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Structure of Rho Termination Factor, a

Clostridium botulinum protein with prion-like
properties.
Image by Salvador Ventura

Proteins suffer many conformational changes and
interactions through their life, from their synthe-
sis at ribosomes to their controlled degradation.
Only folded and soluble proteins are functional.
Thus, protein folding and solubility are controlled
genetically, transcriptionally, and at the protein
sequence level. In addition, a well-conserved cel-
lular machinery assists the folding of polypeptides
to avoid misfolding and ensure the attainment
of soluble and functional structures. When these
redundant protective strategies are overcome,
misfolded proteins are recruited into aggregates.

Recombinant protein production is an essen-
tial tool for the biotechnology industry and also
supports expanding areas of basic and biomed-
ical research, including structural genomics and
proteomics. Although bacteria still represent a
convenient production system, many recombi-
nant polypeptides produced in prokaryotic hosts
undergo irregular or incomplete folding processes
that usually result in their accumulation as insol-
uble aggregates, narrowing thus the spectrum of

protein-based drugs that are available in the biotechnology market. In fact, the solubility of
bacterially produced proteins is of major concern in production processes, and many orthogonal
strategies have been exploited to try to increase soluble protein yields. Importantly, contrary to
the usual assumption that the bacterial aggregates formed during protein production are totally
inactive, the presence of a fraction of molecules in a native-like structure in these assemblies
endorse them with a certain degree of biological activity, a property that is allowing the use of
bacteria as factories to produce new functional materials and catalysts.

The protein embedded in intracellular bacterial deposits might display different conforma-
tions, but they are usually enriched in beta-sheet-rich assemblies resembling the amyloid fibrils
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characteristic of several human neurodegenerative diseases. This makes bacterial cells simple,
but biologically relevant model systems to address the mechanisms behind amyloid formation
and the cellular impact of protein aggregates. Interestingly, bacteria also exploit the structural
principles behind amyloid formation for functional purposes such as adhesion or cytotoxicity.

In the present research topic we collect papers addressing all the issues mentioned above from
both the experimental and computational point of view.

Citation: Ventura, S., ed. (2016). Protein Solubility and Aggregation in Bacteria. Lausanne: Frontiers
Media. doi: 10.3389/978-2-88919-976-1
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The Editorial on the Research Topic
Protein Solubility and Aggregation in Bacteria

For many years, the aggregation of proteins and polypeptides remained a neglected area of protein
chemistry. It was only with the discovery that the insoluble deposits found in the organs and tissues
of patients suffering from different diseases were enriched in a single, but different polypeptide, that
the interest in understanding how and why these proteins aggregate arose (Fernandez-Busquets
et al., 2008). From that time on, the study of protein aggregation has evolved to become a key
research topic, whose implications span disciplines like biochemistry, biomedicine, biotechnology,
and nanotechnology.

The formation of insoluble protein aggregates is linked to more than 40 human diseases
(Invernizzi et al., 2012). In all these disorders, the aggregated proteins assemble into a common
p-sheet enriched supra-molecular structure, known as amyloid. A large number of higher
eukaryotic biochemical pathways, from DNA replication to protein degradation, have been
modeled first in prokaryotic organisms, providing important clues on the molecular basis of
pathology (Dwyer et al., 2012). Scientists have long known that, very often, the heterologous
expression of proteins in bacteria results in the accumulation of the target protein in insoluble
deposits. However, only recently a number of laboratories have dared to exploit this well-
characterized phenomenon to dissect the determinants of protein aggregation into amyloid
assemblies (Villar-Pique and Ventura, 2012). Bacteria posses an intracellular environment that,
while differing from that of eukaryotic cells, is physiologically more relevant than a test tube.
Accordingly, they constitute privileged model systems to understand the mechanisms behind
amyloid assembly and the cellular fitness cost associated with the formation of these aggregates
(Navarro et al., 2014), but also to screen for effective modulators of amyloid aggregation with
potential therapeutic applications (Villar-Piqué et al., 2012).

Protein aggregation constitutes a major bottleneck in the biotechnological production of protein
based therapeutics. Consequently, a large effort has been devoted to the development of orthogonal
strategies to increase soluble protein yields, including in vitro protein synthesis (Ventura, 2005).
Bacterial extracts have become a convenient means to produce recombinant proteins in vitro,
because they contain all the machinery required for protein synthesis. This technology has
rendered a significant volume of data on the behavior of proteins during their cell-free synthesis.
As illustrated by Tokmakov, these datasets can be exploited to derive the physicochemical
and structural properties associated with the solubility and aggregation of eukaryotic proteins
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Editorial: Protein Solubility and Aggregation in Bacteria

(Tokmakov). However, the cell is a very crowded environment
and during cell-free experiments the concentration of cellular
components is significantly diluted, questioning whether these
assays recapitulate intracellular conditions. To address this
question, the group of Taguchi has made an effort to synthetize
more than 100 proteins in a bacterial cell-free system, either in
the absence or in the presence of specific crowding agents. Their
results demonstrate that the impact of crowding on aggregation
is not generic, but protein-dependent (Niwa et al.).

Protein aggregates are not distributed homogeneously in the
cytoplasm of bacteria, instead, they are mainly located at one
or at the two poles of the organism. This localization has
important functional consequences, from regulating signaling
to protect the rest of the cell from misfolded species. In an
original study, Emberly and co-workers from Simon Fraser
University demonstrated that the localization of aggregating
proteins in bacteria depends on their expression rates. This
suggests that the localization of protein aggregates is constrained
by aggregation itself, but also by nucleoid occlusion (Scheu et al.).
When the accumulation of these polar aggregates results from
the recombinant protein expression, they are named inclusion
bodies (IBs). Despite they contain certain impurities, IBs are
usually highly enriched in the target polypeptide. This property,
together with their insolubility, allows for an easy purification of
the recombinant polypeptide. In many cases, the protein can be
recovered afterwards in its biologically active form upon in vitro
unfolding and subsequent refolding, as demonstrated by the
group of Panda for L-asparaginase (Upadhyay et al.).

Molecular chaperones, like trigger factor, the Dna KJE system
and GroEL/GroES survey the protein quality in the bacterial
cytosol. However, a dedicated mechanism is needed when
proteins should be targeted to the bacterial membrane. Genevaux
and co-workers from Université Paul Sabatier review the crucial
role played by multitasking Sec B chaperones in this complex
process (Sala et al.). Chaperones regulate proteostasis, but they
also may allow the apparition of novel beneficial phenotypes.
In this way, the Thomas Bentin’s group demonstrates how
GroEL/GroES over-expression increases cellular fitness and
expands the mutational space. These effects provide an
opportunity for bacteria to acquire tolerance, and even resistance,
to antibiotics (Goltermann et al.).

Accumulating evidence indicates that different organisms
exploit the special architecture of amyloid protein aggregates for
functional purposes (Otzen, 2010). Functional bacterial amyloids
constitute amazing macromolecular systems, where shifts in the
folding and solubility of the embedded proteins in response to
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Prions are a special class of amyloids, in which the aggregated
state becomes self-perpetuating. The prion phenomenon is best-
known by its association with encephalopathies in mammals,
but it also occurs in lower eukaryotic organisms, like yeast,
where it is exploited for functional purposes. The self-assembly
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Angarica et al., 2014), identified more than 2000 putative prion
candidates in bacterial proteomes (Iglesias et al.). A significant
number of these proteins are involved in DNA transcription
and protein translation, therefore, playing a crucial role in the
regulation of biochemical pathways. One outstanding example
of this type of proteins is the Rho terminator factor. Ventura
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Bacterial extracts are widely used to synthesize recombinant proteins. Vast data volumes
have been accumulated in cell-free expression databases, covering a whole range of exist-
ing proteins. It makes possible comprehensive bioinformatics analysis and identification of
multiple features associated with protein solubility and aggregation. In the present paper,
an approach to identify the multiple physicochemical and structural properties of amino acid
sequences associated with soluble expression of eukaryotic proteins in cell-free bacterial
extracts is presented. The method includes: (1) categorical assessment of expression data;
(2) calculation and prediction of multiple properties of expressed sequences; (3) correlation
of the individual properties with the expression scores; and (4) evaluation of statistical
significance of the observed correlations. Using this method, a number of significant
correlations between calculated and predicted properties of amino acid sequences and

e-mail: tokmak@phoenix.kobe-u.ac.jp

their propensity for soluble cell-free expression have been revealed.

