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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
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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,
Pyr 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 Py; 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 2mL 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 uL 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 5 min. 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 2mL 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,0
(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%.
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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 L 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 logl0 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 ug
or 15 pg 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 24h 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.

Frontiers in Microbiology | www.frontiersin.org

March 2015 | Volume 6 | Article 248


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

Spat et al.

Synechocystis sp. PCC 6803 phosphoproteome

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 Pyj 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/NO3
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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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 (Slr1225)
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 '8LVAAG
VILPLSERSASR?®® of the hypothetical proteins SIr0483 and
S10505, respectively. The phosphopeptide '°°LQSELSTL
EQELAQQDSSPTGPGEEQKSSR!?, Ser4 and Ser49 of the
hypothetical proteins SIr1686 and SI0822 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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(—N/NHI), relative to the Logqg transformed phosphopeptide intensities are
shown. Significantly regulated phosphorylation events from the respective
experiments are displayed as stars (in red) and the protein ID and the
localized phosphorylation site or phosphopeptide span is indicated.

the 2,3-bisphosphoglycerate-independent  phosphoglycerate
mutase (SIr1945) 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 S1l0103 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 GDRPGNpT291 VANGKpT297K -N/NH} - - -
SIr0599 SNHQPTAPTLWGPT312PYNANDTQATK  -N/NH - -N/NO3 -
SIr0599 SNHQPTAPTLWGTPYNANDPT318QATK  -N/NO3 and -N/NH} - - -
SIr0599 324\ \VTQEFTGYTETQEGSPLMK343 -N/NOZ and -N/NHf - - -
SIr0483 28TDVGPITTPNPQKA0 -N/NH; - - -
SIr0397 VLpT4QFASSPAPPQSFAVAPNR - -N/NO3 and -N/NH} - -N/NO3
SI577 ITGNApS*9AIVSNAAR - - -N/NH} -
Sl0981 LTLpS®*AQGGNK - -N/NH} - -
Sl0822 PS*NATKPLTGEALLEK - - -N/NH} -
SI0505 187 /AAGVILPLSERSASR203 -N/NOZ - - -
SI0103 YRQTQIAEPT349K - - - -N/NO3
Sl0103 QGAAPT38T 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 SI1032), 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
(Sl11525) 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 Sl11471, whereas,
all other linker proteins (SIr1459, SIr0335, SI1580, 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
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