D39 and its construction has been described elsewhere (Bittig
and Mihlemann, 2008). The spxB gene inactivated by an ery-
thromycin resistance gene (spxB::ermB) was amplified by primer
pair spxB_fwd2, spxB_rev2 and transferred to S. pneumoniae
R6 and its derivatives by selection on 0.5 pug/pl erythromycin.
Integration was confirmed by PCR. The spxB mutant of R6 was
designated RKL95 (Table 1).

To construct the pfa mutant, a direct PCR cloning approach
has been performed to replace nucleotides 9 to 366 of the pta
coding region by the chloramphenicol resistance cassette cat. The
pta coding region consists of 974 bp and is followed immedi-
ately downstream by two IS-elements (Hoskins et al., 2001). To
allow specific homologous recombination, the 3'-part of pta was
kept. The cat gene fragment was generated by primer pair catl,
cat2 using plasmid pucl8-VegM-CAT2 as template (Halfmann
et al., 2007b). The upstream fragment of pta was amplified by
primers ptafl, ptarl, the downstream fragment containing the
3’-end of pta by primers ptaf2, ptar2. Each of the primers incor-
porate recognition sequences for the restriction enzymes Sphl and
Spel. The amplicons were ligated subsequent to their cleavage.

Table 2 | Oligonucleotides used in this study.

Primer® Sequence

spxB_fwd2 CGGTTCAGGTTCATACGAACGCTC

spxB_rev2 CAACTGGGTTTACTTTGTCAAGG

catl GCGACTAGTTTGGACTCCTGTTGATAGATCC

cat2 GGCGCATGCACAAAAAATGGACTGAACAAGTCAG
ptaf1 CGCAGATGAACATGTCAAGG

ptar1 GCGACTAGTCTTCCATGAGTTTTCTCCTTTAAG
ptaf2 GCGGCATGCGGAGCGATTCACTCAACAGC

ptar2 GGGAATTTATCGTTTTACGGAC

ptaf3 GGAGACGGGCTAACAGTTTC

ackAf2B GCGGGATCCGAAAAGAGGAAGGAAATAATAAATGG
ackAr2B GCGGCATGCATTCTCAGGCACCAAGCCC

ackAf1 TCTGGATGGTGAAACTGAGC

ackAr1B GCGGGATCCTAACTGATACCCCTTTTAAGC
ackAf3B GCGGCATGCAGTGAAACTAAAAAAATATTCAATAC
ackAr3 CCTGGATATTGTTCTCGAAGC

ackAf4 GTGGAGCAGCAAGCAATCAAG

ackAr4 TGTGCCTGTACTACGGCCTCG

@ Recognition sites for restriction enzymes are underlined.

The ligation was re-amplified by primer pair ptafl and ptar2 and
S. pneumoniae R6 transformants were selected on 3 pg/ml chlo-
ramphenicol to obtain strain RKL380 (pta::cat). Integration was
confirmed by PCR and sequencing. Subsequently, DNA of strain
RKL380 was used as template to amplify the pta::cat deletion con-
struct with primers ptaf3 and ptar2. The amplicon was then used
to move the pta deletion to different S. pneumoniae strains.

The ackA mutant has been constructed by replacement of
the entire gene coding region with the kanamycin resistance
gene aphlll (Halfmann et al., 2007b). The aphlIl fragment was
generated with primers ackAf2B and ackAr2B. The upstream
fragment of ackA was amplified with ackAfl and ackAr1B while
the downstream fragment was amplified with primers ackAf3B
and ackAr3. Each of the primers contained recognition sequences
for the restriction enzymes Sphl and BarmHI. The amplicons were
ligated subsequently to their cleavage. The entire ligation was
amplified using primer pair ackAfl, ackA3r. Since problems have
been reported inactivating ackA in S. pneumoniae D39 (Ramos-
Montanez et al., 2010), this fragment was transferred first to
the spxB mutant strain RKL95. Selection occurred on 100 pg/ml
kanamycin containing blood agar plates incubated in an atmo-
sphere with reduced oxygen (5%) and 10% CO,. Integration
was confirmed by PCR and sequencing. Chromosomal DNA of
this strain was then used to amplify the ackA::aphlIl fragment to
transform S. pneumoniae R6 to yield strain RKL379 and the other
ackA deletion strains (Table 1).

Inactivation of ackA was generally performed as the latest step
in strain constructions. In the presence of ciaRH, no problems
were encountered during ackA inactivation. Since genetic insta-
bility of ackA mutants was described for D39, the predecessor
of R6, the genes found to be mutated in this study, spxB and
spxR (Ramos-Montanez et al., 2010), were sequenced in several
colonies of our ackA mutant strains. No alterations were detected.
In the ciaH::aad9 mutant strain however, ackA inactivation could
not be achieved in the presence of a functional SpxB. The trans-
formation efficiency with the ackA::aphlIll fragment dropped in
RCH (ciaH::aad9) or in RKL385 (ciaH::aad9, pta::cat, Table 1) by
about four orders of magnitude compared to the corresponding
strains with ciaRH (R6, RKL80, Table 1) or strains with inac-
tivated spxB (RKL400, RKL410, Table 1). Since the strains with
intact spxB that could not be obtained efficiently produced large
amounts of H,O;, katalase was added to the agar. However,
transformation efficiency did not improve. The bacteria recov-
ered in these transformations were subsequently found to have
suppressor mutations in spxR, but also in ciaR.

Mutations in ciaR were intriguing, since it suggested that
an intact ciaR is detrimental in this genetic constellation. And
indeed, a ciaR mutant could be efficiently transformed with the
ackA::aphlIl fragment. Sequencing spxB in a couple of transfor-
mants revealed no mutations. Thus, inactivation of ciaH and ackA
causes synthetic lethality, which can be suppressed by mutation of
spxB, but also by ciaR inactivation.

Since the non-coding csRNAs and the protease HtrA were
implicated in regulating various processes in S. pneumoniae
(Sebert et al., 2002; Dawid et al., 2009; Schnorpfeil et al., 2013),
inactivation of these genes were tested for suppression of the
lethal phenotype. Deletion of the csRNA genes had no effect,
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but htrA inactivation resulted in about 200-fold more transfor-
mants. Deletion of the csRNA genes and htrA together further
improved transformation tenfold. However, these transformants
also acquired suppressor mutations in spxB and ciaR.

DETERMINATION OF AcP AMOUNTS

Determination of cellular levels of AcP was carried out accord-
ing to described methods (Priiss and Wolfe, 1994; Pericone et al.,
2003). All steps have been performed on ice or at 4°C, respec-
tively. Ten ml cultures of the desired strains have been grown to
mid-exponential phase (ODggg 0.4) and subsequently centrifuged
at 9000 rpm for 10 min at 4°C. Cell pellets were resuspended in
1 ml ice cold luciferase buffer (100 mM Tris, 4 mM EDTA, pH
7.6) and transferred into 1.5ml tubes. The cells were lysed for
2min at 95°C. Within that time, no degradation of AcP was
observed in tests using purified AcP (Sigma Aldrich). The cells
were quickly cooled on ice, kept for 10 min and then centrifuged
at 10,000 rpm for 2 min at 4°C. The supernatant was transferred
to a 2 ml tube and mixed with 50 mg/ml powdered activated char-
coal (Sigma Aldrich) to remove small compounds like ADP and
ATP. After incubation on ice for 15 min, the samples have been
filtered (0.22 um pore-size) to remove the charcoal. The remain-
ing AcP in the samples was enzymatically converted into ATP
by acetate kinase. Samples of 100 pl were mixed with the fol-
lowing compounds in the indicated final concentration: 20 mM
MgCly, 30mM ADP (Sigma Aldrich), 0.5 U/pl acetate kinase
from B. stearothermophilus (Sigma Aldrich). Samples containing
acetate kinase have been prepared as duplicates and one sam-
ple was prepared without acetate kinase as negative control and
a control for ATP removal as well. The reaction mixtures were
incubated at 30°C for 4 h. The generated ATP was determined by
measuring luminescence using the ATP Bioluminescence Assay
Kit CLS II (Roche) following the manufacturers’ instructions.
Luciferase Reagent was added to the acetate kinase reaction mix-
tures at the ratio of 1. Samples were incubated at room tem-
perature for 2 min and ATP was determined in a BioOrbit 1253
luminometer. Data obtained from samples with acetate kinase
were took as means and subtracted from data obtained from sam-
ples without acetate kinase. ATP amounts were determined by
comparison with standard curves. Standard curves were gener-
ated using known AcP amounts in concentrations between 0.2
and 50 M, which were converted to ATP as described above.
Protein content of the samples was determined as described
(Halfmann et al., 2007a) to relate AcP levels to protein.

DETERMINATION OF B-GALACTOSIDASE ACTIVITY

To assess the activity of CiaR, strains harboring CiaR-dependent
promoter-8-galactosidase gene (lacZ) fusions in the genome
(Halfmann et al., 2007b) were assayed for B-galactosidase activ-
ity as described (Halfmann et al., 2007a). Units are expressed in
nmol nitrophenol released per min and mg of protein.

RESULTS

ACETYL PHOSPHATE LEVELS IN S. PNEUMONIAE R6 AND MUTANTS
WITH ALTERED PYRUVATE METABOLISM

Since the enzymes pyruvate oxidase SpxB, phosphotransacety-
lase Pta, and acetate kinase AckA are the key determinants for

AcP production in S. pneumoniae (Figure 1), inactivation of their
genes should substantially alter AcP levels. Therefore, the respec-
tive genes were inactivated by resistance cassettes alone or in
combination as described in Materials and Methods. To start with
this genetic analysis the wild type strain R6 was used carrying an
intact ciaRH system. The mutants were grown in C+Y medium,
the medium supporting high levels of CiaR activity in the absence
CiaH (Halfmann et al., 2011), and AcP was measured as described
in Materials and Methods. As shown in Figure 2A, pyruvate oxi-
dase SpxB is the major enzyme involved in AcP production, a
result consistent with earlier work (Pericone et al., 2003; Ramos-
Montanez et al., 2008, 2010). The AcP level in the spxB mutant of
R6 strain dropped about 20-fold, which is a larger reduction than
in S. pneumoniae D39 (Pericone et al., 2003; Ramos-Montanez
et al., 2008, 2010). This difference is most likely the consequence
of an spxB polymorphism detected in both strains (Belanger et al.,
2004; Ramos-Montanez et al., 2008). The enzyme is apparently
more active in R6 (Belanger et al.,, 2004). Single inactivation
of pta encoding phosphotransacetylase had no significant effect,
but without SpxB and acetate kinase AckA a contribution of
Pta to AcP production is detectable. Inactivation of ackA in an
SpxB-deficient strain increased the low level of AcP about 14-
fold (Figure 2A), because conversion of AcP to acetate by AckA
is blocked and AcP can accumulate (Wolfe, 2005). In the spxB-pta
double mutant however, ackA mutation did not result in the ele-
vation of AcP. Thus, some AcP had been produced by Pta in the
absence of SpxB. Why Pta is not significantly contributing to AcP
production in the presence of SpxB is not clear at the moment.
Growth was differently affected in the mutant strains
(Table S1). The single mutants in spxB or ackA grew almost like
the wild type, all other mutant strains were slower with doubling
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> transacetylase
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FIGURE 1 | Acetyl phosphate production in S. pneumoniae. The part of
pyruvate metabolism relevant for this study is shown. Three enzymes,
SpxB, Pta, and AckA, are implicated in AcP production as detailed in the
introduction. Acetyl-CoA is produced from pyruvate by pyruvate formate
lyase (Yesilkaya et al., 2009).
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FIGURE 2 | Acetyl phosphate levels and promoter activities in pyruvate
metabolism mutants of S. pneumoniae R6. (A) Acetyl phosphate in
pyruvate metabolism mutants. The strains were grown in C+Y medium to
mid-expontential growth phase (ODggg 0.4) and acetyl phosphate was
determined from 10 ml of the cultures. The strains used in these
determinations were (from left to right): R6, RKL95 (spxB::ermB), RKL399
(spxB::ermB, pta::cat), RKL369 (spxB::ermB, pta:.cat, ackA::aphlll), RKL394
(spxB::ermB, ackA::aphlll), RKL380 (pta::cat), RKL416 (pta::cat,
ackA::aphlll), RKL379 (ackA::aphlll). All strains are derivatives of R6 and
harbor wild type ciaRH. The inactivated genes are indicated. AcP was
determined in at least two independent cultures and the values are shown
along with standard deviations. (B) CiaR-dependent promoter activity
in pyruvate metabolism mutants harboring ciaRH wild type. The strains were
(Continued)

FIGURE 2 | Continued

grown in C+Y medium to an ODgpg of 0.4 and B-galactosidase activity was
determined. The strains were (from left to right): R6, RKL95 (spxB::ermB),
RKL399 (spxB::ermB, pta::cat), RKL369 (spxB::ermB, pta::cat, ackA::aphlll),
RKL394 (spxB::ermB, ackA::aphlll), RKL380 (pta::cat), RKL416 (pta::cat,
ackA::aphlll), RKL379 (ackA::aphlll). All strains contained a Pspr0931
promoter /acZ fusion in the genome (bgaA::tetM-Psp0931-lacZ). The
promoter of spr0931 is activated by CiaR and its activity is strictly
CiaR-dependent. Two other promoters, Ppya and Pecpa, reacted as
Psprogz1and a CiaR-independent promoter Pyegps showed no change in
activity. The inactivated genes are indicated. Values of at least three
independent cultures are shown along with standard deviations.
{3-galactosidase units are expressed in nmol nitrophenol released per min
and mg of protein.(C) CiaR-dependent promoter activity in pyruvate
metabolism mutants harboring inactivated ciaH. The strains were (from left
to right): RCH (ciaH::aad9), RKL400 (ciaH::aad9, spxB::ermB), RKL410
(ciaH::aad9, spxB::ermB, pta::.cat), RKL373 (ciaH::aad9, spxB::ermB,
pta::cat, ackA::aphlll), RKL401 (ciaH::aad9, spxB::ermB, ackA:.aphlll),
RKL385 (ciaH::aad9, pta::cat). *Indicates that these strains could not be
constructed. All strains had a Pspro931 promoter /acZ fusion in the genome
(bgaA::tetM-Psprog31-lacZ). The promoter of spr0931 is shown as a
representative for CiaR-dependent promoters. The control promoter Pyggns
was not affected. All strains are CiaH-deficient. The inactivated genes are
indicated. Values of at least three independent cultures are shown along
with standard deviations. B-galactosidase units are expressed in nmol
nitrophenol released per min and mg of protein.

times ranging between 45 and 55 min compared to 37 min of the
wild type.

The AcP determinations in this series of S. pneumoniae R6
pyruvate metabolism mutants largely confirmed what could be
expected from the literature (Pericone et al., 2003; Wolfe, 2005;
Ramos-Montanez et al., 2010). Without SpxB and Pta, AcP pro-
duction is virtually absent. AcP produced by SpxB or Pta accu-
mulates, when ackA is inactivated. Consequently, R6 derivatives
are available covering a wide range of AcP levels. Since the AcP
synthesis mutants were constructed to analyze the connection
of AcP to CiaRH-mediated gene expression, it was of interest
to determine whether CiaRH could influence AcP levels. AcP
determinations in CiaR-, and CiaH-deficient as well as in CiaRH
hyperactive strains (Miiller et al., 2011) did not reveal an influence
(Figure S1).

CiaR-MEDIATED GENE EXPRESSION IN AcP SYNTHESIS MUTANTS IN
THE PRESENCE OF CiaH

During the initial characterization of the CiaR regulon
(Halfmann et al., 2007b), all CiaR-controlled promoters
were cloned into an integrative reporter plasmid (Halfmann
et al., 2007a). These constructs are well-suited to analyze CiaR-
dependent gene expression (Halfmann et al., 2007b; Miiller et al.,
2011). Therefore, three of these promoter fusions, Psyr0931, Priras
and P4, were introduced into the mutant strains described
above as representatives of the CiaR regulon. They were chosen
because their activity is strongly dependent on CiaR and there
is no evidence that they are controlled by other regulators
(Halfmann et al.,, 2007b). Measuring the promoter activities
in C+Y medium revealed only subtle changes in an almost
identical range for all promoters (data not shown). As a repre-
sentative example, Pspr0931 mediated f3-galactosidase expression
determined in the middle of exponential growth (ODgyy 0.4) is

www.frontiersin.org

January 2015 | Volume 5 | Article 772 | 119


http://www.frontiersin.org
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Marx et al.

Alternative phosphorylation of CiaR

shown in Figure 2B. In general, promoter activities are slightly
higher in almost all mutant strains. The ackA-pta mutant showed
the strongest activation with an increase of 1.5-fold. Similar
results were obtained measuring earlier (ODgpp 0.2) or later
(ODggo 0.8). Considering that AcP levels vary more than 100-fold
(Figure 2A), one can conclude that CiaR-dependent promoters
are not influenced by AcP under these conditions. The strains
used in this series of experiments carried wild type ciaRH.
Therefore, CiaH will predominantly control the phosphorylation
status of CiaR and thereby promoter activities.

CiaR-MEDIATED GENE EXPRESSION IN AcP SYNTHESIS MUTANTS IN
THE ABSENCE OF CiaH

Since cross-phosphorylation or cross-talk in TCSs is quite often
only detected in the absence of cognate histidine kinases (Laub
and Goulian, 2007), it was of interest to determine promoter
activities in the AcP synthesis mutants without CiaH. And
indeed, drastic changes were detected in the ciaH mutant strains
(Figure 2C), quite in contrast to the strains carrying ciaRH wild
type (Figure 2B). Inactivation of spxB resulted in a twofold reduc-
tion of Pgpro31 activity. The other CiaR-dependent promoters
reacted accordingly (data not shown). While pta inactivation
in the spxB mutant resulted in a further 2.5-fold reduction,
promoter activity dropped about tenfold in the spxB-pta-ackA
triple mutant. Therefore, inactivation of the genes of pyruvate
metabolism, which resulted in the reduction of AcP (Figure 2A)
clearly diminished CiaR-dependent transcription. Accordingly,
no change was observed in the pta mutant (Figure 2C), which had
wild type AcP levels (Figure 2A).

A surprising result, however, has been obtained in the spxB-
ackA mutant strain (Figure 2C). Although AcP is about twofold
reduced compared to the wild type (Figure2A), transcrip-
tion from CiaR-dependent promoters is tremendously increased.
Pypro931 activity rose about 14-fold (Figure 2C). In addition, inac-
tivation of ackA in strains with intact spxB, which are character-
ized by a high amount of AcP (Figure 2A) could not be achieved.
Disruption of the same genes was possible in strains with a func-
tional CiaH, but also in the absence of CiaR (see Materials and
Methods). Considering the very strong Pgpro931activation in the
spxB-ackA-ciaH mutant strain, it appears that the inability to
introduce mutations in ackA to strains with a functional SpxB in
the absence of CiaH is caused by extreme activation of the CiaR
regulon. We have shown previously that strong activation of the
CiaR regulon by mutations in ciaH could impair growth (Miiller
et al., 2011). It is therefore conceivable, that higher activation of
CiaR-mediated transcription in the AckA-deficient strains could
lead to lethality.

The results of these experiments clearly demonstrate a strong
influence of the pyruvate metabolism on CiaR-mediated gene
expression, provided the cognate kinase CiaH was absent.
Promoter activation was strongly reduced in strains producing
low amounts of AcP, which would be consistent with AcP as the
alternative route of phosphorylation for CiaR in the absence of
CiaH. The experiments also show that there is no strict correla-
tion between the AcP level and promoter activation. Especially
in the absence of AckA in the spxB mutant background, CiaR is
disproportionally activated.

THE INFLUENCE OF ACETATE IN THE GROWTH MEDIUM ON
CiaR-MEDIATED GENE EXPRESSION

In contrast to the growth of S. pneumoniae in C+Y medium,
which supports high levels of CiaR-dependent transcription in
the absence of CiaH, the same promoters are only weakly active
in brain heart infusion (BHI) medium (Halfmann et al., 2011).
Measuring AcP in BHI medium revealed an almost threefold
reduction (81 £ 9pmol/mg of protein) compared to C+Y
medium (Figure 1), again indicating that AcP levels modulate
CiaR activity in the absence of CiaH. This medium was there-
fore well-suited to test if exogenously added acetate could enhance
CiaR activation in the absence of CiaH. As shown in Figure 3,
Pspro031 activity could be nicely stimulated. Adding 12.5mM
sodium acetate, the concentration found in C+Y medium, acti-
vation was moderate (1.5 fold), but twofold (25 mM) or fourfold
(50 mM) more sodium acetate enhanced the promoter activity
seven- and thirtyfold, respectively (Figure 3). The addition of
potassium acetate had the same effect, while sodium chloride
did not change Pypr931 activity (Figure S2). In conclusion, the
observed effect appears to be specific for acetate. Repeating these
experiments in C+Y medium with altered acetate concentration
yielded in principle the same results, but the change in expres-
sion was less pronounced (Figure S3). Unexpectedly, measuring
AcP in BHI supplemented with acetate, did not reveal a significant
increase, not even with the highest concentration.

Another surprising result was obtained measuring promoter
activities in the wild type ciaRH strain as control. In this strain,
addition of acetate to 50mM reduced the promoter activity about
twofold compared to the values obtained without acetate supple-
mentation (Figure 3). In comparison with the activity measured
without CiaH however, promoter strength is tenfold reduced.
This comparison strongly suggests that CiaH acts as a phos-
phatase when acetate concentrations are high in the growth
medium. Modifying acetate concentrations in C+Y medium
altered CiaR-mediated expression similarly, but again less pro-
nounced (Figure S4), indicating that CiaR is dephosphorylated
under these conditions. These results are in accordance with the
previous notion that CiaH acts as a phosphatase in standard C+Y
medium (Halfmann et al., 2011).

The effect of acetate on CiaH activity could be caused
directly by binding to CiaH, or indirectly, which would require
metabolism of acetate. In the latter case, regulation should depend
on AckA, since internalized acetate must be phosphorylated
for further metabolism. Therefore, the ackA mutant strain was
tested in BHI medium and in BHI with 50 mM sodium acetate.
The acetate effect was virtually gone upon ackA inactivation
(Figure S5). Therefore, the change of CiaH activity is not caused
by acetate itself. Metabolism is required to produce a signal that
may then be detected by CiaH.

RESPONSE TO ACETATE IN THE GROWTH MEDIUM BY VARIANTS OF
CiaH

Since CiaH appeared to respond to a signal produced by
metabolism of acetate, it was of interest to test variants of CiaH,
which have been analyzed in some detail previously (Miiller et al.,
2011). The majority of these ciaH mutants (Table 1) have been
obtained in screens aimed at isolating $8-lactam resistant mutants
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FIGURE 3 | Effect of acetate supplementation of the growth
medium on CiaR-dependent promoter activity. The strains were
grown in BHI medium containing the indicated concentrations of
sodium acetate to an ODggp of 0.4 and R-galactosidase was
measured. The comparison of the promoter activities of the R6 wild
type harboring ciaRH (four measurements from the left) with those

Pspr093 1
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1938
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found in the CiaH-deficient mutant RCH (ciaH::aad9) is shown. All
strains had a Pgprogz1 promoter lacZ fusion in the genome
(bgaA::tetM-Pspro931-lacZ). The concentrations of sodium acetate are
indicated. Values of at least three independent cultures are shown
along with standard deviations. R-galactosidase units are expressed in
nmol nitrophenol released per min and mg of protein.

of S. pneumoniae R6 (Guenzi et al., 1994; Zihner et al., 2002), but
a few were also detected in ciaH genes of clinical isolates (Miiller
et al., 2011). Common to all these ciaH alleles, with one excep-
tion, is their ability to enhance CiaR-mediated gene expression to
higher levels compared to the wild type R6. In some cases, hyper-
activation of CiaR is the consequence of the mutations in ciaH
(Miiller et al., 2011).

Promoter activities were measured in these strains in BHI
and BHI with 50 mM sodium acetate. As shown in Figure 4, the
response to acetate is quite variable. In the mutants obtained in
the laboratory, reduction of promoter activities was not observed.
In three of these strains, promoter strength was even slightly
higher. Quite in contrast, three CiaH variants from clinical iso-
lates reacted more strongly than the wild type (Figure 4), with
repression rates of fourfold (ciaH556, ciaH1057) or even higher
(ciaH232). The latter allele is the only one which did not enhance
CiaR-mediated gene expression (Miiller et al., 2011). One clini-
cal variant (ciaHTpVT) behaved like the wild type. Interestingly,
three CiaH variants, CiaH305, CiaH408, and CiaH232, reacting
differently, have alterations in the extracytoplasmic part of the
protein. Binding of an unknown factor may have been affected
by these mutations. In any case, the differential response of sev-
eral CiaH variants to acetate in the medium is a strong indication
that the effect is specifically mediated by CiaH.

DISCUSSION

Genetic inactivation of genes involved in the production of AcP
(Figure 1) resulted in S. pneumoniae strains producing drastically
different amounts of AcP (Figure 2A). While the double mutant

in spxB and pta produced very little or perhaps no AcP, inactiva-
tion of ackA alone or in combination with pta, raised AcP to very
high levels (Figure 2A). Under latter conditions, concomitant
inactivation of ciaH was not possible. Measuring CiaR-dependent
promoters in an spxB-ackA background, a strain producing inter-
mediate AcP amounts (Figure 2A), revealed a very strong increase
in promoter activity (Figure 2C). It appears therefore, that the
inability to construct ackA-ciaH and ackA-pta-ciaH mutants is
caused by overactivation of CiaR and consequently overexpres-
sion of the CiaR regulon. And indeed, the ackA mutation could be
combined with an inactivated ciaR gene (ciaR::aad9) and could
be constructed in ciaRH wild type. In this strain, CiaH is able
to reduce CiaR-dependent gene expression back to wild type lev-
els (Figure 2B). Interestingly, in a study to determine the role of
AcP in the regulation of the orphan response regulator DegU in
Listeria monocytogenes, ackA inactivation could not be achieved
unless pta was also inactivated (Gueriri et al., 2008).

The strains in which ackA could not be inactivated together
with ciaH produce high amounts of H,O, because of the activity
of SpxB (Spellerberg et al., 1996; Pericone et al., 2003; Ramos-
Montanez et al., 2008). H,O; production alone cannot account
for the lethality, since CiaRH does not affect spxB expression (own
unpublished observations). The detrimental concerted action of
H,0, and one or more overexpressed members of the CiaR reg-
ulon remains a possibility. The stress protease HtrA appears to be
one of these factors.

In contrast to the problems with ackA inactivation detailed
above and also contrary to the strong activation of CiaR-
dependent promoters in the spxB-ackA mutant strain, ackA
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FIGURE 4 | Change of CiaR-dependent promoter activities upon acetate
supplementation in strains harboring varriants of ciaH. The strains were
grown in BHI medium containing 50 mM of sodium acetate or BHI without
the addition of acetate to an ODggp of 0.4 and 3-galactosidase was
measured. Activities of two promoters, Pyy4 and Psprog31, were determined
under both growth conditions and the relative expression rate was calculated
by dividing the value of the acetate supplemented culture by the value of the

208 408 232 556 1057 TpvT

untreated sample. All strains contained promoter fusions in the genome
(bgaA::tetM-Pspi0931-lacZ or bgaA::tetM-Pyya-lacZ). The following strains
were used (from left to right): R6, RKL168 (ciaH306), RKL162 (ciaH202),
RKL163 (ciaH305), RKL164 (ciaH208), RKL165 (ciaH408), RKL243 (ciaH232),
RKL245 (ciaH556), RKL246 (ciaH1057), RKL244 (ciaH,y7). The ciaH allele
numbers are indicated. Values of at least two independent cultures of each
promoter harboring strain are shown along with standard deviations.

mutation in a spxB-pta mutant background was readily achieved
and promoted only low levels of CiaR-mediated gene expres-
sion (Figure 2C). Reducing AcP levels by sequential inactivation
of spxB, pta, and ackA concomitantly lowered CiaR-dependent
promoter activities tenfold in the absence of CiaH (Figure 2C).
Therefore, CiaR clearly responds to AcP levels. Since phos-
phorylation is needed for CiaR activity and CiaR binding to
promoter fragments in vitro is stimulated by AcP (Halfmann
et al., 2011), combined evidence suggests that AcP may indeed
serve as alternative source of phosphorylation for CiaR. One
can always argue that an unknown histidine kinase phospho-
rylates CiaR by cross-talk in response to varying levels of AcP,
but we consider this possibility less likely than AcP-dependent
phosphorylation.

Although reduced AcP levels resulted in lower activity of CiaR,
the response is not always proportional. The ciaH-spxB-ackA
mutant produced about half of the AcP found in the wild type
(Figure 2A), but promoter activities raised more than tenfold. In
addition, ackA mutants with functional SpxB are not viable (see
above). On the other hand, ackA inactivation did not increase
promoter activities in strains producing spurious amounts of AcP
(spxB-pta; Figure 2C). Thus, the effect of AckA on CiaR activ-
ity is dependent on AcP. It appears, that CiaR can use AcP as
phosphodonor more efficiently in the absence of AckA. At the
current stage of knowledge, it is impossible to offer conclusive
explanations. An attractive hypothesis, however, would be a direct
interaction between AckA and CiaR, which according to our data
should lead to reduced phosphorylation of CiaR by AcP. Enzymes

with additional roles in other processes are rather widespread also
in bacteria (Wang et al., 2013). Prominent examples of these so-
called moon-lighting proteins in bacteria are glycolytic enzymes
serving also as receptors for various molecules on the bacterial
surface (Wang et al., 2013). Furthermore, a number of enzymes
play regulatory roles in complex physiological processes and were
proposed to be called trigger enzymes (Commichau and Stiilke,
2008). According to our hypothesis, AckA could be such a trig-
ger enzyme. Interestingly, a number of bacteria possess two ackA
genes, but the analysis of their physiological roles has just started
(Chan et al., 2014; Puri et al., 2014). Intriguingly, gene duplica-
tion events are quite often associated with trigger enzymes leading
to speciation of variants acting then as enzymes or as regulators
(Commichau and Stiilke, 2008).

The experiments to enhance CiaR-mediated gene regulation
by the addition of acetate to the BHI medium constitutes another
example, in which AcP levels do not correlate with promoter
activities. Although the CiaR-dependent promoters were stim-
ulated about 30-fold by the addition of 50 mM sodium acetate
(Figure 3), AcP levels were not significantly elevated under these
conditions. Promoter activation was completely lost (Figure S5),
when a ciaR mutant (ciaR152) was tested, which expressed a
non-phosphorylatable D51A variant of CiaR (Halfmann et al,
2011). Therefore, phosphorylation of CiaR is required to see
the acetate effect. Without higher amounts of acetate in BHI
medium, CiaR is apparently not able to use the AcP efficiently
that is present in BHI grown cells. Since almost the same effects
of acetate addition were observed in C+Y medium (Figure S3),
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this regulatory event appears to be general and not specific for
BHI, where it is detected best.

To take up again our hypothesis of CiaR-AckA interaction,
these results may indicate that this interaction could be regu-
lated according to the activity of AckA or to the availability of
the substrates AcP and acetate. It is clearly too early to speculate
further on this type of regulation, especially because extremely
little is known in S. pneumoniae about ackA expression or regula-
tion of AckA activity, which has been shown in other organisms
to be subject to allosteric control (Puri et al., 2014). In Borrelia
burgdorferi, an orphan response regulator Rrp2 was also strongly
stimulated by acetate in the growth medium, but AcP levels have
not been determined (Xu et al., 2010).

A further effect of acetate addition to BHI medium was
detected in the wild type (Figure 3). In the presence of CiaH,
the promoter stimulating effect observed in the absence of CiaH
is converted to a reduction (Figure 3). It appears that the phos-
phatase activity of CiaH is stimulated under these conditions.
Without added acetate CiaH acts a kinase, but with 25 or 50 mM
acetate as a phosphatase. Since this regulation is also dependent
on AckA (Figure S5), it is very unlikely that acetate itself serves
as the signal for CiaH. Rather, acetate should be metabolized to
produce a signal that is sensed by CiaH. Since CiaH is lacking a
recognizable intracellular sensing domain, this unknown stimu-
lus should be located outside the cell. And indeed, three of the
CiaH mutants (CiaH305, 408, 232) showing a different response
compared to the wild type have amino acid substitutions in the
extracytoplasmic sensing domain.

What could be the signal CiaH is responding to? Considering
that CiaRH is implicated in 8-lactam resistance and mainte-
nance of cell integrity (Guenzi et al,, 1994; Mascher et al,
2006a) and that CiaR responds to AcP levels, a tempting can-
didate would be acetylated peptidoglycan (Vollmer, 2008). In S.
pneumoniae, acetylation of peptidoglycan could be quite vari-
able since mainly N-acetylglucosamine and to a lesser extent
N-acetylmuramic acid can be deacetylated (Vollmer and Tomasz,
2000) and N-acetylmuramic acid is additionally O-acetylated
(Crisostomo et al., 2006). Both processes are not essential for
peptidoglycan synthesis and could be regulated and variable.

In a simple scenario, high levels of AcP, which can phos-
phorylate CiaR and raise its activity to high levels, would lead
to more peptidoglycan acetylation, which could turn on CiaH
phosphatase activity reducing CiaR activation virtually back to
wild type levels. How higher peptidoglycan acetylation could be
achieved by AcP is an open question. However, recent evidence
clearly demonstrates that the role of AcP in acetylation at least of
proteins is much more prominent than anticipated (Verdin and
Ott, 2013; Weinert et al., 2013; Kuhn et al., 2014). It remains a
possibility that AcP may also be a determinant in the acetylation
of other compounds.

Acetylation can also be involved in the additional control of
TCSs (Barak et al., 2006; Lima et al., 2011, 2012; Hu et al., 2013;
Kuhn et al,, 2014) and as mentioned above, AcP can serve as an
acetyl donor in protein acetylation. Therefore, protein acetylation
should also be altered in the S. pneumoniae AcP synthesis mutants
described in this study. Could then acetylation explain the CiaR-
related fluctuations in gene expression phenotypes rather than

phosphorylation? The response of CiaR is clearly dependent
on phosphorylation and CiaH is in complete control, but the
strength of the change in activity may be additionally modified
by protein acetylation. The genetic arguments for a special role
of AckA in the process of CiaR activation remain the same. In
the absence of AckA, CiaR is disproportionally active. Assuming
this overactivation is caused by phosphorylation and acetylation,
the underlying mechanisms would be more complicated than our
proposed model.

The S. pneumoniae strain used throughout this study is the
laboratory strain R6 derived from S. pneumoniae D39, which
was used to identify DNA as the genetic material (Avery et al.,
1944). Considering the great variety between strains of bacterial
species, it is always the question whether findings in one strain
also apply to others. In microarray studies of AcP production
mutants in D39 it was reported that expression of several mem-
bers of the CiaR regulon is reduced in a triple spxB-pta-ackA
harboring ciaRH (Ramos-Montanez et al., 2010). In our study,
expression went down only in the absence of ciaH. Strain D39
and R6 show about 80 differences, among them spxB (Lanie et al.,
2007). But even considering the higher activity of SpxB in R6
(Belanger et al., 2004; Ramos-Montanez et al., 2008), we can-
not offer an explanation for the observed difference. Curiously,
two D39 variants that were kept separately for some time differed
in their CiaRH-mediated gene regulation (Lanie et al., 2007).
Therefore, it appears that strain-specific variations in regulatory
circuits may be encountered quite frequently.

CiaRH and at least one major player in the regulatory processes
analyzed in this study, SpxB, can be regarded as virulence fac-
tors (Spellerberg et al., 1996; Ibrahim et al., 2004). The human
pathogen S. pneumoniae faces varying concentrations of oxy-
gen and different carbohydrates in its natural host, which will
inevitably change AcP levels. Since CiaRH appears to have evolved
to maintain high levels of regulon expression under a variety of
conditions, it would be reasonable to safeguard high expression
by AcP-mediated CiaR phosphorylation, in case no appropri-
ate signal to stimulate CiaH kinase activity is available. Since
all S. pneumoniae genomes sequenced so far harbor ciaRH and
spxB, this scenario may indeed be important for survival of
S. pneumoniae in its natural host.
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Protein hydroxylation has been well-studied in eukaryotic systems. The structural impor
tance of hydroxylation of specific proline and lysine residues during collagen biosynthesis
is well established. Recently, key roles for post-translational hydroxylation in signaling and
degradation pathways have been discovered. The function of hydroxylation in signaling is
highlighted by its role in the hypoxic response of eukaryotic cells, where oxygen dependent
hydroxylation of the hypoxia inducible transcription factor both targets it for degradation
and blocks its activation. In contrast, the role of protein hydroxylation has been largely
understudied in prokaryotes. Recently, an evolutionarily conserved class of ribosomal
oxygenases (ROX) that catalyze the hydroxylation of specific residues in the ribosome has
been identified in bacteria. ROX activity has been linked to cell growth, and has been found
to have a direct impact on bulk protein translation. This discovery of ribosomal protein
hydroxylation in bacteria could lead to new therapeutic targets for regulating bacterial
growth, as well as, shed light on new prokaryotic hydroxylation signaling pathways. In
this review, recent structural and functional studies will be highlighted and discussed,
underscoring the regulatory potential of post-translational hydroxylation in bacteria.

Keywords: 2-oxoglutarate/Fe(ll)-dependent oxygenase, post-translational hydroxylation, ribosomal oxygenase

(ROX), prokaryote, YcfD

INTRODUCTION

Of the commonly observed post-translational modifications, post-
translational hydroxylation represents the smallest change. How-
ever, despite its diminutive nature, this modification may have
significant effects on protein production and we are just begin-
ning to discover its potential as a regulatory mechanism. Since
the discovery of enzyme-catalyzed hydroxylation of prolyl residues
during collagen biosynthesis, the importance of post-translational
hydroxylation of proteins has been well established (Stetten, 1949;
Hutton etal., 1966). More recently roles for protein hydroxylation
in cell signaling and degradation pathways have been identified,
expanding the significance of this post-translational modifica-
tion. While important roles for protein hydroxylation have been
observed, in comparison with other post-translational modifi-
cations such as phosphorylation, their full extent has yet to be
determined (Loenarz and Schofield, 2011). Although not likely to
be as widespread as others, new functions of protein hydroxylation
are being discovered that indicate it may have a larger role than
previously thought.