Keywords: cell-free protein synthesis, protein solubility, physicochemical and structural protein properties,
categorical data analysis, correlation analysis

INTRODUCTION

Heterologous protein synthesis is widely used for production of
recombinant proteins. Particularly, eukaryotic proteins and their
domains are often expressed in bacterial hosts (Yokoyama, 2003;
Sorensen and Mortensen, 2005; Sivashanmugam et al., 2009; Chen,
2012). However, only a minor fraction of all proteins can be suc-
cessively produced in bacterial host systems. Presently, the factors
determining expression success in these systems are poorly under-
stood. Various physicochemical features of an amino acid sequence
have been implicated as determining factors of soluble protein
expression in bacteria (Bertone et al., 2001; Dyson et al., 2004; Goh
etal., 2004; Idicula-Thomas and Balaji, 2005).

Recently, cell-free systems of protein synthesis have been
developed that offer numerous advantages over cell-based expres-
sion (reviewed in Spirin, 2004; Katzen etal., 2005; He, 2008).
The cell-free systems allow genome-scale expression of various
amino acid sequences under strictly controlled uniform condi-
tions. The productivity of bacterial cell-free synthesis reaches
several milligrams of protein per milliliter of reaction mixture
(Kigawa etal., 1999). Most often, the purpose of heterologous
cell-free synthesis is to produce properly folded and func-
tionally active protein product in the amounts sufficient for
structural and functional studies. However, the folding of eukary-
otic proteins is greatly compromised in bacterial extracts due
to intrinsic differences between the cytoplasmic environments
of prokaryotic and eukaryotic cells. Moreover, many eukary-
otic proteins require multiple post-translational modifications
(PTMs) to attain a native, biologically active state. However,
the bacterial expression systems have only a limited capacity
for PTMs.

In the present paper, we describe an approach aimed at identi-
fication of numerous physicochemical, structural and functional
properties of amino acid sequences, including the sites of multiple
PTMs, associated with soluble expression of eukaryotic proteins
in bacterial cell-free extracts, and highlight major correlations
obtained using this approach.

METHOD

METHOD OVERVIEW

The developed method is intended for analysis of output from
an existing cell-free protein production pipeline. Thus, this paper
does not cover the experimental workflow of protein production.
It is described in detail in the previous publications (Yabuki et al.,
2007; Kigawa etal., 2008; Kurotani etal., 2010; Tokmakov etal.,
2012). Here, the focus is set on the processing of experimental
data with the purpose of identification of multiple physicochemi-
cal and structural properties associated with soluble expression of
eukaryotic proteins in cell-free bacterial extracts. Important for the
developed approach is that all the proteins in the analyzed dataset
are expressed under the same uniform set of conditions. This min-
imizes the influence of sequence-independent factors and makes
possible adequate categorical assessment of expression data (see
Categorical Assessment of Expression Data section). The affinity
purification tags should be avoided in the expressed sequences
because they hinder the analysis of expression correlations by
decreasing the role of sequence-specific determinants.

The main steps of the proposed method are summarized in
Figure 1. They include: (1) categorical assessment of the experi-
mental results of protein expression; (2) determination of multiple
physicochemical and structural properties of the expressed amino
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Expression of eukaryotic proteins in bacterial extracts

Cell-free
protein expression

Categorical evaluation
of expression data

Calculation and prediction
of multiple properties of
expressed sequences

Correlation of protein
properties with
expression scores

Evaluation of statistical
significance of the
observed correlations

FIGURE 1 | Workflow of the analysis. Main steps of the experimental
data processing are presented. Cell-free protein expression should be
performed under the same uniform set of conditions.

acid sequences using computational and predictive bioinformatics
tools; (3) correlation of the individual protein properties with the
experimental expression scores; and (4) evaluation of statistical
significance of the observed correlations. The developed approach
has been extensively used to analyze experimental expression of
human proteins and their domains in Escherichia coli bacterial
extracts (Kurotani etal., 2010; Tokmakov etal., 2012; see Results
and Discussion section). However, it can be universally applied to
any other cell-free system of heterologous protein synthesis. Each
step of the above protocol is detailed below.

CATEGORICAL ASSESSMENT OF EXPRESSION DATA

At the stage of expression assessment, all studied proteins are
classified into three mutually exclusive categories — soluble (A),
insoluble (C), and non-expressed (N) proteins (Figure 2). Each
sequence can only be placed into one expression category and
not into another. Soluble and insoluble products of protein syn-
thetic reaction can be separated by centrifugation at 10,000 x g
for 10 min and visualized by Coomassie Blue staining after SDS

Dataset of expressed
sequences

Soluble proteins
(score A)

Non-expressed
proteins (score N)

Insoluble proteins
(score C)

FIGURE 2 | Categorical evaluation of protein expression data. At this
stage, all expressed sequences are categorized into the three mutually
exclusive categories — soluble (A), insoluble (C), and non-expressed (N)
proteins.

PAGE. The scores A, C, and N are assigned as follows: A, solu-
ble proteins expressed at the level of more than 0.1 mg per ml of
cell-free extract; C, expressed, but insoluble proteins; and N, non-
expressed proteins with the expression level below 0.1 mg/ml. The
protein products expressed at the level below 0.1 mg/ml are diffi-
cult to visualize on the Coomassie-stained gels, because the specific
protein bands are masked by the endogenous proteins of the bac-
terial extract. Proteins that are expressed at a lower than expected
molecular size should be classified into the category N, as they
cannot attain proper structure and function. Notably, in this set-
ting, the score A provides the upper estimation of soluble protein
expression, because the procedure of centrifugation at 10,000 x g
cannot discriminate between small protein aggregates and truly
soluble proteins. Often, expressed proteins can be found in both
soluble and insoluble fractions of the bacterial extract. Lane-to-
lane comparison of total and supernatant fractions of the extractin
PAGE gels is usually sufficient to establish the preferential pattern
of protein expression.

CALCULATION AND PREDICTION OF MULTIPLE PROPERTIES OF
EXPRESSED SEQUENCES

In this step, multiple features of the amino acid sequences in
the expression dataset are calculated or predicted using existing
bioinformatics tools. Various protein properties can be classified
into the four major types, including physicochemical param-
eters, structural properties, the presence of specific sequence
motifs, and the presence of PTM sites (Figure 3). Many of the
physicochemical parameters, such as protein length, molecular
weight, amino acid composition, number of charged residues,
pL, hydrophobicity, etc., can be calculated using the free Prot-
Param tool available at the Expasy server!. On the other hand, it
is difficult to precisely calculate high-dimensional protein prop-
erties, because the 3D structures of expressed protein targets
are usually unknown. Still, it is possible to deduce some struc-
tural features of the proteins in the expression dataset using
existing prediction algorithms. Admittedly, some of these algo-
rithms have quite low prediction accuracy, not exceeding 80%.
The low accuracy of prediction thwarts the following correla-
tion analysis, making impossible detection of weak correlations.

Uhttp://www.expasy.org/tools/
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Dataset of expressed Correlations between
sequences expression scores and
multiple protein properties
Calculated Predicted sites of -
physicochemical post-translational Yes/ N° type - Cont_muous
parameters modifications variables Discrete variables
variables

Predicted structural
properties

Predicted specific
sequence motifs

FIGURE 3 | Calculated and predicted features of expressed sequences.
Various parameters and properties of the amino acid sequences in the
expression dataset can be classified into four major types. Protein features
are calculated or predicted using existing bioinformatics algorithms and
tools.