The post-translational hydroxylation of collagen, one of the
most abundant structural proteins in animals, has been exten-
sively studied. The discovery that the hydroxylation of prolyl
and lysyl residues in collagen as a result of an oxygenase cat-
alyzed modification provided the first evidence of the importance
of enzyme catalyzed post-translational hydroxylation (Stetten,
1949; Hutton etal., 1966; Jenkins and Raines, 2002). Three dif-
ferent post-translational hydroxylations are present in collagen:
4R-hydroxy-L-proline, 3S-hydroxy-L-proline and 5R-hydroxy-L-
lysine, with the 4R-hydroxy-L-proline being the most commonly

observed (Myllyharju and Kivirikko, 2001). These hydroxylations
are vital for the structure of collagen, which is comprised uniquely
of three left-handed helices wound together around a central-
axis to form a triple stranded right-handed tertiary structure,
with multiple collagen molecules cross-linked to form connective
tissues. The stability and strength of this structure is depen-
dent upon a Gly-Xaa-Yaa repeating motif, where Xaa is typically
L-proline and Yaa is typically 4R-hydroxy-L-proline (Engel and
Bichinger, 2005). The hydroxylation of proline residues in colla-
gen is catalyzed by procollagen prolyl 3- and 4-hydroxylases (P3H
and P4H) to form the 3S-hydroxy-L-proline and 4R-hydroxy-L-
proline, respectively (Figure 1A; Myllyharju, 2003; Vranka etal.,
2004). The hydroxylated 4R-hydroxy-L-proline in the Yaa posi-
tion is critical for stabilizing the structure, partly through essential
hydrogen bonds and partly by the stereoelectric gauche effect
(Prockop and Kivirikko, 1995; Myllyharju and Kivirikko, 2004). In
contrast to the stabilizing effect of the 4R-hydroxy-L-proline, the
rare 3S-hydroxy- L-proline has a less defined role, with initial evi-
dence indicating a slight destabilizing effect (Jenkins etal., 2003).
Evidence has now been found that this modification mediates
inter-helical interactions and helps the assembly of the collagen
triple helix (Weis etal.,, 2010). Mature collagen molecules are
assembled by tissue specific cross-linking of domains flanking the
triple stranded helical domain. This cross-linking is mediated by
the presence of hydroxylysine, the formation of which is catalyzed
by procollagen lysl 5-hydroxylase (PLOD; Figure 1B; Yamauchi
and Sricholpech, 2012). Defects in all three types of collagen
hydroxylation have been linked to number of diseases, highlighting
the importance of this post-translational modification.
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FIGURE 1 | 2-oxoglutarate oxygenase catalyzed hydroxylation and their
biochemical effects. (A) Hydroxylation of proline residues of collagen by
procollagen prolyl 4-hydroxylation (P4H) and prolyl 3-hydroxylase (P3H)
increase the structural stability of collagen. (B) Hydroxylation of collagen
lysine residues by procollagen lysine 5-hydroxylase (PLOD) provides further
stability through creating cross-linking sites. (C) Hydroxylation of HIF proline
residues by prolyl hydroxylase domain (PHD) enzymes stabilizes the
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stabilizes HIF-VHL interation
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disrupts HIF-p300 interaction

Lysine 5-hydroxylation by Jmjd6
regulates alternative splicing
(U2AF65), epigenetic regulation
(H2A/H2B) and p53 tumor supressor

interaction between HIF and von Hippel Lindau (VHL) protein targeting HIF for
degradation, while asparaginyl hydroxylation of HIF by factor inhibiting HIF
(FIH) acts to inhibit transcriptional activity by disrupting the interaction of HIF
with p300. Both hydroxylation events result in suppression of the hypoxic
response. (D) Lysyl hydroxylation of a variety of proteins by hydroxylase
Jmjd6 has effects on alternative splicing (U2AF65), epigenetic regulation
(histones H2A/H2B and H3/H4), and p53 tumor suppressor activity.

Post-translational hydroxylation is now known to be involved,
not only in protein structural stability, but also in cellular sig-
naling. The transcription factor hypoxia inducible factor (HIF) is
critical for the initiation of the hypoxic response, which occurs
when multicellular organisms are subjected to low oxygen lev-
els (Palmer and Clegg, 2014). HIF is a constitutively expressed,
heterodimeric protein, comprised of HIFla and HIF1B sub-
units (Wang etal., 1995). The HIFIB subunit resides in the
nucleus while, under hypoxic conditions, the HIFla subunit is
translocated into the nucleus and the active heterodimer recruits
the transcriptional coactivator p300, initiating transcription of
genes required for hypoxic response (reviewed in Hewitson and
Schofield, 2004). Under normal oxygen levels, the HIFla sub-
unit is not detectable in the cell implicating oxygen regulated

suppression of HIFa lifetime and activity in the cell (Huang
etal,, 1996). It is now known that post-translational hydroxy-
lation occurs at three separate sites on HIFla under normoxic
conditions. The oxygen dependent post-translational hydroxyla-
tion of two critical proline residues by a family of three closely
related prolyl hydroxylases (PHD1-3) results in the recruitment of
HIFla to the E3 ubiquitin ligase complex and subsequent degra-
dation of HIFla (Figure 1C; Ivan etal., 2001; Jaakkola etal.,
2001; Masson etal., 2001; Yu etal., 2001). Another level of HIF
inhibition under normal oxygen levels is the post-translational
hydroxylation of an asparaginyl residue by the hydroxylase: factor
inhibiting HIF (FIH). This hydroxylation blocks the interac-
tion of HIFla with p300, thus inhibiting transcriptional activity
(Figure 1C; Lando et al.,2002). This hydroxylase-mediated control
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of the hypoxic response is the first comprehensively described
instance of post-translational hydroxylation as a regulatory mech-
anism.

Following the discovery that HIF activity is regulated by
hydroxylation, the possibility of similar systems being reg-
ulated by hydroxylation was investigated and revealed post-
translational hydroxylation of lysine residues in the splicing
factor U2 small nuclear ribonucleoprotein auxiliary factor 65-
kDa subunit (U2AF65) catalyzed by the FIH related hydrox-
ylase Jumonji domain 6 protein (Jmjd6; Webby etal., 2009).
Jmjd6 was originally identified as a histone arginine demethy-
lase (Chang etal., 2007); however, large scale analysis of Jmjd6
interacting proteins revealed that its predominate function is lysyl
hydroxylation (Figure 1D; Webby etal., 2009). Hydroxylation
of U2AF65 was found to change alternative RNA splicing for
some genes indicating a role in the regulation of gene splicing,
with knockdown of Jmjdé resulting in similar splicing pat-
terns to those observed under hypoxic conditions (Webby etal.,
2009). Jmjd6 is now known to regulate alternative gene splic-
ing through interaction with a number splicing factors, as well
as the pre-RNA itself, though the exact conditions and physi-
ological role for hydroxylation have yet to be identified (Heim
etal, 2014). Jmjd6 was subsequently found to also hydrox-
ylate lysine residues on the histones H2A/H2B and H3/H4
(Unoki etal., 2013). The hydroxylated lysines were found to
inhibit both N-acetylation and N-methylation of histone pep-
tides in vitro. Conversely, both N-acetylation and N-methylation
of lysine residues blocked Jmjdé catalyzed hydroxylation. Com-
bined these results suggest a role of post-translational histone
hydroxylation in the epigenetic regulation of gene expression
and chromosomal rearrangement. Most recently, Jmjd6 was
found to catalyze the lysyl hydroxylation of the tumor suppressor
P53, decreasing p53 activity, and promoting colon carcinogen-
esis (Wang etal., 2014). Jmjd6 hydroxylation of p53 reveals
a connection between oxygen levels, cell cycle control, and
apoptosis.

PROTEIN HYDROXYLASES

Post-translational hydroxylation involves the oxidative conver-
sion of a C-H bond to a C-OH group on an amino acid side
chain. Protein hydroxylases, the enzymes responsible for catalyz-
ing this conversion, are found to belong to the 2-oxoglutarate
(20G)/Fe**-dependent oxygenase (20G oxygenase) superfam-
ily of proteins (Loenarz and Schofield, 2011). The majority
of these enzymes use a Fe?T cofactor and 20G and dioxy-
gen as co-substrates. 20G oxygenases are widely distributed
evolutionarily conserved enzymes involved in many biologically
important processes such as DNA repair, protein modifica-
tion, lipid metabolism, and secondary metabolite production
in plants and microbes. The enzymes catalyze a diverse array
of oxidative reactions, including desaturation, ring formation
or expansion, epimerization, and carbon—carbon bond cleavage.
However, the most common reaction they catalyze is hydroxyla-
tion (Hausinger, 2004). 20G oxygenases are known to catalyze
the hydroxylation of a variety of substrates ranging from small
molecules to macromolecular molecules, including both proteins
and DNA.

Proteins belonging to the 20G oxygenase family are identified
by a conserved HXD/EX,,H sequence motif, where the histidine
and aspartate/glutamate residues are involved in coordinating
the metal cofactor (Clifton etal., 2006). The three-dimensional
structures of many 20G oxygenases, including a number of
post-translational hydroxylases have been determined. All 20G
oxygenases are found to have a conserved core structure of
eight B-strands, which form two anti-parallel B-sheets that come
together in a right-handed double-stranded B-helix (DSBH) or
jelly roll (Figure 2; Roach et al., 1995; Clifton et al., 2006). The con-
served sequence motif is found within the DSBH, and marks the
location of the enzyme active site where Fe?* is brought together
with the substrates. The DSBH forms a very robust active site
allowing for the accommodation of the different substrates of
the 20G oxygenases, and for the catalysis of complex oxidative
reactions. Structural data, combined with kinetic and spectro-
scopic analysis suggest that the 20G oxygenases share a common
enzymatic mechanism wherein the Fe?*-bound enzyme inter-
acts with 20G, triggering reaction with dioxygen, which leads
to the formation of a ferryl intermediate that acts as a reactive
oxidizing species formed upon oxidative decarboxylation of 20G
(Holme, 1975; Chowdhury etal., 2014). The ferryl intermedi-
ate is then poised to react with the substrate. This is where the
mechanisms diverge depending on the type of reaction being cat-
alyzed, accounting for the breadth, and versatility of this class of
enzyme.

RIBOSOMAL OXYGENASES

With the discovery of the importance of hydroxylation of HIF
and splicing relating proteins by 20G oxygenases in eukaryotes,
the question of whether oxygenase catalyzed post-translational
hydroxylation has a role in prokaryotic cells was raised. The
Escherichia coli gene of unknown function, ycfD, was identi-
fied as a potential 20G oxygenase, which was confirmed by
the observation of YcfD bound to the 20G as a co-substrate
(van Staalduinen etal.,, 2014) and catalyzed 20G turnover in the
absence of substrate (Ge etal., 2012). A peptide screen com-
bined with co-immunoprecipitation analyses revealed that YcfD
hydroxylated the B carbon of arginine 81 of ribosomal pro-
tein L-16 (Rpll6; Ge etal., 2012). Interaction with Rpll6 was
independently confirmed and shown to be highly specific by glu-
tathione S-transferase pull-down experiments (van Staalduinen
etal., 2014). Consistent with the close link between translation
and growth, alteration of YcfD expression has been shown to
have dramatic effects on cell growth. Comparison of wild-type
cell growth to that of a strain lacking the ycfD gene (AycfD)
showed that, under normal conditions, there was no difference
between the two cell lines. However, under nutrient-limiting
conditions, the growth of AycfD cells was significantly reduced,
which correlated with a reduction in bulk protein translation
by three- and fourfold (Ge etal., 2012). Overexpression of YcfD
was also shown to significantly inhibit E. coli colony formation
under standard growth conditions, indicating a clear role for
YcfD in E. coli cell growth regulation (van Staalduinen etal., 2014).
Two human homologs to YcfD, Mina53 and NO66, were also
identified to hydroxylate ribosomal proteins, and have similar
effects on cell proliferation (Tsuneoka etal.,, 2002; Teye etal.,
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FIGURE 2 | Structure conservation of ROX enzymes. A structural
comparison of (A) the bacterial ROX YcfD (PDB ID 4NUB) to (B) the
eukaryotic ROX Mina53 (PDB ID 4BU2). The structures align with an overall
RMSD of 2.6 A. The characteristic DSBH is shown in yellow, and the
dimerization domain (dimer) and the winged-helix domain (WH) are labeled.
(C) Structure based sequence alignment of the DSBH from YcfD and
Minab3. Conserved metal binding residues are marked with a red asterisk
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and the 20G binding residues are marked with a green asterisk. Alignment
was done using Dalilite (Holm and Park, 2000). (D) Binding of YcfD to
Rpl16 peptide. The surface of the Rhodothermus marinus YcfD (PDB ID
4CUG) active site is shown with an Rpl16 peptide (green) and the 20G
analog N-oxalylglycine bound (NOG; orange). The site of hydroxylation is
marked with an asterisk (*). Below, a schematic hydroxylation of Rpl16-R81
by YcfD is shown.

2004; Zhang etal., 2005; Suzuki etal., 2007; Ge etal., 2012).
Together, Ycfd, Mina53, and NOG66 are the founding members
of a novel class of evolutionarily conserved ribosomal oxygenases
(ROXs).

Structural studies of YcfD and other ROX enzymes showed
that they are comprised of three domains: an N-terminal DSBH,
followed by a dimerization domain and a C-terminal winged-
helix domain (WH; Figures 2A,B; Chowdhury etal., 2014; van
Staalduinen etal., 2014). The N-terminal DSBH displays the char-
acteristic topology of a stereotypical 20G oxygenase. Despite
overall low sequence homology (15% homology to Mina53 and

NO66) YcfD is structurally very similar to the eukaryotic ROX
enzymes (YcfD-Mina53 RMSD 2.6 A). The DSBH is particularly
well conserved with residues involved in metal and 20G binding
conserved (Figure 2C), while the dimerization and WHs show
much lower conservation. The ROX active site is found in a
pocket within the DSBH, and the substrate of YcfD, Rpl16 was
shown to dock to the active site in a complementary manner
(van Staalduinen etal., 2014). Co-crystallization of peptide sub-
strates with the ROX enzymes provides more detailed insight
into the interaction (Chowdhury etal., 2014). There are very
minor changes observed when the Rpll6 peptide is bound by
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YcfD; the overall structure remains largely unchanged with only
a few residues in the active site shifting to accommodate the sub-
strate. The arginine side chain to be hydroxylated sits deep in
the active site with the B-carbon aligned with 20G, in an ideal
geometry for hydroxylation (Figure 2D). The surface of the area
surrounding the active site of the YcfD is intimately involved with
binding of the substrate with a number of clefts to allow dock-
ing of side chains to the surface of the enzyme. The dimerization
domain is comprised of three a-helices which form intimate con-
tacts with the dimerization domain of another molecule and have
been shown to be important for catalytic activity (Chowdhury
etal.,, 2014). The C-terminal WH distinguishes the ROX proteins
from other 20G oxygenases. Typically, WHs mediate protein—
protein or protein—nucleic acid interactions (Teichmann etal,
2012); in this case, it is unlikely that the ROX proteins bind nucleic
acids directly due to the overall negative charge of this domain
(Chowdhury etal., 2014). Instead, it is likely that this essential
domain plays a role in substrate binding, either binding sub-
strate directly or interacting with another part of the ribosomal
complex.

REGULATORY POTENTIAL OF ROX IN PROKARYOTES
The substrate of YcfD, Rpl16, is an essential late-assembly com-
ponent of the 50S ribosomal subunit and is responsible for
the architectural organization of the aminoacyl-tRNA binding
site (Nierhaus, 1991). A loss of Rpll6 has been associated
with defects in stages of both ribosomal assembly and func-
tion, including maturation of the 50S subunit (Jomaa etal,
2014), binding of the 30S subunit (Kazemie, 1975), association
with aminoacyl-tRNA (Kazemie, 1976), peptidyl-tRNA hydroly-
sis activity (Tate etal., 1983), peptidyl transferase activity (Moore
etal., 1975; Hampl etal., 1981), as well as antibiotic interactions
(Nierhaus and Nierhaus, 1973; de Bethune and Nierhaus, 1978;
Teraoka and Nierhaus, 1978). The structure of Rpll6 has been
determined by NMR (PDB ID: 1WKI), revealing that the hydrox-
ylation site is on an extended, flexible loop that becomes locked
upon binding to the 23S rRNA, as observed in crystal struc-
tures of the bacterial ribosome (Harms etal., 2001; Nishimura
etal., 2004; Dunkle etal., 2010). The site of YcfD hydroxyla-
tion, R81, is inserted between two 23S rRNA helices in the intact
ribosome, indicating a role for the hydroxyl group in stabiliz-
ing the architecture of the aminoacyl-tRNA binding site through
hydrogen bonding and, ultimately, in the spatial optimization
of the Rpl16-rRNA complex. There is evidence that YcfD binds
very specifically to Rpl16, and is capable of pulling down Rpl16
in the absence of other ribosomal proteins. In addition, Rpl16
plays a role as a late ribosomal assembly protein, which indi-
cates a potential function for YcfD in sequestering Rpll6 prior
to its addition to the maturing ribosome, thus ensuring proper
assembly of the ribosome. The overall importance of Rpll6 in
the competency of the bacterial ribosome, combined with the
fact that it is the target of a number of antibiotics, indicate that
hydroxylation of Rpl16 by YcfD may play a role in the regula-
tion of protein translation and, consequently, in bacterial cell
growth.

2-oxoglutarate oxygenases have been found to provide a link
between metabolism and transcriptional regulation via evidence

that oxygenases involved in transcriptional regulation are inhib-
ited by increased amounts of tricarboxylic acid cycle intermediates
or 2-hydroxyglutarate in tumor cells (Ge etal., 2012; Mullen and
DeBerardinis, 2012). A similar relationship between metabolism
and translation through regulation of ROX activity may exist
and investigation into the effects of metabolic molecules on
ROX activity could lead to an understanding of this relationship.
This connection between metabolism and translational regulation
seems very intuitive, particularly for bacteria, as cell growth would
need to decrease in response to limited nutrition and, conversely,
under nutrient rich conditions the cells do not need to limit their
growth. The activity of the ROX enzymes, like that of other 20G
oxygenases, was also found to be limited under hypoxic conditions
(Geetal., 2012). This loss of YcfD activity under anaerobic condi-
tions suggests a regulatory role for the hydroxylase under hypoxic
stress, resulting in reduced translation and subsequent loss of cell
growth. As the connection between ROX enzyme activity and cell
growth is better understood, there is opportunity for the devel-
opment of new antibiotics which target YcfD, the YcfD-Rpll6
complex, or hydroxylated Rpl16.

CONCLUDING REMARKS

Post-translational hydroxylation, though well characterized in
eukaryotes, remains understudied in prokaryotes. The discovery
that YcfD is a bacterial ROX, responsible for the hydroxylation
of an essential component of the bacterial ribosome, highlights
the potential for post-translational hydroxylation as an important
bacterial regulatory mechanism. The sensitivity of hydroxylases
to alterations in metabolism and hypoxic conditions makes them
ideal candidates for regulating bacterial cell response to changes in
the environment. Investigation of other putative 20G oxygenase
could elucidate novel post-translational hydroxylation regulatory
pathways in prokaryotes, as well as uncover novel therapeutic
targets.
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Rheumatoid arthritis (RA) is an autoimmune disease characterized by inflammation followed
by tissue rebuilding or fibrosis. A failure by the body to regulate inflammation effectively is
one of the hallmarks of RA. The interaction between the external environment and the
human host plays an important role in the development of autoimmunity. In RA, the
observation of anti-cyclic citrullinated peptide antibodies (ACPA) to autoantigens is well
recognized. Citrullination is a post-translational modification mediated by peptidyl arginine
deiminases, which exist in both mammalian and bacterial forms. Previous studies have
shown how proteins expressed in the human extracellular matrix (ECM) acquire properties
of damage-associated molecular patterns (DAMPs) in RA and include collagens, tenascin-
C, and fibronectin (FN). ECM DAMPs can further potentiate tissue damage in RA. Recent
work has shown that citrullination in RA occurs at mucosal sites, including the oral cavity
and lung. Mucosal sites have been linked with bacterial infection, e.g., periodontal disease,
where exogenous pathogens are implicated in the development of autoimmunity via an
infectious trigger. Proteases produced at mucosal sites, both by bacteria and the human
host, can induce the release of ECM DAMPs, thereby revealing neoepitopes which can
be citrullinated and lead to an autoantibody response with further production of ACPA. In
this perspectives article, the evidence for the interplay between the ECM and bacteria at
human mucosal surfaces, which can become a focus for citrullination and the development
of autoimmunity, is explored. Specific examples, with reference to collagen, fibrinogen,
and FN, are discussed.

Keywords: rheumatoid arthritis, citrullination, lung, periodontal disease, extracellular matrix, infection, microbiome

INTRODUCTION

Rheumatoid arthritis (RA) is an immune-mediated inflammatory
disease. It is often associated with chronic disability, early mor-
tality, systemic complications, and places a high socioeconomic
burden on society as a whole (McInnes and Schett, 2011). In the
last few decades there have been improved treatments for RA, based
on immune-modulation of inflammatory pathways. However, up
to one-third of people with RA continue to experience high disease
activity, despite treatment with strong immunomodulatory drugs
such as tumour necrosis factor (TNF) inhibitors, methotrexate,
and corticosteroids (Scott etal., 2010). An improved understand-
ing of disease pathophysiology is therefore essential to develop
new treatments to address this unmet need.

The development of RA results from a complex interplay
between genotype, environment, and lifestyle factors such as
smoking (Mahdi etal., 2009). An important clinical aspect in
the diagnosis of RA includes the detection of anti-citrullinated
peptide antibodies (ACPA) to auto-antigens. Citrullination, also
known as demimination, is the conversion of the amino acid argi-
nine in a protein into the amino acid citrulline. Enzymes called
peptidylarginine deiminases (PADs) replace the primary ketamine
group (=NH) by a ketone group (=0). Citrullination is involved
in regulation of development during embryogenesis and in

demination-regulated gene expression through histone modifica-
tions. Citrulline is not one of the standard 20 amino acids encoded
by DNA in the genetic code; it is the result of a post-translational
modification. The immune system often attacks citrullinated
proteins, thereby leading to autoimmune phenomena in RA.
Twin studies have shown a concordance rate for RA of 15 to 30%
among monozygotic twins and 5% among dizygotic twins (13).
Genome-wide association analyses have identified immune regu-
latory factors that may underlie the disease; including PTPN22
among the single nucleotide polymorphisms (SNPs) identified
(Wellcome Trust Case Control Consortium, 2007). An associa-
tion with HLA-DRB1 has been established for RA patients who
are positive for rheumatoid factor or ACPA (Gregersen etal,
1987). In keeping with the role of HLA-DRBI in antigen pre-
sentation, a number of studies over the last two decades have
shown that auto-reactive immune responses are mediated by
T-cell repertoire selection, antigen presentation, or changes in
peptide affinity (Panayi, 2006). The shared epitope (SE), carried
by the vast majority of RA patients, is a 5-aa sequence motif
in the third allelic hypervariable region of the HLA-DRp chain.
Proposed explanations for the link between RA and the SE include
molecular mimicry of the SE by microbial proteins, increased T
cell senescence induced by SE-containing HLA molecules and a
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potential pro-inflammatory signaling function that is unrelated to
the role of the SE in antigen recognition (Weyand and Goronzy,
1990; De Almeida etal., 2010).

Gene—environment interactions are also important in RA
development. Smoking and other environmental risks to the lung,
such as silica exposure, increase the risk of RA in people with sus-
ceptibility HLA-DR4 alleles (Symmons et al., 1997; Klareskog et al.,
2008). Smoking and HLA-DRBI alleles synergistically increase
the risk of developing the anti-citrullinated protein antibodies
(ACPA) that are present in the majority of patients with RA (Li
etal., 2007). It has therefore been proposed that environmen-
tal stress in the lung or other mucosal surfaces may promote
post-translational modifications through activation of peptidyl
arginine deiminase, type IV (PADIV), which can cause citrulli-
nation of mucosal proteins. Loss of tolerance to the neoepitopes
generated by citrullination can be detected clinically in people with
RA by the ACPA response (Vincent etal., 1999).

For many years, it has been recognized that infectious agents
such as cytomegalovirus, Escherichia coli, Epstein Barr virus, par-
vovirus, and proteus species may play a role in the development
of RA. Recently, the oral pathogen Porphyromonas gingivalis
has been implicated in the pathogenesis of RA (Mikuls etal,
2014). Products of infectious agents, e.g., heat shock proteins
and enzymes responsible for citrullination have been shown in
several models to induce immune reactivity. For example, sev-
eral citrullinated autoantigens can be identified in assays to test
for ACPA, keratin, fibrinogen, fibronectin (EN), collagen, and
vimentin (van der Woude etal., 2010). Many of the proteins
described form part of the extracellular matrix (ECM) com-
mon to many structures in the joint, lung, skin, and mucosal
tissue. Damage-associated molecular patterns (or DAMPSs) are
molecules that can initiate and perpetuate the immune response
in the non-infectious inflammatory response. Molecules includ-
ing fibrinogen and FN, which are abundant in the arthritic joint,
have been implicated described as DAMPs in RA pathophysi-
ology and are susceptible to citrullination. It is also possible
that cleavage of DAMPs by proteases during the arthritic process
may lead to exposure of neoepitopes which are then suscepti-
ble to a heightened autoimmune response. Although unifying
mechanisms for the link between infection and RA autoim-
munity are not entirely established, the theory of molecular
mimicry has been proposed (van Heemst etal., 2014). The for-
mation of immune complexes during infection may trigger the
induction of rheumatoid factor, which is a high affinity autoan-
tibody against the Fc portion of immunoglobulin, often used
in the diagnosis of RA (De Rycke etal., 2004). A link has been
described between RA and periodontal disease (PD): Porphy-
romonas gingivalis produces bacterial peptidylarginine deiminase
(PAD) which can promote citrullination of mammalian proteins
(Wegner etal., 2010). Recently, the gastrointestinal microbiome
has also been implicated in the development of autoimmunity
(Scher etal., 2012).

ECM INTERACTIONS IN RA

In the sections below, we discuss the role of common ECM pro-
teins found not only in the arthritic joint, but also highly expressed
by mucosal surfaces including the lung, mouth, and gut. We

discuss how such ECM proteins may be cleaved and citrullinated
at mucosal surfaces, thereby leading potentially to the breakdown
of tolerance and the development of autoimmunity in RA.

COLLAGENS

Collagens comprise a superfamily of ECM proteins which provide
a structural framework for many connective tissues. Collagens
can be divided into several families or groups based on their
exon structure, containing several homologous genes encoding
polypeptides that have domains with similar sequences. All colla-
gens have domains with a triple helical conformation (Bella etal.,
1994) and are a major constituent of connective tissue. Collagen
fibrils composed primarily of type II and XI collagen provide a
structural framework to hyaline cartilage (Li et al., 2007), and type
I/III and V collagens are a major constituent of skin, tendon, liga-
ments and bone, demonstrating how the major constituents of the
joint require collagen for their structural integrity. Mutations in
COL2AI1 cause a spectrum of chondrodysplasias, including achon-
drogenesis II, hypochondrogenesis, spondyloepiphyseal dysplasia,
and Kniest and Stickler syndromes (Mundlos and Olsen, 1997).
Type II collagen can be injected peripherally to induce RA in
murine arthritis in the collagen-induced arthritis (CIA)-model
(Williams, 2004), which is one of the most commonly used murine
models of inflammatory arthritis.

FIBRINOGENS

Fibrinogen is a soluble plasma protein. After cleavage by o-
thrombin, it is converted to fibrin monomers (Blombick, 1996).
Fibrin monomers self-associate to form an insoluble homopoly-
meric structure, the fibrin clot. Fibrinogen can also bind to
platelets, contributes to the formation of fibrin clots, as well as
endothelial cells and leukocytes and plays a multifaceted role in the
ECM response to injury. Fibrinogen expression is upregulated at
mucosal surfaces during injury, thus participating in inflammatory
responses. Congenital lack of fibrinogen results in a bleeding dis-
order, while increased plasma levels are associated with heightened
arterial and venous thrombotic risk (Everse et al., 1998).

FIBRONECTIN

Fibronectin is an ECM glycoprotein present in tissues and body
fluids that is involved in a range of processes, including cellular
differentiation, adhesion, migration, wound healing, and neo-
plastic transformation (Hynes and Yamada, 1982). FN comprises
the ECM in joint tissue, including the synovial membranes and
cartilage. Expression of FN is upregulated in arthritic diseases
including RA and osteoarthritis (Sofat etal., 2012). In addition,
FN fragments have been detected in cartilage from people with
RA and OA and are responsible for further cartilage matrix degra-
dation (Sofat etal., 2012). Citrullination of FN has been found in
RA synovial tissue (Chang etal., 2005) and antibodies to citrulli-
nated FN have been detected in people with RA (Van Beers etal,,
2012).

WHERE COULD CITRULLINATION TAKE PLACE? INSIGHTS
FROM MUCOSAL SURFACES

Antibodies to citrullinated peptide antigens are associated with
RA and predate disease onset in many cases (Ioan-Facsinay etal.,
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2008). Since RA autoantibodies often pre-date the development of
inflammation in the synovium, it is possible that primary citrul-
lination occurs outside the synovium. It has been suggested that
infectious agents release toxins such as lipopolysaccharide (LPS)
at mucosal surfaces, triggering an inflammatory response with
potential to cause citrullination of ECM. Citrullination may affect
ECM proteins found both at mucosal surfaces such as lung, oral
and gut mucosa, and in articulating joint tissue, including FN,
fibrinogen, and collagen.

LUNG

Klareskog et al. (2008) suggested that the lung may be a site of cit-
rullination, where co-factors such as smoking and exposure to
LPS may result in altered immune status of the lung mucosa.
The lung is susceptible to inflammatory responses triggered by
infection and autoimmunity (Meyer, 2010). In addition to the
increased prevalence of ACPA in smokers (Meyer, 2010) there
is also increased ACPA prevalence in RA-related lung disease
(Ruiz-Esquide etal., 2012). Respiratory micro-organisms are also
linked to the development of RA (Perry etal., 2014).

To explore the link between inflammation and modification
of the ECM matrix in the lung, we investigated the effect of pul-
monary LPS exposure on ECM expression in mice. Experiments
were performed using 6-8 weeks old female BALB/c mice. Mice
were anesthetized with isoflurane (in accordance with UK Home
Office regulation), then 50 wL of 0.125 mg/kg LPS from E. coli
serotype 0127:B8 or saline control was administered intranasally.
Mice were sacrificed after 24 h: the lungs were dissected out
and fixed for 4 h in 4% paraformaldehyde and washed before
embedding in paraffin wax. Our murine model showed an inflam-
matory response to LPS, with oedema, destruction of alveolar
architecture, and a cellular infiltrate (Figures 1A,B). For his-
tochemistry, lung tissue was sectioned into 4 wm slices which
were stained with haematoxylin and eosin or primary rabbit anti-
EN antibody. The expression of FN, an ECM molecule which is
expressed in the lung, was highly upregulated in LPS treated mice
vs. saline controls (n = 5 in each group). FN protein was detected
in the surrounding ECM of alveolar tissue, type II pneumo-
cytes, and the cellular infiltrate demonstrated by immunostaining
with primary anti-FN antibody followed by a secondary anti-
body conjugated with horseradish peroxidase by light microscopy
(Figure 1C).

To determine whether the increased FN expression observed in
the murine system was also relevant to human lung disease, we
investigated the expression of FN in bronchoalveolar lavage fluid
(BALF) from people with chronic severe asthma and/or COPD.
BALF was probed for FN using SDS-PAGE and Western blot-
ting (Figure 1D). We observed expression of full-length FN in
all samples tested from human BALF with asthma and COPD. In
addition, we observed increased expression of fragmented FN in
all samples tested, suggesting cleavage of FN during asthma and
COPD. A separate gel was run on SDS-PAGE, and samples of BALF
from subjects with mild asthma were analyzed by liquid chro-
matography mass spectrometry (LC-MS) on 1-D gels by in-gel
digestion (Figure 1E). Bands from SDS-PAGE were cut from the
gel (Figure 1E) and subjected to mass spectrometry demonstrat-
ing a typical signature of protein expression from BALF samples,

including alpha-1 antitrypsin, complement, immunoglobulin, FN
was also identified from samples mapping to the cell-binding
region and the C-terminal heparin-binding region of FN. These
FN regions identified in human BALF are the same regions as have
previously been implicated in mediating chronic inflammation in
arthritis (Sofat etal., 2012). Taken together, our findings show that
acute inflammation in mouse lung induces increased FN expres-
sion and that expression and fragmentation of FN can also be
demonstrated in human lung BALF extracts.

Other groups have described citrullination of FN in RA (Chang
etal., 2005). Upregulation of FN expression at mucosal surfaces
including the lung, as we have shown, may consequently con-
tribute to mechanisms of RA pathogenesis such as citrullination.
Our data showed increased FN expression in BALF samples and
fragmented forms of FN, which may represent fragmentation by
proteases. It is possible that FN and/or its fragments mediate
chronic inflammation during lung injury and result in citrulli-
nation in RA driven by cofactors such as smoking and the SE.

PERIODONTAL SURFACES

The oral mucosa contains an abundance of bacterial organisms in
health and disease. A strong link has been described between PD
and RA, giving rise to investigation of the oral microbiome in RA.
Recent work has suggested that environmental factors influenc-
ing autoimmunity include crosstalk between the human host and
oral/intestinal microbiomes. Several lines of investigation have
suggested a link between the oral microbes, PD and RA (Wegner
etal., 2010; Mikuls etal., 2014). Recent studies have shown that
people with RA have a high prevalence of PD. A genome sequenc-
ing approach using samples collected from the subgingival biofilm
identified a number of organisms, including Anaeroglobus gemina-
tus, Porphyromonas gingivalis, Prevotella, and Leptotrichia species
in people with new-onset RA (Scher etal., 2012).

We investigated the ability of oral microbes to modify ECM
proteins. Porphyromonas gingivalis, a known pathogen in PD
(strain W83 from ATCC) was cultured for 24 h under full anaero-
bic conditions (3M Concept Plus anaerobic incubator). Bacterial
supernatants were extracted and incubated with ECM substrates at
0.5 mg/ml at 37°C, with collection of digestion products from 0 to
180 min after digestion. ECM substrates chosen for these exper-
iments were fibrinogen, FN and type I collagen, as these ECM
proteins are found both in arthritic joints and in oral mucosa.
The cleavage patterns of ECM substrates were evaluated by SDS-
PAGE and Western blotting in the presence and absence of selective
protease inhibitors.

We found that culture supernatants from P. gingivalis were
effective at cleaving all the substrates tested. At 37°C the rate of
cleavage was: fibrinogen 30 min for complete cleavage, FN was
180 min for complete cleavage and type I collagen was cleaved
at a slower rate over 180 min (Figure 2). Intermediate digestion
products for all three ECM proteins were demonstrated on SDS-
PAGE (Figure 2). Our results show that cleavage pattern of ECM
protein substrates was distinct for each of the substrates tested.
The varying cleavage patterns are likely to have been influenced
by the nature of the secreted proteases produced by P gingivalis,
and that the varying levels of protease expression produced by the
microorganism had a differing effect on the digestion pattern and
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FIGURE 1 | Expression of fibronectin (FN) in murine and human lung
tissue. (A) Experiments were performed using 6-8 weeks old female BALB/c
mice. Mice were anesthetized with isoflurane, then 50 L of 0.125 mg/kg
LPS from Escherichia coli serotype 0127:B8 or saline control was
administered intranasally. Mice were sacrificed after 24 h: the lungs were
dissected out and fixed for 4 h in 4% paraformaldehyde and washed before
embedding in paraffin wax. Our murine model showed an inflammatory
response to LPS, with oedema, destruction of alveolar architecture and a
cellular infiltrate (arrows indicate areas of inflammatory infiltrate). (B) The
cellular inflammatory infiltrate was quantified in five representative lung fields
and was compared between mice treated with LPS or saline control. (C) We
demonstrated the expression of FN, an ECM molecule in murine lung
harvested after LPS treatment. Expression of FN (increased brown staining
by horseradish peroxidase) was highly upregulated in LPS treated mice vs.
saline controls (n = 5 in each group). FN protein was detected in the
surrounding ECM of alveolar tissue, type Il pneumocytes, and the cellular
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infiltrate (arrows indicate perivascular staining of FN in lung ECM, alveolar
tissue, and pneumocytes). For immunohistochemistry, lung tissue was
sectioned into 4 wm slices which were stained with haematoxylin and eosin
or primary rabbit anti-FN antibody. FN antigen was detected using secondary
antibodies conjugated to horseradish peroxidase and analyzed by light
microscopy. (D) Expression of FN from bronchoalveolar lavage fluid (BALF) is
shown in participant samples obtained with informed consent. Samples were
obtained from people with mild asthma (1-3) or chronic obstructive
pulmonary disease (COPD). SDS-PAGE was performed followed by
immunoblotting. The Western blot was treated with a primary antibody to
human FN (Sigma), with a secondary anti-rabbit antibody (Sigma) conjugated
to alkaline phosphatase for development. (E) Bands from samples 1-3 of
BALF from participants with mild asthma (D) were run separately on
SDS-PAGE, bands of interest were cut out and then subjected to analysis
using liquid chromatography mass spectrometry (LC-MS). Residues from
proteins identified from BALF samples are shown.
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FIGURE 2 | Cleavage of ECM proteins FN, fibrinogen, and type |
collagen by culture supernatants of Porphyromonas gingivalis.
Digestion patterns observed over a time course experiment from 0 up to
180 min was performed with culture supernatants from P gingivalis
incubated with FN, fibrinogen, and type | collagen, respectively. Digestion
patterns for FN (A), fibrinogen (B), and type | collagen (C) are shown. For
FN (A), almost full cleavage was observed after 180 min, an effect which
was delayed in the presence of inhibitors KYT-1 and KYT-36. For fibrinogen
(B), full cleavage was observed within 30 min. In contrast, with the
gingipain inhibitors, cleavage was not observed in a rapid manner and
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intermediate cleavage products remained after 180 min of digestion in the
presence of KYT inhibitors. For type | collagen, slower cleavage was
observed, but was more rapid than without co-culture with P gingivalis
supernatants, suggesting that all three ECM molecules tested are cleaved
more rapidly in the presence of P gingivalis. Culture supernatants of the
anaerobe P gingivalis (strain W83 from ATCC) were produced from 24 h
cultures using full anaerobic conditions (3M Concept Plus anaerobic
incubator). After culture, bacterial supernatants were extracted and
incubated with the substrates at 0.5 mg/ml at 37°C, with collection of
digestion products from 0 to 180 min.

kinetics of specific protein substrates. In the presence of gingi-
pain inhibitors KYT-1 and KYT-36, cleavage of the substrates FN
and fibrinogen was strongly inhibited, as demonstrated by the
persistence of digestion products in the presence of both pro-
tease inhibitors. Due to the likely varying inhibition of selective
proteases by specific inhibitors KYT-1 and KYT-36, we observed
differing inhibition patterns. However, as observed by the lack of
inhibition of complete cleavage of the substrates we tested, it is
likely that other proteases are also important in cleaving the sub-
strates tested. Based on our in vitro findings, it could be possible
that ECM substrates such as fibrinogen, FN, and type I colla-
gen could be cleaved by proteases in the oral mucosa, giving rise
to neoepitopes which could then be available for citrullination.
Taken together, our findings raise the possibility that modifica-
tion of ECM proteins in the oral mucosa by bacterial products
could drive production of autoantibodies against ECM proteins
expressed both in the oral mucosa and in arthritic joints. Inhibi-
tion of cleavage of oral ECM proteins may have potential as a new
therapeutic target in the management of RA.