Solvent accessibility can be assessed with the ACCpro 4.0 soft-
ware downloaded from the SCRATCH Protein Predictor server
(Cheng etal., 20052) and content of secondary structure is evalu-
ated with the PREDATOR 2.1.2 tool (Frishman and Argos, 1997)
provided online®. Coiled coil structures are predicted with the
pepcoil tool provided online* (Lupas etal., 1991) and content of
disordered structure is predicted with the RONN software (Yang
etal., 2005%). The specific sequence motifs in proteins can also
be predicted using available bioinformatics tools. PEST regions,
signal sequences, and transmembrane domains are predicted with
the tools provided online®”>3. The sites of multiple PTMs, such
as phosphorylation, glycosylation, amidation, Asx hydroxylation,
sulfation, prenylation, etc., can be predicted using the PROSITE
scanning tool PS_SCAN available online at http://www.hpa-
bioinfotools.org.uk/cgi-bin/ps_scan/ps_scanCGL.pl. ~The sites
of ubiquitination and SUMOylation are predicted using
the site-specific predictors UbPred (Radivojac etal., 2010)
and SUMOsp 2.0 (Ren etal, 2009) freely download-
able for academic research from http://ubpred.org/ and
http://sumosp.biocuckoo.org/, respectively. The sites of S-
palmitoylation are predicted with the CSS-Palm tool (Ren
etal, 2008%) and S-S bonds can be predicted using the
DIpro tool (Cheng etal., 2006) downloadable free from
http://download.igb.uci.edu/intro.html.

CORRELATION OF THE INDIVIDUAL PROPERTIES WITH EXPRESSION
SCORES

The multiple protein properties calculated and predicted using the
above bioinformatics tools can be categorized into the three types,

Zhttp://scratch.proteomics.ics.uci.edu/explanation.html
3http://mobyle.pasteur.fr/cgi-bin/portal. py?#forms::predator
*http://emboss.sourceforge.net/apps/cvs/emboss/apps/pepcoil.html
Shttp://www.strubi.ox.ac.uk/RONN
Chttp://emboss.bioinformatics.nl/cgi-bin/emboss/pestfind
7http://www.cbs.dtu.dk/services/SignalP/
8http://harrier.nagahama-i-bio.ac.jp/sosui/
“http://csspalm.biocuckoo.org

Bar graphs of A, C,
N expression
scores for Yes and
No subsets

Plotsof A,C, N
scores at different
values of a discrete

Smoothed plots of
A, C, N scores at
different values of a
continuous variable

variable

FIGURE 4 | Correlation of expression scores with multiple protein
features. Processing and presentation of correlation data depends on the
type of analyzed features (variables). The three types of the features
processed by this analysis include yes/no, discrete, and continuous
variables.

including yes/no, discrete, and continuous variables (Figure 4).
Data processing and presentation differs for the three types of vari-
ables. The yes/no type variables, such as single-event PTMs, are
the features that can be either present in or absent from proteins.
To present the expression data associated with these variables, the
bar graphs can be built, which show the ratio of proteins in the
expression categories A, C, and N. The graphs should represent
two subsets of proteins, excluding and including the analyzed
feature. Total number of sequences in the two subsets should
be defined. Using these graphs, it is easy to make a side-by-
side comparison of the data for the two subsets and deduce the
tendencies in protein expression amenability associated with the
analyzed feature. To present the expression correlations associated
with the discrete variables related to the protein futures repeatedly
observed in the analyzed sequences, such as abundant multi-site
PTMs, another type of data presentation is more convenient. In
this case, the percentage of proteins in the expression categories
A, C, and N is plotted at different values of analyzed parameter,
covering the entire parameter range in the dataset. In addition,
the distribution of dataset proteins according to parameter values
should be presented. The distribution graphs provide impor-
tant information concerning the abundance of studied protein
features in the analyzed dataset. The processing of data associ-
ated with continuous variables, such as sequence hydrophobicity,
solvent accessibility, content of intrinsic disorder, etc., is sim-
ilar to that described for discrete variables. The graphs of A,
C, and N scores, as well as the distribution graphs should be
provided in the full range of continuous feature values. Curve
smoothing is recommended to straighten the graphs obtained
with continuous variables. It can be performed using the Excel
chart smoothing algorithm. The examples of data presentation
for the three types of variables associated with different protein
properties are provided in our recent publication (Tokmakov et al.,
2014).
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STATISTICAL SIGNIFICANCE OF THE OBSERVED CORRELATIONS

The expression data processed by the proposed method rep-
resent categorical datasets, where all expressed sequences are
classified into three categories — soluble (A), insoluble (C), and
non-expressed targets (Figure 2). Thus, to evaluate the statistical
significance of the observed correlations between the multiple pro-
tein features and protein amenability to cell-free expression, the
categorical data analysis should be applied (Xu etal., 2010). The
estimation of statistical significance should be provided for each
expression category (A, C, and N). In addition, multiple protein
properties are also categorized into the three types, such as yes/no,
discrete, and continuous variables (Figure 4). Evaluation of statis-
tical significance differs for the three types of variables. To deduce
the statistical differences associated with yes/no type variables, the
two-way contingency table test can be applied (Figure 5). The
Fisher’s exact p-values can be computed using the tool provided
on line at http://statpages.org/ctab2x2.html. Usually, a confidence
level of 95% is set up as the null hypothesis rejection threshold.
To evaluate the statistical significance of expression correlations
associated with the discrete variables, which have a finite number
of possible values, as well as the continuous variables, Pearson’s
pairwise correlation coefficients should be calculated (Figure 5).
The percentage of proteins in the expression categories A, C, and
N should be paired with the values of the analyzed variable in the
full range of variable values observed in the dataset. Statistical sig-
nificance of the correlation coefficients is validated by calculating
one-tailed probability values, given the value of correlation coef-
ficient (r) and the sample size (1), with the significance level set
to 0.05. Calculations of both correlation coefficients and p-values
can be performed using the online statistics calculators available
at http://www.danielsoper.com/statcalc3/. As a general comment,
it should be noted that the confidence level of categorical data
analysis increases greatly with the number of sequences in the
expression datasets (Norman and Streiner, 2000).

Observed correlations

Discrete
variables

Continuous
variables

Yes/No type
variables

Pairwise correlation
coefficients

Pairwise correlation
coefficients

2x2 contingency
table analysis

P-values

FIGURE 5 | Evaluation of statistical significance of the observed
correlations. Method for statistical evaluation of correlation data is chosen
according to the type of analyzed protein features (variables). The three
types of the features processed by this analysis include yes/no, discrete,
and continuous variables.

RESULTS AND DISCUSSION
Using the developed method, expression of 3066 human pro-
teins and their domains in a cell-free bacterial system has been
analyzed. It was found that the rate of soluble expression (score
A) in the investigated dataset constituted 25.7% (Kurotani etal.,
2010). This value should be considered as a benchmark, as the
similar success rate has been reported for a different subset of
human proteins expressed in E. coli (Ding etal., 2002). Further-
more, a number of statistically significant correlations between
calculated and predicted properties of amino acid sequences and
their amenability to bacterial cell-free expression have been iden-
tified using the developed approach. The most influential features
that affect protein amenability to cell-free expression are listed in
Table 1.

Notably, some of these features, such as protein pI, hydropho-
bicity, presence of localization signals, etc., are mostly related
to protein solubility, whereas the others, such as protein length,

Table 1| Correlations of cell-free protein expression with calculated
and predicted properties of amino acid sequences.

Expression property Soluble Insoluble Undetectable
Length - ND +
pl + + ND
Charge + + -
Hydrophobicity - + ND
Solvent accessibility + - +
Secondary structure + -
Intrinsic disorder + -

Protein domains - -

S-S bonds - +

Coiled coll + — _
Transmembrane seqs - - +
Localization signals - + ND
PEST regions + - +
Prenylation + ND ND
Phosphorylation + - -
Asn glycosylation N + ND
Palmitoylation - + +
Ubiquitination + - ND
SUMOylation + - +
Amidation ND ND ND
Asx hydroxylation ND ND ND
Sulfation ND ND ND

The signs (+) and (—) indicate positive and negative correlations, respectively; (+)
refers to the opposite tendencies of expression estimates at different values of
calculated parameters; and ND denotes the lack of correlation.
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charge, solvent accessibility, presence of S-S bonds, transmem-
brane sequences, PEST regions, etc., also affect the overall
expression propensity. The presence of some specific sequence
motifs was found to be one of the most discriminative param-
eters for expression propensity. The correlations revealed can
be of practical use for protein engineering with the aim of
increasing expression success. The rationales for these correla-
tions are discussed in detail in the published paper (Kurotani et al.,
2010).

In addition, it was found that amenability of human polypep-
tide sequences to bacterial cell-free expression correlates with the
presence of multiple PTM sites bioinformatically predicted in
these sequences (Tokmakov etal., 2012; Table 1). Surprisingly,
the presence of predicted sites for several PTMs, such as ubig-
uitination, SUMOylation, etc. (Table 1), was associated with
increased production of properly folded soluble protein. How-
ever, no SUMOylation and ubiquitination machineries are known
to exist in bacteria, suggesting that the presence of these PTM
sites in amino acid sequences is related to intrinsically better
protein solubility even in the absence of the modifications. It
was hypothesized that physicochemical and/or structural char-
acteristics of the modification sites themselves convey the better
solubility (Tokmakov etal., 2012). Altogether, these findings indi-
cate that identification of potential PTM sites in polypeptide
sequences can be of practical use for predicting expression suc-
cess and optimizing heterologous protein synthesis. Currently,
a discriminant-based machine-learning algorithm that utilizes
multiple features of amino acid sequences to predict the suc-
cess rate of heterologous protein synthesis is being developed
based on the reported findings. The algorithm will provide
a basis for the internet-based tool for predicting amenability
of eukaryotic proteins to cell-free expression in a prokaryotic
system.
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Proteins must fold into their native structures in the crowded cellular environment, to
perform their functions. Although such macromolecular crowding has been considered
to affect the folding properties of proteins, large-scale experimental data have so far
been lacking. Here, we individually translated 142 Escherichia coli cytoplasmic proteins
using a reconstituted cell-free translation system in the presence of macromolecular
crowding reagents (MCRs), Ficoll 70 or dextran 70, and evaluated the aggregation
propensities of 142 proteins. The results showed that the MCR effects varied depending
on the proteins, although the degree of these effects was modest. Statistical analyses
suggested that structural parameters were involved in the effects of the MCRs. Our
dataset provides a valuable resource to understand protein folding and aggregation
inside cells.

Keywords: protein aggregation, protein folding, cell-free translation system, macromolecular crowding, large-
scale analysis

Most proteins must properly fold into their native tertiary structures, defined by the primary amino
acid sequences, to perform their functions (Anfinsen, 1973; Dobson, 2003). However, protein
folding is a highly complicated physicochemical process, and many proteins require the aid of
molecular chaperones to fold into their correct structures, both in vitro and in vivo (Tyedmers
et al,, 2010; Hartl et al,, 2011). Misfolded proteins often form protein aggregates, which leads
to the loss of protein function and sometimes cause toxic effects in the cells (Tyedmers et al.,
2010).

To clarify the principles of the protein aggregation and the properties associated with it, we
conducted a comprehensive analysis of protein aggregation under the completely chaperone-free
condition by using a Escherichia coli reconstituted cell-free translation system (Niwa et al., 2009).
In this analysis, thousands of bacterial proteins were expressed separately, and their aggregation
propensities were evaluated by using a centrifugation-based method. Statistical analyses revealed
significant insights concerning protein aggregation (Niwa et al., 2009).

In the previous analysis, the aggregation propensity was evaluated in a diluted solution, in which
the protein concentration was at most 1-2 mg/mL (Shimizu et al., 2001, 2005; Niwa et al., 2009).
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However, the intracellular environment is much more crowded
with macromolecules such as proteins and nucleic acids, and such
an environment has been thought to affect the protein folding
properties and the aggregation propensity (Zhou et al., 2008;
Zhou, 2013). The effect of macromolecular crowding on protein
folding and aggregation has been studied extensively, from both
theoretical and experimental viewpoints, for decades (Zhou et al.,
2008; Elcock, 2010; Gershenson and Gierasch, 2011; Zhou, 2013),
and some studies suggested that the macromolecular crowding
effects increase the intermolecular interactions mainly by its
excluded volume effect, and hence facilitate the aggregation of
some proteins (van den Berg et al., 1999; Munishkina et al,
2004). In contrast, other studies predicted that the crowding
effects increase the stability of the native state and tend to
bias proteins toward the native structure, although the effect
on the stability was suggested to be modest (Cheung et al,
2005; Christiansen et al., 2010; Hong and Gierasch, 2010; Mittal
and Best, 2010; Wang et al., 2010; Gershenson and Gierasch,
2011). However, in either case, these studies were limited to
the experiments with a small number of model substrates or
theoretical approaches.

To gain insight into the effects of macromolecular crowding
on protein folding and aggregation and confirm these theories,
we performed a large-scale analysis of the macromolecular
crowding effects with a variety of proteins, by attempting
the “in vitro proteome” approach reported previously (Niwa
et al., 2009, 2012. By using a reconstituted cell-free translation
system (Shimizu et al, 2001, 2005), we can easily evaluate
the macromolecular crowding effects during the translation
reaction for various kinds of proteins. In this analysis, we
chose two macromolecular crowding reagents (MCRs), Ficoll
70, and dextran 70, because both two MCRs are hydrophilic
polysaccharide and expected to have low interaction in
specific amino acid side chains. Hence, the effects of these
two MCRs can be thought to be mainly attributed to its
excluded volume effect without any significant inhibition of
expression reactions by the cell-free translation system (Zhou
et al, 2008). In fact, we tried to use polyethylene glycol
(PEG) 3350 as another MCR, but we could not evaluate
its effect because the presence of PEG 3350 almost entirely
abolished the protein expression by the cell-free translation
system.

The method for the evaluation followed the previous
comprehensive analyses of protein aggregation (see Materials
and Methods). The measurement error of the solubility in the
presence of the MCRs was about 10%, which is nearly equal to
that in the absence of MCRs, as reported previously (Niwa et al.,
2009).

We performed this experiment for 150 E. coli proteins
under three conditions: no addition of MCRs, Ficoll-added, and
dextran-added conditions. These 150 proteins were chosen at
random among the proteins that were annotated as cytoplasmic
proteins and whose aggregation propensities were evaluated
in the previous comprehensive analysis (Niwa et al., 2009).
Among the tested proteins, 142 proteins were quantified
under the three conditions. All obtained data are shown in
Supplementary Table S1 in the dataset, which is available at

figshare repository'. The distributions of the solubilities under
the Ficoll- and dextran-added conditions were similar to that
in the absence of MCRs (Figure 1A). This result suggested
that Ficoll and dextran do not exert strong effects on the
overall aggregation propensity. However, the distribution of
the solubility changes under the dextran-added conditions was
slightly biased toward a higher level, suggesting that dextran
tends to act to prevent protein aggregation (Figure 1B).
Furthermore, the solubility changes by Ficoll or dextran were
widely distributed between —50 and +50%, suggesting that the
MCRs could act both positively and negatively on aggregate
formation. In other words, the degree or direction of the effect
of the MCRs on the aggregation propensity depends on the
properties of the proteins. Moreover, the solubility changes
by Ficoll correlated well with those by dextran (Figure 1C),
indicating the similar effects of the two MCRs on the aggregation
propensity.

As expected, the addition of both two MCRs did not cause
drastic changes in the synthetic yield of the cell-free translation
system. Furthermore, the change of the synthetic yield did
not show a significant correlation with the solubility changes,
suggesting that the effects of the changes in the synthetic yield
on the solubility changes by the MCRs were small.

To determine which properties were related to the effects of
the MCRs, we compared the solubility changes by MCRs and
the physicochemical properties, such as molecular weight and
isoelectric point. Although the molecular weight did not correlate
with the solubility change, the solubility change by dextran
positively correlated with the isoelectric point (Figure 2A).
Moreover, the net charge, calculated by the number of charged
amino acid residues, also correlated with the solubility change by
dextran. These results suggested that dextran tends to act as an
aggregation inhibitor for positively charged proteins. Concerning
the properties derived from the primary sequence, we compared
the solubility changes with the content ratios of the four amino
acid groups, classified according to their properties. However,
no obvious correlation was observed in the ratio of negatively
charged (Asp and Glu), positively charged (Lys, Arg, and His),
aromatic (Phe, Tyr, and Trp), or hydrophobic (Val, Leu, and Ile)
amino acids.