CONCLUDING REMARKS

Our data and reports from other groups demonstrate that mucosal
surfaces express ECM DAMPS and that selective proteases can
cleave ECM substrates found in the lung and oral mucosa. Our
previous work has shown that ECM FN is upregulated in arthritic
cartilage (Sofat etal., 2012) and other groups have demonstrated
citrullinated FN inhibits apoptosis and promotes production of
pro-inflammatory cytokines in RA (Fan et al., 2012). Such findings
suggest that ECM proteins shared in the oral mucosa, lung, and
the arthritic joint may contribute to the development of autoim-
munity in RA. Future work to identify the proteases involved
in both cleavage and citrullination of autoantigens, which may
then serve to act as DAMPs, both in human and microbial
systems, will be crucial to our understanding of disease patho-
physiology in RA. Inhibition of cleavage of such substrates may
delay the production of ECM DAMPs that are targets for citrul-
lination in RA. Therapeutic strategies aimed at inhibiting such
cleavage of ECM substrates may be a novel therapeutic target
in RA.
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The Gram-positive model bacterium Bacillus subtilis contains two glutamate dehydro-
genase-encoding genes, rocG and gudB. While the rocG gene encodes the functional
GDH, the gudB gene is cryptic (gudB“F) in the laboratory strain 168 due to a perfect
18 bp-long direct repeat that renders the GudB enzyme inactive and unstable. Although
constitutively expressed the GudBCR protein can hardly be detected in B. subtilis as it is
rapidly degraded within stationary growth phase. Its high instability qualifies GudB®F as a
model substrate for studying protein turnover in B. subtilis. Recently, we have developed a
visual screen to monitor the GudBCR stability in the cell using a GFP-GudBC® fusion. Using
fluorescent microscopy we found that the GFP protein is simultaneously degraded together
with GudBCR. This allows us to analyze the stability of GudBCR in living cells. By combining
the visual screen with a transposon mutagenesis approach we looked for mutants that
show an increased fluorescence signal compared to the wild type indicating a stabilized
GFP-GudBCR fusion. We observed, that disruption of the arginine kinase encoding gene
mesB upon transposon insertion leads to increased amounts of the GFP-GudBCR fusion
in this mutant. Deletion of the cognate arginine phosphatase YWIE in contrast results in
reduced levels of the GFP-GudBCR fusion. Recently, it was shown that the kinase McsB is
involved in phosphorylation of GudBCR on arginine residues. Here we show that selected
arginine-lysine point mutations of GudBCR exhibit no influence on degradation. The activity
of McsB and YwIE, however, are crucial for the activation and inhibition, respectively, of a
proteolytic machinery that efficiently degrades the unstable GudBC" protein in B. subtilis.

Keywords: proteolysis, arginine phosphorylation, protein modification, protein folding, glutamate dehydrogenase

INTRODUCTION

Posttranslational modifications of proteins allow bacteria to con-
trol several important cellular processes. Phosphorylation is such
a posttranslational modification event that can severely affect
the function of a protein, which is targeted by a specific kinase
(Pawson and Scott, 2005; Jers etal., 2008; Kobir etal., 2011).
In bacteria, phosphorylation of enzymes and of enzyme regu-
lators is important for the re-direction of fluxes through central
metabolic pathways (LaPorte and Koshland, 1983; Cozzone and
El-Mansi, 2005; Niebisch et al., 2006). Moreover, posttranslational
modification of RNA- and DNA-binding transcription factors by
phosphorylation may result in induction or repression of gene
expression (Bird etal., 1993; Stiilke etal., 1997; Jung etal., 2012;
Mascher, 2014).

In the past years, several studies revealed that beside serine,
threonine, histidine, and cysteine also amino acids like tyro-
sine and arginine are phosphorylated in bacteria (Meins etal.,
1993; Hoch, 2000; Deutscher and Saier, 2005; Macek etal.,
2007; Kobir etal., 2011). For instance, the activity of the UDP-
glucose dehydrogenase in the Gram-positive model bacterium
Bacillus subtilis is controlled by reversible phosphorylation of
a tyrosine residue (Mijakovic etal., 2004). Phosphorylation of
tyrosine residues has also been shown to be important for con-
trolling the activity of DNA-binding proteins (Mijakovic etal.,

2006; Derouiche etal., 2013). Recently, phosphoproteomic studies
revealed that phosphorylation of arginine residues is an emerg-
ing posttranslational modification, which is implicated in general
stress response in B. subtilis (Elsholz etal., 2012; Schmidt etal,,
2014; Trentini etal., 2014). The kinase responsible for arginine
phosphorylation in B. subtilis was shown to be McsB (Fuhrmann
etal.,, 2009). Under normal growth conditions McsB is bound
and inhibited by the ClpC ATPase subunit of the CIpCP pro-
tease complex and/or the activator of McsB kinase activity, McsA.
At the same time, the DNA-binding transcription factor CtsR
represses the genes of the CtsR-regulon (Derré etal., 1999). In
contrast, if the bacteria encounter heat stress, ClpC preferen-
tially interacts with misfolded proteins and releases McsB, which
finally targets CtsR for degradation (Kirstein etal., 2005). Inac-
tivation of CtsR results in upregulation of genes that encode
proteins of a central protein quality network. The proteins of
this network include chaperones, proteases, and adaptor pro-
teins that improve the recognition of substrates by proteases
(Elsholz etal., 2010a; Battesti and Gottesmann, 2013). Recent
findings indicate that the detachment of CtsR from the DNA
provoked by heat seems to be mediated by an intrinsic protein
domain that senses heat rather than by McsB-dependent phospho-
rylation of arginine residues (Elsholz etal., 2010b). By contrast,
upon oxidative stress, McsA does not longer bind to and inhibit
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McsB, which subsequently removes CtsR from the DNA (Elsholz
etal, 2011). Thus, the way of how the DNA-binding activity of
CtsR is controlled by oxidative stress and by heat is strikingly
different.

In recent global phosphoproteomic studies using a B. sub-
tilis ywlE mutant strain lacking the cognate phosphatase YwIE
of the kinase McsB, several arginine phosphorylation sites were
detected (Elsholz etal., 2012; Schmidt etal., 2014; Trentini etal.,
2014). Two phosphorylatable arginine residues in the ClpC pro-
tein were shown to be important for McsB-dependent activation
of the ATPase subunit of the CIpCP protease complex (Elsholz
etal,, 2012). In the same study it has been shown that the arginine
kinase McsB and the cognate phosphatase YwIE may influence the
expression of different global regulons. However, the impact of
arginine phosphorylation on the physiology of B. subtilis is not
yet fully understood. Analyses of the dynamic changes in the argi-
nine phosphoproteome in response to heat and oxidative stress
revealed that only a minor fraction of the phosphorylation sites
were differentially modified (Schmidt etal., 2014).

We are interested in the regulation of glutamate metabolism
in B. subtilis. In addition to de novo synthesis of the important
amino group donor glutamate, the bacteria may use glutamate
as a source of carbon and nitrogen (for a recent review see
Gunka and Commichau, 2012). Utilization of glutamate requires
expression of the rocG and gudB genes encoding the catabolically
active glutamate dehydrogenases (GDHs) RocG and GudB, respec-
tively (Belitsky and Sonenshein, 1998; Gunka etal., 2013). Some
isolates of B. subtilis like the “wild” ancestor strain NCIB3610
indeed synthesize two active GDHs allowing the bacteria to use
glutamate as the single source of carbon and nitrogen (Zeigler
etal., 2008; unpublished results). In the domesticated B. subtilis
strain 168 only the rocG gene encodes a functional GDH (Belit-
sky and Sonenshein, 1998; Zeigler etal., 2008). In this strain,
the gudB°R gene is cryptic (CR) due to a perfect 18 bp-long
direct repeat (DR). This occurs in the part of the gene encod-
ing the active center of the enzyme (Belitsky and Sonenshein,
1998). The GudBR is enzymatically inactive and also subject to
rapid proteolytic degradation, especially when the bacteria starve
for nutrients, which is the case when bacteria enter stationary
phase (Gerth etal., 2008; Gunka etal., 2012, 2013). Although
ClpP was shown to slightly affect GudB“R stability (Gerth etal.,
2008), other factors that are involved in the recognition and
degradation of the protein are unknown. Interestingly, McsB
was shown to phosphorylate the inactive GudB“R protein on
four arginine residues (Elsholz etal., 2012). It is tempting to
speculate that this phosphorylation serves as a label that directs
the inactive GudB®R protein to the proteolytic machinery (see
below).

In the present study, we apply a visual screen that is based on
a GFP-GudBR fusion to monitor the GudB®R stability in vivo.
By applying microscopical and biochemical techniques, we found
that GFP and GudB“R are simultaneously degraded. Thus, the
visual screen is suitable to analyze the cellular amount of GudBR.
To identify novel factors that are involved in GudB“R degradation,
we combined the visual screen with a transposon mutagenesis
approach. Afterward we looked for mutants that show an increased
fluorescence, indicating increased amounts of the GFP-GudB®R

fusion. Among the transposants we found one insertion in the
mesB gene encoding the arginine kinase McsB. Moreover, inacti-
vation of the cognate phosphatase YWIE resulted in a decreased
fluorescence of a strain synthesizing the GFP-GudB“R fusion. The
possible mechanisms of how the activity of the kinase McsB and
the cognate phosphatase YWIE affect the amount of the GudB“R
protein are discussed.

MATERIALS AND METHODS

CHEMICALS, MEDIA, AND DNA MANIPULATION

The oligonucleotides were purchased from Sigma-Aldrich (Ger-
many) and are listed in Table 1. B. subtilis chromosomal DNA
was isolated using the DNeasy Blood & Tissue Kit (Qiagen, Ger-
many). Plasmids were isolated from Escherichia coli using the
Nucleospin Extract Kit (Macherey and Nagel, Germany). PCR
products were purified using the PCR Purification Kit (Qiagen,
Germany). Phusion DNA polymerase, restriction enzymes and T4
DNA ligase were purchased from Thermo Scientific (Germany)
and used according to the manufacturer’s instructions. Other
chemicals and media were purchased from Sigma-Aldrich (Ger-
many), Carl Roth (Karlsruhe, Germany) and Becton Dickinson
(Heidelberg, Germany). Sequencing of DNA was performed by
the SeqLab Sequence Laboratories (Gottingen, Germany).

BACTERIAL STRAINS, GROWTH CONDITIONS, AND CONSTRUCTION OF
MUTANT STRAINS

B. subtilis strains (Table 2) were grown in LB and SP medium,
respectively. LB and SP plates were prepared by the addition
of 17 g agar/l (Roth, Germany) to LB and SP (8 g nutrient
broth/l, 1 mM MgSQOy, 13 mM KCl, supplemented after steril-
ization with 2.5 WM ammonium ferric citrate, 500 wM CaCl,,
and 10 uM MnCly), respectively. When required, media were
supplemented with antibiotics at the following concentrations:
ampicillin (100 pg/ml), kanamycin (10 pg/ml), chlorampheni-
col (5 pg/ml), lincomycin/erythromycin (25/2 pg/ml), tetracyclin
(12.5 pg/ml), and spectinomycin (150 pg/ml). B. subtilis was
transformed with plasmid and chromosomal DNA according to
a previously described two-step protocol (Kunst and Rapoport,
1995).

CONSTRUCTION OF PLASMIDS

The plasmids for complementation of the ywlE and mcsB muta-
tions in B. subtilis were constructed as follows. The ywlE and
mcsB genes were amplified by PCR from chromosomal DNA
using the oligonucleotide pairs LS92/LS93 and LS97/LS98, respec-
tively (Table 1). The PCR products were digested with the
enzymes BamHI and PstI and ligated to the plasmid pBQ200
that was cut with the same enzymes. The plasmids harboring
the ywlE and mcsB genes and their native ribosome-binding sites
were designated pBP183 and pBP186, respectively. Expression
of the genes is driven by the constitutively active Pgegq pro-
moter (Martin-Verstraete et al., 1994). The quadruple gfp-gudB“R
mutant (designated as gfp-gudB“R-mut), encoding the GudBR
protein in which the arginine residues 56, 83, 421, and 423 were
replaced by lysine, was constructed by the Multiple-mutation
reaction (MMR; Hames etal., 2005). The mutated gudBCR allele
was amplified with the oligonucleotide pair KG188/LS96 and the
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Table 1 | Oligonucleotides used in this study.

Name Sequence Purpose

KG166 5-GCGGGATACGTTTTCACC direct repeat analysis

KG167 5’-CACCGCCATATGGAAGATC direct repeat analysis

KG180 5-TTTGTATAGTTCATCCATGCCATGTGTAATC Construction of plasmid pBP187
KG181 5-ACATGGCATGGATGAACTATACAAA ATGGCAGCCGATCGAAACACCG Construction of plasmid pBP187
KG184 5-AAAGAATTCTCATTATATCCAGCCTCTAAAACGCG Construction of plasmid pBP4
KG185 5-TTTGGATCCCATTCAGCTTTCAGAAAGCTTACAGCGAATC Construction of plasmid pBP4
KG188 5-AAACAATTGCATTCAGCTTTCAGAAAGCTTACAGCGAATC Construction of plasmid pBP184
KG190 5-AAAGAATTCAAAGGAGGAAACAATCATGAGTAAAGG AGAAG AACTTTTCACT Construction of plasmid pBP187
LS92 5-AAAGGATCCAATAGAGAAAAATAAGGGGTGA CTGACATGGATATTA Construction of plasmid pBP183
LS93 5-TTTCTGCAGTTATCTACGGTCTTTTTTCAGCTGTTTTGCCAG Construction of plasmid pBP183
LS94 5'-P-TAACGGTAAAAATACCTGTTAAGATGGACGAC GGTTCAGTAAAG Construction of plasmid pBP184
LS95 5-P-AACGAAAGGCGGGATAAAGTTTCACCCGAACGTAACA Construction of plasmid pBP184
LS96 5-TTTGGATCCTTATATCCAGCCCTTAAACTTCGAAGCTT CAGCCATTTTG Construction of plasmid pBP184
LS97 5-AAAGGATCCGTACAGATAGTGAGGAGGAACAGGAGTAA Construction of plasmid pBP186
LS98 5-TTTCTGCAGTCATATCGATTCATCCTCCTGTCTTTTCCC Construction of plasmid pBP186

5-AAGAGCGCCCAATACGCAAACCGCC
5-TTTGCATGCTTCAAAGCCTGTCGGAATTGG

plC333_seq up
plC333_seq down

Sequencing transposon plasmids

Sequencing transposon plasmids

Table 2 | Bacillus subtilis strains used in this study.

Name Relevant genotype Reference or source?
168 trpC2 Laboratory collection
BP25 trpC2 A gudB::aphA3 amyE::(gfo-gudB? cat) pBP8 — GP1160
BP26 troC2 AgudB::aphA3 amyE::(gfo-gudB cat) pBP9 — GP1160
BP69 troC2 AgudB::aphA3 mcesB:Tn 10 spc amyE::(gfo-gudBCF cat) plC333 — BP25
BP74 troC2 AgudB::aphA3 ywiE::tet amyE::(gfo-gudB<F cat) GP1459 — BP25
BP75 troC2 AgudB::aphA3 ywilE::tet amyE::(gfp-gudB cat) GP1459 — BP26
BP98 trpC2 AgudB::aphA3 amyE::(gfp-gudB cat) clpC::spc clpC::spc — BP25
BP99 trpC2 AgudB::aphA3 amyE::(gfp-gudB cat) clpP::tet clpP::tet — BP25
BP230 troC2 AgudB::aphA3 amyE::(gfo-gudBSF RB6K, R83K, R421K, R423K cat) pBP187 — GP1160
BP231 troC2 AgudB::aphA3 mesB:Tn 10 spc amyE::(gfo-gudBCF R56K, R83K, R421K, R423K cat) BP69 — BP230
BP311 trpC2 AgudB.:aphA3 mcsB:Tn10 spc amyE::(gfpo-gudB cat) pBP45 — BP26
GP1160 trpC2 AgudB.:aphA3 Gunka etal. (2012)
GP1459 trpC2 AywiE::tet BDOO1 — 168

a8 Arrows indicate construction by transformation.

mutagenic oligonucleotides LS94, LS95, and LS96 using plas-
mid pBP4 as a template. The MMR product was digested with
the enzymes Mfel and BamHI, and ligated to the plasmid pAC5
that was cut with the enzymes EcoRI and BamHI. The result-
ing plasmid was designated as pBP184. This plasmid was used
to amplify the promoterless quadruple gudB“R mutant allele by
PCR using the oligonucleotide pair KG181/LS96. The gfp gene

containing the ribosome-binding site of the B. subtilis gapA gene
was amplified by PCR from plasmid pBP8 using the oligonu-
cleotide pair KG180/KG190. The gfp and gudB°R genes were fused
by PCR using the external oligonucleotides KG190 and LS96, the
PCR product was digested with BamHI and EcoRI, and ligated
to the plasmid pBP7 that was cut with the same enzymes. The
resulting plasmid pBP187 contains the native gudB promoter and
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integrates in single copy into the amyE locus. Replacement of the
arginine codons in the gfp-gudB°R gene was confirmed by DNA
sequencing. All cloning procedures were performed with the E.
coli strain DH5a (Sambrook et al., 1989).

TRANSPOSON MUTAGENESIS

For transposon mutagenesis of the B. subtilis strain BP25, we used
the mini-Tn10 delivery vector pIC333 (Steinmetz and Richter,
1994) as described previously (Chauvaux etal., 1998). The trans-
posants were grown on SP agar plates for 48 h at 42°C and
the intensity of the GFP signal was evaluated by stereo fluores-
cence microscopy. For the determination of the site of mini-Tn10
insertion, we made use of the fact that the integrated DNA
fragment does not contain any EcoRI restriction sites. The chro-
mosomal DNA of the mutants was digested with EcoRI and
re-ligated. The ligation mixture was used to transform E. coli
DH5a (Sambrook et al., 1989). For all mutants that were further
analyzed, we obtained plasmids conferring spectinomycin resis-
tance (Table 3). The insertion sites of the mini-Tn10 transposon
were determined by DNA sequencing of the plasmids using the
oligonucleotides pIC333_seq up and pIC333_seq down.

WESTERN BLOTTING

For Western blot analyses, proteins present in 20-50 pg of cell
free crude extracts were separated by 12.5% SDS PAGE and
transferred onto polyvinylidene difluoride membrane (BioRad,
Germany) by semi-dry electroblotting. Anti-GFP (PromoKine,
Germany; MBL, Japan), anti-YwlE, anti-McsB, and anti-GapA
polyclonal antibodies were diluted 1:10.000, 1:1000, 1:5.000, and
1:30.000, respectively, and served as primary antibodies. The anti-
bodies were visualized using anti-rabbit immunoglobulin alkaline
phosphatase secondary antibodies (Promega, Germany) and the

Table 3 | Plasmids used and constructed in this study.

Name Purpose Reference or source
plC333 Transposon mutagenesis Steinmetz and Richter
(1994)
pAC5 Integration of DNA into the amyE ~ Martin-Verstraete etal.
locus (1992)
pBQ200 Complementation studies Martin-Verstraete etal.
(1994)
pBP4 PgudB®f -gudB°F in pAC5 This work
pBP7 PgudBCF in pAC5 Gunka etal. (2013)
pBP8 9fp-gudBCF in pBP7 Gunka etal. (2013)
pBP45 Transposon plasmid mscB This work
pBP183 Expression of ywlE This work
pBP184 Expression of gudB“f (R56K R83K  This work
R421K R423K)
pBP186 Expression of mcsB This work
pBP187 Expression of gfo-gudBCF (R56K This work

R83K R421K R423K)

CDP-Star detection system (Roche Diagnostics, Switzerland) as
described previously (Commichau etal., 2007).

FLUORESCENCE MICROSCOPY

For fluorescence microscopy, cells were grown in SP medium to
optical densities as indicated, and analyzed on agarose microscopy
slides. Fluorescence images were obtained with an Axioskop 40
FL fluorescence microscope, equipped with digital camera Axio-
Cam MRm and AxioVision Rel (version 4.8) software for image
processing (Carl Zeiss, Gottingen, Germany) and Neofluar series
objective at x 100 primary magnification. The applied filter set
was eGFP HC-Filterset (band-pass [BP] 472/30, FT 495, and long-
pass [LP] 520/35; AHF Analysentechnik, Ttibingen, Germany) for
GFP detection. Pictures of B. subtilis colonies were taken with
a stereo fluorescence microscope Lumar.V12 (Zeiss, Jena, Ger-
many) equipped with the ZEN lite 2011 (blue edition) software.
The applied filter set was Lumar 38 for eGFP detection (Zeiss,
Jena, Germany). Images were taken at room temperature and an
exposure time of 1 s.

MONITORING GFP-GudBCR LEVELS IN GROWING CULTURES

Cellular amounts of the GFP-GudB“R fusion protein were deter-
mined by monitoring the fluorescence (excitation 489/9.0 nm,
emission 509/9.0 nm) in a growing bacterial culture using the
Synergy MX II multimode microplate reader (BioTek). For this
purpose, 4 ml LB medium were inoculated with the precultures
to an ODggp of 0.1. The cultures, that had an approximate ODggg
of 1.0, were used to inoculate a 96 well plate (Corning, Sigma)
containing 180 pl medium per well. To avoid evaporation, the
outermost wells were filled with 200 pl sterile water. The plates
were incubated for a maximum of 10 h at 37°C and fast shak-
ing speed. ODgpp was measured every 10 min throughout the
experiment. Background fluorescence of the parental strains was
subtracted from the raw fluorescence of all gfp fusion strains at
the same ODggp. The cellular amounts of the GFP-GudB“R fusion
protein correspond to the fluorescence divided by the ODgqp at
each time point.

RESULTS

A STABLE SCREENING SYSTEM FOR IDENTIFYING FACTORS INVOLVED
IN GudBCR DEGRADATION

The fact that also the GFP-GudBR protein is degraded (Gunka
etal., 2012, 2013) qualifies it as a substrate to uncover the pro-
teolytic machinery. Before identifying factors that contribute
to GudBCR degradation, we constructed the rocG plus strain
BP25 that is genetically stable (Gunka etal., 2012) and synthe-
sizes the active GDH RocG as well as the inactive GFP-GudB“R
fusion. To test if the GFP-GudB“R fusion protein is degraded
in this strain, we compared the fluorescence signal of cells to
those of strain BP26 harboring the active gfp-gudB fusion. As
shown in Figure 1A, while the bacteria with the active GFP-
GudB fusion were strongly fluorescent, the fluorescence signal
of bacteria synthesizing the inactive GFP-GudB®R protein was
reduced. Thus, the inactive GFP-GudB<R fusion is also degraded
in the new strain background. We also tested whether the two
strains can be distinguished from each other by monitoring
the fluorescence emitted by colonies that were grown on rich
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gfp-gudB

FIGURE 1 | Fluorescence of strains BP25 (gfp-gudBCPR) and BP26
(gfp-gudB) synthesizing the GFP-GudBCR and GFP-GudB proteins,
respectively, at the single cell (A) and at the colony level (B); transposon
mutagenesis to identify factors involved in GFP-GudBCR degradation (C).

A gfp-gudBR c

gfp-gud

(4

Transposon mutagenesis

Screening for transposants with
altered fluorescence

For single cell analysis the bacteria were grown in SP medium. Exposure
time, 5 s; scale bar, 5 um. To monitor fluorescence of colonies the strains
were grown in SP medium, mixed and appropriate dilutions were propagated
on SP plates, which were incubated for 24 h at 37°C. Exposure time, 1 s.

medium agar plates. For this purpose, the strains BP25 (gfp-
gqudBR) and BP26 (gfp-gudB) were grown in liquid medium,
mixed in a 1:1 ratio and appropriate dilutions were propagated
on SP plates to allow growth of individual colonies. By visual
inspection of the plates using a stereo fluorescence microscope
we found several colonies that were grown close to each other
and showed different fluorescence signals (Figure 1B). We then
re-streaked some of the colonies showing different fluorescence
signals on agar plates to obtain individual colonies. Next, we
performed colony PCRs and confirmed that the higher and
lower fluorescence signals were due to the presence of the gfp-
gudB and gfp-gudBR alleles, respectively. In conclusion, the
visual screen seems to be suitable to look for mutants, lack-
ing factors that enhance or decrease proteolytic degradation of
GFP-GudB“R.

IDENTIFICATION OF MscB CONTRIBUTING TO GudBCR DEGRADATION

To identify factors that are involved in degradation or stabiliza-
tion of GudB®R, we performed a transposon mutagenesis with
strain BP25 (gfp-gudBR) using the mini-Tn10 delivery vector
pIC333 (Steinmetz and Richter, 1994). Afterward, we screened for
mutants that show an altered fluorescence signal using a stereo flu-
orescence microscope (Figure 1C). Appropriate dilutions of the
transposants were propagated on SP plates that were incubated
for 48 h at 42°C. By visual inspection of about 8000 transposants
we could identify one mutant that showed no fluorescence sig-
nal, whereas a second mutant showed an increase in fluorescence
intensity. While the first mutant had obviously lost the ability to
synthesize GFP because the transposon was inserted into the gfp
gene, the mutant showing increased fluorescence had integrated
the transposon at position 580 into the arginine kinase encoding
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mcsB gene (Fuhrmann etal., 2009). This transposon mutant was
designated as BP69. A re-evaluation of the fluorescence signal
of single cells and of a colony of the mcsB transposon mutant
revealed that the cellular amount of the GFP-GudBR fusion
was increased when compared to that of the parent strain BP25
(Figures 2A,B). The lack of McsB also resulted in the formation
of large aggregates of the GFP-GudB“R fusion protein at the cell
poles (Figure 2A), an observation that can be made when aggre-
gation prone proteins are synthesized in bacteria (Rokney etal.,
2009; Villar-Pique etal., 2012). In conclusion, using transposon
mutagenesis in combination with a visual screen, we identified
the arginine kinase McsB being a novel factor that contributes to
GudBR degradation.

McsB AND YwIE ARE INVOLVED IN GudBR STABILITY

To underpin the role of arginine phosphorylation in the degrada-
tion of the GudB®R protein, we inactivated the ywlE gene in the
strain BP25 (gfp-gudB°R). In case the arginine phosphatase YWIE
counteracts the function of its cognate kinase McsB, we expected
to observe that single cells as well as colonies of the ywlE mutant
BP74 would show a reduced fluorescence. This was indeed the case

for single cells of the ywlE mutant strain in comparison to cells
of the mcsB mutant and parent strains BP69 and BP25, respec-
tively (Figure 2A). Although less pronounced, fluorescence of
the ywlE mutant was also reduced at the level of single colonies
(Figure 2B). However, a quantification of the fluorescence of the
GFP-GudB“R fusion protein monitored in growing cultures in
the ywlE mutant strain clearly demonstrates that the phosphatase
YwIE affects GudBR stability (see below, Figure 3A).

Next, we confirmed that the kinase McsB and the phosphatase
YwIE affect the cellular levels of the GFP-GudBR fusion protein.
For this purpose, we cultivated the parent strain BP25 as well as
the mcsB and ywlE mutant strains BP69 and BP74, respectively,
in SP medium until stationary phase (the ODg was around 3.0)
and analyzed the amounts of the GFP-GudB“R fusion protein
by Western blotting using GFP-specific antibodies. As shown in
Figure 2C, in strain BP69 lacking McsB the cellular amount of
the GFP-GudBR fusion protein was strongly increased. By con-
trast, the inactivation of the ywlE gene resulted in a decrease of
GFP-GudBR levels. In conclusion, the semi-quantitative Western
Blot analyses are in perfect agreement with the fluorescence
microscopical studies.

parental

strain
|~

c
parental gudB gudB
strain AmcsB AywlE gudB AmcsB AywlE
wrp [ e — ||

FIGURE 2 | Evaluation of the GFP-GudBCR/GFP-GudB levels by
fluorescence microscopy and Western blotting. For fluorescence
microscopic analyses of single cells (A) the parental strain B25 (gfp—gudBCR)
and the strains BP69 (gfpo-gudBCR mcsB) and BP74 (gfo-gudBCR ywiE) were
grown in SP medium. For bright field and fluorescence microscopy the
exposure times were 150 ms and 5 s, respectively. For the evaluation of the
GFP-GudBCR level by stereo fluorescence microscopy (B) the bacteria were
grown in SP medium until stationary growth phase and 10 ! of cell

suspensions with an approximate ODggg of 1 were dropped on a SP plate.
The plate was incubated for 24 h at 37°C. Exposure time, 1 s; scale bar, 5 um.
For Western blot analysis (C) the strains B25 (gfp-gudBCF), BP69
(gfp-gudBCR mesB) and BP74 (gfp-gudBCF ywiE) as well as the isogenic
strains BP26 (gfp-gudB), BP311 (gfp-gudB mcsB) and BP75 (gfp-gudB ywiE)
expressing the active gfp-gudB fusion were grown in SP medium and 30 pg
of the cell free crude extracts were loaded onto a 12.56% SDS PAGE. The
fusion proteins were detected using GFP polyclonal antibodies.
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FIGURE 3 | Complementation of the mcsB and ywlE mutations. To
verify the complementation of the mcsB and the ywlE mutations in vivo
(A), the strains BP69 (gfp-gudBR mcsB) and BP74 (gfo-gudBChR ywiE),
and the isogenic strains BP69-pBP186 and BP74-pBP183 expressing mcsB
and ywl/E from the overexpression vector pBP200 were grown in SP
medium and the relative cellular levels of the GFP-GudBCR fusion is
reflected by the GFP signal divided by the ODggg. The parental strain

B
parental AywiE-
strain  AmcsB  AywlE Py ywiE
a-YwIE ,‘
parental AmcsB-
strain AywlE  AmcsB P, mcsB
o-McsB | wmummn _guimm <R

BP25 (gfp-gudBCR) served as a control. All strains entered stationary
phase around 6 h of growth. The maximum deviation of the series of
representative data shown here was <30%. For the Western blot analysis
(B) the bacteria were cultivated in SP medium. 40 wg and 50 pg of the
cell free crude extracts were loaded onto a 12.5% SDS PAGE for the
detection of the YwIE and McsB proteins, respectively, using polyclonal
antibodies.

McsB AND YwIE DO NOT INFLUENCE THE CELLULAR LEVELS OF THE
ACTIVE GudB PROTEIN

Subsequently, we wanted to answer the question of whether McsB
and YwIE do also influence the cellular amounts of the enzymat-
ically active GFP-GudB fusion protein lacking the duplication of
three amino acids in the active center of the enzyme. For this
purpose, we cultivated the parent strain BP26 (gfp-gudB) syn-
thesizing the active GFP-GudB fusion and the isogenic mcsB and
ywlE mutant strains BP311 and BP75 (Table 2), respectively, in
SP medium until stationary phase (ODggo of about 3.0). After-
ward, we quantified the amount of the GFP-GudB protein by
Western blotting using antibodies specific for GFP. As shown in
Figure 2C, irrespective of the absence of either McsB or YwWIE
all strains synthesized similar amounts of the active GFP-GudB
fusion protein. In conclusion, only the cellular amount of the
inactive GFP-GudB“R but not that of the active GFP-GudB fusion
protein is significantly affected by McsB.

COMPLEMENTATION OF THE mcsB and yw/E MUTATIONS

For complementation studies of the mcsB and ywlE mutant
strains BP69 and BP74, respectively, we constructed the plasmids
pBP186 (mcsB) and pBP183 (ywlE). Both plasmids are deriva-
tives of the non-integrative overexpression plasmid pBQ200 and
gene expression is driven by the constitutively active Pgegq pro-
moter (Martin-Verstraete etal., 1994). The plasmids pBP186 and
pBP183 were introduced into the corresponding mutant strains
by transformation. Next, we compared the cellular amounts of the
GFP-GudB®R fusion protein in the mcsB and ywlE mutant strains
BP69 and BP74, respectively, with those of the isogenic comple-
mentation strains by monitoring the fluorescence, which reflects
the cellular amounts of the GFP-GudB“R fusion protein during
growth of the bacteria. The parent strain BP25 (gfp-gudBR)

served as a control. As shown in Figure 3A, the emitted fluo-
rescence of all cultures was similar during exponentially growth.
In the stationary phase the fluorescence signal was much higher
in the mcsB mutant strain BP69 when compared to that of the
parent strain BP25. By contrast, inactivation of the ywlE resulted
in a strong decrease of the fluorescence signal. Overexpression of
the mcsB and ywiE genes in the mcsB and ywlE mutant strains
BP69 and BP74, respectively, restored the fluorescence signal in
the stationary phase almost to the extent of the parent strain.
Western blot experiments using antibodies specific for McsB and
YWwIE confirmed overexpression of the arginine kinase and the
phosphatase from the complementation plasmids in the mcsB and
ywlE mutant strains BP69 and BP74, respectively (Figure 3B). In
conclusion, the cultivation experiments to detect the cellular levels
of the GFP-GudBR fusion protein are in good agreement with the
previous experiments showing that the lack of the McsB and YwIE
results in elevated and reduced levels, respectively, of the inac-
tive GDH. Moreover, together with the Western blot experiments
the cultivation experiments also revealed that the mcsB and ywilE
mutations can be complemented by expressing the mcsB and ywlE
genes from plasmids.

McsB SEEMS TO ACT INDEPENDENTLY OF CIpC and CIpP ON GudBCR
DEGRADATION

The mcsB gene lies immediately upstream of the clpC gene in the
ctsR mcsA mesB clpC operon. Since the mcsB mutation can be
complemented, it can be ruled out that enhanced cellular levels
of the GFP-GudBR fusion are a consequence of a polar effect of
the transposon insertion into the mcsB gene leading to a reduced
cIpC expression and a lower proteolytic activity. However, the
lower proteolytic activity in the mcsB mutant strain might be due
to the missing of McsB-dependent activation of the ClpC-ClpP
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protease complex. To exclude this possibility, we compared the
cellular amounts of the GFP-GudBR fusion in the background
of the clpC and clpP mutant strains BP98 and BP99, respectively,
to that of the parent strain BP25 (gfp-gudB°R). For this purpose,
we grew the bacteria in SP medium and collected samples from
exponential and stationary phases and performed Western blot
analyses (Figure 4). The strain BP26 (gfp-gudB) as well as the
mcsB and ywlE mutant strains BP69 and BP74, respectively, served
as controls. As expected, in contrast to the inactive GFP-GudB“}
fusion protein the active GFP-GudB variant was more abundant
during exponential and stationary phase. Moreover, as observed in
the previous experiments, the GFP-GudBR levels were increased
and decreased in the mcsB and ywlE mutants, respectively (see
also Figure 2C). Finally, the GFP-GudBR levels in the cIpC and
clpP mutant strains BP98 and BP99, respectively, were similar to
that of the parent strain BP25 (gfp-gudB°R). Using GapA and GFP
antibodies, we show that only the GFP-GudB“® fusion but not
GapA was degraded in stationary growth phase samples. Thus,
McsB is involved in GudBCR degradation in a rather ClpP and
ClpC-independent manner.

REPLACEMENT OF PHOSPHORYLATION SITES DOES NOT AFFECT
McsB-DEPENDENT GudBCR DEGRADATION

In a recent phosphoproteome analysis it has been shown that
the inactive GudBR protein is phosphorylated on the arginine
residues at positions 56, 83, 421, and 423 (Elsholz etal., 2012). To
evaluate whether phosphorylation of these sites is important for
the degradation of the GFP-GudBR protein, we replaced the argi-
nine by the structurally similar amino acid lysine and monitored
the amount of the GudB®R variant in vivo. For this purpose the
parent strain BP25 (gfp-gudB°R), the mcsB mutant strain BP69
(mcsBgfp-gudBR), the quadruple GFP-GudB“R mutant strain
BP230 (gfp-gudB“R-mut (R56K R83K R421K R423K)), and the
isogenic mcsB mutant strain BP231 (mcsBgfp-gudB“R-mut (R56K
R83K R421K R423K)) were cultivated in SP medium. Simultane-
ously, the cellular levels of the fusion proteins were determined by
monitoring the fluorescence during bacterial growth. As shown in
Figure 5, the fluorescence measurements revealed that the cellu-
lar levels of the fusion proteins in strains BP25 (gfp-gudB“R) and
BP230 (gfp-gudB“R-mut (R56K R83K R421K R423K)) was much

lower in comparison to those of the isogenic mcsB mutant strains
BP69 (mcsB gfp-gudBR), and BP231 (mcsB gfp-gudB“R-mut
(R56K R83K R421K R423K)). In conclusion, these observations
suggest that phosphorylation of the arginine residues 56, 83, 421,
and 423 sites is rather not important for the degradation of the
inactive GudB“R protein.