Most proteins adopt a unique tertiary structure defined by
the amino acid sequence, and a wide variety of structures exist.
To compare the structural properties of proteins with the effects
of the MCRs, we used the structural classification of proteins
(SCOP) database (Murzin et al., 1995). As reported previously,
the SCOP fold seems to have a formidable influence on the
aggregation propensity, and proteins with specific folds have
a strong tendency to form aggregates (Niwa et al., 2009). We
then extracted the proteins with aggregation-prone folds, and
investigated the distribution of their solubility changes by the
MCRs. All annotations of the SCOP folds for tested proteins
are listed in Supplementary Table S2 in the dataset!, and the
aggregation-prone folds in the previous report (Niwa et al., 2009)
were as follows; c37: P-loop containing nucleoside triphosphate
hydrolases, a4: DNA/RNA-binding 3-helical bundle, cl: TIM

'http://dx.doi.org/10.6084/m9.figshare.1495333
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FIGURE 1 | Solubility distributions in the presence of macromolecular crowding reagents (MCRs) and the solubility changes by MCRs. (A) Distribution
of the solubilities in the absence and the presence of Ficoll 70 or dextran 70. (B) Distribution of the solubility changes by Ficoll 70 or dextran 70. The solubility change
was defined by subtracting the solubility in the absence of MCRs from the solubility in the presence of MCRs. (C) Scatter plot of the solubility changes by Ficoll 70
and dextran 70. The Pearson’s correlation coefficient was 0.54 (*p < 0.05).

p/a-barrel, ¢3: FAD/NAD(P)-binding domain, ¢55: Ribonuclease
H-like motif, and c94: Periplasmic binding protein-like II. The
histograms of the solubility changes for the proteins with the
aggregation-prone folds revealed strong biases toward lower
solubility, indicating that the MCRs tended to enhance the
aggregate formation of these proteins (Figure 2B).

To compare further structural features, we constructed
structural models for 41 proteins, by using a template-based
modeling method. The structural templates used for the
modeling are listed in Supplementary Table S3 in the dataset’.
Comparisons of the radius of gyration and the surface area of the
amino acid main chains showed that both parameters positively
correlated with the solubility change by dextran (Figures 2C,D).
In addition, we compared the solubility change by the MCRs
and the relative contact order, which is considered to be
related to protein folding (Plaxco et al, 1998). Although the
contact order negatively correlated with the solubility change
by dextran, the correlation between them was not statistically
significant.

The data obtained from this study suggested that the
macromolecular crowding effect enhances aggregate formation
for some proteins and prevents it for others. Previous
experimental and theoretical studies suggested that the
macromolecular crowding effects are often quite complicated,
and particularly difficult to understand quantitatively (Zhou
et al., 2008; Elcock, 2010; Zhou, 2013). The results obtained here

Zhttp://dx.doi.org/10.6084/m9.figshare.1495333

seem to reflect this complexity of the macromolecular crowding
effects on protein folding and aggregation. In addition, some
studies suggested that the effect of macromolecular crowding
on protein folding is modest (Zhou et al., 2008; Mittal and Best,
2010; Zhou, 2013). Our data seem to be in agreement with
these ideas, because the effects of macromolecular crowding
were not strong, in comparison with the influences of molecular
chaperones reported previously (Figure 1A; Niwa et al,
2012). Although our statistical analyses gave some insights for
understanding the macromolecular crowding effects as described
above, their influences on protein folding and aggregation are
quite complicated and further detailed analysis are needed. Our
dataset obtained from the “in vitro proteome” approach has great
potential, as a valuable dataset that will contribute to further
understanding of the effects of macromolecular crowding and
protein folding inside cells.

MATERIALS AND METHODS

Method for the Evaluation of the
Aggregation Propensity

The method for the evaluation of the aggregation propensity
followed those used in previous comprehensive analysis (Niwa
et al., 2009). The template DNA for expression by the cell-free

translation system was amplified from an E. coli ORF library
[ASKA library (Kitagawa et al., 2005; Riley et al., 2006)] by PCR,

Frontiers in Microbiology | www.frontiersin.org

October 2015 | Volume 6 | Article 1113 | 17


http://dx.doi.org/10.6084/m9.figshare.1495333
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Niwa et al. Large-scale analysis of crowding effects
A C
Ficoll Dextran
3 - 8 o
g g g o O N
z z z 4 5 % £ P
£ H 3 o S 3 QO o
S ] 2 o CgR 0 | S o g o
° 2 =4 [ @ Og © °5
] 2 2 _o 000% o oo < é)% o
< = = o o g ogP o
: g g q° 5 1 o
- r=0.04 2 g r=0.05 S g | r=0.32
T T T T T f T T T 1 T 1 T 1 1
4 12 20 40 20 40
Isoelectric Point Isoelectric Point Radius of Gyration (A) Radius of Gyration (A)
B D .
Ficoll Dextran
Ficoll Dextran
8 ~ 8 o
o 0 0 & g - 9\; - ) 8
g E’ z ° 0@ £ _oo o o. O
<] <] 3 o © 3 E o 8:8° o
a a S o _lo - %% ¢ S
kS S 3 <5 5 @ ‘2 o"o% o)
bt ' 2 o N
3 17587 o & Jesder
> O 2 O . 3 ] ©
Z o R e s g r=0.06 0 o | r=0.32*
-60 0 60 -60 0 60 [ T —— T N N
A Solubility (%) A Solubility (%) 500 3000 500 3000
Surface area (A?) Surface area (A?)
FIGURE 2 | Comparison between the solubility change by MCRs and the properties relevant to the primary amino acid sequences and structural
features. (A) Comparison between the calculated isoelectric point and the solubility change by Ficoll 70 and dextran 70. The Pearson’s correlation coefficients were
0.04 (p = 0.65) for Ficoll 70 and 0.18 (*p < 0.05) for dextran 70. (B) Distribution of the solubility changes by MCRs among the proteins with aggregation-prone
SCOP folds, observed in the previous report. The SCOP folds were annotated with the SUPERFAMILY database. The number of the proteins with aggregation-prone
SCOP folds was 28. (C) Scatter plot of the radius of gyration and the solubility changes by MCRs. The Pearson’s correlation coefficients were 0.05 (p = 0.76) for
Ficoll 70 and 0.32 (*p < 0.05) for dextran 70. (D) Scatter plot of the main chain surface area and the solubility changes by MCRs. The Pearson’s correlation
coefficients were 0.06 (p = 0.71) for Ficoll 70 and 0.32 (*p < 0.05) for dextran 70.

as described previously (Niwa et al., 2009). The transcription-
translation-coupled expression was conducted by a reconstituted
cell-free translation system [PURE system (Shimizu et al., 2001,
2005)] at 37°C for 1 h. For detection, L-[>*S]-methionine was
added to the PURE system. Ficoll 70 (GE Healthcare) or dextran
70 (Sigma-Aldrich) was also included at the concentration of
80 mg/ml in the reaction, to evaluate the effects of MCRs. After
the expression, an aliquot was withdrawn as the total fraction,
and the remainder was centrifuged at 20,000 x g for 30 min. The
total and supernatant fractions were separated by SDS-PAGE,
and the band intensities were quantified by autoradiography
(FLA7000 image analyzer and Multi Gauge software, Fujifilm).
The ratio of the supernatant to the total protein was defined
as the solubility, as referred to as the index of aggregation
propensity.