DISCUSSION

In the present study, we found that the inactivation of the mcsB
arginine kinase gene resulted in stabilization of the inactive GDH
GudB“R during stationary growth phase of B. subtilis. Thus, beside
its role in controlling the degradation of the DNA-binding tran-
scription factor CtsR (Elsholz etal., 2010b) and delocalization of
proteins involved in the development of transformability of B. sub-
tilis (Hahn etal., 2009), McsB activity also mediates degradation
of GudB®R. Moreover, we found that the arginine phosphatase
YWwIE counteracts the function of McsB and prevents degradation
of GudB“R,

There are several possibilities how McsB and YwIE might stim-
ulate and prevent GudBR degradation, respectively. As it has
been reported previously for the proteolytic degradation of CtsR
(Elsholz etal., 2012), McsB-dependent activation of the ATPase
subunit ClpC of the ClpCP protease complex by phosphorylation
of two specific arginine residues could also be crucial for GudB“R
degradation. However, according to our Western blot analysis ClpP
and ClpC appear apparently not involved in GudB“R degrada-
tion. Recent global phosphoproteomic studies have revealed that
in the absence of YWIE several proteins, among them the GudBR
protein are phosphorylated on arginine residues (Elsholz etal.,
2012; Schmidt etal., 2014; Trentini etal., 2014). These studies
prompted us to address the question of whether the phosphory-
lation of GudBR by McsB could serve as a label for proteolysis.
However, although the cellular levels of the GudB® quadruple
mutant, in which the arginine residues 56, 83, 421, and 423 were
replaced by lysine residues, were slightly increased, the protein
was still degraded in a McsB-dependent manner when the bacteria
entered stationary phase (see Figure 5). Thus, the degradation of
GudB®R seems to be rather indirectly influenced by McsB. Finally,
an unknown proteolytic machinery that remains to be identified
might be responsible for the degradation of the misfolded and
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FIGURE 4 | McsB acts independently of CIpC and ClpP. For the
Western blot analysis the parental strain BP25 (gfp—gudBCH) and the
strains BP26 (gfpo-gudB), BP69 (gfp-gudBSF mcsB), BP74 (gfpo-gudBCR
ywIE), BP98 (gfp-gudBCF ¢lpC), and BP99 (gfpo-gudBCR clpP) were

cultivated in SP medium until the indicated optical densities (ODggg).
30 g of the cell free crude extracts were loaded onto a 12.5% SDS
PAGE for the detection of the GFP and GapA proteins using polyclonal
antibodies.
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FIGURE 5 | Impact of McsB on the cellular levels of the GFP-GudBCR
and GFP-GudBCR(R56K, R83K, R421K, R423K) proteins. The strains BP25
(gfo-gudBCR), BP69 (gfp-gudBR mesB), BP230 (gfp-gudBR-mut), and
BP231 (gfp—gudBCR—mut mcsB) were cultivated in SP medium and the
relative cellular levels of the GFP-GudBCR fusion is reflected by the GFP
signal divided by the ODgqg. The parental strain BP25 (gfp—gudBCH) served
as a control. All strains entered stationary phase around 6 h of growth. The
maximum deviation of the series of representative data shown here was
<30%.

inactive GDH GudB“R. On one hand the activity of the proteolytic
machinery might be controlled by McsB-dependent phosphory-
lation of an unknown adaptor protein that specifically recognizes
GudBR and directs the protein to the protease for degradation.
On the other hand McsB could be important for the activation
of one of the AAA+ proteases or other unknown proteases that
remain to be identified. One could also envision that McsB acts
itself as the adaptor that mediates proteolysis of the GudBR pro-
tein. The interaction between McsB and GudB“R could result
in coincidental phosphorylation of the GDH. This could also be
the case for the other arginine phosphorylations of the B. subtilis
proteome (Elsholz etal., 2012).

As described above it is interesting to note that only the domes-
ticated B. subtilis strains 160, 166, and 168, of which the latter one
is used worldwide in basic research and in industry, harbor the
gqudB®R gene that is enzymatically inactive and unstable (Zeigler
etal,, 2008). It has been suggested that the gudBR allele appeared
as a consequence of X-ray mutagenesis and subsequent adapta-
tion for rapid growth of the bacteria in minimal medium lacking
the amino group donor glutamate (Burkholder and Giles, 1947).
This hypothesis is supported by the observation that a strain that
synthesizes in addition to RocG also the enzymatically active GDH
GudB is rapidly outcompeted by the laboratory strain 168 (rocG
qudBR) when exogenous glutamate is not available (Gunka et al.,
2013; Stannek et al., 2014). Obviously, the presence of both, RocG
and GudB is disadvantageous for the bacteria because the catabolic
GDHs degrade the endogenously produced glutamate, which is
needed in anabolism. Thus, under laboratory growth conditions
a permanent selective pressure must act on the bacteria, which
prevents the accumulation of mutants that have spontaneously
mutated the cryptic gudB°R gene and synthesize in addition to
RocG the functional GDH GudB. Moreover, the selective pressure
acting on the B. subtilis strain 168 might be an explanation for the
observation that the cryptic gudB“R gene is stably inherited since
the bacterium has been domesticated. Recently, it has been shown

that bacteria rapidly loose genes and reduce their genome sizes
when adapted to specialized environments. This might also be
observed in the laboratory by experimental evolution of bacterial
cell populations (Koskiniemi etal., 2012; Lee and Marx, 2012).
Therefore, it is somewhat surprising that B. subtilis affords to
waste energy by permanently synthesizing an inactive enzyme that
is subject to rapid degradation. However, under certain growth
conditions it must be advantageous for B. subtilis to harbor the
cryptic gudBR gene that, when activated by spontaneous muta-
genesis (Gunka etal., 2012), encodes a functional GDH. Indeed,
a derivative of the B. subtilis 168 expressing rocG and gudB can
use glutamate as a singly source of carbon and nitrogen (Gunka
etal., 2013). Thus, under very specific nutritional conditions bac-
teria that are endowed with high-level GDH activity have a strong
selective growth advantage.

In the future it will be interesting to identify additional factors
that are involved in the rapid degradation of the enzymatically
inactive GDH GudBR. This goal might be achieved by monitor-
ing the cellular amounts of the GFP-GudB“R fusion protein in
a mutant collection that have inactivated all non-essential genes
by targeted gene deletion or by a next time saturated transposon
mutagenesis. The identification of novel factors that are involved
in GFP-GudBR proteolysis might be facilitated by monitoring
growth and fluorescence over time because the fusion protein
seems to be preferentially degraded in stationary phase. More-
over, it will be interesting to address the question whether arginine
phosphorylation influences the physiological functions of other
proteins in B. subtilis.
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The P proteins constitute one of the most widely distributed families of signal transduction
proteins in nature. They are pivotal players in the control of nitrogen metabolism in bacteria
and archaea, and are also found in the plastids of plants. Quite remarkably P proteins
control the activities of a diverse range of enzymes, transcription factors and membrane
transport proteins, and in all known cases they achieve their regulatory effect by direct
interaction with their target. P, proteins in the Proteobacteria and the Actinobacteria
are subject to post-translational modification by uridylylation or adenylylation respectively,
whilst in some Cyanobacteria they can be modified by phosphorylation. In all these cases
the protein's modification state is influenced by the cellular nitrogen status and is thought
to regulate its activity. However, in many organisms there is no evidence for modification of
P proteins and indeed the ability of these proteins to respond to the cellular nitrogen status
is fundamentally independent of post-translational modification. In this review we explore

the role of post-translational modification in P); proteins in the light of recent studies.

Keywords: p); protein, post-translational modification, uridylylation, adenylylation, phosphorylation

THE P, PROTEIN FAMILY

Py proteins were first identified by B. M. Shapiro in the late
1960s when he was studying control of the activity of Escherichia
coli glutamine synthetase (GS) by adenylylation/deadenylylation
(Shapiro, 1969). Subsequent studies by Stadtman and co-workers
characterized two proteins: P; which was responsible for the
adenylylation/deadenylylation of GS, and Py; which modulated
these activities (Brown etal., 1971). Furthermore they observed
that Py itself existed in two forms, the interconversion of which
appeared to involve the covalent attachment of a uridine derivative
to P1. In due course it was shown that Py; was encoded by gln B, that
uridylylation occurred on residue Tyr51 in the T-loop of the pro-
tein, and that both uridylylation and deuridylylation were effected
by the enzymaticactivity of GInD (Arcondéguy et al.,2001; Huergo
etal., 2013).

Extensive genomic research has shown that Py proteins are
extremely widespread amongst bacteria, archaea, and plants
(Sant’Anna etal., 2009). They are, however, not found in fungi
or animals. Their presence in plants is considered to be a conse-
quence of the cyanobacterial origin of the plastid and the protein,
whilst encoded in the nucleus, is expressed in the chloroplast
(Chellamuthu etal., 2013). Bacteria and archaea often encode
multiple Py; proteins, e.g., proteobacteria typically encode two,
designated GInB and GInK. However, cyanobacteria and plants
usually encode just a single copy. All Py; proteins show a very high
level of sequence conservation and protein crystallography studies
of Py proteins from bacteria, archaea, and plants indicates that
their tertiary structure is also highly conserved (Figure 1). They
are homotrimers with a core 12—13 kDal subunit. The trimer forms
a compact cylindrical-shaped molecule from which three long
exposed loops (the T-loops) protrude. Two smaller loops, the B-
and C-loops, are located at the interface between adjacent subunits

of the trimer such that the T- and B-loops of one monomer and the
C-loop of the adjacent monomer form an inter-subunit cleft that
constitutes a ligand binding site. Although there is now extensive
structural data on Py proteins from a range of organisms no struc-
tures have been solved for uridylylated or phosphorylated forms
(Huergo etal., 2013).

Whilst originally identified as regulating the activity of the
GS adenylyltransferase in E. coli, Py proteins are now known
to control the activities of a very diverse range of enzymes, a
large number of transcription factors and some membrane trans-
port proteins. In all known cases they achieve their regulatory
effect by direct interaction with their target and in the majority
of cases studied to date that interaction involves the T-loops of
the Py protein.

The recognition that the T-loops are potentially very flexi-
ble and would be able to adopt a variety of structures together
with the knowledge that uridylylation of the protein in pro-
teobacteria occurs within the T-loop, suggested early on that
post-translational modification could play a key role in facilitating
the regulatory activity of Pyj proteins. However, these proteins are
able to bind both ATP/ADP and 2-oxoglutarate (2-OG) and bio-
chemical and crystallographic studies indicate that these effectors
alone can have major effects on T-loop structure and on the inter-
action of Py proteins with many of their targets (Conroy etal.,
2007; Jiang and Ninfa, 2007, 2009; Truan etal., 2010). ATP and
ADP compete for binding to the same site in the inter-subunit
cleft but 2-OG can only bind in the presence of Mg-ATP and ADP
does not support 2-OG binding. The ability of Py proteins to bind
2-0G allows them to respond to aspects of the cellular nitrogen
and carbon status whilst it has been proposed that the competitive
binding of ATP and ADP also makes Py proteins potential sensors
of the adenylylate energy charge.
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FIGURE 1 | P, protein structure. Side view of the Escherichia coli GInB
trimer (PDB: 2P))) in the absence of ligands showing the positions of the B,
C, andT loops and the residues within the T-loop (Ser49 and Tyr51) which
can be subject to post-translational modification in different organisms.

The factors influencing effector binding and the physiological
influences on their interactions with Pyy are presently a matter of
debate (Zeth etal., 2014). Changes of the effector pools in vivo
under different physiological conditions have been studied in the
case of the interaction of GInK and AmtB in E. coli (Radchenko
etal.,2010; Radchenko and Merrick, 2011). When the intracellular
nitrogen status is high 2-OG levels in the cell are low and ADP is
found bound to GInK within the GInK-AmtB complex (Conroy
etal., 2007; Radchenko etal., 2013). The binding of ADP leads
to concomitant change in the GInK T-loop to form a structure
in which the apex of the loop projects 284 above the core of the
protein facilitating complex formation with AmtB (Conroy etal.,
2007). Conversely when the intracellular nitrogen status is low,
2-0OG levels in the cell are high (Radchenko etal., 2013). Under
these conditions GInK is expected to bind 2-OG and Mg-ATP, the
T-loops are relatively unstructured and complex formation is not
promoted (Truan etal., 2010, 2014).

The switch between the ATP and ADP bound forms of GInK has
been ascribed by Radchenko etal. (2013) to an ATPase activity of
the protein that is only manifest in low 2-OG. Other authors have
proposed that the nucleotide occupancy of the effector binding
site is solely a reflection of the cellular ATP/ADP ratio (Jiang and
Ninfa, 2007,2009; Fokina et al.,2011; Zeth et al.,2014). Radchenko
etal. (2013) propose that a drop in the intracellular 2-OG pool
promotes hydrolysis of ATP to ADP leading to a rearrangement
of residues in the binding pocket, most notably GIn39 and K58,
and a concomitant change in the T-loop structure. Such a model is
consistent with the observed GInK—AmtB and Py;—PipX structures
and the mode of action of the Py proteins in both these cases
(see later). However, it is not consistent with in vitro studies of
Pyi—N-acetylglutamate kinase (NAGK) complex formation which
indicate that this interaction is promoted by ATP alone and is
inhibited by 2-OG (Fokina etal., 2011; Zeth etal., 2014).

In summary, changes in T-loop structure in response to changes
in cellular N status as reflected by the 2-OG pool, or possibly in
response to changes in the cellular ATP/ADP ratio, are sufficient
to explain the ability of Py proteins to interact with their cognate
targets. Consequently the role of post-translational modification
of Pyp proteins is a facet of Py; biology that needs to be re-evaluated
and studied in much more detail.

URIDYLYLATION AND ADENYLYLATION OF P, PROTEINS

Pyp uridylylation and deuridylylation are carried out by a single
enzyme, encoded by gInD, that has been characterized from a
number of proteobacteria. GInD proteins have a molecular mass
of about 100 kDal and contain a conserved nucleotidyltransferase
superfamily motif. They have at least four domains of which the
N-terminal domain encodes the uridylyltransferase (UTase) activ-
ity and the adjacent HD domain encodes the uridylyl-removing
(UR) activity (Jiang et al., 1998; Zhang et al., 2010): hence, the two
activities are not thought to share an active site. GInD has a single
glutamine-binding site and its activity is regulated by the intracel-
lular glutamine level such that UTase activity predominates in low
glutamine and UR activity is stimulated by high glutamine levels.
Pyp is the only known substrate for GInD and the regulation of
GInD activity by glutamine means that in organisms where Pyy is
subject to uridylylation both the 2-OG and the glutamine pools
influence Pyy activity. The metabolic links between 2-OG and glu-
tamine mean that usually the levels of these two effectors change
in a reciprocal manner but there may be physiological conditions
where the two are at least partially uncoupled.

The glnD gene is found ubiquitously in the proteobacteria and
the actinobacteria, and sporadically in a few other diverse gen-
era (Huergo etal, 2013). In the actinobacteria glnD is part of
the amtB, glnK, glnD operon, whereas in the proteobacteria it is
usually encoded elsewhere in the genome. Furthermore, studies
of Pi modification in two actinobacteria, Streptomyces coelicolor
and Corynebacterium glutamicum, found that in both these organ-
isms the activity of GInD is to adenylylate the single Py protein,
GInK, rather than to uridylylate it (Hesketh etal., 2002; Strosser
etal., 2004). The modification takes place on the equivalent Tyr51
residue of the T-loop and the exact basis for transfer of an adenyl
rather than an uridyl group has not been determined. Hence, it is
clear that within the Py family post-translational modification by
uridylylation/adenylylation is relatively restricted (Figure 2), and
as with the Pyy proteins (Sant’Anna et al., 2009) the distribution of
glnD also suggests that horizontal gene transfer may have played a
part in its present distribution.

PHOSPHORYLATION OF P, PROTEINS

An alternative form of post-translational modification of Py
occurs in the cyanobacteria. In this case the T-loop is subject to
phosphorylation on residue Ser49 and, as with uridylylation and
adenylylation, the modification occurs in response to nitrogen
limitation. T-loop phosphorylation has been observed in Syne-
chococcus elongatus and in Synechocystis but despite conservation
of residue Ser49 in the T-loop phosphorylation is not found
in other cyanobacteria such as Prochlorococcus and Anabaena
(Forchhammer et al., 2004 ). Furthermore, there is no evidence for
post-translational modification of Pyy in plants (Smith et al., 2004).
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FIGURE 2 | Phylogenetic tree of P}, proteins showing those groups in
which T-loop modification occurs. Phylogenetic analysis of the P, protein
family (Sant/Anna etal., 2009) identified at least seven distinct groups four
of which are associated with specific taxonomic groups of organisms. Two
groups appear to be associated with specific processes in taxonomically
diverse organisms: one group control nitrogenase in certain diazotrophs
(Leigh and Dodsworth, 2007) and the other group is often genetically linked
to metal transport genes. Post-translational modification has only been
described in four groups within the tree. Uridylylation (mediated by GInD) is
found in the proteobacteria and some “diverse” bacteria. Adenylylation
(also mediated by GInD) is found in the actinobacteria. Phosphorylation
(associated with the presence of the phosphatase PphA) is found in some
cyanobacteria but not in plants.

A completely novel modification, namely nitration of Tyr51, has
been reported for Anabaena (Zhang etal., 2007).

The mechanism of Pj; modification in cyanobacteria is also
not fully understood. Dephosphorylation is driven by a specific
phosphatase, PphA, the activity of which is inhibited by 2-OG in
concert with Mg-ATP (Irmler and Forchhammer, 2001; Ruppert
etal., 2002). Hence, 2-OG plays a key role as an effector, both by
binding to Pyy in conditions of N-limitation and also by inhibiting
the phosphatase and ensuring that Py remains phosphorylated in
this situation. However, despite considerable efforts, the kinase
responsible for phosphorylation of Py has yet to be identified
and consequently the factors regulating its activity are also still
unknown (Chellamuthu etal., 2013). Potentially the kinase could
offer another signal transduction route into the system, for exam-
ple if glutamine was to inhibit the kinase in an analogous mode to
the inhibition by glutamine of GInD UTase activity, but at present
such hypotheses await discovery of the kinase.

THE ROLE OF P,, MODIFICATION

An assessment of the various taxonomic groups of Py proteins
identified by Sant’Anna etal. (2009) makes it clear that many
members of the family are probably not subject to any form of
post-translational modification (Figure 2). There are to date no
reports of Py; modification in archaea, nor in the Firmicutes such
as Bacillus subtilis. The novel group of Py proteins that func-
tion specifically to regulate activity of the nitrogenase enzyme in
a variety of bacteria have also not been found to be controlled by
post-translational modification and, as discussed above, modifi-
cation is scattered amongst groups such as the cyanobacteria. So it

would appear that Py modification has arisen more than once in
evolution and that many Py; proteins function effectively without
such modification.

To assess the role of Py modification in those organisms where it
occurs it is necessary to examine model systems in which the inter-
action between a Py; protein and its target has been characterized
in some detail, preferably both biochemically and structurally.

GInK-AmtB

Regulation of the ammonium transporter AmtB by the Pyj protein
GInK is widespread in both bacteria and archaea. The struc-
tural genes for these proteins are invariably linked in a single
operon (gInK amtB or amtB ginK) and it has been suggested that
this is the evolutionary origin of the Py protein family (Thomas
etal., 2000; Sant’Anna etal., 2009). The interaction of GInK with
AmtB has been studied in considerable detail both in vivo and
in vitro and the structure of the complex from E. coli has been
solved.

In N-limited conditions GInK is fully uridylylated and free
in the cytoplasm with Mg-ATP and 2-OG bound in the effec-
tor binding pocket as described earlier. An increase in the cellular
N status leads to deuridylylation of GInK and its sequestration
to the inner membrane by AmtB (Radchenko etal., 2010). The
crystal structure of the E. coli AmtB-GInK complex shows that
GInK interacts with AmtB almost exclusively via the T-loop, the
tip of which inserts deeply into the cytoplasmic pore exit of
AmtB, thus blocking ammonia conduction into the cell (Con-
roy etal., 2007). The AmtB-bound GInK has ADP bound in all
three effector binding pockets. It is clear from the structure of
the complex that uridylylation of GInK will prevent complex
formation and that deuridylylation is therefore a prerequisite
for binding to GInK. However, studies using a Tyr51Ala vari-
ant of GInK that cannot be uridylylated have shown that this
protein still responds to changes in cellular nitrogen status in
a manner almost identical to the wild-type GInK (Radchenko
etal., 2014). As might be expected, when cells are subject to an
ammonium shock the Tyr51Ala variant binds to AmtB slightly
faster than the wild-type, presumably because the protein does
not have to undergo deuridylylation prior to complex forma-
tion. Hence regulation of ammonia flux through AmtB by
GInK is not dependent on a functional T-loop modification and
this is consistent with the fact that the GInK-AmtB system is
found in many organisms that do not exhibit post-translational
modification of Pyj.

P"—PipX

This complex has been studied in the cyanobacterium S. elongatus
where PipX is a co-activator of the transcription factor NtcA. Py
interacts with PipX to antagonize PipX—NtcA complex formation
(Espinosaetal.,2006). In N-limited conditions de-phosphorylated
Py; binds to PipX thereby freeing NtcA to activate transcription of
genes required for growth in N-limitation. Complex formation
between Py and PipX is strongly reduced by ATP in concert with
2-0G, conditions that occur under N-sufficiency (Llacer etal,
2010). The complex has a 3:3 stoichiometry such that one trimer
of Py binds three molecules of PipX that are “caged” between
the extended T-loops of the Pyj trimer (Llacer etal., 2010; Zhao
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etal., 2010). The T-loop conformation is similar to that seen
in the GInK-AmtB complex and consistent with this ADP has
been shown to increase the affinity of Py for PipX although no
bound nucleotide was present in the structure of the complex.
Residue Ser49 of the T-loop in Py is positioned such that phos-
phorylation of Ser49 would not disrupt the complex and studies
with a Ser49Glu variant that mimics phosphorylation confirm
this (Llacer etal., 2010). Hence control of P;j—PipX association
and dissociation appears to be independent of post-translational
modification of Pyj.

P 1—-NAGK

N-acetylglutamate kinase is regulated by interaction with Py in
both cyanobacteria and plants (Burillo etal., 2004; Heinrich etal.,
2004). NAGK is a key enzyme in arginine biosynthesis and arginine
is used as a nitrogen store in these organisms. In conditions of N-
sufficiency Py binds to NAGK and enhances the enzyme’s catalytic
activity thereby increasing cellular arginine levels and allowing
arginine to be used for nitrogen storage in the form of cyanophycin
(Forchhammer, 2008).

Structures of the complex have been solved for both S. elonga-
tus and Arabidopsis thaliana and both structures are very similar
(Llacer etal., 2007; Mizuno etal., 2007). In each case a hexamer
of NAGK is sandwiched between two Py trimers and the T-loops
constitute a major interface with NAGK. The S. elongatus com-
plex had no bound nucleotide but the very similar A. thaliana
complex had bound Mg-ATP. In S. elongatus ADP has been
reported to inhibit Pj;—-NAGK complex formation (Maheswaran
etal., 2004).

A Ser49Glu variant of Py is unable to form a complex
with NAGK (Heinrich etal., 2004) suggesting that phosphory-
lation inhibits the interaction and the structure of the complex
clarifies how this occurs. Upon phosphorylation, one donor
hydrogen bond formed with NAGK by the Ser49 OH group
is lost. Furthermore, the bulkiness and negative charge of the
phosphate triggers a steric and electrostatic clash with NAGK
binding. However, it would appear that Py; phosphorylation is
likely to occur after dissociation from NAGK and that, as with
the other characterized Py complexes, modification does not
directly control complex formation and dissociation. It should
also be noted that A. thaliana Py is not subject to phospho-
rylation suggesting that, at least in this plant, NAGK regula-
tion by Py can function in the absence of post-translational
modification.

GInZ-DraG

In the diazotrophic proteobacterium Azospirillum brasilense the
NifH subunit of nitrogenase is subject to post-translational modi-
fication by ADP-ribosylation and this modification is mediated by
an ADP-ribosyltransferase (DraT) and an ADP-ribosylhydrolase
(DraG; Huergo etal., 2012). The antagonistic activities of both
DraT and DraG are regulated by Py proteins; DraT by GInB and
DraG by GInZ. In N-limited conditions both GInB and GInZ are
uridylylated and do not interact with DraT and DraG. However,
in N-sufficient conditions both Py proteins undergo deuridy-
lylation and then interact with their respective target proteins.
The structures of DraT and of the GInB-DraT complex have

yet to be solved so the role of T-loop modification in regulat-
ing DraT activity is not known. However, the structures of both
DraG and of the GInZ-DraG complex have been solved (Berthold
etal., 2009; Li etal., 2009; Rajendran etal., 2011). The complex is
unique amongst those Py complexes for which structural infor-
mation is presently available because the interface between the
two proteins does not involve the T-loops. Hence GInZ uridylyla-
tion will not apparently have a major influence on its interaction
with DraG. Structural modeling indicates that DraG is inactivated
when bound to GInZ due to steric hindrance of the DraG active
site (Rajendran etal., 2011).

CONCLUSION

Whilst post-translational modification has been recognized as a
key feature of Py; protein biology since its recognition in E. coli in
the early 1970s, subsequent studies have determined that it is nota
universal feature of this large protein family. In the case of uridy-
lylation mediated by GInD in the proteobacteria (and probably
the equivalent adenylylation in archaea) this modification appears
to serve to allow integration of sensing of the glutamine pool,
through the regulation of GInD activity by glutamine, with sens-
ing of the 2-oxoglutarate pool by direct binding to Pyj. In those
cases where detailed biochemical and structural studies are avail-
able post-translational modification does not appear to be essential
for regulation of complex formation, at least in the physiological
conditions studied. However, it may influence the dynamics of the
process.

The phosphorylation of Py; proteins seen in some cyanobacteria
also has the potential to facilitate additional sensory input through
regulation of the Pyj-specific kinase but as the kinase has yet to
be identified and characterized this concept remains hypothetical
at present. Where cyanobacterial Pyy systems involving phospho-
rylation have been characterized post-translational modification
again does not appear to be essential for regulation of complex
formation, and this is supported by the fact that Py phosphoryla-
tion is not ubiquitous in the cyanobacteria (Forchhammer etal.,
2004).

In summary, from the studies undertaken to date there appears
to be no unifying role for post-translational modification of Py
proteins. Interaction of Py; proteins with their targets is predomi-
nantly controlled by effector binding (MgATP, ADP, and 2-OG)
and consequent changes in T-loop conformation (Truan etal,
2010; Radchenko and Merrick, 2011; Radchenko etal., 2013).Ina
number of cases post-translational modification appears to have
the potential to operate as a check-point by providing another
signal transduction input that has to be accommodated before
complex formation between Py and at least some of its targets can
proceed.

There is clearly a need for much more information both with
respect to studies of many more Pjj interactions and in a more
varied range of physiological conditions. Both types of study may
reveal further important roles for P; modification. It is also the
case that the majority of studies to date have been of steady state sit-
uations and there is a definite need for more studies of Py; behavior
under conditions of physiological transition because these could
well be the situations where the influence of P;; modifications are
most apparent.
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P\1 proteins are pivotal players in the control of nitrogen metabolism in bacteria and
archaea, and are also found in the plastids of plants. P); proteins control the activities
of a diverse range of enzymes, transcription factors and membrane transport proteins,
and their regulatory effect is achieved by direct interaction with their target. Many, but
by no means all, P} proteins are subject to post-translational modification of a residue
within the T-loop of the protein. The protein's modification state is influenced by the
cellular nitrogen status and in the past this has been considered to regulate P activity by
controlling interaction with target proteins. However, the fundamental ability of P, proteins
to respond to the cellular nitrogen status has been shown to be dependent on binding of
key effector molecules, ATP ADP and 2-oxoglutarate which brings into question the precise
role of post-translational modification. In this study we have used the Escherichia coli
P1 protein GInK to examine the influence of post-translational modification (uridylylation)
on the interaction between GInK and its cognate target the ammonia channel protein
AmtB. We have compared the interaction with AmtB of wild-type GInK and a variant
protein, GInKTyr51Ala, that cannot be uridylylated. This analysis was carried out both in
vivo and in vitro and showed that association and dissociation of the GInK—AmtB complex
is not dependent on the uridylylation state of GInK. However, our in vivo studies show that
post-translational modification of GInK does influence the dynamics of its interaction with

AmtB.

Keywords: Py protein, GInK, post-translational modification, uridylylation, ammonium transport, AmtB

INTRODUCTION

Proteins of the Pyy signal transduction superfamily play a major
role in coordinating the regulation of nitrogen metabolic pro-
cesses, and have recently also been implicated in regulation of
at least one facet of carbon metabolism (Huergo etal., 2013;
Rodrigues etal., 2014). They mediate their effects by protein—
protein interaction and their targets include key metabolic and
regulatory enzymes, transcription factors, and nutrient trans-
porters. The Py; proteins are the most widely distributed signalling
proteins in nature, with ubiquitous members among prokaryotes,
and representatives among nitrogen-fixing Archaea and in the
chloroplasts of eukaryotic phototrophs (Sant’Anna etal., 2009;
Huergo etal., 2013). They are highly conserved homotrimeric
proteins consisting of 12—13 kDa subunits that form a cylindri-
cal body with three protruding T-loops have been shown to be
capable of adopting a variety of conformations (Conroy etal.,
2007; Truan etal., 2010; Huergo etal., 2013). In the majority of
cases where the structure of a Py protein bound to one of its
targets has been determined the T-loops play a key role in that
interaction.

The universally conserved mechanism by which Py activity is
regulated involves binding of the effector molecules 2-oxoglutarate
(2-OG) and Mg-ATP or ADP in the lateral clefts formed between
the momomers (Radchenko etal., 2010; Radchenko and Merrick,

2011). When the intracellular nitrogen status is low, and 2-OG
levels are high, Py proteins bind 2-OG and Mg-ATP in the lateral
clefts and in this condition the T-loops are relatively unstructured.
However when the intracellular nitrogen status rises 2-OG levels
fall and 2-OG dissociates from the effector binding site. Studies of
E. coli GInK indicate that in the absence of 2-OG the bound ATP
is subject to Pr-mediated hydrolysis to ADP (Radchenko etal.,
2013). This in turn leads to a rearrangement of particular residues
in the GInK binding pocket, most notably GIln39 and Lys58, and a
concomitant change in the T-loop to form a more defined struc-
ture such that the apex of the loop projects very markedly above the
protein’s surface (Conroy et al.,2007; Truan et al., 2010). Hence the
switch from the MgATP, 2-OG form of Py in N-limited conditions
to the ADP-bound form in N-sufficient conditions is reflected in
a concomitant change in T-loop structure which could potentially
be sufficient to regulate the ability of Pyj proteins to interact with
their cognate targets.

Nevertheless, in addition to this conserved mode of regu-
lation, some Py; proteins have another regulatory mechanism
that involves post-translational modification of the T-loop. The
E. coli Py proteins, GInB and GInK, are subject to uridylyla-
tion of the conserved tyrosine residue (Tyr51) in the T-loop
by a uridylyltransferase/uridylyl-removing enzyme (UTase/UR or
GInD; Jiang etal., 1998; Atkinson and Ninfa, 1999). In N-limiting
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Uridylylation of E. coli GInK

conditions UTase activity is predominant and GInB, and GInK are
uridylylated, whereas in N-sufficient conditions the intracellular
glutamine concentration rises, glutamine binds to GInD and the
UR activity deuridylylates the Py proteins. Uridylylation of Py
proteins is widespread in the Proteobacteria (Jiang etal., 1998)
and a very similar GInD-mediated adenylylation of Py proteins
occurs in some Actinobacteria (Hesketh et al., 2002; Strosser et al.,
2004). Furthermore, in some Cyanobacteria Py proteins are sub-
ject to phosphorylation of the T-loop (Forchhammer etal., 2004).
It is, however, notable that in many organisms Py is not sub-
ject to any form of post-translational modification (Huergo etal.,
2013) which raises the question of the biological role of this mod-
ification in those organisms where it occurs. We have chosen to
investigate this in a model Py interaction, namely that of E. coli
GInK with the integral membrane ammonia transporter protein
AmtB.

The primary function of E. coli GInK is to regulate the activity
of AmtB which is a homotrimer with an ammonia conduction
channel through each subunit (Thomas etal., 2000; Coutts etal.,
2002; Zheng etal., 2004). In E. coli an increase in the cellular N
status promotes binding of GInK to AmtB and the crystal struc-
ture of the complex shows that GInK has a molecule of ADP
bound to each monomer. GInK interacts with AmtB almost exclu-
sively via the T-loops the tips of which insert deeply into the
cytoplasmic pore exits of AmtB such that residue Arg47 blocks
ammonia conduction into the cell (Conroy etal., 2007). Initial
studies of GInK—-AmtB interaction noted that complex forma-
tion in response to an ammonium shock occurred synchronously
with deuridylylation of GInK (Coutts etal., 2002) suggesting
that association/dissociation of the complex was regulated by the
post-translational state of GInK.

The GInK-AmtB interaction is highly conserved in bacteria
and Archaea as reflected by conserved linkage between the struc-
tural genes (Thomas etal., 2000). Indeed it has been proposed that
regulation of AmtB is the ancestral function of GInK (Sant’Anna
etal., 2009). However the glnK amtB operon is found in many
organisms where there is no evidence of post-translational mod-
ification of Py and it was noted by Coutts etal. (2002) that this
suggested that regulation of the complex in those organisms would
require an alternative mechanism. In this study we describe experi-
ments to examine this topic and show that association/dissociation
of the GInK-AmtB complex can indeed respond to the cellu-
lar N status in the absence of post-translational modification of
GInK.

MATERIALS AND METHODS

STRAINS, PLASMIDS, AND GROWTH MEDIA

The strains and plasmids used are listed in Table 1. Plasmid
pAD2 and its derivatives were expressed in GT1000 and used
for Hisg AmtB—GInK (wild-type or variants) complex purification.
Plasmid pJT25 or its derivatives in E. coli BL21(DE3)pLysS were
used for overexpression of GInK (wild type or variants). Deriva-
tives of pAD2, plasmids pADR47A, and pADY51A, and derivatives
of pJT25, plasmids pJTR47A, and pJTY51A, were generated using
the QuickChange Lightning Site-directed Mutagenesis Kit (Agilent
Technologies). E. coli strains were routinely grown in Luria Bertani
medium, and for nitrogen-limited growth M9GIn medium (Javelle

Table 1 | Strains and plasmids.

Relevant Reference

genotype/phenotype

Escherichia coli strain
GT1000 rbs lacZ::1S1 gyrA
hutCx AginKamtB

Coutts etal. (2002)

BL21(DE3)pLysS  F~ ompT gal dcm lon hsdSg(rg Studier etal. (1990)

mp) A(DE3) pLysS(cmP)

Plasmid

pAD2 gInK His6amtB Durand and Merrick
(2006)

pADR47A gInK_R47A His6amtB This work

pADY51A gInK_Y51A HisamtB This work

pJT25 ginK Radchenko etal.
(2010)

pJTR47A 9InK_R47A This work

pJTY51A ginK_Y51A This work

etal., 2005) was used. Ampicillin (100 g ml~"), chloramphenicol
(30 pg ml~!) were included as appropriate.

PURIFICATION OF His6-AmtB AND GInK PROTEINS

GInK—AmtB complexes and Histidine-tagged AmtB (His6-AmtB)
were obtained by purifying the AmtB—GInK complex as described
previously (Durand and Merrick, 2006; Radchenko etal., 2010).
GInK wild-type and variants were purified from whole cell extracts
of BL21(DE3)pLysS carrying pJT25, pJTR47A, or pJTY51A that
were heated to 80°C for 4 min and centrifuged at 30,000 g for
30 min to remove debris (Moure etal., 2012). Supernatants were
processed by affinity chromatography on a Heparin column (GE
Healthcare), using a step gradient of 5, 10, 20, 40, and 100%
elution buffer (protein eluted at 20% step). Equilibration buffer
was 50 mM Tris, 0.1 M KCI, pH 7.5, and elution buffer was 50 mM
Tris, 1.0 M KCL, pH 7.5.

ANALYSIS OF GInK—AmtB INTERACTION /N VITRO

The ability of the variant GInK proteins to interact with AmtB
was assessed by in vitro binding assays as described previously
(Radchenko etal., 2010). For assessment of association His6-
AmtB (400 pg) was immobilized on a HIS-Select spin column
previously equilibrated with buffer A [50 mM Tris-HCI (pH 8.0),
100 mM NaCl, 10% (v/v) glycerol, 0.05% (w/v) n-dodecyl-N,N-
dimethylamine-N-oxide (LDAO)] containing 5 mM imidazole.
The flow through was collected, and unbound proteins were
removed by two washes with the same buffer. Three additional
washes were carried out in buffer A containing 5 mM imida-
zole, 300 pg GInK protein and various combinations of effectors.
The effector concentrations used were reflective of those mea-
sured in vivo under conditions of N-limitation and N-sufficiency
(Radchenko etal., 2010). As a control, buffer A containing 5 mM
imidazole, 300 g GInK protein and 0.6 M NaCl was used. The
molar ratio of AmtB to GInK was approximately 1:3. A single
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column was used for each condition tested. Elution of HisscAmtB
or HissgAmtB—-GInK complex was performed by the addition of
buffer A containing 500 mM imidazole. The eluted fractions were
analyzed on 15% SDS-PAGE. For assessment of dissociation, com-
plexes of AmtB with bound GInK (wild-type or variants) were
applied to a HIS-Select spin column in the presence of different
combinations of effectors and washed and eluted fractions were
analyzed by SDS-PAGE.

IN VIVO DETECTION OF GInK MEMBRANE SEQUESTRATION
FOLLOWING AMMONIUM SHOCK

Escherichia coli cultures of GT1000 carrying plasmids pAD?2,
PADR47A, and pADY51A were grown in M9GIn medium at 30°C
and subjected to ammonium shock by the addition of NH,4Cl
to a final concentration of 200 WM. Samples were taken prior to
ammonium addition and thenat0.5, 1,2, 3, 5,10, and 15 mins after
addition. Whole cell protein extracts, membrane and cytoplasmic
protein fractions were prepared as described previously (Coutts
etal.,, 2002). Membrane fractions were subjected to two high-salt
washes (600 mM NaCl) prior to analysis. Protein quantification of
the fractions was determined with Coomassie Plus™ protein assay
reagent (Thermo Scientific) using an albumin standard (Thermo
Scientific).

To determine the cellular location of GInK membrane pro-
tein fractions were separated by 12.5% SDS-PAGE (5-10 pg/lane),
analyzed by Western blotting and detected as described elsewhere
(Radchenko etal., 2010). The uridylylation state of GInK was also
assessed for each sample by separation of the different GInK states
(UMP(—UMP3) using native PAGE followed by Western blotting.
All experiments were replicated three times.

RESULTS

In order to investigate the influence of GInK uridylylation on the
interaction between GInK and AmtB we constructed two T-loop
variants for comparison with the wild-type. Residue Tyr51 was
changed to Ala thereby generating a variant that would not be sub-
ject to uridylylation. As a control residue Arg 47 was also changed
to Ala, generating a variant that would still be subject to modifica-
tion but lacked the charged residue at the tip of the T-loop in the
GInK-AmtB complex. The variants were analyzed in two assays.
Firstly the purified GInK proteins were analyzed in vitro for their
ability to interact with AmtB in response to the effector molecules
ATP, 2-0OG, and ADP. Secondly the ability of GInK wild-type and
the variants to be sequestered to the membrane by AmtB was ana-
lyzed in vivo during a transition from N-limited to N-sufficient
conditions.

ASSOCIATION AND DISSOCIATION OF GInK—AmtB COMPLEXES

IN VITRO

The ability of the variant GInK proteins to interact with AmtB
was assessed by in vitro binding assays as described previously
(Radchenko etal., 2010). For assessment of association His6-
AmtB was bound to a HIS-Select spin column and the ability
of GInK wild-type and variants to bind to AmtB in the pres-
ence of a variety of effector concentrations was studied. For
assessment of dissociation complexes of AmtB with bound GInK
(wild-type or variants) were bound to a HIS-Select spin column

and the dissociation of GInK in the presence of a variety of effec-
tor concentrations was studied. The effectors concentrations used
were reflective of those measured in vivo under conditions of
N-limitation and N-sufficiency (Radchenko etal., 2010).

In all conditions tested the GInK variants, Argd7Ala, and
Tyr51Ala, behaved in the same way as wild-type GInK. In
N-limited conditions in vivo the intracellular 2-OG pool is around
1.5 mM and this falls rapidly following ammonium shock to
0.3 mM (Radchenko etal., 2010). GInK behavior in vitro reflects
this, in that association with AmtB requires a low 2-OG level
(Figure 1). Following ammonium shock intracellular ADP lev-
els rise transiently to around 0.75 mM (Radchenko etal., 2010)
and this level of ADP promotes complex formation (Figure 1).
Dissociation of the complex in vitro (Figure 2) only occurred in a
combination of low ADP (0.35 mM) and high ATP (4.5 mM)
and 2-OG (1.5 mM) and these are conditions comparable to
those found in vivo when cells that are subject to N-limitation
(Radchenko etal., 2010).

GInK-AmtB COMPLEX FORMATION /N VIVO
Cells were grown in N-limitation and then subject to an ammo-
nium shock by addition of NH,Cl to the culture medium. Aliquots
of the culture were taken prior to ammonium addition and then
periodically over a period of 15 mins following the ammonium
shock. The interaction of GInK with AmtB was monitored by
detection of GInK association with the membrane fraction and
the uridylylation state of GInK was monitored by native PAGE as
described previously (Radchenko etal., 2010).

As reported previously (Radchenko etal., 2010), sequestra-
tion of wild-type GInK to the membrane was maximal 2 mins
after ammonium shock and corresponded exactly with the time

Effectors 1 2 K] 4 )
ATP (mM) - 2 2 4.5 4.5
2-0G (mM) - 0.3 0.3 1.5 1.5
ADP (mM) 0.75 035 0.75 0.35 0.75
Mg?* (mM) 0.6 0.6 0.6 0.6 0.6

GInK w.t. — S —

AmtB -

GInKY51A - -

AmtB —

GInKR47A = = -

FIGURE 1 | GInK-AmtB association in vitro. His6-AmtB was bound to a
HIS-Select spin column and GInK proteins were then applied to the column
in the presence of various combinations of effectors. The His6-AmtB or the
GInK-His6AmtB complex were then eluted with 500 mM imidazole and
analyzed by SDS-PAGE. The presence of GInK in the eluted fraction
indicates association to AmtB.
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Effectors 1 2 3 4 5
ATP (mM) 4.5 2 2 4.5 4.5
2-0G (mM) 1.5 0.3 0.3 1.5 1.5
ADP (mM) - 0.35 0.75 0.35 0.75
Mg?* (mM) 0.6 0.6 0.6 0.6 0.6
AmtB = ® = -
GInK w.t. _— —
AmtB e ™ e
GInKY51A ; ==
AmtB e === ™
GInKR47A

FIGURE 2 | GInK-AmtB dissociation in vitro. GInK—-AmtB complexes
containing wild type or variant GInK were bound to a HIS-Select spin
column and then subject to washes with buffer containing various
combinations of effectors. The His6-AmtB or the GInK-His6AmtB complex
were then eluted with 500 mM imidazole and analyzed by SDS-PAGE. The
absence of GInK in the eluted fraction indicates dissociation of the complex.

A Time (min) after 200 uM NH,CI

>

M9GIn 05 1 3 5

10 15
_U3
GInK w.t. -!i - "" p— F -,
. —uUu
- _U;
ww'laagssgﬁ
1

GINKYSTA S SN S S e e S - |

B
Time (min) after 200 uM NH,CI
MOGIn ‘0.5 1 2 3 5 10 15 -
GInK w.t. — — N C— W _—
GInK R47A G S QD S— —
GInK Y51A — I —

FIGURE 3 | GInK-AmtB complex formation in vivo. (A) Changes in the
uridylylation state of GInK wild-type and variants R47A and Y51A following
ammonium shock. Culture samples were taken prior to ammonium addition
and then at a series of time points and the four possible uridylylation states
(UMPp—-UMP3) of the protein were visualized by native PAGE followed by
Western blotting. (B) Binding of GInK wild-type and variants R47A and Y51A
to AmtB was assessed by Western blotting to detect GInK association with
the cell membrane prior to and following ammonium shock. Arrows
indicate point of maximum complex formation.

taken for the protein to become fully deuridylylated (Figure 3).
As the added ammonium was metabolised the cells returned
to N-limitation and 15 mins after ammonium addition GInK
was again dissociated from the membrane and fully uridyly-
lated (Figure 3). The GInK Arg47Ala variant showed an identical
membrane sequestration profile to the wild-type. It was also
deuridylylated at an identical rate to wild-type but took very
slightly longer to be reuridylylated (Figure 3). As expected,
the Tyr51Ala variant was fully deuridylylated regardless of the
N-status of the cells. Nevertheless it still responded to ammo-
nium shock by becoming rapidly sequestered to the membrane.
However, in this case the sequestration rate was significantly more
rapid than observed with wild-type GInK or the Arg47Ala vari-
ant such that sequestration to the membrane was maximal only
1 min after ammonium shock (Figure 3). These experiments
were repeated three times with essentially identical results on each
occasion.

DISCUSSION

We have employed a combination of in vitro and in vivo studies
to investigate the role of GInK uridylylation with respect to the
interaction of GInK with its primary target, the ammonium trans-
port protein AmtB. Prior to the recognition of the role that the
effector molecules ATP, ADP, and 2-OG play in influencing the
conformation of the T-loop in Py proteins it seemed possible that
post-translational modification of the T-loop could be the pri-
mary factor controlling the interaction of Pyj proteins with their
targets (Coutts etal., 2002). In such a model, uridylylation of the
GInK T-loop in N-limiting conditions would prevent interaction
with AmtB and deuridylylation in response to an elevated cellular
N-status would leave the T-loops free to effect complex formation.
However, in contradiction of such a model many organisms that
encode a glnK amtB operon and are predicted to regulate AmtB
function by GInK-AmtB interaction do not have mechanisms for
post-translational modification of GInK.

We have studied two GInK T-loop variants; one (Tyr51Ala) that
is unable to uridylylate GInK and one (Arg47Ala) that is able to be
uridylylated but that lacks the charged residue at the tip of the T-
loop which interacts with the pore of AmtB. Both variants behaved
in vitro in an identical manner to wild-type GInK in that they
showed association with AmtB in the presence of physiological
concentrations of ADP (0.35-0.75 mM) excepting in those effector
conditions seen in E. coli cells subject to N-limitation (4.5 mM ATP,
1.5 mM 2-OG, and 0.35 mM ADP). Hence in vitro the Tyr51Ala
variant of GInK was able to associate to and dissociate from AmtB
independently of any post-translational modification.

When assessed in vivo, for both changes in uridylylation state
and dynamics of interaction with AmtB in response to an ammo-
nium shock, the Arg47Ala variant of GInK behaved essentially as
the wild-type. As expected the Tyr51Ala variant was not uridyly-
lated under any of the conditions tested but was fully competent
to associate with and dissociate from AmtB in response to the
ammonium shock. This confirms that post-translational modi-
fication is not essential to regulate the interaction of GInK with
AmtB. Our in vitro studies indicate that binding of the effectors,
MgATP/ADP, and 2-OG, in response to the metabolic state of the
cell is sufficient to control the interaction of GInK with AmtB
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through the effect on the conformation of the T-loop. Indeed it
seems likely that in many, if not most, cases this could be the pri-
mary factor controlling association/dissociation of the Prj-target
complex.

However uridylylation of GInK did influence the dynam-
ics of GInK—AmtB association, such that in the absence of the
need to deuridylylate the protein GInK was able to associate
more rapidly with its target when the cellular N-status increased.
Deuridylylation of GInK is triggered by a rise in the intracellu-
lar glutamine pool and binding of glutamine to GInD leading
to enhancement of its uridyl-removing (UR) activity. Hence it
would appear that the deuridylylation of GInK prior to complex
formation with AmtB acts as a check-point that integrates glu-
tamine availability into the signal transduction network. In the
proteobacteria and the actinobacteria glnD is widespread (Huergo
etal., 2013) presumably reflecting a selective advantage of this
enhanced signal transduction network. However, in organisms
where post-translational modification of Pyj is apparently absent it
seems that regulation of AmtB activity is controlled by the cellular
2-OG pool as the sole measure of N-status. Studies of the Pj-
PipX interaction in Synechococcus elongatus have similarly shown
that, although Pyy is subject to phosphorylation of the T-loop,
association/dissociation of the Pyj—PipX complex appears to be
independent of Pj; modification (Llacer etal., 2010). Indeed to
date there is little evidence of Py target interactions where post-
translational modification of the T-loops plays an essential role
(Merrick, 2015). There is therefore clearly a need for much more
information on the function of post-translational modification
of Py, both with respect to studies of many more Py interac-
tions with different targets and in a wide range of physiological
conditions.
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Protein phosphorylation is a vital mech-
anism in the regulation of all processes
in eukaryotic and prokaryotic cells. It
is one of the most important of those
post-translational modifications which
allow proteins to reversibly change their
enzymatic activity, cellular localization,
oligomeric state, half-life and interaction
partners.

Protein phosphorylation is mainly used
by bacteria to adapt to changes in their
environment (where the conditions can
alter rapidly), but it is also used for
intercellular communication (reviewed in
Kobir et al,, 2011). An important part
of the bacterial phosphorylation network
is made up of two component systems,
which are found only in bacteria and
certain plants. The first component of
these systems is a sensory kinase which
autophosphorylates one of its histidine
residues as a result of the recognition
of a particular signal. This kinase then
phosphorylates the second component,
a response regulator, on an aspartate.
Phosphorylated forms of the response reg-
ulator often bind specific DNA sequences
at promoter regions, thereby regulating
gene expression and thus triggering a

cellular response. These systems are char-
acterized by a high recognition fidelity
between a given sensory kinase and its
response regulator, with minimal cross-
talk with other two-component systems.
There does seem to be a wide range
of additional regulators, however, which
are able to interfere with the phospho-
transfer reactions and thus join a given
two-component system to other signaling
pathways.

In  bacteria, proteins can be
phosphorylated on serine, threonine and
tyrosine residues. Serine and threonine
phosphorylation is mostly carried out
by the Hanks family of serine/threonine
kinases. Kinases from a different family,
the protein-tyrosine kinases (BY-kinases)
are normally used for tyrosine phos-
phorylation (reviewed in Chao et al,
2014). These BY-kinases do not have
either sequence or structural homology
with eukaryotic tyrosine kinases and they
phosphorylate tyrosine residues using
an ATP/GTP-binding Walker motif. BY-
kinases take part in many different cellular
processes, including DNA replication,
sporulation, antibiotic resistance, heat
shock response, biofilm formation and
virulence.

In a recent paper in Frontiers in
Microbiology, Shi et al. (2014a) described
the protein-tyrosine phosphorylation net-
work in Bacillus subtilis. Their wide inter-
actome study identified many potential
new substrates of kinases and phos-
phatases. Three findings in particular
stand out: (i) their results clearly show
that cross-talk does take place between
the BY-kinase and the Hanks type Ser/Thr

kinase interaction networks; (ii) new
kinase substrates were found, including
those involved in DNA replication, tran-
scription regulation and cell division; and
(iii) tyrosine kinases can be bound by
several cytosolic or transmembrane mod-
ulators. One of the most interesting of
these is MinD, a binding partner of kinase
PtkA. They found that MinD modulates
the kinase activity of PtkA in vitro and that
MinD attracts PtkA to the cell poles. MinD
is an ATPase which binds to the mem-
brane as a dimer in its ATP-bound state
through an amphiphatic helix. It attracts
the cell division inhibitor MinC to the
membrane and it also interacts with Min],
which, in turn, interacts with DivIVA.
DivIVA localizes to the negative curva-
ture of the forming septum and persists at
the cell poles together with the MinCD]J
complex during vegetative growth. This
mechanism appears to block asymmet-
ric septation during vegetative growth.
This blocking mechanism must be over-
ridden before the first morphologically
distinct stage of sporulation, the forma-
tion of a thin asymmetric septum, can
occur.

It has been established that DivIVA has
at least two different roles during sporu-
lation. One role is to bind the DNA-
binding RacA protein, thereby allowing
proper chromosomal segregation to occur
in the small part of the cell (the so-called
forespore) after asymmetric cell division
(Ben Yehuda et al., 2003). A second role,
only recently described, is to localize the
SpollE phosphatase to the site of asym-
metric septation (Eswaramoorthy et al.,
2014). On the other hand, there are no
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known roles for the MinD, MinC and
Min] proteins during sporulation (Barak,
2013). Although depleting any or all of
these proteins has only a minimal effect on
sporulation frequency (Cha and Stewart,
1997), it is still not possible to exclude
the possibility that the Min system has at
least a partial role in sporulation because a
sporulation-like septum appears, in some
minD mutant cells, to be misplaced from
its normal polar site (Barak et al., 1998). In
addition, quite different experiments have
shown that MinCD-dependent repression
of SpollIE assembly in the forespore is cru-
cial for the proper segregation of the chro-
mosome to the forespore after asymmetric
septum formation (Sharp and Pogliano,
2002).

The study by Shi et al. (2014a) provides
a large amount of additional data about
interactions between and phosphorylation
of the proteins involved in vegetative and
asymmetric cell division and chromosome
segregation during sporulation. In brief,
they found new potential protein—protein
interactions, new substrates and new mod-
ulators for kinases involved in the above
mentioned processes. Interestingly, they
showed that MinD is a modulator of the
PtkA kinase activity and also serves as a
determinant for its localization. Secondly
they showed that DivIVA is a PtkA sub-
strate and they found new putative inter-
action partners for SpolIE. What would be
the reason for such a wide interconnection

between so many different phosphoryla-
tion networks? Perhaps the main reason is
to finely tune different cellular processes
and link them together (Shi et al., 2014b).
In any case, all of this data gives a com-
pletely new twist to our former, more sim-
plistic view of these processes; they show
that they are in truth much more com-
plex. Nevertheless, it is clear that many
of their findings must still be shown to
be biologically relevant, which will require
additional work.
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CELL DIFFERENTIATION IN BACILLUS
SUBTILIS

In their endless struggle to survive in
harsh and rapidly changing environments,
many bacteria depend on their ability
to live together as multicellular commu-
nities, also known as biofilms. In these
communities cells are embedded within a
self-produced slimy matrix that is mainly
composed out of extracellular polysaccha-
rides and proteins (Hall-Stoodley et al.,
2004). This matrix enables the cells to
cover a solid surface or to float as a
community and can protect them from
harmful environmental substances, such
as antibiotics or competitors. In addi-
tion, biofilm or matrix production can
also function as a virulence factor, as
described for the genetic disorder cystic
fibrosis that goes along with coloniza-
tion by a Pseudomonas aeruginosa biofilm
(Costerton et al., 1999). The Gram-
positive soil bacterium Bacillus subtilis
can choose between a variety of lifestyles
such as sporulation, motility as an explo-
rative lifestyle, biofilm formation, and the
acquisition of genetic competence for the
uptake of foreign DNA (Lépez and Kolter,
2010).

In the B. subtilis biofilm communi-
ties, different groups of cells fulfill dis-
tinct functions, which are important for
the well-being of the whole community
of clonal identical bacteria. Some bacte-
ria produce extracellular polysaccharides
and proteins and thereby provide the
matrix for the community. Other cells
secrete exoproteases for degradation of
protein as an alternative energy source

(Marlow et al., 2014). Furthermore, cells
within the biofilm can differentiate into
spores when the community gets older
and nutrients are limiting (Lépez and
Kolter, 2010). However, not all cells within
a biofilm differentiate into spores upon
nutrient limitation. Some members of a
biofilm community can regain motility.
This allows them to leave the biofilm
and explore the environment for new
sources of nutrients. From an evolution-
ary point of view the presence of dif-
ferent cell forms provides versatility and
enables the bacterium to adapt rapidly
to different environmental conditions. But
how are these complex communities and
the observed cell differentiation processes
regulated?

NOVEL REGULATORY TYROSINE
PHOSPHORYLATION ADDS EVEN

MORE COMPLEXITY TO THE
REGULATORY NETWORK FOR CELL
DIFFERENTIATION

Recent studies in B. subtilis suggest
that tyrosine phosphorylation plays an
important role in the regulation of biofilm
formation and cell differentiation, in
addition to the known mechanisms of
transcriptional regulation and protein-
protein interactions (for review see
Vlamakis et al., 2013; Mielich-Siiss and
Lopez, 2014; Mbhatre et al., 2014). In
Gram-positive bacteria, tyrosine kinases
consist of a transmembrane modulator
protein and a cytosolic kinase protein
(Grangeasse et al, 2012). B. subtilis
encodes two protein tyrosine kinase/
modulator couples, PtkA/ TkmA, and

EpsB/ EpsA. Interestingly, the simulta-
neous deletion of either both kinase or
modulator genes totally abolished extra-
cellular polysaccharide production causing
a biofilm defect. The single mutants did
not phenocopy the kinase or modula-
tor double mutant and were still able to
produce exopolysaccharides. However,
colony structure and pellicle formation
was affected in the single mutants (Gerwig
et al., 2014) suggesting that both kinase
systems contribute in a distinct way to
biofilm formation. The loss of the EpsB
kinase reduced wrinkle formation and
the production of extracellular polysac-
charides, but did not destroy the rough
colony surface, which is indicative of the
formation of fruiting bodies for sporula-
tion (Elsholz et al., 2014; Gerwig et al.,
2014). Thus, EpsB does not seem to affect
sporulation. In contrast, loss of the EpsB
homolog PtkA did not affect extracellu-
lar polysaccharide production but instead
drastically reduced sporulation in biofilm
cells thus leading to a loss of the rough
appearance of the outer region of the
colonies (Kiley and Stanley-Wall, 2010;
Gerwig et al.,, 2014). These observations
indicate that the protein tyrosine kinases
EpsB and PtkA influence cell differentia-
tion of B. subtilis at different levels: EpsB
acts downstream of the central regulator of
cell differentiation, SpoOA, whereas PtkA
is likely to act upstream of SpoOA (see
Figure 1).

In principle, the stochastic phos-
phorylation state of the SpoOA protein
determines to which promoters the pro-
tein binds and consequently if cells
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FIGURE 1 | Schematic overview how the bacterial tyrosine kinases PtkA
and EpsB control cell differentiation at different levels. The PtkA kinase
controls sporulation and biofilm matrix expression by acting upstream of the
central regulator of cell differentiation SpoOA by an unknown mechanism. In

contrast, the EpsB kinase acts downstream of the SpoOA protein and
controls exopolysaccharide production by phosphorylation of the
glycosyltransferase EpsE. Arrows indicate activating effects, T-bars inhibitory
effects. EPS, extracellular polysaccharides; P phosphate group.

differentiate into a spore or become
a matrix producer. High levels of
phosphorylated SpoOA induce spore
development, whereas medium levels
lead to matrix production (Fujita and
Losick, 2005; Fujita et al., 2005). Of course,
SpoOA phosphorylation is highly regu-
lated: it receives its phosphoryl groups
via a complex phosphorelay system con-
sisting of several sensor kinases and the
SpoOF and SpoOB phosphotransferases.
The phosphorelay is activated in response
to multiple triggers such as the potas-
sium concentration, plant polysaccharides
and oxygen availability that are sensed
by the Kin family sensor kinases (Lopez
et al, 2009; Beauregard et al., 2013;
Kolodkin-Gal et al., 2013, see Figure1).
This highly complex regulatory network
controlling the phosphorylation state of
the central regulator of cell differenti-
ation SpoOA allows the integration of
many different signals into the phos-
phorelay. Furthermore, the phosphorelay
provides multiple potential targets for
post-translational control by the PtkA
tyrosine kinase.

HOW DO THE TYROSINE KINASES PtkA
AND EpsB INFLUENCE CELL
DIFFERENTIATION?

In order to influence sporulation effi-
ciency as shown by Kiley and Stanley-Wall
(2010), PtkA most likely has to affect
the phosphorelay that governs the phos-
phorylation state of the SpoOA protein.
Since PtkA is a tyrosine kinase it seems
likely that this influence involves post-
translational tyrosine phosphorylation
rather than acting e.g., on transcriptional
level. Unfortunately, the most difficult
question has not yet been solved: what is
the phosphorylation target of the PtkA
kinase and how can we identify it?

In order to explain altered biofilm
formation and the sporulation defect of
the ptkA mutant, Kiley and Stanley-Wall
(2010) conducted an intensive search for
possible phosphorylation targets but failed
to identify one. Deletion of the long-
known PtkA targets (the UDP-Glucose
dehydrogenases Ugd and TuaD) did not
exert an effect on biofilm formation.
Moreover, several other targets proposed
by large-scale phosphoproteomics and

other studies (Macek et al., 2007; Jers et al.,
2010) were not of relevance. Therefore, it
remains unclear how PtkA affects biofilm
formation and sporulation. Unfortunately,
a recent phosphoproteome study did not
reveal obvious targets related to the phos-
phorelay (Ravikumar et al., 2014), except
the regulator of transition phase genes
AbrB was found to be phosphorylated
on a tyrosine residue. However, the phys-
iological relevance of this phosphoryla-
tion is unclear, and serine phosphorylation
of AbrB was observed in another study
(Kobir et al., 2014). Clearly, more work is
required to dissect the potential control of
AbrB activity by phosphorylation.

A more obvious problem for the
identification of tyrosine phosphorylated
proteins with the potential to control
biofilm formation and sporulation is that
most published data relates to cells har-
vested from exponentially growing cul-
tures rather than from biofilms. Moreover,
the studies were performed with strains
derived from a domesticated strain that
does not produce robust bofilms. Thus, it
is reasonable to assume that not all of the
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proteins that might be relevant for biofilm
formation and sporulation are expressed
under these conditions. Furthermore, reg-
ulatory phosphorylation is a rapid method
for adapting cellular processes to envi-
ronmental changes. Thus, it seems safe
to assume that not all phosphorylations
are present permanently. Interestingly, all
currently identified tyrosine phosphory-
lation reactions with functional relevance
have been found by attempts other than
large-scale phosphoproteomics analyses.
Examples include the regulator of unsatu-
rated fatty acid synthesis FatR (Derouiche
etal., 2013), single stranded DNA-binding
proteins (Mijakovic et al., 2006) and
the glycosyltransferase EpsE, a target of
the tyrosine kinase EpsB (Elsholz et al.,
2014). With the exception of UDP-glucose
dehydrogenase Ugd (by Macek et al,
2007), none of these proteins were identi-
fied in the latest large-scale phosphopro-
teome experiments (Macek et al., 2007;
Ravikumar et al.,, 2014). In conclusion,
identification of the PtkA phosphorylation
target and explanation of the sporulation
defect of the mutant remains elusive but
it is tempting to speculate that the highly
complex network for the control of Spo0A
is affected by the PtkA kinase. Since cross-
phosphorylation of kinases is an estab-
lished concept in eukaryotes and hints
supporting this idea in prokaryotes are
emerging (Baer et al., 2014; Shietal., 2014)
phosphorylation of phosphorelay proteins
is a highly attractive hypothesis.

The second level of regulatory tyro-
sine phosphorylation is provided by the
EpsB kinase that phosphorylates the glyco-
syltransferase EpsE (Elsholz et al., 2014).
The kinase and the phosphorylation tar-
get are both encoded in the eps operon for
exopolysaccharide production. Hence, the
regulation of the two corresponding genes
is similar. The eps operon is only strongly
expressed if the SinR anti-activator pro-
tein is inhibited by either of its antago-
nists Sinl and SIrR under biofilm forming
conditions (Kearns et al., 2005; Newman
et al., 2013; Winkelman et al., 2013). This
observation implies that EpsB-mediated
phosphorylation might not have a global
effect and that the phosphorylated tar-
get is among the proteins expressed under
biofilm forming conditions that are also
subject to repression by SinR. Indeed,
deletion of the epsB gene only affects

exopolysaccharide production but leaves
sporulation unaffected (Gerwig et al,
2014). Strikingly, deletion of the gene for
the EpsE glycosyltransferase leads to a
complete loss of exopolysaccharide pro-
duction and complex colony formation,
whereas deletion of the gene for the EpsB
kinase has a milder effect (Guttenplan
et al., 2010). Therefore, it is tempting to
speculate that PtkA can partially take over
the function of EpsB. However, this has not
been demonstrated experimentally.

FUNCTIONAL CROSS-TALK BETWEEN
TYROSINE KINASE/ MODULATOR
COUPLES

Straight signal transduction is an impor-
tant issue for many conserved multi-
component signal transduction system
families and has been extensively stud-
ied for two-component regulatory systems
and phosphotransferase system-controlled
RNA-binding antitermination proteins.
These systems have evolved to avoid non-
cognate interactions either by restricting
the interactions with non-cognate proteins
partners, ligands, and target molecules.
Moreover, differential gene expression of
the non-cognate components has been
observed to prevent non-productive cross-
talk (Schilling et al., 2006; Szurmant
and Hoch, 2010; Hiibner et al., 2011;
Podgornaia and Laub, 2013).

However, this might be different for
regulatory tyrosine phosphorylation, as
suggested for the interplay between EpsB
and PtkA. In yeast (Shi et al., 2014) and
bacterial two-hybrid studies the TkmA
modulator and the EpsB kinase inter-
act with each other, whereas the EpsA
modulator and the PtkA kinase do not
interact. Additionally, a genetic analysis
of a potential cross-talk in the laboratory
strain 168 revealed that simultaneous loss
of PtkA and EpsA does not affect sta-
ble pellicle formation, whereas simultane-
ous deletion of the genes for EpsB and
TkmA inhibited stable pellicle formation.
These observations further support a func-
tional connection between the two sys-
tems. However, confirmation of this result
was not obtained in the background of the
NCIB3610 wild type strain. Although the
functional relevance of the TkmA/EpsB
cross-talk remains unclear, similar obser-
vations come from Staphylococcus aureus
that also contains two similar tyrosine

kinase/ modulator couples. In this case, the
Cap5A1 modulator protein of one couple
and the Cap5B2 protein tyrosine kinase of
the other couple show functional cross-
talk suggesting that interplay between dif-
ferent tyrosine/ modulator couples might
not be limited to B. subtilis (Soulat et al.,
2007).

OUTLOOK

The detection of a regulatory interplay
between protein tyrosine phosphorylation
and classical sensing via the phosphore-
lay in the control of cell differentiation
in B. subtilis is one of the most exciting
results of recent studies. This is under-
lined by the observation of extensive links
between the different signal transduction
systems that involve post-translational
modifications (van Noort et al., 2012; Shi
et al., 2014) One main task for future
work is the identification of phosphory-
lation targets of the tyrosine kinase PtkA
in order to get a better understanding of
its implication in biofilm formation and
sporulation. To demonstrate that PtkA
affects cell differentiation upstream of the
central regulator SpoOA, the phosphory-
lation state of SpoOA has to be analyzed
in a ptkA deletion mutant. Furthermore,
large-scale  phosphoproteomics under
biofilm-promoting conditions could help
to identify potential tyrosine phospho-
rylated targets. Additional tasks are the
identification of substances that can be
sensed by the PtkA modulator protein
TkmA and to further dissect the poten-
tial cross-talk between the two known
tyrosine kinase/ modulator couples EpsB/
EpsA and PtkA/ TkmaA in B. subtilis.
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Signal transduction in eukaryotes is generally transmitted through phosphorylation
cascades that involve a complex interplay of transmembrane receptors, protein kinases,
phosphatases and their targets. Our previous work indicated that bacterial protein-tyrosine
kinases and phosphatases may exhibit similar properties, since they act on many
different substrates. To capture the complexity of this phosphorylation-based network,
we performed a comprehensive interactome study focused on the protein-tyrosine
kinases and phosphatases in the model bacterium Bacillus subtilis. The resulting
network identified many potential new substrates of kinases and phosphatases, some
of which were experimentally validated. Our study highlighted the role of tyrosine and
serine/threonine kinases and phosphatases in DNA metabolism, transcriptional control
and cell division. This interaction network reveals significant crosstalk among different
classes of kinases. We found that tyrosine kinases can bind to several modulators,
transmembrane or cytosolic, consistent with a branching of signaling pathways. Most
particularly, we found that the division site regulator MinD can form a complex with the
tyrosine kinase PtkA and modulate its activity in vitro. In vivo, it acts as a scaffold protein
which anchors the kinase at the cell pole. This network highlighted a role of tyrosine

equally to this work.

phosphorylation in the spatial regulation of the Z-ring during cytokinesis.

Keywords: protein phosphorylation, protein-protein network, bacterial protein kinase, bacterial cell division,

bacterial signaling

INTRODUCTION

In eukarya, protein phosphorylation on serine/threonine and
tyrosine residues is catalyzed by the Hanks-type family of pro-
tein kinases (Hanks et al., 1988). In bacteria, Hanks-type kinases
catalyze phosphorylation of proteins only on serine and thre-
onine residues (Pereira et al., 2011), and a distinct family of
kinases, termed bacterial tyrosine kinases (BY-kinases), phospho-
rylate proteins on tyrosine (Grangeasse et al., 2007). BY-kinases
have been initially described as autophosphorylating enzymes
involved in exopolysaccharide synthesis and export (Whitfield,
2006). More recently, it became apparent that they phospho-
rylate many protein substrates and regulate their activity (Shi
etal,, 2010). Arguably the best characterized bacterial system with
respect to physiological substrates of BY-kinases is the Firmicute
model organism Bacillus subtilis (Mijakovic et al., 2005b). B. sub-
tilis possesses a well characterized BY-kinase PtkA (Mijakovic
et al., 2003) and a putative BY-kinase PtkB (EpsB). In order to
phosphorylate its substrates, PtkA requires a transmembrane acti-
vator TkmA (Mijakovic et al., 2003), which is encoded by the
same operon as the kinase. PtkB-encoding operon also codes
for a transmembrane activator termed TkmB (Mijakovic et al.,
2005b). While structurally the TkmB/PtkB pair constitutes a

bona fide BY-kinase, its activity toward substrates has never been
experimentally demonstrated. Recent study suggested that TkmB
interaction with PtkB could modulate its function in biofilm for-
mation in B. subtilis (Gerwig et al., 2014). Homologs of TkmA
and TkmB exist also in proteobacteria, but there they are “fused”
with the BY-kinases in a single polypeptide chain, encoded by
a single gene (Jadeau et al., 2012). The rationale behind these
different architectures has puzzled researchers for years. One
hypothesis suggests that dissociation of BY-kinases from trans-
membrane activators in Firmicutes may enable these kinases to
interact with alternative (possibly cytosolic) modulator proteins
(Shi et al., 2010).

B. subtilis PtkA is known to phosphorylate a broad spectrum
of substrates, including UDP-glucose dehydrogenases (Mijakovic
et al., 2003), single-stranded DNA-binding proteins (Mijakovic
et al., 2006), transcription factors (Derouiche et al., 2013) and
other enzymes (Jers et al., 2010). Cells devoid of PtkA exhibit
a pleiotropic phenotype with defects in cell cycle (Petranovic
et al., 2007) and biofilm formation (Kiley and Stanley-Wall,
2010). In addition to regulating the enzyme activity of certain
substrates, PtkA also seems to affect sub-cellular localization of
others (Jers et al., 2010). Bacterial Hanks-type serine/threonine
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(Ser/Thr) kinases are equally promiscuous toward their substrates
(Pereira et al., 2011). This is exemplified by the Hanks-type
kinase PrkC from B. subtilis, which phosphorylates the essen-
tial translation factor EF-G (Gaidenko et al., 2002) and the
enzymes involved in carbohydrate metabolism: the transaldolase
YwijH, the glutamine synthetase GlnA, the isocitrate dehydroge-
nase Icd and the acetolactate-decarboxylase AlsD (Pietack et al.,
2010). While recent phosphoproteomic studies in B. subtilis
have revealed about a dozen proteins phosphorylated on tyro-
sine, and many more on serine and threonine (Macek et al.,
2007; Soufi et al., 2010), identification of kinases responsible
for these phosphorylation events in vivo remains a major chal-
lenge. The full complement of protein kinases in B. subtilis
includes BY-kinases PtkA and PtkB (Mijakovic et al., 2003),
the serine/threonine kinases of the Hanks type PrkC, PrkD,
and YabT (Madec et al., 2002; Bidnenko et al., 2013), the
unique serine/threonine kinase HprK/P (Galinier et al., 1998),
the two-component-like serine/threonine kinases RsbT, RsbW,
and SpolIAB (Garsin et al., 1998; Pane-Farre et al., 2005), and
37 standard two component system kinases (Fabret et al., 1999;
Kobayashi et al., 2001). The complement of corresponding phos-
phatases is much smaller, including the phosphotyrosine-protein
phosphatases PtpZ (YwqE), Yfk]J, and YwIE (Mijakovic et al.,
2005a; Musumeci et al., 2005), and phosphoserine/threonine-
protein phosphatases PrpC and SpollE (Duncan et al., 1995;
Obuchowski et al., 2000). In addition, an arginine phosphoryla-
tion system has been described recently in B. subtilis, involving
the kinase McsB and the phosphatase YWIE (Elsholz et al., 2012).

To address these crucial questions on the physiological rela-
tionships of the kinases, their substrates and alternative kinase
modulators, we set out to construct a high confidence protein-
protein interaction network centered on known BY-kinases, acti-
vators and phosphatases in B. subtilis. Our yeast two-hybrid
interactome approach identified numerous candidates of high
biological relevance for interactions with protein kinases and cog-
nate phosphatases. In addition, it detected clustering of shared
substrates at the interface between kinase and phosphatase nodes.
It confirmed several known kinase-substrate relationships, and
revealed a number of new ones, notably substrates involved in
DNA replication, transcriptional regulation and cell division.
Most importantly, we identified the division site selection fac-
tor MinD as an anchoring protein which modulates PtkA activity.
Our approach also pointed to the existence of cross-talk between
the BY-kinase and the Hanks-type Ser/Thr kinase interaction net-
works, revealing that the two are tightly interconnected. This
suggests that bacterial protein kinases (BY- and Ser/Thr Hanks-
type) could be regulated by complex signaling cascades, similar to
the ones found so far only in eukarya. This study constitutes the
most comprehensive view of a bacterial signaling network based
on protein phosphorylation to date.

MATERIAL AND METHODS

CONSTRUCTION OF VECTORS FOR PROTEIN EXPRESSION

All PCR amplifications were performed using B. subtilis 168
genomic DNA as template and primers as listed in Table S4. To
construct the knock-out minD mutant, a PCR-amplified internal
fragment of the minD gene was inserted into pMUTIN2 (Vagner

et al., 1998). To obtain the CFP-N terminally fused proteins,
minD and ptkA gene coding sequences were first inserted into a
pSGI911 plasmid derivative (Feucht and Lewis, 2001) prior to
insertion at the amyE platform locus. For protein expression and
purification, PCR fragments were inserted into plasmid pQE-30
Xa (Qiagen) to get the 6xHis-tag fusion proteins. Strep-tagged
versions of proteins were obtained from a pQE-30 vector with
His6-tag replaced by the strep-tag (Jers et al., 2010). For yeast two
hybrid the PCR-amplified gene coding sequences (listed in Table
S4-A) were cloned into the bait vector pGBDU-C1, in frame with
the binding domain of Gal4 (James et al., 1996), and transformed
in PJ69-4A yeast haploid strain (James et al., 1996).

STRAIN CONSTRUCTIONS

Stains used in this study as well as primers employed for con-
structions are precised in Table S4-A,B. The zapA::SpcR disruption
mutation was transferred into AptkA background by transforma-
tion of the competent AptkA cells with chromosomal DNA from
LH165 (L. Hamoen; Kawai and Ogasawara, 2006) to spectino-
mycin resistance. The minD gene was inactivated using the vector
PMUTIN2 (Vagner et al., 1998). MinD inactivation mutation was
then transferred into the AptkA background by transformation
with pMUTIN::minD to erythromycin resistance.

YEAST TWO HYBRID SCREENINGS OF A B. SUBTILIS GENOMIC
LIBRARY

The bait vectors were used to screen the pGAD-expressed B. sub-
tilis genomic library in yeast using a previously described mat-
ing strategy (Noirot-Gros et al., 2002; Marchadier et al., 2011).
Colonies were then tested for their ability to grow on SC -LUH
and -LUA plates (lacking leucine, uracil, histidine or adenine).
The prey candidates were identified by PCR amplification and
sequencing of the DNA inserts from the pGAD plasmids. The
potential false-positive interactions were eliminated experimen-
tally using a specificity assays as previously described (Noirot-
Gros et al., 2002). About 3-5 x 107 yeast haploid cells expressing
the BD-bait protein were mated against 3 x10® haploid cells of
complementary mating type, expressing the B. subtilis genomic
library of AD-fusion prey protein fragments (Noirot-Gros et al.,
2002). Mating efficiencies (15-30%) allowed to test up to 10®
possible interactions in one screen. For each screen, the mix-
ture of mated cells was plated on rich medium and incubated
for 4-5h at 30°C, then collected, washed and spread on selec-
tive SC-LUH (synthetic complete medium lacking leucine, uracil,
and histidine) plates supplemented with 0.5 mM 3-aminotriazole.
After 7-10 days at 30°C, the His+ colonies were transferred on
SC-LUA (synthetic complete medium lacking leucine, uracil, and
adenine) plates for 3 days at 30°C. All the His+ Ade+ colonies
were subjected to PCR amplification targeting AD prey-inserts
were sequenced and compared with the B. subtilis genome.