Data Analysis

The molecular weight, amino acid content, and net charge
were calculated from the amino acid sequences obtained
from GenoBase® (Kitagawa et al., 2005; Riley et al, 2006).
Estimation of pI values was conducted with a web tool*
(Sillero and Maldonado, 2006). The SCOP (Murzin et al.,
1995) classification was obtained from the dataset distributed

3http://ecoli.naist.jp/GB/
“http://isoelectric.ovh.org/

by GenoBase. The SCOP fold annotation in GenoBase was
based on the SUPERFAMILY database (Madera et al., 2004).
The SCOP folds annotated as aggregation-prone folds were
as follows; ¢37: P-loop containing nucleoside triphosphate
hydrolases, a4: DNA/RNA-binding 3-helical bundle, cl: TIM
p/a-barrel, ¢3: FAD/NAD(P)-binding domain, ¢55: Ribonuclease
H-like motif, and c94: Periplasmic binding protein-like II
(Niwa et al., 2009). The modeled structures were obtained
from the database by Zhangs group® or modeled by the
MODELER program® (Eswar et al., 2006). Among the 41
modeled structures, 28 were selected from Zhang’s database with
the following criteria: >80% template identity, >80% template
coverage, and >0.7 TM-score to the template. The remaining
13 structures were modeled by MODELER with the template
PDBs determined by a PSI-BLAST search with the following
criteria: >80% template identity and >80% template coverage.
The radius of gyration and the relative contact order were
calculated by using in-house developed scripts. Surface area
was calculated with the NACCESS software’ (Hubbard and
Thornton, 1993). All statistical tests were conducted with the R
software®.

5http:// zhanglab.ccmb.med.umich.edu/QUARK/ecoli2/
Chttps://salilab.org/modeller/
"http://www.bioinf.manchester.ac.uk/naccess/
8http://www.r-project.org/
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Localization of aggregating proteins in bacteria depends on
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Many proteins are observed to localize to specific subcellular regions within bacteria.
Recent experiments have shown that proteins that have self-interactions that lead them to
aggregate tend to localize to the poles. Theoretical modeling of the localization of aggre-
gating protein within bacterial cell geometries shows that aggregates can spontaneously
localize to the pole due to nucleoid occlusion. The resulting polar localization, whether
it be to a single pole or to both was shown to depend on the rate of protein addition.
Motivated by these predictions we selected a set of genes from Escherichia coli, whose
protein products have been reported to localize when tagged with green fluorescent protein
(GFP), and explored the dynamics of their localization. We induced protein expression from
each gene at different rates and found that in all cases unipolar patterning is favored at
low rates of expression whereas bipolar is favored at higher rates of expression. Our
findings are consistent with the predictions of the model, suggesting that localization may
be due to aggregation plus nucleoid occlusion. When we expressed GFP by itself under the
same conditions, no localization was observed. These experiments highlight the potential
importance of protein aggregation, nucleoid occlusion and rate of protein expression in
driving polar localization of functional proteins in bacteria.

Keywords: polar localization, protein aggregate, protein induction, nucleoid occlusion, GFP labeled

INTRODUCTION

Many proteins are observed to localize within bacterial cells. Pat-
terns range from forming ordered groupings of receptors on the
cell membrane (Greenfield etal., 2009), to spatial waves (Hu and
Lutkenhaus, 1999; Raskin and de Boer, 1999; Loose et al., 2008) to
highlylocalized patterns at either one or both poles (Bowman et al.,
2008; Ebersbach et al., 2008; Ramamurthi and Losick, 2009). Such
localization has been shown in many cases to play an important
role in function, whether in detecting extracellular signals (Alley
etal., 1992), to guiding the dynamics of chromosome segregation
(Bowman et al., 2008).

A number of these localization patterns have been shown to
arise due to specific interactions of the protein with the bac-
terial membrane (Alley etal.,, 1992; Raskin and de Boer, 1999;
Ramamurthi and Losick, 2009). Some of these membrane associ-
ated proteins are able to localize to regions of specific curvature
through lipid mediated interactions (Ramamurthi and Losick,
2009). However some localization has been shown to arise purely
within the cytoplasm, without any specific requirements for
interactions with the membrane. Indeed some polar localized
proteins have been shown to be driven to the poles through
their aggregation and occlusion from the central portion of the
cell by the nucleoid (Bowman etal., 2008; Ebersbach etal., 2008;
Maisonneuve et al., 2008; Winkler et al., 2010). Some of these are
functional proteins, such as PopZ that acts as a polar scaffold
for many proteins in Caulobacter crescentus (Bowman etal., 2008;
Ebersbach etal., 2008). But other aggregating proteins, such as
those that are misfolded have also shown such localization through
the formation of inclusion bodies (Maisonneuve etal., 2008; de

Groot et al., 2009; Winkler et al., 2010; Garcia-Fruitos et al., 2011).
Recent theoretical (Saberi and Emberly, 2010, 2013; Winkler et al.,
2010) and experimental (Bowman etal., 2008; Ebersbach etal.,
2008; Winkler et al., 2010; Laloux and Jacobs-Wagner, 2013) work
supports the hypothesis that the nucleoid can force aggregating
structures within the cell to the poles. Additional levels of control,
such as coupling to cell cycle associated spatial oscillations (Laloux
and Jacobs-Wagner, 2013) or expression from genes that are spa-
tially localized (Montero Llopis etal., 2010; Kuhlman and Cox,
2012) can further aid the nucleoid driven mechanism. Modeling
efforts (Saberi and Emberly, 2013) highlight that the nature of the
localization of the aggregate depends strongly on how fast protein
is added to the cell, with slow rates leading just to a single polar
aggregate whereas faster rates support multiple aggregates at both
poles (see Figure 1).

A survey of the patterns of all fluorescently tagged enzymes in
the Escherichia coli genome (Kitagawa etal., 2005) found that a
number display either unipolar or bipolar patterning (222 polar
localized). In this library (ASKA+), each strain has a high copy
number plasmid containing an E. coli gene tagged with green flu-
orescent protein (GFP) whose expression is controlled by the lac
promoter. The reported patterns were generated by expressing
each strain with the same level of inducer, in this case IPTG. Could
the polar localization of these proteins be the result of sequence
specific localization cues, or potentially due to aggregation and
nucleoid occlusion as well? The latter is predicted to lead to a strong
rate of expression dependence on the resulting polar pattern. To
explore whether aggregation plus nucleoid occlusion could be the
mechanism behind a portion of the polar localization observed in
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FIGURE 1 | Possible patterns of localization of aggregates in
Escherichia coli. (A) Schematics of the various patterns of aggregating
proteins inside a bacterial volume, from diffuse to unipolar to bipolar to
multispot. (B) Representative images of GFP-tagged protein showing the
corresponding localization pattern as depicted in (A). (C) Localization of
GFP-tagged protein in filamentous cells.

E. coli, we tested whether we could alter the observed patterns in a
manner consistent with the predictions of theory by simply chang-
ing the rate of expression of protein (Saberi and Emberly, 2013).
To do this we started by selecting five, otherwise arbitrary, globu-
lar proteins that have no transmembrane domain and that showed
some form of polar localization in the initial screen of the ASKA+
library. For each strain we then imaged the formation of localiza-
tion patterns of the GFP-tagged protein in time at various levels of
induction. The model predicts that the localization should depend
strongly on how fast the protein is added. If, however, localization
is specific to particular cellular locations due to sequence, then
the rate of addition should not affect localization significantly; the
localization should appear once the concentration crosses some
threshold for the specific binding, which does not depend on rate.
From our experimental analysis, we find that for each strain tested,
the observed localization is indeed rate dependent that is at least
consistent with the predictions of the model based on aggregation
with nucleoid occlusion.

MATERIALS AND METHODS

SAMPLE PREPARATION

Five samples of E. coli K-12, strain AG1 [recAl endA1 gyrA96 thi-1
hsdR17 (rK— mK+) supE44 relAl], that have different plasmids
inserted in them were obtained from the NBRP-E. coli at NIG
ASKA+ Library (Kitagawa etal., 2005). The plasmids contained
a lac promoter and one of the genes found in E. coli tagged with
GFP (Aem: 509 nm, Aex: 395 nm). The different E. coli cells will be

referred to by the name of the gene on their plasmid (glnQ, pykA,
cys], aceA, and pfkA). Cells were grown at 37°C for 17 h in Luria-
Bertani (LB) medium [1% Bio Tryptone (Bioshop), 0.5% yeast
extract (EMD), 1% NacCl] containing 14 pg/ml Chlorampheni-
col (BDH Chemicals) for selection. The cells were then diluted
1:50 and grown for 3 h to be well into log phase. Isopropyl 8 D
thiogalactoside (IPTG) was then used in varying concentrations
(0.025, 0.05, 0.075, 0.1, and 0.25 mM) to induce expression of the
cloned gene.