INTERACTION SPECIFICITY ASSAY OF IDENTIFIED BAIT-PREYS
PROTEIN PAIRS

False-positive interactions were experimentally removed by a
specificity assay. Main sources of false positives in yeast two hybrid
are (i) auto-activation of the reporter genes independently to
the ability of the targeted protein to bind to a protein partner,
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(ii) proteins with stickiness properties and (iii) modification of
the basal reporter gene expression in the yeast diploid cell. This
last category mostly gives non reproducible growth phenotypes.
False positive were eliminated experimentally by rescuing the
protein-encoding prey plasmids from the His+ Ade+ colonies
and reintroducing in PJ69—4a strain in order to perform binary
interaction test assays. The rescue of the prey plasmid from
diploid cells was carried out using a “gap-repair” cloning pro-
cedure as described elsewhere (Weir and Keeney, 2014). Using
oligonucleotides priming upstream and downstream of the DNA
insert, the prey gene fusion flanked by 150 pb homologous to the
vector was amplified by PCR and co-transformed with pGAD lin-
earized vector (digested with appropriated restriction sites within
the MCS), in fresh yeast haploid cells. The yeast cell express-
ing the recombination-based reassembled prey plasmid were then
mated against compatible haploid cells carrying (i) an empty
pGBDU vector expressing and infused Gal4-BD domain, (ii) a
vector expressing the targeted BD-bait protein and (iii) expressing
more than three unrelated BD-protein fusions. An interaction is
qualified as specific when reproduced twice with the original bait
protein, without exhibiting auto-activation nor any unspecific
stickiness phenotypes. As already observed (Noirot-Gros et al.,
2002) 100% of the prey candidates identified as overlapping frag-
ments of a given gene (class C1, Table S1) were found to be specific
while only 20% of the prey proteins found as an unique fragment
(class C2, Table S1) have passed the specificity test. In total, a
given protein pair qualified as “specific” would have trigger inter-
acting phenotypes up to three time (once during the genomic
screen and at least twice during the matricial specificity test assay).
The resulting network of specific bait-prey interactions is thus
strongly enriched in complex with biological relevance. The pro-
tein interactions from this publication have been submitted to the
IMEx consortium through IntAct (http://www.imexconsortium.
org) (Orchard et al, 2014) and assigned the identifier
IM-22270.

PPI NETWORK CONSTRUCTION

In the network the specific protein pairs were represented as
nodes connected with edges using the open source software tool
Cytoscape 3.0. The network was built from data on connected bait
and preys as listed in Table S2.

PROTEINS EXPRESSION AND PURIFICATION

E. coli K12 NM522 and MI15 (expressing chaperonin
GroEL/GroES) were used for vector construction and pro-
tein purification, respectively. Cells were routinely grown
in LB medium supplemented with appropriated antibi-
otics. Protein synthesis and purifications were carried out as
described previously (Mijakovic et al., 2003). Induction of
expression was initiated at ODggp = 0.6 by the addition of
IPTG (1 mM). Cells were harvested 3h later and sonicated.
From crude extracts, the 6xHis- or Strep-tagged proteins
were purified using Ni-NTA (Qiagen), or Strep-Tactin affin-
ity chromatography (Novagen), prior to desalting by PD-10
columns (GE Healthcare). Protein purity was estimated by
scanning densitometry of coomassie stained SDS-Page gels
(Table S5).

FAR-WESTERN BLOTTING

Proteins were separated by 12% SDS-PAGE and transferred onto
nitrocellulose membranes. Proteins were then renatured (Wu
et al., 2007) and incubated with MinD labeled with Strep-
Tactin (conjugated to horse radish peroxidase, IBA) (Machida
and Mayer, 2009) in TBS-T buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 0.05% Tween 20) containing 1% BSA. For labeling, 50 pl
of 0.1 pg/pl Strep-tagged MinD was incubated with 5 g Strep-
Tactin on ice for 1h. Signal was detected by AEC staining Kit
(Sigma).

IN VITRO PHOSPHORYLATION ASSAYS

Proteins were incubated at 37°C in a reacting buffer (50 mM
TrisHCI pH 7.5, 100 mM NaCl, 5mM MgCl,, 5% glycerol) con-
taining 50 WM ATP and 20 pCi/mmol [y->2P]-ATP, for 1 h, prior
to migration on an 8—12% SDS-polyacrylamide gel. The radioac-
tive signal was captured by a FUJI phosphoimager (Mijakovic
et al., 2003). In vitro phosphorylation of RecA by PtkA was per-
formed by mixing PtkA (2.5 wM) and RecA (5 LM) in the absence
or presence of TkmA (2.5 wM). Phosphorylation and dephospho-
rylation of RecA by YabT and SpollE, was performed by incu-
bating RecA (1 wM) with YabT (0.5 wM). Then SpollIE (5 uM)
was added to the reaction. Phosphorylation and dephosphoryla-
tion of RacA by YabT and SpolIE was performed by mixing RacA
(0.8 wM) with YabT (0.15 M) at 37°C for 1h. Centricon was
used to remove ATP from the sample, prior to addition of SpolIE
(2 M) and DnaK (0.8 wM). Phosphorylation of DnaC by PrkD
was performed by mixing 1 uM of DnaC/I stable co-purified
complex with 0.1 uM PrkD. Only DnaC (50.6 kD vs. 30.1 kD for
Dnal) was found to be phosphorylated by PrkD. MinD potential
kinase activity was assayed by mixing equimolar concentrations of
TkmA, PtkA K59M, and MinD (2 wM). In vitro phosphorylation
of DivIVA was assayed by mixing equimolar concentrations of
PtkA and TkmA (2 wM) with DivIVA (3.5 wM). MinD-mediated
activation of PtkA was tested by incubating PtkA (2 uM) with 0.5,
1.0, 2.0, 4.0, and 8.0 uM of MinD. All the in vitro phosphorylation
assays were reproduced at least three time.

FLUORESCENT MICROSCOPY

Strains were grown in liquid LB medium containing appropri-
ated antibiotic overnight at 37°C prior to 1/1000 dilution in LB.
Cell were then grown up to ODggp 0.3. Samples were mounted
on 1.2% agarose pads for examination of living cells by epiflu-
orescent microscopy. The plasma membrane of B. subtilis cells
were labeled using the vital stain FM 4-64 and nucleoids were
stained with DAPI. CFP/GFP fluorescence was observed using
appropriated dichroic filter sets.

RESULTS

A PROTEIN-PROTEIN INTERACTION NETWORK CENTERED ON
BY-Kinases

A network of high biological significance was constructed using
a yeast two-hybrid interactome walking approach, comprising
a strategy for systematic elimination of false positives (Noirot-
Gros et al., 2002; Marchadier et al., 2011). We first performed
genome-wide yeast two-hybrid screens of a B. subtilis library to
identify the proteins that physically associated with the BY-kinases
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PtkA and PtkB, their cognate modulators TkmA and TkmB,
and the three identified phosphotyrosine-protein phosphatases
PtpZ (Mijakovic et al., 2005a), YWIE and Yfk] (Musumeci
et al., 2005). To increase the likelihood of identifying poten-
tial kinase substrates, we also used PtkA mutant derivatives
as baits, carrying point mutations either within the catalytic
pocket (D81A or K59M) or within the C-terminal cluster with
autophosphorylation sites (Y225F, Y227F, and Y228F) (Mijakovic
et al., 2003).

In addition to the expected interactions between the BY-
kinases and their respective modulators PtkA-TkmA and PtkB-
TkmB, we observed a cross-connection between PtkB and
TkmA as well as between TkmA and TkmB (Figure S1). The
phosphotyrosine-protein phosphatase PtpZ appeared to inter-
act with TkmA, whereas YwWIE and Yfk]J, the two low molec-
ular weight phosphotyrosine-protein phosphatases (LMPTPs),
lay separately from the BY-kinase and modulators (Figure S1).
These findings are in agreement with previous studies indicat-
ing that PtpZ is the phosphatase dedicated to dephosphory-
lating substrates of PtkA/TkmA (Mijakovic et al., 2003, 2005a,
2006). B. subtilis LMPTPs presumably have a different role
in stress resistance (Musumeci et al., 2005). Furthermore, we
noticed that PtpZ shares common interactants with PtkB, sug-
gesting that PtpZ might also act on putative substrates of PtkB
(Figure S1). Common prey proteins were also found between the
phosphatases YwWIE and Yfk], indicating they may have redun-
dant activities. The BY-kinase PtkA also interacted with SalA
and MinD, two MRP-like/MinD-family ATPases that bear struc-
tural resemblance with BY-kinases (Mijakovic et al., 2005b).
Additionally, MinD was found to interact with PtkB and PtpZ.
Last but not least, this first round of screens also revealed an inter-
action between the Ser/Thr kinase of the Hanks-type, YabT, and
TkmA, the activator of the BY-kinase PtkA.

We then performed a second round of genomic screenings
using MinD, SalA, and YabT as baits (Figure S1). In addition,
we completed this set with the YabT-cognate phosphoserine-
protein phosphatase SpolIE. Interestingly, SalA and MinD were
found to connect with Hanks-type Ser/Thr kinases. Indeed, save
for its known interaction with the cell division regulator MinC,
MinD also made contact with YabT while SalA interacted with
PrkD. Both YabT and SpollIE were highly connected, thus emerg-
ing like hubs in this network. Particularly, YabT made contact
with TkmA and PtkB, suggesting the possibility of interference
between the serine/threonine and the tyrosine phosphorylation
networks. This assumption was strengthened by two outcomes
from our third and last rounds of screenings. We observed that
Yvc], a P-loop containing GTPase with identified kinase activity
(Pompeo et al., 2011), interacted with TkmB. Furthermore, we
identified several connections between the stressosome control-
ling Ser/Thr protein kinase RsbT (Kang et al., 1998) and kinase
and phosphatase proteins from both the Tyr (PtkA, PtpZ) and
Ser/Thr (PrkD) phosphorylation pathways (Figure S1).

After addition of connecting edges from the B. subtilis inter-
actome (Marchadier et al., 2011), the resulting interaction map
of proteins involved in phosphorylation pathways comprises 137
specific interactions linking 82 proteins (Figure 1A, Tables S1,
S2). This network is of high confidence and contains many

proteins with already documented phosphosites. These positive
controls include recently characterized phosphoproteins RecA,
phophorylated by YabT (Bidnenko et al., 2013), and FatR, phos-
phorylated by PtkA (Derouiche et al., 2013). SrfAA and YqbO,
which were detected in a previous phosphoproteome study
(Macek et al., 2007), also appear in the network connected with
YabT and SpollE, respectively. DegS, which was previously char-
acterized as a substrate for both YabT and PrkD, was added
to the network (Jers et al., 2011). About 44% of proteins were
detected as overlapping fragments, delineating discrete minimal
interacting domains (Table S2). These high-confidence inter-
actions provide an important validation of our approach. A
significant fraction (20%) of the prey proteins were found to
interact with both a kinase and a cognate phosphatase (Table 1),
suggesting they could be regulated by reversible phosphoryla-
tion. These proteins have been grouped into functional cat-
egories (Figure 1B, Table S3). Two thirds of them belong to
four main functional classes: post translational modifications,
transport of metabolites (ions or peptides), transcription and
DNA metabolism.

NEW SUBSTRATES OF BY-Kinases INVOLVED IN TRANSCRIPTIONAL
CONTROL AND DNA METABOLISM

In the first set of screens, the network revealed the interaction
of PtkA-activator TkmA with a transcription regulator FatR. In a
separate study we reported that FatR is phosphorylated by PtkA in
the presence of TkmaA, at residue Y45 located in the DNA binding
domain (Derouiche et al., 2013). The consequence of FatR phos-
phorylation is its dissociation from its DNA operator sequence
with derepression of the fatR-cypl102A3 operon. The MRP-like
gene regulator SalA which was found to interact with PtkA was
also proved to be a substrate for phosphorylation (Derouiche A.
and Mijakovic I. unpublished result). In this case PtkA-dependent
phosphorylation stimulated DNA-binding of SalA, which in turn
repressed the transition state regulator scoC (Derouiche A. and
Mijakovic I. unpublished result). Furthermore, we found that
TkmA interacted with the N-terminal domain of the general
DNA recombinase RecA (Figure 2A). Supporting this observa-
tion, we show here that RecA can be phosphorylated by PtkA
in the presence of TkmA in vitro (Figure 2B). To date, no direct
substrates of the putative BY-kinase PtkB have been identified
in B. subtilis, since solubility issues precluded in vitro stud-
ies with PtkB (Mijakovic et al., 2003). Our network revealed
several interaction partners of PtkB involved in various pro-
cesses involving the DNA metabolism (Figures 2D, 3C). These
include the RNA polymerase 3-subunit RpoB, the DNA helicase
PcrA, the DNA polymerase PolA, the ATP-dependent DNA heli-
case/nuclease AddB and the DNA mismatch repair protein MutL.
In fact, with the exception of AddB, these proteins also interact
with the phosphotyrosine-protein phosphatase PtpZ, highlight-
ing that they indeed could be targeted for modifications through
phosphorylation/dephosphorylation on tyrosine residues. RpoB
was previously identified as phosphorylated on tyrosine (Ge et al.,
2011) and serine (Sun et al., 2010) residues in Helicobacter pylori
and Streptococcus pneumoniae, respectively. Both RpoB and the
UvrD-like helicase PcrA were also reported to be phosphorylated
on tyrosine in Klebsiella pneumoniae (Lin et al., 2009). In our
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FIGURE 1 | Protein tyrosine kinases and phosphatases interaction
network in B. subtilis. (A) Binary interactions: The network of
protein-protein interaction was illustrated using the software Cytoscape
3.0.1. Protein interacting pairs are connected by full lines. Interactions
determined in other studies are illustrated by blue lines (Marchadier

et al., 2011) or dashed lines (Wu and Errington, 2003; Jers et al., 2011).

keQ !!,f“ / ..
Fad Ykn | (&iy/]&f‘%{ S
YvcB DA o

‘ O\ /S % RS
VAR S <IN

eP
DN NN % S
def ‘ \ e - Apc
& ;
P AM B RIIR CopA
- X TRIDB
DA RN i srian
Yha MinE ‘7
YxaD '
ju RpsB
Y&z Pyl' FatR GuaA
@ . YO
at AddB
BfmBB
B

Yell

tha AnsR

)

MrpA

Ftsw FruA

m Post translational modification
m Transport
» Transcription
® DNA metabolism
u Cell cycle/developpemt
u Biosynthesis of building blocks
» Metabolic processes
" Prophages
Translation
u Others

Reciprocal interactions have been omitted for more clarity (see Table S1).
Members of the tyrosine phosphorylation pathway in B. subtilis are
indicated as red nodes. Phosphoproteins characterized in the literature
are labeled in red. (B) Pie chart diagram illustrating the functional
classification of interacting proteins according to the biological processes
as shown in Table S4.
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Table 1 | Proteins contacted by a kinase and a cognate phosphatase
in the B. subtilis PPi network.

Proteins Function Kinase Phosphatase
MutL DNA mismatch repair factor PtkB PtpZ
PolA DNA polymerase | PtkB PtpZ
RpoB RNA polymerase B subunit PtkB PtpZ
MinD ATPase activator of MinC PtkA/PtkB  PtpZ
RsbT Ser/Thr Kinase PtkA PtpZ
YabT Ser/Thr Kinase PtkB PtpZ
RecA SOS repair factor/DNA processing  YabT SpollE
RacA chromosome-anchoring protein YabT SpollE
DegS PTS sensory kinase YabT SpollE
SbcE DSB repair YabT SpollE
SwrC transporter/ swarming YabT SpollE
YafF phosphodiesterase YabT SpollE
YkcC putative glycosyltransferase YabT SpollE
YgbD putative DNA wielding YabT SpollE
protein/skin element
YqgbO putative lytic YabT SpollE
transglycosylase/skin element
FruA phosphotransferase system (PTS)  YabT SpollE
fructose-specific
CisA site-specific DNA recombinase YabT SpollE
XhIA cell lysis/PBSX YabT SpollE
YhgE putative methyl accepting protein ~ YabT SpollE
NatB Na+ exporter YabT SpollE

network, PtkB was also found to interact not only with its cognate
modulator TkmB but also with TkmA, the cognate modulator
of PtkA, suggesting a cross-talk between the two tyrosine kinase
systems. In conclusion, our PPI network revealed a number of
new substrates of PtkA which we have experimentally validated.
In addition it pointed to potential substrates of PtkB.

NEW SUBSTRATES OF THE HANKS-TYPE Ser/Thr Kinases AND
PHOSPHATASES

The interaction of the activator TkmA and the Ser/Thr-kinase
YabT established in the first round of screens suggested that the
tyrosine and serine/threonine phosphorylation pathways could
be connected. This connection was further substantiated in the
second round, via the Ser/Thr kinase PrkD, the GTPase Yvc],
the RNA polymease $-subunit RpoB, the recombinase RecA, and
the transcriptional factors YesS, and YdeL which were found
to connect with both BY-kinase and Ser/Thr-kinase nodes. We
explored the Ser/Thr-kinase nodes with the same approach to
examine whether PPI network allows identification of new sub-
strates. YabT and its cognate phosphatase SpollE are encoded by
the same operon and are are strongly up-regulated during sporu-
lation. SpollE is known to modulate the phosphorylation state of
the anti-anti sigma F factor SpolIAA (Arigoni et al., 1996). YabT is
an unusual Hanks-type kinase possessing a transmembrane helix,
but no extracellular signal-binding domain. In a recent study we
showed that YabT localizes at the septum during spore forma-
tion and is activated by binding ssDNA (Bidnenko et al., 2013).
Activated YabT phosphorylates the recombinase RecA at the onset

of sporulation and regulates its role in maintaining chromosome
integrity. Interaction profiles of YabT and SpollE revealed numer-
ous protein partners. Indeed, YabT appears as a hub protein
that connects 32 proteins, about half of which (including RecA)
also interact with SpollE (Figure 3A, Table 2). We speculated
that proteins interacting with both a kinase and a phosphatase
are very likely to undergo phosphorylation. Supporting this
hypothesis, we found that RecA, a known substrate of YabT, can
be dephosphorylated by SpolIE (Figure 2C). The DNA-binding
developmental protein RacA was also investigated (Figure4).
During sporulation RacA anchors the segregating chromosome
at the cell pole in a DivIVA-dependent manner (Ben-Yehuda
et al., 2003). Examination of the condition-dependent transcrip-
tion profiles of racA and spollE shows they are members of the
same synexpression group mainly up-regulated during sporula-
tion, indicating that they are involved the same biological pro-
cess (Figure 4C, Nicolas et al., 2012). The phosphorylation and
dephosphorylation of RacA by YabT and SpollE, respectively,
were confirmed in vitro (Figure 4B). This observation highlights
a potential role of the kinase YabT in the regulation of RacA activ-
ity, and further validates our assumption that interaction partners
of a kinase and a phosphatase are presumably substrates for
both enzymes.

Classification of all proteins of the YabT hub revealed that
69% of partners are transmembrane proteins, with a high pro-
portion of metabolite- and ion-transporters. Among cytosolic
interacting proteins, 67% exhibited HTH motifs suggesting DNA
binding properties (Figure 3B). Of note, this parallels the prop-
erties of YabT itself, a transmembrane kinase activated by DNA
binding (Bidnenko et al., 2013). In addition to RecA and RacA,
YabT/SpollE were found to interact with SbcE, a structural main-
tenance of chromosome (SMC)-like protein involved in DNA
double-strand break repair (Krishnamurthy et al., 2010) and
CisA, a site-specific DNA recombinase necessary for reconsti-
tution of the sigma factor K during sporulation (Kunkel et al,,
1990) (Figure 3C). Given the ability of YabT to be stimulated
by ssDNA, our identification of potential substrates with DNA-
binding properties and/or proteins involved in DNA metabolism
substantiates its observed involvement in maintenance of DNA
integrity (Bidnenko et al., 2013).

Further, our PPI network revealed a direct interaction between
the YabT paralogue PrkD and the replicative DNA helicase
DnaC (Figure 5, Tables S1, S2). Interaction of the kinase with
DnaC in yeast two-hybrid requires the DnaC C-terminal domain
comprising the helicase function. We confirmed the ability of
PrkD to phosphorylate DnaC in vitro (Figure 5B), suggesting
that PrkD could be involved in regulating DnaC activity. DnaC
loading onto a melted single strand DNA fork is assisted by
DnaB and Dnal (56). Analysis of condition-dependent tran-
scriptome of B. subtilis shows that prkD (old name ybdM) and
dnaB exhibit a high pairwise correlation throughout ~100 dif-
ferent physiological conditions (Nicolas et al., 2012; Figure 5C),
further strengthening the notion that PrkD could participate
to the regulation of chromosomal replication. In conclusion,
our PPI network revealed that both YabT and PrkD interact
with, and phosphorylate, proteins with crucial roles in DNA
metabolism.
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FIGURE 2 | Phosphorylation of the recombinase protein RecA. (A)
Protein-protein interaction between TkmA and the N-terminal domain
(NTD) of RecA assayed by yeast two-hybrid (see experimental
procedures). AD and BD refer to activating and DNA binding domain of
Gal4 fused to TkmA and RecA, respectively. Interacting domains of TkmA
and RecA are indicated. (B) /In vitro phosphorylation of RecA by PtkA in
the presence of TkmA. Experiments were performed as described in the
experimental procedures. The presence or absence of RecA is indicated
as + above each lane. Bands corresponding to autophosphorylation of
kinases and phosphorylated RecA are indicated by arrows. (C) In vitro
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phosphorylation and dephosphorylation of RecA mediated by YabT and
SpollE. Phosphorylation was performed by mixing RecA and YabT as
described in the experimental procedures. Note that SpollE-mediated
dephosphorylation of both RecA (YabT-mediated phosphorylation) and
YabT (autophosphorylation) is observed. (D) Protein-protein interactions
between tyrosine sphosphorylation and DNA-binding proteins. Proteins
are indicated by nodes and interactions by edges. Red nodes indicate the
components of protein tyrosine phosphorylation/dephosphorylation
machinery. Gray nodes indicate DNA-binding proteins. Identified
phosphoproteins are labeled in red.

MinD, A NEW MODULATOR OF THE BY-Kinase PtkA

The MinD ATPase, required for the correct positioning of the
division site, was identified as interacting partner of the two BY-
kinases, PtkA and PtkB, as well as the phosphotyrosine-protein
phosphatase PtpZ (Figure 6A). This pointed to MinD as a poten-
tial target for tyrosine phosphorylation. However, we found that
MinD was not phosphorylated by PtkA in vitro (data not shown).
We first validated the interaction between MinD and PtkA by
far Western blotting (Figure 6B). In this assay we detected the
expected MinD-MinC complex and confirmed the physical inter-
action between MinD and PtkA, but not TkmA, in agreement
with the two-hybrid. MinD is an ATPase from the P-loop NTPase
superfamily previously reported to be a close structural homolog
of BY-kinases, but lacking the C-terminal tyrosine cluster nec-
essary for kinase autophosphorylation (Mijakovic et al., 2005b).
We therefore explored potential kinase activity of MinD in vitro
(Figure 6C). MinD was found unable to autophosphorylate or to
phosphorylate a PtkA derivative carrying a substituted catalytic

residue (K59M), corroborating that MinD does not act as a
kinase. During cytokinesis, MinD is known to functionally inter-
act with the cell division initiator protein DivIVA in the presence
of the bridging protein Min], by preventing the formation of
a septum near the cell pole (Levin et al., 1992; Lee and Price,
1993; Marston et al., 1998). Interestingly, we found that DivIVA
could undergo phosphorylation by PtkA in the presence of TkmA
(Figure 6D).

We then tested the ability of MinD to promote the acti-
vation of PtkA in the absence of TkmA in vitro (Figure 6E).
Incubation of PtkA with increasing amounts of MinD activated its
autophosphorylation, indicating that MinD is able to act as mod-
ulator of PtkA activity similar to TkmA (Figure 6Ea). However,
incubation of PtkA with TkmA or MinD revealed that MinD-
mediated PtkA activation was much less efficient compared to
TkmA (Figure 6Eb). Finally, we showed that in the presence
of excess of MinD, the activation of PtkA in the presence of
TkmA was inhibited, indicating that MinD was able to compete
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phosphoproteins.

with TkmA for binding to PtkA (Figure 6Ec). We investigated
the functional elements of PtkA required for interaction with
MinD and TkmA by looking for their ability to interact with
several PtkA mutant derivatives in yeast two-hybrid (Figure 6F).
The mutants included substitutions of key active site residues
(catalytic K59M and Mg-coordinating D81A) and the tyrosine
autophosphorylation sites (Y225, Y227, and Y228 changed into
F). Mutations within the C-terminal tyrosine cluster did not affect
the PtkA interaction with either TkmA or MinD. Interestingly,

Table 2 | Proteins contacted by more than one kinase in the B. subtilis
PPi network.

Proteins Function Phosphorylation pathways

Y- kinases S/T-kinases

MutL DNA mismatch repair factor PtkB YrzF

RpoB RNA polymerase B subunit PtkB YabT

SalA transcriptional regulator (MarR PtkA PrkD
family)

MinD ATPase activator of MinC PtkA/PtkB YabT

DegS Two component histidine kinase PrkD/YabT

RsbT Ser/Thr kinase PtkA PrkD

YesS transcriptional regulator TkmA YabT
(AraC/XylS family)

RecA SOS repair factor/DNA TkmA/PtkA YabT/SpollE
processing

TkmA  tyrosine kinase PtkA modulator ~ TkmB/PtkA YabT

PtkB tyrosine kinase TkmA/TkmB YabT

the substitution of either active site residues specifically impaired
PtkA interaction with MinD but not with TkmA. This result
points to different modes of binding of TkmA and MinD
to PtkA.

PtkA PLAYS A ROLE IN CELL DIVISION

Transcription profiles of minD, divIVA, ptkA, and tkmA exhibit
a high degree of correlation throughout all physiological con-
ditions, suggesting they function in the same biological process
(Figure 7A). A close examination of ptkA single mutant revealed a
mild cell division defect with a noticeable proportion of cells con-
taining double septa (7%), compare to the wild type cells (<1%)
(Figures 8A,B). We investigated for PtkA-associated phenotypes
in cells deficient in the division factor zapA. B. subtilis zapA
mutant exhibits no remarkable division phenotype (Gueiros-
Filho and Losick, 2002). However, a zapA null mutation was
described to exacerbate cytokinesis block-induced phenotypes
when combined with other actors of cell division (Gueiros-Filho
and Losick, 2002; Dempwolff et al., 2012; Surdova et al., 2013). In
rich media, zapA ptkA double mutant exhibited a higher propor-
tion of cell with double septa (12%) as well as cells containing
asymmetric septa (3%), sometimes leading to anucleated cells
(Figures 8A,B). These observations suggest a role of PtkA in the
regulation of cytokinesis.

To further understand the role of MinD in PtkA activity, we
examined their subcellular localization. MinD is known to exhibit
a very specific localization pattern at the cell poles as well as at
mid cell. When fused to CFP, PtkA was found to localize as a sin-
gle focus, preferentially at the old cell poles of elongating cells
(Figure 7B). The absence of MinD typically leads to the forma-
tion of anucleated minicells, resulting from the mislocalisation of
septum at the cell poles (Burmann et al., 2011). Here we found
that the inactivation of minD also abolished the polar localiza-
tion of PtkA foci, indicating it is MinD-dependant. This result
provides in vivo validation of the MinD/PtkA interaction and
hints at a role of MinD in holding PtkA at the cell pole during
cytokinesis.
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DISCUSSION

A hallmark of BY-kinases from Gram-positive bacteria is that
the cytosolic kinase and its transmembrane activator are indi-
vidual proteins encoded by separate adjacent genes. This differs
from their Gram-negative counterparts where the two activi-
ties are encoded by the same gene. A functional consequence
of this particular architectural feature could be that it enables
the kinases from Gram-positive bacteria to interact with alterna-
tive activators, which may provide different substrate specificities.
We presented here a protein-protein interaction landscape of the

tyrosine phosphorylation network of B. subtilis. Combined with
a systematic and experimental elimination of false positives, our
approach has proved effective for identifying numerous substrates
of BY-kinases and phosphatases, as well as new proteins that mod-
ulate their activity. This PPi network not only provided a kinase
context for already identified phosphoproteins, but also identi-
fied new protein partners for kinases, including other kinases and
phosphatases. This network can be considered of high biologi-
cal relevance, with numerous proteins being contacted by both a
kinase and cognate phosphatase, strongly suggesting they are true
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FIGURE 5 | Phosphorylation of the DNA helicase DnaC. (A)
Protein-protein interaction between PrkD and DnaC assayed by yeast two
hybrid. AD and BD refer to activating and DNA binding domain of Gal4
fused to PrkD and DnaC, respectively. DnaC-Nter refers to the N-terminal
domain of dnaC, spanning residues aa 1-170. (B) /n vitro phosphorylation of
DnaC by PrkD. Phosphorylation was performed as described in
experimental procedures. Bands corresponding to autophosphorylation of
PkrD and phosphorylated DnaC are indicated by arrows. (C) Correlations
between transcriptional levels of prkD and the components of the DNA
helicase loader complex. Pairwise correlations between DnaC, DnaB, and
Dnal values were calculated over the 104 physiological conditions (Nicolas
etal., 2012).

substrates or they belong to the same regulatory assembly. Our
examination of kinase/substrates and kinase/modulators from the
tyrosine but also the serine/threonine phosphorylation pathways
corroborated these assumptions. This study highlights the role
of protein phosphorylation in the regulation of various aspects
of the B. subtilis cell cycle as DNA replication, transcription, cell
division and sporulation.

Common signaling mechanisms often involve multisite pro-
tein phosphorylation to regulate the various activities of a protein
whether carried out by the same kinase or by the sequential action
of several kinases. In B. subtilis, the best characterized example
is the two-component histidine kinase DegS, which was shown
to be phosphorylated by the two Ser/Thr kinases PrkD and YabT
in vitro (Jers et al., 2011). PrkD-dependent phosphorylation was
specific to serine 76 located in the signal sensing domain and
led to increased efficiency of phosphotransfer to DegU. In vivo,
DegS phosphorylation at serine 76 was shown to affect various
aspects of cellular behavior such as competence, swarming and
motility. Our B. subtilis interaction network also revealed that
other proteins can be phosphorylated by more than one kinase
(Table S3-B). A notable example is the multifunctional DNA
recombinase protein RecA recently found regulated by phospho-
rylation on a serine (Lusetti and Cox, 2002; Butala et al., 2009;
Bidnenko et al., 2013). Here, our data suggest that tyrosine phos-
phorylation could also play a role in the regulation of RecA
activity. RecA binding to TkmA involves its N-terminal moiety,

which is required for the formation of a presynaptic nucleopro-
tein filament (Lee and Wang, 2009). Whether this activity could
be modulated by tyrosine phosphorylation in the cell remains
to be determined. Dual phosphorylation involving modification
on tyrosine, serine or threonine could also be proposed for the
transcriptional regulators SalA and YesS as well as for the RNA
polymerase subunit RpoB, which was found to interact with more
than one component of the Ser/Thr and Tyr phosphorylation
pathways. Together, these observations suggest the existence of
dynamic regulations of protein activities in B. subtilis cells, where
multiple and sequential phosphorylation events could mediate
integration of several input signals to better adjust the cellular
response to environmental changes, similar to what is described
in eukarya.

Remarkably, our network reveals important crosstalk among
different classes of kinases. Interactions were observed between
components of the Tyrosine and Ser/Thr phosphorylation path-
ways, as well as among Ser/Thr-kinases. These connections
strongly suggest that kinases might phosphorylate each other,
generating signaling cascades similar to what was observed in
eukarya. This hypothesis has been explored in a separate study,
in which the ability of all soluble B. subtilis BY- and Ser/Thr
kinases to phosphorylate each other in vitro was explored. This
assay revealed many trans-phosphorylations at functionally crit-
ical residues indicative of kinase regulation by phosphoryla-
tion (Shi et al., 2014). A similar study carried out recently in
M. tuberculosis also provided strong evidence for a hierarchical
and spatially organized crosstalk among Ser/Thr kinases in this
bacteria (Baer et al., 2014). These results support the existence
of kinase cross-phosphorylation to form complex eukaryotic-like
signaling networks in bacteria. Furthermore, promiscuous bind-
ing of BY- kinases PtkA and PtkB with different modulators was
observed throughout the network suggesting a functional inter-
play. Whether PtkB performs in vivo as a kinase remains to be
determined. An alternative hypothesis could be that PtkB acts as
a pseudokinase to mediate interaction with protein substrates for
subsequent tyrosine modification by PtkA. Our data also hints at
a potential a role of modulators in recruiting some substrates. In
agreement with this notion is the finding that the transcriptional
regulator FatR, which interacts with TkmaA, is regulated by PtkA
(Derouiche et al., 2013). On the whole, our PPi network high-
lights elaborate mechanisms for phosphorylation of tyrosine in
the signal transduction pathways that regulate various aspects of
DNA metabolism.

A remarkable feature of this PPi network is the central posi-
tion of the cell division regulator protein MinD which appears
as a hub protein densely connected with many members of the
tyrosine phosphorylation pathways. MinD shares sequence and
structural homology with BY-kinases, but lacks crucial tyrosine
residues involved in phosphoryltransfer activity (Mijakovic et al.,
2005b). As such, MinD could be considered as a pseudokinase
with a non enzymatic-like function. Our resultes indicate a role
of MinD in the activation of PtkA in vitro, as well as in its
in vivo localization as a focus at the cell poles. It has been pre-
viously reported that PtkA co-localizes with its transmembrane
adapter TkmA at the cell membrane in exponentially growing
cells (Jers et al., 2010). However, in the previous study ptkA
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MinD-centered interaction networks. Interactions are illustrated by edges
connecting nodes (proteins). Interactions were identified by yeast 2HB
(black), genetic (blue) and in vitro (red). (B) Interaction between PtkA and
MinD detected by farwestern blotting. PtkA, MinC, and TkmA were
separated by SDS-PAGE and transferred onto nitrocellulose membrane.
Interaction was determined by strep tagged MinD which was revealed by
Strep-Tactin. MinC acts as a positive control and TkmA acts as a negative
control. (C) MinD is not acting as a kinase. All proteins were mixed in
equimolar concentration. The presence or absence of TkmA is indicated
as + above each lane. Bands corresponding to phosphorylated PtkA are
indicated by arrows. (D) In vitro phosphorylation of DivIVA by PtkA in the
presence of TkmA. The presence or absence of proteins is indicated as
+ above each lane. Time dependence of the reaction was followed and
the incubation times (15, 30, or60 mins) are given above the lanes. Bands
corresponding to autophosphorylated PtkA and phosphorylated DivIVA are
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indicated by arrows. (E) MinD acts as an activator of PtkA.
Autoradiography of SDS-polyacrylamide gels showing the influence of
MinD on autophosphorylation of PtkA. (a) PtkA was incubated with
increasing concentrations of MinD. The ratio of MinD to PtkA was
indicated above each lane. (b) MinD activates PtkA less efficiently than
TkmA. PtkA was incubated with equivalent concentration of TkmA or
MinD. (e) MinD can compete with TkmA for PtkA activation. TkmA/PtkA
were incubated in the presence of increasing amount of MinD. The ratio
of MinD to TkmA/PtkA was indicated above each lane. Bands
corresponding to autophosphorylated PtkA are indicated by arrows. (F)
Yeast two-hybrid interaction between MinD and PtkA. C-terminal domain
of TkmA (aa187-248) and C-terminal domains of MinD (I: aa135-268; II:
aa89-268) were fused to the activating domain of Gal4 (AD, labeled in
black). PtkA wt and mutant derivatives (as indicated) are fused with the
binding domain of Gal4 (BD, labeled in green). PGAD and pGBDU are
control empty plasmids expressing the Gal4-AD and BD domains.

and tkmA genes were simultaneously overexpressed which may
account for this discrepancy. In our present study the local-
ization was detected with wild type expression levels from the
ptkA natural promoter, without overexpression of tkmA. Based
on these results, we propose that MinD could act as a plat-
form protein that would tether PtkA at a specific cellular area.
Additionally MinD would also act as an activator of PtkA for
signal transmission to DivIVA. The biological significance of

DivIVA phosphorylation by PtkA during cystokinesis in B. sub-
tilis remains to be investigated, but our data clearly points to a
role of PtkA in the regulation of cytokinesis. This is in agree-
ment with the cell cycle phenotype of the ptkA mutant which
was reported previously (Petranovic et al., 2007). A parallel can
be drawn between the MinD/PtkA interplay and the A parallel
can be drawn with scaffold-directed assembly of signaling compo-
nents in eukarya. Eukaryotic scaffold proteins are often described
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respectively). (B) MinD-dependent localization of PtkA: GFP fluorescence (upper
panel) and bright field (lower panel) images are shown. Localization of MinD in
wild type cells (left panel) and localization of PtkA in wild type (middle panel)and
in AminD B. subtilis cells (right panel) as indicated. Arrows point to minicells.

as catalytically inactive kinases that can bring together multiple
components of signaling cascades, regulating and promoting their
interactions at particular localizations in the cell. An example of
this process is the Ste5 protein scaffold in the mitogen-activated
protein kinase (MAPK) pathway, which directs mating signaling
by promoting an activation cascade mediated by three insu-
lated protein kinases MAPKKK Stell, MAPKK ste7 and MAPK
Fus3 (Good et al., 2009). Here, MinD was found connected
with other kinases besides PtkA (PktB, YabT) and a phosphatase
(PtpZ) thus bringing various components of tyrosine, but also
serine/threonine phosphorylation pathways in close proximity.
A hypothesis worth exploring would be whether MinD could
orchestrate the intracellular location of several kinases and phos-
phatases, similar to eukaryal anchoring proteins (Pawson and
Scott, 1997).

In several bacteria, the phosphorylation of DivIVA was shown
to be a key step in the regulation of cytokinesis. So far, this
regulation is known to be mediated by Ser/Thr Hank-type
kinases. In Streptomyces coelicolor, the polarization machinery

is regulated by AfsK, a Ser/Thr protein kinase which localizes
at hyphal tips and phosphorylates DivIVA on its C-terminus
(Hempel et al., 2012; Saalbach et al., 2013). In S. pneumoniae,
StkP localizes at the division site and specifically phosphorylates
DivIVA on threonine 201 (Fleurie et al., 2012). In Mycoplasma
pneumoniae, phosphorylation of the DivIVA homolog Wag31 by
S/T kinases PknA/PknB affects cell shape control (Kang et al.,
2005). Our results indicate that in B. subtilis, this regulation
may involve the phosphorylation of DivIVA on a tyrosine
residue.