FLUORESCENT MICROSCOPY AND IMAGE ANALYSIS

After induction, bright field and fluorescent microscopy were per-
formed (Zeiss Axioskop with Photometrics CF) for 2 h in 15 min
intervals. About 60 cells were photographed at each time step.
Afterward the GFP intensities of imaged cells were quantified and
the resulting pattern was classified by eye as either non-fluorescing,
diffuse, unipolar, bipolar, or multi-spotted (see Figure 1B and
Figures S1-S3). Bipolar patterns clearly show a circular GFP spot
at each pole (see Figure S1B), whereas at low expression rates some
diffuse patterns show some increased crescent shaped GFP fluo-
rescence at both poles that is easily distinguishable from a bipolar
pattern based on both spatial and significant intensity differences
(see Figure S1B and Figure S2). Filamentous E. coli cells were not
included in the count. Cells that appeared in the fluorescent image
but not the bright field image were also not included in the clas-
sification of patterning. At each time point the fraction of each
localization pattern within the total number of characterized cells
was evaluated.

RESULTS

Our model for polar localization argues that protein aggregation
along with nucleoid occlusion can cause an aggregate to form at
one or both poles depending on how fast the aggregating protein
is added to the cell (Saberi and Emberly, 2013). Motivated by this
model, we explored whether it may be at work in the patterning
of polar localizing tagged proteins in the ASKA+ E. coli library
(Kitagawa etal., 2005). We selected five genes (glnQ, pykA, cys],
aceA, and pfkA) from this library whose proteins showed polar
localization to see if we could alter their localization patterns by
changing the rate of addition. The proteins were selected because
they were globular, had no transmembrane domain and showed
polar localization in the reported images in the initial screen of the
ASKA+ library.

Since each strain could potentially possess different numbers
of plasmids and therefore express protein at different rates under
otherwise identical conditions, we chose to grow up each strain
at several induction levels. (In Figure S3 we show the increase of
GFP intensity with time at different levels of induction, showing
how higher amounts of IPTG lead to higher expression rates). This
would allow us to make correspondences between the strains in
terms of expression rates. Each strain was grown up on six different
levels of IPTG (0.025, 0.05, 0.075, 0.1, and 0.25 mM) leading to a
different rates of expression for each GFP tagged protein. The cells
were then imaged every 15 min, with the patterns of each imaged
cell recorded into one of four patterns (see Figures S1, S2): diffuse,
unipolar, bipolar, and multi-spot (see Figure 1B, Figure S1A). For
each strain, GFP starts to come on 20 min after induction, and
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so we have very few fluorescing cells at the earliest time points,
making it a challenge to fully characterize the nature of the pattern
at times less than 30 min. Only one of the five strains, cys/, showed
considerably lower levels of GFP induction, and hence less cells
to characterize for patterning and was left out of the analysis that
follows.

The model predicts that at slow rates of addition, only one polar
aggregate should form, since all added protein will have time to
diffuse and eventually get captured by the growing aggregate. This
is shown in Figure 2B, which plots how the pattern changes as pro-
tein is added to the cell in time at a given rate of expression. At low
rates, as time progresses and the amount of protein fp, increases in
the cell, the pattern transitions from being predominantly diffuse
(red) to unipolar (green). At higher rates of expression, as more
and more protein is added to the cell the pattern goes from being
diffuse to a brief period of being unipolar and finally to bipolar
(dark blue). The localization behavior at both low and high rates
of expression can be understood in terms of a diffusion-to-capture
model that has been used to explain receptor localization on the
bacterial membrane (Wang etal., 2008; Greenfield etal., 2009),
except here in the context of the cytoplasm (see Figure 2A). At low
rates of addition added proteins have enough time to be captured
by a lone aggregate before the next protein is added, causing it to
continue to grow. At faster rates, diffusing proteins do not have
time to cover the full length of the cell and eventually reach den-
sities that are sufficient to start a new aggregate. It is entropically
and energetically favorable for aggregates to migrate to the poles
due to the entropic force exerted on them by the presence of the
bacterial nucleoid and the ability to grow to larger sizes in the polar
regions where there is less DNA.

For each strain we could find a concentration of IPTG that lead
to arate of expression of the GFP tagged protein such that unipolar
patterning dominates the population at later times (see Figure S4).
At early time points the pattern is diffuse and transitions to being
predominantly unipolar ~80% at the final time point. At these low
induction concentrations, some bipolar patterning exists, but at
very low levels in all strains. For the strain expressing Cys], similar
behavior was observed, though the statistics are based on only a
few fluorescing cells (data not shown).

As the rate of addition of protein is increased by increasing the
concentration of IPTG, the model predicts that patterning should
move from being predominantly unipolar to that of bipolar (or
possibly multi-spot) as (see Figure 2B at the higher rates). This
should occur at a rate that goes as r ~ D/L? where D is the
diffusion coefficient of the soluble protein and L is the length of
the bacterial cell. [For GFP in E. coli, D = 7.7 pm?/s (Elowitz et al.,
1999) and L = 2-3 pm, so r = 0.9-2 GFP/s as an upper estimate].
At rates faster than this, the pattern transitions from unipolar to
bipolar since another aggregate can form in the cell, moving to
the other pole. To test whether this would happen in the chosen
set of GFP-tagged proteins, we grew up each strain in increasingly
higher levels of IPTG. For each strain we found that at a particular
higher level of IPTG, and hence a faster rate of addition (see Figure
S3), bipolar patterning dominates at longer times (see Figure S5).
Thus adding protein at a faster rate leads to the formation of
another aggregate that is then occluded by the nucleoid to the other
pole.

A
slow rate @D
B
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& 1/5000
©
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FIGURE 2 | Predicted dependence of localization on the addition rate
of protein. (A) Schematic of the model for polar localization. Top cell has a
slow rate of protein addition where the existing aggregate will tend to
capture all added proteins. The bottom cell has a fast rate of addition, so
that not all proteins will be captured, leading to the possible formation of
another polar aggregate. (B) The calculated probability of observing a
particular localization pattern as a function of the amount of protein fp, in
the cell at different rates of addition. Each row corresponds to a given rate
of addition and protein is added to the cell leading to a monotonically
increasing amount with time (x-axis).Thus each row represents the
temporal evolution of the localization pattern as protein is added at the
given rate up to some final amount. At slow rates of addition

(rate <1/7500), the pattern transitions from diffuse (red) at low amounts of
protein to unipolar (green) at higher amounts. At faster rates of addition
(rate >1/2500), the pattern transitions from diffuse to bipolar (blue) at higher
concentrations. Also shown is a hypothetical dashed line for the final value
of fp, if protein is only added for the same amount of time at each rate.

We summarize our experimental findings in Figure 3 that
shows the average localization pattern over the population for
all strains at different IPTG levels versus time. This shows that the
localization behavior of these GFP tagged polar localizing proteins
depends on the rate of addition. This finding is consistent with the
predictions of the model (see Figure 2B), namely that unipo-
lar patterning dominates at slow rates of addition, transitioning
between a mix of unipolar and bipolar at intermediate rates to
finally bipolar at the highest levels of induction. We note that we do
not detect much of a diffuse phase at early time points at low rates
of expression. As we previously mentioned, characterization of the
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FIGURE 3 | Average localization pattern versus time and induction
rate. Population and strain averaged localization pattern versus time at
different induction levels. The RGB color represents the mix of patterns at
each time point from diffuse (red), unipolar (green) to bipolar (blue). For
each strain, an induction level was found that lead to unipolar patterning at
late times (“Low"; see Figure S4) and also bipolar (“High"; see Figure Sb).
The IPTG concentration in between the “Low"” and “High” concentration
for each strain was selected for the midpoint expression level (“Medium”).
The average localization pattern over all strains was then calculated for each
of these induction levels. The population average for diffuse (red), unipolar
(green) and bipolar (blue) is then plotted as an RGB level at each time point
to make the heat map, and where black represents time points that had no
data.

pattern at early time points is compromised due to the slow folding
time of GFP. Figure 3 is also an average over all strains, and looking
at each strain individually (Figure S4), pykA shows the diffuse pat-
tern being present at early time, and similarly for the other strains
if the diffuse data is extrapolated to earlier times. As a control, we
expressed GFP alone under the same conditions — here at 0.025
and 0.25 mM (see Figure 1C). Under both levels of expression,
no localization could be detected. Thus for the five strains tested
there is some form of specific interaction that exists between the
tagged proteins leading to their aggregation that is either inherent
to the native protein or arises due to the tagging. This aggregation
in the presence of the bacterial nucleoid leads to their localization
to the poles.