In conclusion, this study shows that bacterial regulatory net-
work based on protein phosphorylation is considerably more
complex and inter-connected than previously believed. The BY-
kinase sub-network is inextricably connected to the Ser/Thr-
kinase sub-network. Together with the separate study (Shi et al.,
2014) providing evidence that kinases can cross-phosphorylate
each other, our data highlighted that BY-kinases are activated by
alternative modulators, and that substrates are phosphorylated by
different kinases, leading to a better integration of a multitude
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formation in each strain are estimated as % over a total number of cells
>500. AS: asymmetric septum, red; DS: double septum, green.

of signals. Significant additional efforts will be required to deci-
pher the functioning of this complex and dynamic regulatory
network.
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Bacteria possess protein serine/threonine and tyrosine kinases which resemble eukaryal
kinases in their capacity to phosphorylate multiple substrates. We hypothesized that
the analogy might extend further, and bacterial kinases may also undergo mutual
phosphorylation and activation, which is currently considered as a hallmark of eukaryal
kinase networks. In order to test this hypothesis, we explored the capacity of all members
of four different classes of serine/threonine and tyrosine kinases present in the firmicute
model organism Bacillus subtilis to phosphorylate each other in vitro and interact with
each other in vivo. The interactomics data suggested a high degree of connectivity
among all types of kinases, while phosphorylation assays revealed equally wide-spread
cross-phosphorylation events. Our findings suggest that the Hanks-type kinases PrkC,
PrkD, and YabT exhibit the highest capacity to phosphorylate other B. subtilis kinases,
while the BYxkinase PtkA and the two-component-like kinases RsbW and SpollAB show
the highest propensity to be phosphorylated by other kinases. Analysis of phosphorylated
residues on several selected recipient kinases suggests that most cross-phosphorylation
events concern key regulatory residues. Therefore, cross-phosphorylation events are
very likely to influence the capacity of recipient kinases to phosphorylate substrates
downstream in the signal transduction cascade. We therefore conclude that bacterial
serine/threonine and tyrosine kinases probably engage in a network-type behavior
previously described only in eukaryal cells.

Keywords: protein phosphorylation, bacterial protein kinase, protein kinase cross-talk, phosphorylation cascade,

kinase activation

INTRODUCTION

In eukarya, protein kinases are known to participate in regu-
latory networks involved in cell cycle control, signal transduc-
tion, and other complex regulatory phenomena (Colinge et al.,
2014). Most of the characterized eukaryal kinases exhibit two
key functional features: each protein kinase phosphorylates a
number of different protein substrates, and kinases phospho-
rylate and activate each other, thus participating in elaborate
phosphorylation cascades (Marshall, 1994). Bacteria, whose cel-
lular makeup is considered to be simplified and optimized for
rapid bursts of growth, were usually thought not to possess such
complicated kinase networks. The main sensing and signal trans-
duction devices in bacteria are the so-called two-component
systems, based on histidine/aspartate kinases (Goulian, 2010).
The two component systems are very rapid signal transmis-
sion devices, linking environmental stimuli to gene expression.
However, they operate mostly as linear signaling pathways, with
essentially no cross-talk among different two-component systems
(Podgornaia and Laub, 2013). Even in extended bacterial sig-
naling systems, involving sequential phosphorylation of several
two-component-like kinases, the flow of information remains

linear (Burbulys et al., 1991). In addition to two-component
systems, bacteria also possess serine/threonine (Pereira et al.,
2011) and tyrosine protein kinases (Shi et al., 2014). While
most bacterial serine/threonine kinases share the origin with
their orthologs in eukarya, the bacterial tyrosine kinases do
not (Shi et al., 2014). Nevertheless, they all exhibit some prop-
erties similar to their eukaryal counterparts. The capacity of
bacterial serine/threonine and tyrosine kinases to phosphory-
late multiple substrates has been clearly established. Examples
of well-characterized bacterial kinases with multiple substrates
include a number of Hanks-type serine/threonine kinases from
Mycobacterium tuberculosis (Grundner et al., 2005; Molle and
Kremer, 2010; Baer et al., 2014) and Bacillus subtilis (Absalon
et al., 2009; Pietack et al., 2010; Ravikumar et al., 2014), as
well as the tyrosine kinase PtkA from B. subtilis (Petranovic
et al., 2009; Jers et al., 2010; Derouiche et al., 2013). By contrast,
the capacity of bacterial protein kinases to phosphorylate each
other is far less documented. Cross-phosphorylation among some
Hanks-type serine/threonine kinases has recently been reported
in M. tuberculosis (Baer et al., 2014). There is also evidence
that Hanks-type serine/threonine kinases from B. subtilis can
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phosphorylate and activate a two-component histidine/aspartate
kinase DegS (Jers et al., 2011). We have previously hypothe-
sized that bacterial serine/threonine and tyrosine kinases, given
their functional similarity to eukaryal kinases, might also con-
stitute signal integration hubs by phosphorylating each other
(Cousin et al., 2013). In order to test this hypothesis, we have
elected to use B. subtilis as the system of study, due to the fact
that this model organism possesses four distinct well character-
ized classes of bacterial serine/threonine and tyrosine kinases.
These include two tyrosine kinases: PtkA (Jers et al,, 2010)
and PtkB (EpsB) (Gerwig et al., 2014); three Hanks-type ser-
ine/threonine kinases: PrkC (Madec et al., 2002), PrkD (Kobir
et al.,, 2014), and YabT (Bidnenko et al., 2013); the twin-function
kinase/phosphorylase HprK/P involved in carbon catabolite reg-
ulation (Hanson et al., 2002); and the three two-component-
like serine/threonine kinases: RsbT (Kang et al., 1998), RsbW
(Yang et al., 1996), and SpoIIAB (Min et al., 1993). While all
of these kinases have been characterized to varying degrees with
respect to their physiological role and substrate phosphoryla-
tion, their capacity to phosphorylate each other has not been
tested previously. Using in vitro phosphorylation assays with
purified proteins, we demonstrated an extensive network of cross-
phosphorylation events involving all four classes of kinases. This
cross-talk was also supported by interactomics data. In select
cases, we have determined the residues phosphorylated on the
“recipient” kinases by various “donor” kinases. The identity of
these residues clearly suggests functional importance of cross-
phosphorylation events, influencing the activity of the “recipient”
kinases.

MATERIALS AND METHODS

PROTEIN SYNTHESIS AND PURIFICATION

The following kinase and substrate genes were PCR-amplified
using the B. subtilis 168 genomic DNA as template and the
primers listed in Table 1: rsbT, hprK, rsbW, ptkA, prkD, yabT,
prkC, spolIAB, rsbV, spolIAA, and rsbS. Site-directed mutagenic
PCR (mutagenic primers listed in Table 1) was performed as
described previously (Mijakovic et al., 2003), in order to inac-
tivate the catalytic sites of kinases by replacing the catalytic
residues: rsbT N49A, hprK K159M, rsbW N53A, ptkA K59D,
prkD K54D, yabT K55D, prkC K40D, and spolIAB N50A. PCR
products were inserted in the plasmid pQE-30 (Qiagen) to pro-
duce the 6xHis-tagged fusions of proteins. Strep-tagged versions
of proteins were obtained using a pQE-30 vector with His6-tag
replaced by a strep-tag (Jers et al., 2010). Escherichia coli K12
NM522 and M15 (expressing chaperonins GroEL/GroES) were
used for vector construction and protein synthesis, respectively.
Cells were routinely grown in LB medium supplemented with
appropriate antibiotics when necessary (ampicillin 100 pg/ml
and kanamycin 25 pg/ml). Protein synthesis and purification
were carried out as described previously (Mijakovic et al., 2003).
Briefly, induction was performed at ODggp = 0.6 by adding 1 mM
IPTG. Cells were harvested 3h later and disrupted by sonica-
tion. The 6xHis- or Strep-tagged proteins were purified from
crude extracts using Ni-NTA (Qiagen), or Strep Tactin affinity
chromatography (Novagen), respectively. For the insoluble pro-
teins, PrkD K54D and YabT K55D, the inclusion bodies were

Table 1 | List of PCR primers used in this study.

Name Sequence

rsbT fwd cgcggatccatgaacgaccaatcctgtgtaag

rsbT rev aaaactgcagctaccgaagccatttgatggcettg

hprk fwd cgcggatccatggcaaaggttcgcacaaaag

hprk rev aaaactgcagctattcttcttgttcaccgtettc

rsbW fwd cgcggatccatgaagaataatgctgattac

rsbW rev aaaactgcagttagttagtttcgtagtttttga

PtkA fwd cgcggatccatggcgcttagaaaaaacaga

PtkA rev aaaactgcagttatttttgcatgaaattgtcc

prkD fwd cgggatccatggcattaaaacttctaaaaaaactgc
prkD rev aaaactgcagttatgtgaccgattgaatggeccg
yabT fwd cgcagatctatgatgaacgacgctttgacgagt

yabT rev ggactgcagtcacccacccgacttageeggtttet
prkC fwd gaagatctatgctaatcggcaagcggatcagcgggcg
prkC rev aaaactgcagttacaaaacccacggccacttttttetttttgceg

spollAB fwd
spollAB rev
rsbV fwd

rsbV rev

SpoAA fwd
SpoAA rev

rsbS fwd

rsbS rev

rsbT N49A fwd
rsbT N49A rev
hprk K159M fwd
hprk K159M rev
rsbW N53A fwd
rsbW N53A rev
ptkA K59D fwd
ptkA K59D rev
prkD K54D fwd
prkD K54D rev
YabT K65D fwd
YabT K55D rev
prkC K40D fwd
prkC K40D rev

spollAB N50A fwd

spollAB N50A rev

cgcggatccatgaaaaatgaaatgcaccttg
aaaactgcagttaattacaaagcgcetttgct
cgcggatccatgaatataaatgttgatgtg
aaaactgcagtcattgcactccaccttct
cgcggatccatgagecttggaattgacatg
aaaactgcagtcatgatgccaccccca
cgcggatccatgagacatccgaaaatcccga
aaaactgcagctattcceccaattceegctt
ttagccagggctatttatttatatgccggcaaagggcagattg
taaataaatagccctggctaattctgaaatagecgttgtaatte
cggcgtcggaatgagcgaaacagegcetagagettgtgaaaagag
ctgtttcgctcattccgacgeegctttttcetgtgatcagecacg
gcgtgcacagetgeggttcagcacgcttacaaagaagataaa
gctgaaccgcagcetgtgcacgcectcactgactgegatttte
ggggaaggagattcaacaacggccgccaacctggetgte
cgttgttgaatctecttcccecggacaagecgatgtaat
ttatgtcttagatcagcttcggccgacaaaagccaaaaag
gccgaagctgatctaagacataaggtgtttgagetagg
tgttgccttagatgtgagtgatgacagcectgtctattac
catcactcacatctaaggcaacatgtccatctgatgtt
agtcgcaattgatatcctgeggtttgactatgcaaatg
caaaccgcaggatatcaattgcgacttcacggtctagaatg
gctgtcacggcetgegattatccatggatatgaagagaactgtg
gataatcgcagccgtgacagectctgacacgactgttttgat

dissolved in the buffer containing 6 M guanidine hydrochlo-
ride, 50 mM Tris pH 7.5, 100 mM NaCl, 5mM MgCl,, and 5%
glycerol. The purification was performed as mentioned before
but in the buffer with additional 6 M guanidine hydrochloride.
To refold the proteins, the concentration of guanidine hydro-
cloride was lowered to 0.2 M. Purified proteins were desalted on
PD-10 columns (GE Healthcare), and stored at —80°C in 10%
glycerol.

IN VITRO KINASE CROSS-PHOSPHORYLATION PHOSPHORYLATION
ASSAY

Phosphorylation reactions were incubated in a buffer containing:
50 mM Tris pH 7.5, 100mM NaCl, 5mM MgCl,, 5% glycerol,

Frontiers in Microbiology | Microbial Physiology and Metabolism

September 2014 | Volume 5 | Article 495 | 183


http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Shi et al.

Cross-phosphorylation of bacterial S/T/Y kinases

A AD

<< <

e g € ¢
BD 5 £ £ & &

Ct

TkmA

TkmA

PtkA

PtkA

YabT

oY)

O
Ct
TkmA
PtkA

PtkB
TkmB
Ct
D
AD
BD

B AD
m m
mmEE
N X
BD 8 &8 E & B

Ct
TKmA
TkmA

PtkA

PtkA

E AD
BD \ PrkD

PtkA PtpZ
1
o Tol!

WT D81A

YabT

FIGURE 1 | Protein-protein interactions between some components of
the tyrosine and serine/threonine signal transduction pathway.
Interaction phenotypes were monitored by the ability of the yeast cells
co-expressing a given bait (Gal4 BD-fusion) and prey (Gal4 AD-fusion) pair
of proteins to grow on selective media, as described in the experimental
procedures. (A) Reciprocal interactions between PtkA and its cognate
modulator TkmA (fused to either AD or BD). (B) Interactions among
components of the two BY-kinase systems: PtkA/TmkA (fused to BD) and
PtkB/TkmB (fused to AD). (C-E) Examples of interactions between

different families of kinases: (C) In addition of TkmA (here as positive
control), PtkB (fused to BD) interacts with PtkA and YabT (fused to AD).
(D) YabT (fused to BD) interacts with TkmA and PtpZ (fused to AD). (E)
RsbT (fused to BD) interacts PrkD, PtpZ and catalytically inactive PtkA
(D81A) (fused with AD). (F) A graphical representation of the interactions
revealed by yeast two-hybrid. Proteins (nodes) are linked by edges (arrows)
directed from bait to prey. Blue edges indicate additional interactions found
after yeast two-hybrid screenings of the B. subtilis genomic library (Shi

et al., unpublished results).

50 uM ATP, and 20 wCi/mmol [y-32P]-ATP. Each phosphory-
lation reaction contained one wild type active kinase and one
catalytically deficient kinase. The assay was assembled using
the following final protein concentrations: 3 uM RsbT WT,
3uM HprK WT, 5uM RsbW WT, 5 uM PtkA WT with 5uM
TkmA, 2 wuM PrkD WT, 1 uM YabT WT, 1 uM PrkC WT, 5 uM
SpolIAB WT, 9uM RsbT N49A, 4 uM HprK K159M, 9uM
RsbW N53A, 3 uM PtkA K59D, 3 wuM PrkD K54D, 2 uM YabT
K55D, 3 wM PrkC K40D, 9 uM SpolIAB N50A. Phosphorylation
reactions were incubated for 1h at 37°C, stopped by boiling
at 100°C, and samples were separated on an 8-12% SDS-
polyacrylamide gel. Autoradiography signals were revealed using
the FUJI phosphoimager.

IN VITRO PHOSPHORYLATION OF HPr

Proteins (2 uM PrkD, 2 uM HprK/P, 6 uM HPr) were incubated
in a buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 5 mM
MgCl2, 5% glycerol, and 1 mM ATP to perform the phosphory-
lation reactions. The reactions were incubated for 1h at 37°C,
stopped by boiling at 100°C, and samples were separated on
an 8-12% SDS-polyacrylamide gel. Signals from phosphorylated
protein have been revealed by Pro-Q® Diamond phosphoprotein
stain (Life Technologies). After two fixation steps in a solution
containing 50% methanol and 10% acetic acid (30 min each), the
gel was stained by the Pro-Q® Diamond phosphoprotein stain
for 90 min. The gel was de-stained by three 30-min washes in a
solution containing 20% acetonitrile and 50 mM sodium acetate,
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FIGURE 2 | Inactivation of catalytic residues in all tested B. subtilis
kinases. (A) Autoradiography images of the in vitro phosphorylation assays
of RsbV, Hpr, SpollAA, and RsbS phosphorylated by their respective
kinases: RsbW, HprK, SpollAB, and RsbT. Final protein concentrations in
the assays were: 10 uM RsbV with 5 .M RsbW WT or RsbW N53A, 10 uM
Hpr with 5 WM HprK/P WT or HprK K563M, 10 wM SpollAA with 1 wM
SpollAB WT or SpollAB N50A, 3uM RsbS with 3 M RsbT WT or RsbT
N49A. Bands corresponding to phosphorylated substrates are indicated by
arrows. (B) Autoradiography images of intermolecular autophosphorylation
assays (using incorporation of 32P) between wild type kinases PtkA, PrkC,
PrkD, and YabT and their respective mutated versions PtkA K59D, PrkC
K40D, PrkD K54D, and YabT K55D. Final protein concentrations in the

in vitro phosphorylation assay were: 1 uM PtkA WT, 1T uM TkmA, 1 uM
PtkA K59D, 1 wM PrkD WT, 1.5 uM YbdM K54D, 0.5 uM YabT WT, 0.5 uM
YabT K55D, 0.5uM PrkC WT, and 0.6 uM PrkC K40D. Wild type proteins
were present on all lanes, and the presence or absence of mutant proteins
is indicated with +/— above each lane. In order to be able to separate the
WT kinases from the mutant versions, PtkA WT, PrkD WT, YabT K55D, and
PrkC WT were fused with a 6xHis-tag and the respective mutant versions
were Step-tagged fusions. Bands corresponding to phosphorylated kinases
are indicated by arrows.

pH 4.0. The gel was washed twice with ultrapure water for 5 min,
before scanning.

IDENTIFICATION OF PHOSPHORYLATED RESIDUES BY MASS
SPECTROMETRY

In vitro phosphorylation reactions of PrkD K54D, YabT K55D,
PtkA K59D, SpolIAB N50A, and HprK K159M phosphorylated
by PrkC, PtkA, PrkC, PrkD, and PrkD, respectively, were per-
formed as described above, with the only difference of using only
non-radioactive ATP. Denaturation of the samples was performed
by buffer exchange to 6 M urea and 2 M thiourea in 10 mM Tris-
HCI pH 8.0. Mass spectrometry analysis of phosphorylation sites
was performed essentially as described previously (Derouiche
et al., 2013). Briefly, in-solution digestion with trypsin was
followed by phosphopeptide enrichment. Phosphopeptide anal-
ysis was performed on a Proxeon Easy-LC system (Proxeon
Biosystems) coupled to an LTQ-Orbitrap-XL (Thermo Fisher
Scientific) equipped with a nanoelectrospray ion source (Proxeon

Biosystems). The five most intense precursor ions were frag-
mented by activation of neutral loss ions at —98, —49, and —32.6
relative to the precursor ion (multistage activation). Acquired MS
spectra were processes with MaxQuant software package (ver-
sion 1.2.2.9). False discovery rates at peptide, phosphorylation
site, and protein group level were set to 1%. Within the modified
peptide, phosphorylation events detected with localization prob-
ability of at least 0.75 were considered as assigned to a specific
residue.

YEAST TWO-HYBRID ASSAYS

Kinase-kinase binary interactions between various kinases and
phosphatases were assessed essentially as described previously
(Noirot-Gros et al., 2002). The genes encoding the BY-kinases
(PtkA, PtkA) Hanks-type serine/threonine-kinases (PrkC, PrkD,
YabT), two-component-like serine-kinases (SpolIAB, RsbT,
and RsbW), BY-kinase modulators (TkmA, TkmB), and the
phosphotyrosine—and phosphoserine/threonine protein phos-
phatases (PtpZ, SpollE) were inserted in the pGBDU and
PGAD vyeast two-hybrid vectors to generate in-frame fusions
with the DNA-binding domain (BD) and the activating domain
(AD), respectively, of Gal4 (James et al., 1996). The pGBD and
PGAD constructs were used to transform yeast (a) and (o)
strains, respectively. Binary matrix of interactions was made
by mixing haploid cells of complementary mating types, har-
boring various BD-kinase and AD-kinase fusions, in a 96
wells format. Interaction phenotypes were assessed by the abil-
ity of the diploid forms to grow on selective media depleted
for histidine. Positive interactants were identified by DNA
sequencing.

SEQUENCE ALIGNMENTS AND 3D-STRUCTURE MODELING

Sequence alignments were performed using MAFFT (Katoh and
Toh, 2008). Structural models of PrkD (residues 17-253), YabT
(residues 25 to 268), PtkA (residues 10 to 226), and HprK
(residues 6 to 299) were obtained using the SWISS-MODEL
(Bordoli et al., 2009). The residues 227 and 228 of PtkA were
added to the structure manually to cover the autophosphory-
lation site Y228. Both PrkD and YabT were modeled based on
PknB from M. tuberculosis (1mruB) (Young et al., 2003) as tem-
plate. PtkA was modeled based on CapB from Staphylococcus
aureus (2vedB) (Olivares-Illana et al., 2008), and HprK/P was
modeled based on HprK/P from Staphylococcus xylosus (Mdarquez
etal., 2002) (1ko7A). SpolIAB structure has been experimentally
resolved (1thnC) (Masuda et al., 2004).

RESULTS AND DISCUSSION

CROSS-PHOSPHORYLATION OF BACILLUS SUBTILIS
SERINE/THREONINE AND TYROSINE KINASES

In this study we set out to explore the possibility of cross-
phosphorylation among eight B. subtilis protein kinases: PrkC,
PrkD, YabT, PtkA, HprK/P, RsbT, RsbW, and SpolIAB. The sec-
ond BY-kinase PtkB (EpsB) (Gerwig et al., 2014) was left out from
in vitro studies due to known solubility issues (Mijakovic et al.,
2003). First we explored the capacity of the kinases to physically
interact with each other, by performing two-hybrid screens using
individual kinases as baits (Figure 1). An interaction detected
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between two proteins in both directions, i.e., irrespective of
which one of them is used as a bait or prey, is termed recip-
rocal. An interaction is termed non-reciprocal when it has
been detected with only one bait-prey configuration, but not
the other. In our assay, we detected a reciprocal interaction
between the BY-kinase PtkA and its cognate modulator TkmaA,
first described by Mijakovic et al. (2003) (Figure 1A). Next, we
detected a reciprocal interaction between TkmA and the sec-
ond BY-kinase PtkB (Figures 1B,C). There were also two non-
reciprocal interactions: that of PtkA and PtkB and TkmA and
TkmB (Figure 1C). The BY-kinases PtkA and PtkB were con-
nected to the Hanks-type serine/threonine kinase YabT either
via a direct interaction (PtkB, Figure 1C) or via an interac-
tion with the PtkA modulator TkmA (Figure 1D). YabT also
interacted with the phosphotyrosine-protein phosphatase PtpZ,

known to dephosphorylate PtkA substrates (Mijakovic et al,
2005). The two-component-like kinase RsbT interacted directly
with the BY-kinase PtkA and its cognate phosphatase PtpZ
(Figure 1E). Interestingly, the RsbT did not interact with the
wild-type PtkA, but interacted with the catalytically inactive
mutant D81A. A direct interaction was also observed between
RsbT and the Hanks-type kinase PrkD (Figure 1E). Hanks-type
kinases YabT and PrkD also interacted directly with the sensory
histidine kinase DegS which they are known to phosphory-
late (Jers et al., 2011) (data not shown). Another link between
tyrosine phosphorylation systems and the two-component sys-
tems was established through a binary interaction involving the
phosphotyrosine-protein phosphatase YwIE (Musumeci et al.,
2005) and the two-component response regulator YxdJ (Joseph
et al,, 2004) (data not shown). These findings suggest that
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FIGURE 6 | Phosphorylation of PtkA by PrkC. (A) Identification of the
phosphorylated residue by mass spectrometry. Fragmentation spectrum
for the peptide bearing the phosphorylated serine residue 223 is shown.
(B) Mapping of the phosphorylated residues on the structural model of

A P-8223 84
Yiz ¥is Yin ¥o Yu ¥> Ya Y3 Ye ¥s3
h
| I?IKIT‘;I?IT|0|Y|YII Tk
3 84 bz ba bs* ba be?
s
-4
c
2
< 3
@
2 ve
s 688.3301
s . b+ yiz%+
Sk 4632 |’9u yio'* 750.2138 bz
427503 v"x. 982402
be-NH: Vs 7967977
449.2507 bo**  6a1.30ss Ve yio*
8‘ Ve $73.2168 7 980436 1186516
bz "\svvtw 68.2453 ‘ ! §51.2994 ya-NHz ve
2011234 e - H | I 963,409 1147424
= | PTG NN i
200 300 400 500 600 700 800 300 1000 1100 1200
m/z
B modified peptide P-site structural mapping
S223
NGKKLSKHSPEYG 5,4 Y cluster
YYGTK >
localization
Auto-
phosphorylation

Walker A, &
A’, B motif

N
PtkA obtained by SWISS-MODEL (surface representation). The
phosphorylated residue is shown in red. Residues in the C-terminal
autophosphorylated tyrosine cluster are shown in blue, and the PtkA
active site is in yellow.

physical interactions exist among three different classes of kinases:
Hanks-type kinases, BY-kinases, and two-component systems-
like kinases. The bi-functional kinase/phosphorylase HprK/P did
not appear to interact with other kinases in the two-hybrid assay
(data not shown). A weak growth phenotype, featuring a possi-
ble PtkA self-interaction was also observed in only one of the two
tested AD-PtkA fusions (Figure 1A). This could be explained by
differential levels of expression of the AD-PtkA fusions in the two
different haploid yeast strains.

Next, we explored the capacity of purified protein kinases
to phosphorylate each other. We first purified mutant versions
of each kinase with inactivated catalytic residues. Since several
of the studied kinases, HprK/P, RsbT, RsbW, and SpollAB,
do not autophosphorylate, we tested their catalytically inactive
mutant versions (HprK/P K53M, RsbT N49A, RsbW N53A,
SpolIA N50A) on their respective substrates: Hpr, RsbS, RsbV,
and SpolIAA (Figure 2A). All mutant kinases were unable to
phosphorylate the substrates, indicating that the catalytic site
inactivation has been completed successfully. Next, we exam-
ined the capacity for intermolecular autophosphorylation for
the autophosphorylating kinases PtkA, PrkC, PrkD, and YabT
(Figure 2B). In case of PrkC, PrkD and YabT, intermolecular
autophosphorylation was indeed detected. The mutant versions
PrkC K40D, PrkD K54D, and YabT K55D were all phospho-
rylated by their respective wild type counterparts, which is

consistent with the know mode of activation of Hanks-type
kinases through a binary interaction (Barthe et al., 2010). This
signal of phosphorylation on PrkC K40D was particularly strong,
suggesting that this kinase is very efficient in intermolecular
autophosphorylation. Since PrkC is the only Hanks-type kinase in
B. subtilis that possesses an extracellular ligand-binding domain,
it seems plausible that its mode of activation follows the canonical
trans-phosphorylation triggered by ligand-induced dimerization
at the membrane. By contrast, YabT is known to be activated
by binding DNA at the asymmetric septum during spore devel-
opment (Bidnenko et al., 2013) and for the soluble PrkD, the
activation mechanism is not known. For the BY-kinase PtkA we
could not detect trans-autophosphorylation, which is in agree-
ment with our previous findings (Mijakovic et al., 2003). For
the remaining kinases, HprK/P, RsbT, RsbW and SpolIAB, inter-
molecular autophosphorylation was not observed, as expected
(data not shown).

The catalytically deficient kinases were then subjected to
cross-phosphorylation by the entire set of wild type kinases,
in an eight by eight matrix experiment (Figure 3A). The reac-
tions were assembled based on the assumption that kinases
are present in roughly equimolar concentrations in the B. sub-
tilis cell (Nicolas et al., 2012). Small variations in the final
kinase concentrations in the assay are a result of optimization
to simultaneously visualize signals of kinases migrating close
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FIGURE 7 | Phosphorylation of SpollAB by PrkD. (A) Identification of
the phosphorylated residue by mass spectrometry. Fragmentation
spectrum for the peptide bearing the phosphorylated residue serine 13
is shown. (B) Mapping of the phosphorylated residues on the resolved
structure of SpollAB (Masuda et al., 2004) (surface representation). The

AA inteaction domain

phosphorylated residue is shown in red. The conserved boxes N, G1,
G2, and G3, involved in ATP binding are highlighted in yellow (Campbell
et al., 2002). Residues R20, T49 and E104, important for interaction
with SpollAA (Campbell et al., 2002, Masuda et al., 2004) are
highlighted in blue.

to each other in SDS-PAGE. In this assay a number of cross
phosphorylation events were detected. The results from the cross-
phosphorylation assay are summarized in the kinase-kinase net-
work (Figures 3B,C). Two main classes emerge with respect to
propensity for cross-phosphorylation. The autophosphorylating
kinases PrkD, PrkC, YabT, and PtkA (Figure2A) exhibited a
strong tendency to phosphorylate other kinases, i.e., they pos-
sess a high degree of outgoing connectivity (Figure 3B). PtkA
and YabT reciprocally phosphorylated each other in agreement
with their capacity to physically interact (Figure1). The three
kinases with the highest degree of incoming connectivity (i.e.,
propensity to be phosphorylated by other kinases) were SpolIAB,
RsbW, and PtkA (Figure 3C). The two-component-like kinases
RsbW and SpolIIAB were found to be efficiently phosphorylated
by the Hanks-type kinases PrkD and YabT. PrkD also efficiently
phosphorylated HprK/P and RbsT. The latter observation corre-
lates with our identification of the RsbT-PrkD interaction in vivo
(Figure 1).

These findings suggest that cross-talk among different fam-
ilies of bacterial kinases is not only possible, but might in
fact be quite common. As indicated in the previous section,
our protein-protein interaction, and kinase-cross phosphoryla-
tion datasets exhibit a significant overlap. Connections between
kinases which are supported by both approaches should be con-
sidered with a higher degree of confidence, but others should not
be discarded. We have recently demonstrated that interactomics

and phosphoproteomics datasets, while each detecting many
kinase-substrate connections, fail to detect them all (Shi et al.,
unpublished results). Therefore, such complementary approaches
should be combined whenever possible.

KINASE CROSS-PHOSPHORYLATION OCCURS AT KEY REGULATORY
RESIDUES

To explore the potential consequences of cross-phosphorylation
on the recipient kinase function, we focused on several cases rep-
resenting different types of cross-talk and identified the phospho-
rylated residues on recipient kinases by mass spectrometry. The
examined “recipient” kinases: PtkA, PrkD, YabT, SpolIAB, and
HprK, comprised representatives of all four kinase types. After
identifying the phosphorylation sites, we mapped them onto the
resolved kinase structures or homology-based structural models,
in order to evaluate the possible impact of cross-phosphorylation
on the recipient kinase function.

First we examined the phosphorylation of the Hanks-type
kinase YabT by the BY-kinase PtkA. We detected three phos-
phorylated tyrosine residues on YabT (Figure 4A). Two of them
(Y28 and Y92) are located in the cluster of conserved residues
involved in dimer formation (Rakette et al., 2012) (Figure 4B).
The third one (Y254) is embedded within a lysine/arginine-rich
region essential for DNA binding by YabT, which is known to
stimulate the kinase activity (Bidnenko et al., 2013) (Figure 4B).
A negative charge introduced by phosphorylation at Y254 is likely

www.frontiersin.org

September 2014 | Volume 5 | Article 495 | 190


http://www.frontiersin.org
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Shi et al. Cross-phosphorylation of bacterial S/T/Y kinases
A 2
P-S160 - Yiz¥i Yinye" ¥Yu Y7 Ya ¥3 Yo ¥3 ¥2
i
ve vlolml"slelrld.|e|.|v
72429
3 2 ] be ba ba* b>*  be"bisbus bizbix
&
-]
5
a il ad
< 34 678.8217 yn*
S i 1159.603 yn
.‘3 b . b"' b" 1257.58
2 2 B f
& o4 ,l,’:,s'::o 6102552 | 1004467 1142444 bis* bz
2 B bt 3 5iio] vibr 1256619 1254.596
- z4 | vs 10-H2! Vs
2011506 asv,]:._.- s 601.2919 o023 93':_: 99s.2000 (1069515 119258 bjE™" ::
bé+ , b+ v 3 N bio | vasskses
4 ] P = ] i i o*
8 300,099 3592653 A |:|| sn 7;50_ i m4767] s ‘:\.92 o71 5404 1012401 vie vz
vz { R i P oosss bu-H_zO 1256.648
veimz | i “ \ l \ I i 1336.585 |
5 O 8 T P A D P
200 300 400 500 600 700 800 1100 1200
m/z
P-T296 2] il . 9 P
R M cliInfjalale|a]F|T!N K
8 2 bs bs by bs bs brs
g bs
g $72.2973
] bs?+ i
g 2 486.24 H
§’ b2 yez+ blj‘z’ be -VS . ms‘:m
g 357.6894 23,6733 $59.7742 GA.3244 717.2967 ]
= f ; bz
@ v: SR bz {
€ 2] e ’9?8 ba+ i sse2is 7143716 "
] btli 422.2:107 SS)} \? V“NH! v=
1 3221709 | i i vs-NHz s29.212§ 984136
1 700. "0< 1 8
&7 v bs
g .’MVX:s,’ ||’ | b e A L
! | H 1M7.564
o P LIl | . e - :
200 700 300 1000 1100 1200
B structural mapping c
Inter-subunit
interaction region \'4 /
e : : At Hprk B subtilis 131 LAPTTAIHGVEVD | YEVEY 178 it
modified peptide  P-site localization Catalytic Hprk Lcasel 133 LiERRSM I:VDIYEL 180 /
region HprK S xylosus 129 LARTTSL| LVDVYBVI I * 176 1
Hprk M.pneumoniae 132 FETVAQI LLEVFEVEV 179 #
SGVGMSPETALELVK 160 Catalytic site
GH-]OOP K3-loop
RMGLNAAEQFTPNK 296  Inter-subunit Hork B subtilis 201 21211262 T1RVRPERNL AV v,ﬁAMNFRLKPME 288
int i HprK L casei 203 2147/ 264 TVBVKVE NLAIfl‘Vﬂ VAAMNFRAKSMB 290
interactions HprK S.xylosus 199 210/260 TI PVRP) NVAV'[I"\I VAAMNYRLN I'Mi 286
Hprk M.pneumoniae 201 21211264 EIPISPERKTSENIESAY IDFKLKHSE 290
WVVENV
Hprk B.sublilis 289 LNAAECH] kLADV]] 303
HprK Lcasel 291 YDATI«T?EI\NLNHL |! 305
Hprk S.xylosus 287 INTAEEFNDRLNAE'I‘ 301
Hprk M.pneumoniae 291 YNSALDFIENOP\AIL 305
FIGURE 8 | Phosphorylation of HprK/P by PrkD. (A) Identification of interaction region is shown in cyan. (C) Sequence alignment of HprK/Ps from
phosphorylated residues by mass spectrometry. Fragmentation spectra for B. subtilis, Lactobacillus casei, Streptococcus xylosus, and M. pneumoniae.
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(B) Mapping of the phosphorylated residues on the resolved structure of catalytic residue K159 is indicated with blue arrow, and the amino acids
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to affect the YabT interaction with DNA, while phosphorylation
at Y28 and Y92 might affect dimerization of the kinase. These
findings clearly suggest that PtkA-dependent phosphorylation of
YabT could modulate the activity of the recipient kinase. Sequence
alignment of YabT with other Hanks-type serine/threonine
kinases shows that the residues Y28 and Y254 in YabT are highly

conserved (Figure 4C), suggesting that the regulatory mechanism
involving their phosphorylation could be widely conserved.

PrkD is a cytosolic Hanks-type serine/threonine kinase with
no transmembrane helix. For its transmembrane paralogs, PrkC
and YabT, the activation mechanism by respective binding of
muropeptides (Shah et al., 2008) and DNA (Bidnenko et al., 2013)
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has been clearly established. By contrast, the activation mecha-
nism of PrkD is not known. We have detected that PrkD can be
phosphorylated by PrkC and HprK/P. Phosphorylation of PrkD
by PrkC occured on residues T213, T241, and S243 (Figure 5A),
which are in the catalytic domain, but distant from the active site
(Figure 5B). Any putative regulatory potential of these phospho-
rylation events can not be deduced directly. However, HprK/P
phosphorylated PrkD on the residue S148 (Figure5A) in the
activation loop, with a very probable consequence of stimulat-
ing the PrkD kinase activity (Figure 5B). The residue serine 148
is not conserved in Hanks-type kinases (Figure 4C). The struc-
ture of PrkD, lacking the transmembrane helix, is also unusual
for bacterial Hanks-type kinases. This configuration with another
kinase phosphorylating the activation loop of PrkD (usually
accomplished by intermolecular autophosphorylation leading to
activation of canonical Hanks-type kinases) could represent an
idiosyncratic mechanism to activate this cytosolic kinase.

The BY-kinase PtkA was phosphorylated by PrkC at S223
(Figure 6A). This residue is positioned in the immediate vicinity
of the C-terminal tyrosine cluster, containing PtkA autophos-
phorylation sites (Y225, Y227, and Y228) (Figure 6B). BY-kinase
autophosphorylation on these tyrosines is known to trigger the
dissociation of the activator-bound octameric ring (Olivares-
Illana et al., 2008). Interestingly, we have previously observed that
PtkA autophoshorylation at Y228 is strongly enhanced in vivo
in the AprkC strain (Ravikumar et al., 2014). This suggests that
PrkC-dependent phosphorylation of PtkA at S223 could inhibit
its autophosphorylation, and thus regulate its oligomerization
state and interaction with the activator TkmA (Mijakovic et al.,
2003).

The two-component system-like serine/threonine kinase
SpolIAB was phosphorylated by PrkD at S13 (Figure 7A). This
residue is located on the interface interacting with the anti-anti-
sigma factor SpolIAA (Figure 7B), close to the residues R20,
T49, and E104, which are known to be essential for this inter-
action (Masuda et al., 2004). SpolIAA is also an inhibitor of the
SpolIAB kinase activity, and must dissociate from the complex
in order for the kinase to be active. Phosphorylation of SpolIAB
by PrkD at S13 might be an alternative route to destabilize the
SpoIIAA/SpolIAB complex, and its phosphorylation is therefore
likely to have a regulatory role.

Finally, the bifunctional HprK/P was phosphorylated by PrkD
at residues S160 and S296 (Figure 8A). S296 is situated in the
region necessary for subunit interactions in the HprK/P hex-
amer (Marquez et al., 2002) (Figure 8B), but it is not con-
served (Figure 8C). By contrast, the phosphorylated S160 is
situated adjacent to the catalytic residue K159 and is highly con-
served (Figures 8B,C). We speculated that its phosphorylation
is very likely to affect the catalytic activity of HprK/P, which
depends on the positively charged catalytic lysine. In order to
test this assumption, we phosphorylated HprK/P with PrkD
in vitro, and then compared the capacity of phosphorylated vs.
non-phosphorylated HprK/P to phosphorylate its substrate HPr
(Figure 9). The presence of PrkD in the phosphorylation assay
significantly diminished the capacity of HprK/P to phosphorylate
HPr. The Pro-Q® Diamond-stained signal from phosphorylated
HprK/P comprises the pre-existing artificial autophosphorylation

HPr - - + +
HprK/iP - + o+ o+
PrkD + * - *

' — | € HprK/P
G- e < PrkD

“‘ e CHPr

FIGURE 9 | Phosphorylation of HPr by phosphorylated HprK/P. /n vitro
phosphorylation of HPr by HprK/P in the presence or absence of PrkD.
Signals from phosphorylated protein have been revealed by Pro-Q®
Diamond phosphoprotein stain. The presence or absence of proteins is
indicated as +/— above each lane. The phosphorylated bands
corresponding to HprK/P, HPr, and PrkD are indicated by arrows.

of this kinase in its 6xHis tag (Josef Deutscher, personal commu-
nication), and therefore additional phosphorylation by PrkD is
not readily discernable. While this finding supports the notion
that HprK/P activity is regulated by PrkD-dependent phospho-
rylation, its physiological relevance remains to be determined
in vivo.

CONCLUSIONS AND PERSPECTIVES

Our global interactomics screen of the regulatory network based
on serine/threonine/tyrosine phosphorylation in B. subtilis (Shi
et al., unpublished results) revealed a high degree of connectivity
among different classes of kinases, kinase activators, substrates,
and phosphatases. Here we have explored whether the connectiv-
ity at the protein-protein interaction level may point to a func-
tional interaction, i.e., cross-phosphorylation among the four
classes of B. subtilis serine/threonine and tyrosine protein kinases.
Our data suggest an even higher degree of connectivity than the
interactomics studies, with all tested kinases engaging in cross
phosphorylation, either as donors or recipients. Moreover, the
identity of residues phosphorylated on recipient kinases in most
cases supports the notion that phosphorylation of one kinase
by another has a functional/regulatory consequence. The phos-
phorylated residues are situated in, or immediately adjacent to,
protein-protein or protein-DNA interaction surfaces, activating
loops or the kinase active sites. It is therefore likely that bac-
teria also possess kinase cascades similar to those described in
eukarya (Marshall, 1994). Given the existing evidence on involve-
ment of these kinases in complex phenomena such as bacterial
cell cycle control and control of spore and biofilm development,
this finding is not entirely unexpected. The kinase phosphoryla-
tion sites that we report here were not detected in the previous
phosphoproteomics studies performed on B. subtilis (Macek et al.,
2007; Ravikumar et al., 2014), which is not surprising due to
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the non-exhaustive nature of published bacterial phosphopro-
teomes. Nevertheless, the final verdict on the importance of
kinase cross-phosphorylation and the putative kinase cascades in
bacteria will have to come from in vivo studies.
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Vaccines developing immune responses toward surface carbohydrates conjugated to
proteins are effective in preventing infection and death by bacterial pathogens. Traditional
production of these vaccines utilizes complex synthetic chemistry to acquire and conjugate
the glycan to a protein. However, glycoproteins produced by bacterial protein glycosylation
systems are significantly easier to produce, and could possible be used as vaccine
candidates. In this work, we functionally expressed the Burkholderia pseudomallei O
polysaccharide (OPS Il), the Campylobacter jejuni oligosaccharyltransferase (OTase), and a
suitable glycoprotein (AcrA) in a designer E. coli strain with a higher efficiency for production
of glycoconjugates. We were able to produce and purify the OPS II-AcrA glycoconjugate,
and MS analysis confirmed correct glycan was produced and attached. We observed
the attachment of the O-acetylated deoxyhexose directly to the acceptor protein, which
expands the range of substrates utilized by the OTase PgIB. Injection of the glycoprotein into
mice generated an IgG immune response against B. pseudomallei, and this response was
partially protective against an intranasal challenge. Our experiments show that bacterial
engineered glycoconjugates can be utilized as vaccine candidates against B. pseudomallei.
Additionally, our new E. coli strain SDB1 is more efficient in glycoprotein production, and
could have additional applications in the future.

Keywords: glycobiology, vaccines, protein glycosylation, microbiology and biotechnology, molecular biology, mass

spectrometry

INTRODUCTION

Burkholderia pseudomallei, a Gram-negative saprophyte, is the
causative agent for melioidosis and is endemic in Southeast Asia
and Northern Australia (Cheng and Currie, 2005). It is highly
resistant to harsh environmental pressures, and it is classified as
a potential class B bioterrorism weapon due to its high infectivity
when aerosolized (Silva and Dow, 2013). Several virulence factors
have been identified, including multiple Type III and VI secretion
systems, toxins, capsular polysaccharide, and lipopolysaccharide
(LPS; Nandi and Tan, 2013). Two different LPS structures named
O-polysaccharide (OPS) I and II are present in B. pseudomallei,
and OPS II was shown to be required for serum resistance and vir-
ulence (Knirel et al., 1992; Perry et al., 1995; DeShazer et al., 1998).
B. pseudomallei has an intrinsically high resistance to several dif-
ferent classes of antibiotics, which increases the potential danger
of this organism. Due to the increasing prevalence of new resis-
tance genes, and the increasing number of cases, new alternatives
to treat and prevent melioidosis are required.

Immunization is one of the best available tools against infec-
tion, and it is significantly more cost effective than treatment after
disease has occurred. Three main classes of vaccines are commer-
cially produced. Live attenuated bacteria that have been shown
to be highly effective as vaccine candidates however, drawbacks
such as safety, reactogenicity, stability, and manufacturing remain

problematic (Galen and Curtiss, 2013). Whole-cell-killed bacterial
vaccines are easy to commercially manufacture, but have prob-
lems with stability, long-term protection, and present biosafety
risks in the case of class III pathogens. Purified surface carbohy-
drates have been utilized as a vaccine candidate, but typically only
produce short-term protection and are not effective in children
or mature individuals (Lockhart, 2003). Traditional conjugate
vaccines, where bacterial surface polysaccharides are chemically
conjugated to a carrier protein, have been demonstrated to be
highly effective. The best example is the Haemophilus influenzae
type b conjugate vaccine, which has nearly eliminated infections
in vast parts of the world (Pollard etal., 2009). However, man-
ufacturing these conjugate vaccines requires complex synthetic
chemistry for the attachment of the glycan to protein carri-
ers. Additionally, the polysaccharides are either obtained from
the target pathogen, which constitutes a major health hazard,
or by laborious, chemical synthesis. Often, bacterial polysac-
charides are too complex to be synthesized efficiently, making
this process economically prohibitive. Finally, chemical attach-
ment of the sugar to the carrier protein can result in large and
heterogeneous conjugates, modifying the native structure, and
thus decreasing the protective nature of the vaccine. Both live
attenuated and killed bacterial vaccines have been tested against
B. pseudomallei, but provide little to no protection against disease
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and mortality in murine virulence models (Peacock etal., 2012).
Additionally, since B. pseudomallei requires class I1I biosafety facil-
ities, manufacturing glycoconjugates containing glycans from its
native host is challenging and possibly hazardous. Recently, it has
been demonstrated a protein chemically conjugated with the B.
pseudomallei OPS and CPS was able to increase survival against
B. pseudomallei infection (Scott etal., 2014). Additionally, pro-
tection has been demonstrated using B. thailandensis E555 as
a live vaccine due to homology of CPS structures (Scott etal.,
2013).

A novel method of synthesizing conjugate vaccines is through
the exploitation of the protein glycosylation machineries of bacte-
ria (Iwashkiw etal., 2012; Cuccui et al., 2013; Wetter etal., 2013).
The cornerstone of bacterial glycosylation is the oligosaccha-
ryltransferase (OTase) enzymes, which covalently attach glycan
structures to either asparagine (N-linked) or serine/threonine
(O-linked) residues (Nothaft and Szymanski, 2010). OTases
have high substrate promiscuity, and thus can transfer a wide
range of glycan structures to acceptor proteins, in a process
called OTase-dependent glycosylation. The best characterized N-
glycosylation system in bacteria is from Campylobacter jejuni
(Nothaft etal., 2010). Briefly, a unique initiating glycosyltrans-
ferase attaches a nucleotide-activated monosaccharide-1P to the
lipid carrier undecaprenyl phosphate (Und-P) in the cytoplas-
mic face of the inner membrane. Subsequently, a series of
other glycosyltransferases attach additional monosaccharides to
first residue, and when completed, the lipid-linked oligosac-
charide (LLO) is translocated to the periplasmic face of the
inner membrane by a flippase. Finally, PgIB (N-OTase) cova-
lently attaches the glycan to asparagine residues with the sequon
D/E-X-N-Y-S/T (X,Y #P; Kowarik etal., 2006). Earlier stud-
ies demonstrated PglB has relaxed glycan specificity, allowing
the transfer of a vast array of glycans, including O anti-
gens, to acceptor proteins (Feldman etal., 2005). It was later
shown that O-OTases share this feature (Faridmoayer etal,
2008). Thus, bacterial glycosylation systems can be exploited
to synthesize novel glycoconjugates for vaccination and diag-
nostic purposes as previously demonstrated (Ihssen etal., 20105
Iwashkiw etal., 2012; Cuccui etal., 2013; Wetter etal., 2013;
Wacker etal., 2014). Glycoconjugates produced by this method
are significantly less expensive, less challenging to produce,
and produce less hazardous waste than conventional chemical
methods.

In this work, we demonstrate that the biosynthesis of the B.
pseudomallei OPS 1I can be reconstituted in Escherichia coli (E.
coli). Successful generation of the conjugate required the expres-
sion of the corresponding B. pseudomallei OPS II genes in an E.
coli strain lacking both the waalL ligase and wecA initiating gly-
cosyltransferase (SDB1). This glycoconjugate, when injected into
mice, was able to develop a directed IgG immune response toward
B. pseudomallei, and provide partial protection against infection
in a murine model of melioidosis.

MATERIALS AND METHODS

BACTERIAL STRAINS, PLASMIDS, AND GROWTH CONDITIONS
Escherichia coli strains were grown on LB broth at 37°C. Trimetho-
prim (100 pg/ml), spectinomycin (80 pg/ml), and ampicillin

(100 pg/ml) were added to the media for plasmid selection as
needed. The strains and plasmids used are listed in Table 1.

WESTERN BLOTTING

Glycan expression and glycosylation were analyzed by SDS-PAGE
on 10% gels. The gels were electroblotted onto a nitrocellulose
membrane via semi-dry membrane transfer and analyzed with
antibodies a-His (Santa Cruz Biotechnology) and a-BPs OPSII
glycan kindly provided by Dr. Joanne Prior (1:1,000). Membranes
were visualized using the Odyssey Infrared Imaging System (Li-
Cor Biosciences, USA).

CLONING AND EXPRESSION OF Burkholderia pseudomallei TYPE Il OPS
To obtain the plasmid expressing the type IT O-antigen polysaccha-
ride of Burkholderia pseudomalleiunder an arabinose promoter we
used the pCC1FOS-BPF16p_E10 vector kindly provided by Profes-
sor R. Titball (University of Exeter), which contains the LPS cluster
of B. pseudomallei K96243, coordinates 3191324-3229257. The
pCC1FOS-BPF168_E10 vector was digested with Nhel, Kpnl, and
Pcil to get an 8673 bp fragment, corresponding to genes between
rmlD and wbiC, and with SnaBI and Kpnl to get a 9367 bp frag-
ment that includes the genes between wbiC and wbil. These two
fragments containing the 15 genes required for B. pseudomallei
type II OPS expression were inserted into pBAD24 digested with
Nhel and Smal. Arabinose-dependent expression of the type II
O-antigen was confirmed by Western blot.

CONSTRUCTION OF SDB1 waal AND wecA DEFICENT STRAIN
Construction of SDBI strain was done using the P1 trans-
duction protocol adapted from Thomason etal. (2007). The
P1 bacteriophage was first grown on the strain (BW25113
rfe:kan.) from the Keio collection library (Baba etal., 2006).
This strain has a kanamycin-resistant cassette on the wecA gene
as a donor. The resulting phage lysate was used to infect the
recipient strain CLM24 (Awaal). Recombinant strains were
confirmed by PCR using the oligonucleotides rfe for comp
(5'-GCAATGACCAAGACCAATGACG-3') and rfe rev comp (5'-
GCTGCTGCGAGTAATATCCC-3'). The kanamycin cassette was
removed using the FLP recombinase expressed from pFLP2.

PRODUCTION AND PURIFICATION OF GLYCOSYLATED AcrA

SDBI strain transformed with C. jejuni PglB (pMAF10), AcrA
(pIH18), and BPs type II O-antigen (pEQ3) was grown overnight
at 37°C. Culture was reinnoculated 1/33 into fresh LB media using
a culture/flask ratio 1:10. After 2 h at 37°C with shaking at 200 rpm,
the cultures were induced with 0.1 mM isopropyl 1-thio-B-D-
galactopyranoside (IPTG; Sigma) and 0.2% (w/v) L-(+)-arabinose
(MP Biomedicals). To increase the glycosylation yield in SDBI1,
we also added MnCl, (4 mM). Five hours after induction at
37°C, arabinose was added again to ensure PgIB expression. Cells
were harvested by centrifugation after an overnight induction
period and the periplasmic extract containing the glycopro-
teins was extracted using a lysozyme treatment as described
previously (Iwashkiw etal., 2012). For purification, the periplas-
mic fraction was equilibrated with 1/9 vol 10x loading buffer
(0.1 M imidazole, 3 M NaCl, 0.2 M Tris-HCI, pH 8.0) and sub-
jected to a Ni’*affinity chromatography as described (Iwashkiw
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Table 1 | List of strains and plasmids utilized.

Strain Genotype or description Reference
EPI300 FmcrA A(mr-hsdRMS-mcrBC) ®80dlacZAM15 AlacX74 recA1 endA1 araD139 Afara, leu)7697 Epicentre

galU galK A-rpsL (StrR) nupG trfA dhfr
Top 10 F-mcrA A(mr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG recA1 araD139 Al(ara-leu)7697 Invitrogen

galE15 galK16 rpsL(StrR) endA1 A~
CLM24 W3110, Awaal ligase Feldman etal. (2005)
CLM37 W3110, AwecA Linton etal. (2005)
BW25113 rfe::kan FA(araD-araB)567 AlacZ4787(::rrnB-3) LAM-rph-1 A(rhaD-rhaB)568 hsdR514 Baba etal. (2006)
SDB1 W3110, Awaal ligase, AwecA GalNAc transferase This study
Plasmids
pBAD24 Cloning and expression vector, Arabinose inducible, Amp® Guzman etal. (1995)
pEXT21 Cloning and expression vector, IPTG inducible, Spf Dykxhoorn etal. (1996)
pMLBAD Cloning and expression vector, Arabinose inducible, Tp? Lefebre and Valvano (2002)
pEQS3 B. pseudomallei type Il OPS, ApR This study
pIH18 Soluble periplasmic C. jejuni acrAgxuis cloned into pEXT21, SpR Hug etal. (2010)
pMAF10 C. jejuni pglB cloned into pMLBAD, TpR Feldman etal. (2005)
pFLP2 Source of Flp recombinase, ApR Hoang etal. (1998)
pCA24N-waal E. coli waal. cloned into pCA24N from ASKA library; Cm~ Kitagawa etal. (2005)
pCA21 E. coli wecA cloned into pEXT21, SpR Alaimo etal. (2006)
pJHCV32 Hindlll cosmid clone in pVK102, 07+ Tcr Valvano and Crosa (1989)

pCC1FOS-BPF16B_E10 LPS cluster of B. pseudomallei K96243, coordinates 3191324-3229257

Titball Lab (unpublished)

etal., 2012). Purified protein was quantified by Bradford assay
(BioRad).

SUGAR QUANTIFICATION OF GLYCOPROTEINS

The protocol was adapted from Dubois etal. (1956). In a small
glass tube was mixed 10 1 of sample, 90 1 of ddH, O, and 100 pl
of freshly made 5% phenol in ddH,O. Then 1 ml of concentrated
H,SO4 was briskly added into the mixture and immediately vortex
for several seconds. An orange color with intensity proportional
to concentration began to develop and reached a maximum about
2 h at 30°C. The samples were read against glucose standards at
ODs00.

VACCINATION

BALB/c mice (n = 5 per group, 6-week-old female) were immu-
nized with three doses of purified recombinant bioconjugate
vaccine, carrier protein, or gamma-irradiated killed whole cells
(3 x 10* Burkholderia pseudomallei K96234), via the intraperi-
toneal route (i.p.) over 6 weeks. The doses were administered
with Imject Alum Adjuvant (Thermo Scientific), not used with
whole killed cells or when noted. Sera samples were collected for
antibody analysis, prior to immunization 2 weeks after vaccina-
tion and boost. The antibody titre of total IgG was analyzed by
ELISA. Briefly, wells of microtiter plates were coated (18 h, 4°C)
with gamma-irradiated whole Burkholderia pseudomallei cells at a
1/100 dilution in 100 pl of coating buffer (0.05 M Na,COs3,0.05 M
NaHCO3, pH 9.6) and were then blocked with 2% (w/v) BSA in
PBS for 2 h at 37°C. Sera samples at a 1/200 dilution in 100 pl

of antibody dilution buffer [2% (w/v) BSA, 0.1% (v/v) Tween
20] were incubated for 1 h at 37°C. HRP-conjugated goat anti-
mouse IgG at a 1/8000 in antibody dilution buffer was added for
1 h at 37°C and then the reaction was visualized by the addi-
tion of 100 pl chromogenic substrate (ultra-TMB) for 5 min.
The reaction was stopped with 100 pl H3PO4 and absorbance
at 405 nm was measured using ELISA plate reader. Plates were
washed five times with washing buffer [0.1% (v/v) Tween 20] after
each step.

INTRANASAL CHALLENGE MODEL

The murine melioidosis infection model used was carried out
under ABSL-3 containment practices. Briefly, female BALB/c mice
were challenged via the i.n. route (50 wl) with approximately
2 x 10° CFU (approximately 10-12 LDso) of B. pseudomallei
K96243. Mice were weighed prior to inoculation and monitored
for 21 days post-infection. Mice were anesthetized, held vertically,
and 50 ml of the inoculum was released into the nares for inhala-
tion. Following challenge, the inoculum was back titrated on agar
plates to confirm delivered dose. Using this model, control mice
died or were euthanized according to predetermined humane end
points 3—6 days post-challenge.

STATISTICS

Survival curves were generated by use of Kaplan—Meier estimators.
The survival distributions of each treatment group vs. control
protein carrier group were compared by unpaired T test or Mann—
Whitney test using GraphPad Prism version 6.0.
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ETHICS STATEMENT

This study was carried out in accordance with the Canadian ani-
mal care guidelines. The protocols were approved by the Animal
Care and Use Committees of Defence Research and Development
Canada. Mice were anesthetized by intraperitoneal injection of a
sodium pentobarbital solution.

RESULTS

CLONING AND EXPRESSION OF THE B. pseudomallei K96243 0
ANTIGEN POLYSACCHARIDE 11 (OPS 11) LOCUS IN E. coli

Previous work identified a region consisting of 21 potential open
reading frames, and further investigation identified a cluster of
15 genes required for the biosynthesis of B. pseudomallei K96243
OPS II (Figure 1A; DeShazer etal., 1998). A previous study
demonstrated by NMR analysis that the structure of OPS II
is a polymer of a disaccharide repeating structure composed
of -3-)-B-D-glucopyranose-(1-3)-a-L-6-deoxy-talopyranose-(1-,
with variable O-methyl and O-acetyl modifications (Figure 1B;
Perry etal., 1995). In order to recombinantly express the B. pseu-
domallei OPS 1 in E. coli, the 15 essential genes were subcloned
(genes rmIB to wbil) from the plasmid pCC1FOS-BPF168_E10
by restriction digest into the arabinose inducible expression vec-
tor pBAD24, generating pEQ3 (Figure 1A). Expression of the B.
pseudomallei OPS 11 in E. coli CLM37 was visualized by Western
blot as a typical ladder of immunoreactive bands, confirming the
production of the carbohydrate structure (Figure 1C).

GENERATION OF AN E. coli STRAIN OPTIMIZED FOR OPS I
PRODUCTION AND PROTEIN GLYCOSYLATION

We attempted to generate a N-linked glycoprotein with the OPS
I1 by exploiting the C. jejuni N-glycosylation system as previously
described (Thssen etal., 2010; Iwashkiw etal., 2012; Cuccui etal.,
2013; Wetter etal.,, 2013). In earlier work, N-glycosylated AcrA
was synthesized in E. coli by co-expression of C. jejuni PglB and
AcrA with an appropriate carbohydrate structure. We therefore
expressed PglB (pMAF10), AcrA (pIH18), and the B. pseudomallei

OPS II antigen (pEQ3) in both a traditional expression (EPI300)
and wecA- (CLM37) strains and tested for glycosylation by Western
blot. We were unable to detect any evidence of glycosylation of
purified AcrA (data not shown).

One issue with exploiting O antigens using protein glycosyla-
tion may be the precursor can also be used by the WaaL ligase in
E. coli, thus siphoning off the substrate, and decreasing the glyco-
sylation efficiency (Figure 2). Additionally, E. coli strains express
the initiating glycosyl transferase (wecA), which transfers a GIcNAc
onto the undecaprenyl-diphosphate (Und-PP) carrier. This would
interfere with the synthesis of the glycan of interest onto the same
lipid if the first sugar in the structure is not a GIcNAc, as in the case
of the OPS II. We hypothesized that deletion of Waal. and WecA
would result in an increased efficiency of protein glycosylation
(Figure 2C).

We therefore constructed the E. coli wecA™ waal™ mutant
strain SDB1. Using the KEIO strain collection (Baba et al., 2006),
the wecA mutation was transduced into CLM24, an E. coli waaL
mutant (Feldman etal., 2005), creating SDB1. To functionally
confirm the double mutation, we analyzed the LPS produced
by SDBI1 transformed with plasmid pJHCV32 (Figure 3). The
plasmid pJHCV32 drives the constitutive expression of the E. coli
O7 antigen, but relies on the chromosomal copy of the glycosyl-
transferase WecA (Valvano and Crosa, 1989). Expression in trans
of either WecA or WaaL individually in this background did not
result in the production of a smooth LPS containing the O7 anti-
gen (lanes 1-8). However, when both genes were co-expressed in
SDBI, we observed the characteristic polymerization of O anti-
gen previously observed for the E. coli O7 LPS (lanes 9 and 10),
confirming the creation of the double mutation.

IN VIVO SYNTHESIS AND PURIFICATION OF AN N-LINKED
GLYCOCONJUGATE WITH THE Burkholderia OPSII GLYCAN
To create an N-linked glycoconjugate, we transformed the E.
coli strain SDB1 with the pEQ3 (OPS II), pMAF10 (PglB), and
pIH18 (AcrA). Cultures of the transformed strain were grown

FIGURE 1 | Description of Burkholderia pseudomallei O-polysaccharide II
(OPSII) cluster. (A) Representation of the required 15 genes for the synthesis
of OPS Il and predicted functions. (B) Expected glycan intermediate structure
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attached to Undecaprenyl pyrophosphate. (C) Western blot of 10 ul of
whole-cell extracts utilizing an anti-Glycan antibody reveals expression of OPS
Il (subcloned in pEQ3) in E. coli produces a polymer in whole-cell extracts.
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FIGURE 2 | Hypothesis for the lack of glycosylation due to glycan
competition and utilization, resulting in the development of the E. coli
strain SDB1. (A) When expressing pEQ3 in a WT E. coli background, OPS I
is produced at a lower quantity than the native O-antigen, and both structures
are preferentially transferred by Waal to Lipid A, instead of to the acceptor

s LPS
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protein by PgIB (OTase). (B) If wecA is deleted, the native O-antigen cannot
be produced, allowing for a greater production of OPS II. However, OPS I
would be still selectively transferred by Waal over PgIB. (C) If both wecA and
waal are deleted, the OPS Il structure would be highly produced, and only
available to PgIB for synthesis of glycoproteins.

and induced as required, and AcrA was purified from periplas-
mic extracts by Ni>* affinity chromatography. To determine if
AcrA was glycosylated, we analyzed the purified protein by either
Western blot with antibodies specific to either AcrA or OPS II, or
Coomassie stain, and when visualized together, we observed an
overlap of the signal, suggesting glycosylation of AcrA with the
OPSII glycan (Figure 4).

To confirm AcrA was glycosylated with the B. pseudomallei
OPS 1II carbohydrate, we employed mass spectrometry (MS)
techniques. The purified glycoprotein was tryptically digested in-
solution, and the resulting peptides were examined by LC-ESI-Q-
TOF MS and MS/MS. Manual analysis of the MS data (MassLynx;
Waters Corporation) revealed a peak with an m/z 1152.06°%,
and further inspection of this peak by MS/MS revealed a gly-
copeptide that corresponded to the previously identified second

glycosylation site of AcrA (AVFDNNNSTLLPGAFATITSEGFIQK;
m/z 2754.1) with the addition of an m/z 700.2 modification
(Figure 5). De novo peak annotation identified the modification
to be a tetramer of 188—162—188-162. The mass of 188 Da is con-
sistent with an O-acetyl deoxyhexose residue, and the 162 Da is
consistent with a hexose residue. We were also able to identify in
the low-molecular region both an individual O-acetyl deoxyhex-
ose (189.0 Da), and a subunit of the dimer with a mass of 351.1 Da.
Our MS characterization of the B. pseudomallei OPS 1I glycan is
consistent with the previously published data identifying it to be a
polymer of dimers of O-acetylated deoxytalose and glucose (Perry
etal., 1995). These data combined with the immunoreactivity of
our glycoconjugate to the B. pseudomallei OPS II antibody con-
firm that we were able to synthesize and glycosylate AcrA with the
correct glycan structure in E. coli SDBI1.
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FIGURE 3 | Confirmation of a wecA- waal- double mutant (SDB1) in

E. coliW3110. To verify the double mutant, LPS extractions (20 wl per
sample) were analyzed by silverstain for the ability to produce exogenously
expressed E. coli O7 LPS (pJHCV32). No LPS was observed when either
WecA or Waal was expressed in trans (lanes 1-8). However, when both
were coexpressed, a laddering pattern was observed, confirming
complementation of the double mutant (lanes 9 and 10).

Overlay Coomassie

a-OPSII

a-His

FIGURE 4 | Analysis of purified AcrA by Western Blot. SDB1 transformed
with pMAF10 (pg/B), pIH18 (acrA), and pEQ3 (OPS I1) were grown (+/—)
induction of OPS Il, harvested, and AcrA was purified by NiZ+-NTA affinity
chromatography. Purified glycoconjugate was separated on 10% SDS-PAGE
and analyzed by western blot (5 ul) or Coomassie stain (15 l). A
high-molecularweight ladder is co-detected by both a-His and a-Glycan
antibodies, and overlap of the two signals strongly suggests glycosylation
of AcrA. Staining of the purified protein is observed by Coomassie stain.

MICE INJECTED WITH PURIFIED N-LINKED BIOGLYCOCONJUGATE
DEVELOPED A PARTIALLY PROTECTIVE IgG IMMUNE RESPONSE
TOWARD B. pseudomallei WHOLE CELLS

To evaluate the potential use of the glycoprotein as conju-
gate vaccine, the purified AcrA containing OPS II was injected
intraperitoneally into mice to measure the immune response
compared to whole-cell-killed B. pseudomallei. Groups of five

mice were injected with PBS, unglycosylated AcrA as control,
glycoconjugate in different quantities, or whole-cell-killed cells.
The IgG immune response was tested by ELISA against whole-
cell extracts of B. pseudomallei (Figure 6). All test groups were
compared to the PBS control, and showed no initial immune
response toward B. pseudomallei in the pre-injection sera. The
AcrA-injected group had a slight increase in IgG response, but did
not increase after additional boosts. A significant increase in IgG
response was observed in each of the glycosylated test groups after
the primary vaccination, with varying degrees of improvement in
immune response after a second and third boost. The best immune
response was observed in the mice injected with whole-cell lysates
of B. pseudomallei had a significantly stronger immune response
as compared to the glycoconjugate sera, but this was expected as
whole cells were use as antigen for the ELISA.

We next tested the immunized mice for a preliminary eval-
uation of the efficacy of the glycoconjugate. We employed an
intranasal murine melioidosis model against B. pseudomallei
infection with a dose of 12x LDsy (Figure 7). Mice vaccinated
with only protein carrier died or were euthanized according to pre-
determined humane end points after 6 days. For the PBS-injected
control group, 80% of the mice died or were euthanized after
6 days, and one mouse survived until day 13 of the challenge. All of
the mice vaccinated with the glycoconjugate showed a significant
increase in survival time as compared to the control protein carrier
group. However, contrary to the ELISA results that showed the best
IgG immune response in mice vaccinated with 2 g of glycosylated
AcrA, 40% of the mice survived until day 12, with the remaining
being sacrificed on day 14. Mice injected with 1 pug of glycopro-
tein without any adjuvant saw survival until day 18, while one
mouse vaccinated with 1 pg survived until day 22. The difference
in mean time to death was not statistically significant between the
groups receiving the various glycoprotein preparations. In com-
paring our glycoconjugate to whole-cell-killed bacteria as vaccine
candidates, we observed highly similar survival of the mice, with
all mice succumbing to infection by day 18 of the challenge. Over-
all, these results demonstrate that the N-glycoconjugate containing
the B. pseudomallei OPS 11 is capable of providing partial immune
protection against a 12 x LDsj dose, and it is comparable to
whole-cell-killed bacteria in protection against infection.

DISCUSSION

Due to a combination of factors including the increasing num-
ber of reported cases of B. pseudomallei infections, the risk posed
by the bacterium as a potential biological warfare agent, and an
absence of an effective vaccine, we explored the possibility that
by exploiting the N-linked glycosylation system of C. jejuni, we
could produce a glycoconjugate vaccine containing the OPS II
of B. pseudomallei. This strategy was only demonstrated in a few
cases (Iwashkiw et al., 2012; Cuccui et al., 2013; Wetter et al., 2013).
Since B. pseudomallei is a biosafety class II] agent we were unable to
directly exploit the native OPS II by expressing the N-glycosylation
system in the host as previously shown (Iwashkiw etal., 2012).
Instead, we utilized previous knowledge of the genetic loci respon-
sible for the biosynthesis of OPS II (DeShazer etal., 1998), and
subcloned the key 15 genes into an E. coli expression vector. We
observed high levels of expression of the OPS II in E. coli strains
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FIGURE 5 | Mass spectrometry identification of the B. pseudomallei
OPS Il glycan attached to AcrA. MS analysis of tryptically digested
glycosylated AcrA revealed a peak of m/z 1152.063+. MS/MS of this
peak showed a previously characterized glycosylation site of AcrA
(AVFDNNNSTLLPGAFATITSEGFIQK; 2754.1 Da) with a modification of
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700.2 Da. Analysis of the modification revealed a tetrameric glycan,
with a structure of 188-162-188-162. This structure is consistent with
the previously determined structure of B. pseudomallei OPS Il being a
polymer of dimers of O-acetylated deoxytalose (188 Da) and glucose
(162 Da).

by Western blot, and attempted to create the glycoconjugate in a
basic expression and wecA- E. coli strains as previously described
(Ihssen et al., 2010; Cuccui et al., 2013; Wetter et al., 2013). We did
not observe any evidence of glycosylation, and hypothesized that
the OPS II was being utilized exclusively to modify the LPS. There-
fore, we engineered an E. coli strain (SDB1) lacking both the waalL
ligase, and wecA. Construction of the SDB1 strain was confirmed
by expressing either or both WecA and WaaL with a plasmid encod-
ing the E. coli O7 LPS cluster that lacks WecA homolog. Analysis of
LPS extractions by silverstain showed that the O7 antigen structure
was only transferred to lipid A in the presence of both enzymes.
Our engineered strain in theory should be able to produce the
OPS II-AcrA glycoconjugate with high efficiency due to no other
competition for either the undecaprenyl-phosphate lipid carrier
by WecA or the OPS II-Und-PP substrate from WaaL.

We showed that SDB1 produced the desired glycoconjugate
when OPSII (pEQ3), PgIB (pMAF10), and AcrA (pIH18) were co-
expressed. The generation of the conjugate was shown via Western
blotand MS. Interestingly, glycosylation of AcrA required the addi-
tion of MnCl; to the media. Although Mn?? is required for PglB
activity and was observed in the active site of the crystal structure
(Lizak etal., 2011), we did not have to add Mn?* to obtain glyco-
sylated proteins in previous experiments. The direct relationship
between its addition and glycosylation efficiency is unclear. The
MS examination of the purified glycoconjugate revealed the pres-
ence of a tetrameric glycan moiety corresponding to two repeats
of O-acetylated deoxyhexose and hexose, in agreement with pre-
viously published characterization of the structure (Perry etal,
1995). Interestingly, previous work has shown that the C. jejuni
OTase PglB can only transfer glycans with a reducing monomer

with an N-acetyl group, whereas the B. pseudomallei OPS 1I struc-
ture has been shown to possess an O-acetyl modification. This
finding expands our knowledge on the substrate specificity of PgIB.
We did not observe any larger glycan structures that were detected
by Western blot, but this could be due to limitations of our MS
instruments. Most of the Wzy-independent glycans require an
adapter composed of two monosaccharides linking the lipid car-
rier to the polymeric structure (Whitfield, 2006; Greenfield and
Whitfield, 2012). The finding that the O-acetylated deoxytalose
appears to be directly linked to the protein indicates that a linker
glycan (proposed in Figure 1A as X1 and X2) is not present in
the OPS II structure. Our experiments demonstrate that in the
genetically engineered strain SDB1, we were able to produce a
glycoconjugate with the B. pseudomallei OPS II carbohydrate.

We carried out preliminary experiments to determine if our
glycoconjugate could be utilized as a vaccine against B. pseudo-
mallei. We injected different quantities of the glycoconjugate into
mice. We observed virtually no response toward B. pseudomallei
for the mice injected with the protein carrier alone, whereas a sig-
nificantly stronger response from the mice injected with all groups
of the glycoconjugate. Interestingly, an intermediate response was
observed in the 1 g glycoconjugate groups, regardless of the addi-
tion of an adjuvant. We then challenged the vaccinated mice with
B. pseudomallei K96243, and after 6 days post challenge, none
of the carrier control injected mice survived, whereas survival
was observed each of the glycoconjugate groups, with the longest
survival in the 1 g group, irrespective of the addition of an adju-
vant. Why lower levels of antibody production resulted in better
protection remains unknown, although these differences in pro-
tection were not statistically significant between groups receiving
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FIGURE 6 | ELISA of the IgG immune response of immunized mice
toward whole-cell extracts of B. pseudomallei. All data were
normalized to the PBS-injected control mice, and no response was
observed in all groups prior to immunization. A low level of response
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was observed at a consistent level for the unglycosylated AcrA control,
whereas all test groups injected with glycosylated AcrA had a
significant IgG response. The results are the median of five mice in
each test group.

the glycoprotein. It is possible that the carrier protein, AcrA, due
to its high immunogenic nature, acts as an adjuvant itself. This
could also possibly explain why both of the 1 g groups while
having a lower detected IgG immune response compared to the
2 pg group have a longer survival period. Our results are con-
sistent with these previous studies with the non-protected mice
succumbing to infection after ~1 week (Nelson etal., 2004; Su
etal., 2010; Nieves etal., 2011). Interestingly, our initial studies
with the glycoconjugate gave similar protection levels to whole-
cell-killed B. pseudomallei. Further optimization of our vaccine
candidate is currently undergoing. This includes testing different
amounts of conjugate, and replacing the acceptor protein from
AcrA of C. jejuni to a B. pseudomallei protein, which may enhance
the immunogenicity of the conjugate.

Several other studies have been published attempting to develop
a vaccine against B. pseudomallei (reviewed in Silva and Dow,
2013). Many of these vaccine candidates have dealt with either
attenuated strains, whole-cell-killed bacteria, or purified proteins
directly from B. pseudomallei, which requires class III biosafety
facilities, and would lead to higher significant problems for
commercialization of the product. Other groups attempted to
recombinantly express and purify B. pseudomallei proteins in
E. coli, with limited success. However, our work has demon-
strated that the OPS II carbohydrate of B pseudomallei can be
functionally expressed in E. coli, and be utilized by PgIB to

create a glycoconjugate that is partially protective against infec-
tion. Glycoengineered therapeutics are simple to produce, cost
effective, and have been demonstrated to provide long-term pro-
tection against several pathogens. Additionally, previous work
has used a similar glycoconjugate with the Y. enterocolitica O9
O-antigen as a diagnostic tool (Iwashkiw etal., 2012). Conju-
gation of the glycoconjugate to magnetic nanobeads has shown
significant promise in detection of disease in cattle and human
sera samples (Ciocchini etal., 2013, 2014). A similar system may
have future potential for diagnosing individuals infected with B.
pseudomallei.

In summary, we have demonstrated that the OPS II glycan of
B. pseudomallei can be functionally expressed in E. coli. Addition-
ally, this glycan was transferred to the carrier protein AcrA by the
OTase PglB, both from C. jejuni, to generate a glycoconjugate. We
also described a novel E. coli strain SDB1 which lacks wecA and
waal, resulting in a higher efficiency of glycosylation as compared
to previously used strains. Mice injected with this glycoprotein
were able to develop a long-term IgG immune response, and
showed significantly longer survival when challenged with B. pseu-
domallei as compared to the naive controls. This new biologically
engineered strain may be used for the future creation of commer-
cial bioglycoconjugate therapeutics, and glycoconjugate may have
future potential for diagnostic applications or vaccination against
B. pseudomallei infections.
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FIGURE 7 | Murine survival of different test groups to a 12x LDgg i.n.
challenge of B. pseudomallei. Mice vaccinated with either PBS or
unglycosylated AcrA controls had a significantly lower survival period as
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compared to the mice injected with OPS Il glycosylated AcrA. Interestingly,
mice vaccinated with 1 g glycoconjugate (+/— adjuvant) had a higher
survivorship percentage as compared to the 2 g vaccinated group.
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