DISCUSSION

Protein aggregation leading to polar localization within the cyto-
plasm of bacteria has many functional consequences, from regulat-
ing signaling, to tethering chromosomes, to segregating misfolded
proteins to guard against potential deleterious consequences. Such
localization could be targeted by spatially specific cues (Montero
Llopis etal., 2010; Kuhlman and Cox, 2012) or aided by actively
driven processes as recently shown for the polar localized scaf-
fold protein PopZ (Laloux and Jacobs-Wagner, 2013). Modeling
efforts have shown that nucleoid occlusion in addition to protein
aggregation can be a sufficient mechanism to drive the sponta-
neous formation of polar localization.Our theoretical modeling
has shown that such polar should have strong dependence on the

rate at which protein is added to the cell. To explore this prediction
we selected five cytoplasmic proteins that showed polar localiza-
tion when tagged with GFP, and expressed them at different rates
within the cell. The mRNA is expressed off of a high-copy number
plasmid and so the resulting GFP-tagged proteins should be pro-
duced uniformly within the cell. In all cases we found that there
was a strong dependency on the rate of protein addition consis-
tent with the predictions of the model of nucleoid occlusion plus
protein aggregation.

It is possible that the interactions leading these polar localized
proteins to aggregate is native to these proteins and is essential for
them to target either one or both poles. Indeed, as our experiments
show, the selection of unipolar versus bipolar localization can be
selected for by tuning the rate at which the protein is expressed
in the cell. In principle the bacteria could tune such expression
levels to select for particular polar patterns. One prediction is that
one might see rate dependent polar patterning for constitutively
expressed genes in bacteria that functionally aggregate. Examining
the localization data obtained in the recent library of chromoso-
mal YFP tagged genes in E. coli would give a potential test of
this prediction (Taniguchi etal., 2010). Another possibility that
could explain some of the polar localization is that it results due to
tagging with GFP as recently highlighted (Landgraf etal., 2012).
The tagging by GEP for certain proteins leads to their aggregation
and formation of inclusion bodies that then can be driven to the
poles via the mechanisms put forward here. Our own findings for
expressing GFP alone showed no preference for localizing to the
poles. Nevertheless, further work using antibody staining or other
fluorescent tags would help to further clarify whether the localiza-
tion is the wild-type pattern or not. It should also be noted that the
theoretical modeling revealed that initial conditions play a strong
influence on the dynamics of the resulting pattern. Had there been
a pre-existing pattern present due to the wild-type protein, once
the tagged protein is introduced it would then get quickly incor-
porated to what is already there. Our experimental findings show
an emergence of localization patterns for the GFP tagged protein
arguing against there be any strong initial conditions. Categoriza-
tion and functional testing of these polar localized proteins will
give further clues into the biological significance of using nucleoid
occlusion and protein aggregation as a method for localization.
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A tetrameric protein of therapeutic importance, Escherichia coli l-asparaginase-ll was
expressed in Escherichia coli as inclusion bodies (IBs). Asparaginase IBs were solubilized
using low concentration of urea and refolded into active tetrameric protein using pulsatile
dilution method. Refolded asparaginase was purified in two steps by ion-exchange and
gel filtration chromatographic techniques. The recovery of bioactive asparaginase from
IBs was around 50%. The melting temperature (Tm) of the purified asparaginase was
found to be 64°C. The specific activity of refolded, purified asparaginase was found to
be comparable to the commercial asparaginase (1901U/mg). Enzymatic activity of the
refolded asparaginase was high even at four molar urea solutions, where the IB aggregates
are completely solubilized. From the comparison of chemical denaturation data and activity
at different concentrations of guanidine hydrochloride, it was observed that dissociation of
monomeric units precedes the complete loss of helical secondary structures. Protection
of the existing native-like protein structure during solubilization of IB aggregates with 4 M
urea improved the propensity of monomer units to form oligomeric structure. Our mild
solubilization technique retaining native-like structures, improved recovery of asparaginase

in bioactive tetrameric form.

Keywords: L-asparaginase-ll, Escherichia coli, IBs, mild solubilization, refolding

INTRODUCTION

Most of the times, expression of recombinant proteins in
Escherichia coli leads to the formation of insoluble aggregates
known as IBs (Hartley and Kane, 1988; Fahnert et al., 2004).
Recovery of active protein from IB aggregates remains to be
a cumbersome task and requires standardization of solubiliza-
tion and refolding methods (De Bernardez et al., 1999; Burgess,
2009). The major hurdle associated with purification of proteins
from IBs is the sub-optimal refolding of recombinant proteins
into native conformation (Rudolph and Lilie, 1996; Panda, 2003;
Vallejo and Rinas, 2004). Poor refolding is often associated to high
concentrations of urea or guanidine hydrochloride (GdmCl) used
to solubilize the IB proteins. At higher concentrations, chaotropes
such as urea and GdmCI completely denature the proteins and
increases its propensity to aggregate during refolding resulting
in low recovery of bioactive protein from IBs. IB proteins are
reported to have structure and functional activities (Umetsu et al.,
2004; Ventura and Villaverde, 2006; Peternel and Komel, 2011).
These active IBs can be isolated from bacterial cells using differ-
ent methods like homogenization, enzymatic lysis, and sonication
where homogenization was observed to be most appropriate
(Peternel and Komel, 2010). It will be ideal to protect these sec-
ondary protein structures during IB solubilization process. Mild
solubilization of IB aggregates protects the existing native-like
protein structure of IB proteins and helps in its improved recovery

into bioactive form Singh and Panda (2005). In a few cases, solu-
bilization with mild denaturing conditions has been proved to be
more efficient for the recovery of bioactive protein from the IBs
(Panda, 2003; Singh et al., 2012; Upadhyay et al., 2012).
Refolding yield of active oligomeric proteins from IBs is even
lower (Scrofani et al., 2000; Karumuri et al., 2007; Garrido
et al.,, 2011). Formation of active monomer and its associa-
tion is a prerequisite for refolding into fully active oligomeric
proteins. Often it is hindered due to complete unfolding of
proteins in IBs into random coil structure while using high
concentration of chaotropes. Solubilized protein molecules have
propensity to form intermolecular aggregates leading to mas-
sive aggregation during refolding. It is thus essential to pro-
tect the secondary helical structure of IB proteins so that it
reduces intermolecular aggregation between monomers. It can
be achieved by adopting mild solubilization process for solubi-
lization of IBs. Chemical denaturation studies provide informa-
tion about the solubility profile of IB aggregates. Based on this
information, IBs can be solubilized at low denaturation con-
centration while protecting the existing native-like secondary
protein structure. Refolding of protein from monomers having
secondary structural element will promote monomer associa-
tion leading to the formation of active oligomeric protein and
thus will improve the overall recovery of bioactive protein from
IBs. Even though mild solubilization processes have been used to

www.frontiersin.org

September 2014 | Volume 5 | Article 486 | 25


http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/about
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/journal/10.3389/fmicb.2014.00486/abstract
http://community.frontiersin.org/people/u/159434
http://community.frontiersin.org/people/u/157859
mailto:amulya@nii.res.in
http://www.frontiersin.org
http://www.frontiersin.org/Microbial_Physiology_and_Metabolism/archive

Upadhyay et al.

Refolding of asparaginase from inclusion bodies

recover bioactive protein from IBs, there is very little information
available on the refolding of oligomeric proteins into bioactive
form.

Bacterial asparaginases from Escherichia coli and Erwinia
chrysanthemi have been extensively used as drugs for the treat-
ment of acute lymphoblastic leukemia (Muller and Boos, 1998;
Graham, 2003; Verma et al., 2007). L-asparaginases (EC 3.5.1.1)
catalyze the hydrolysis of L-asparagine to L-aspartic acid and
ammonia. All asparaginases consist of four identical subunits
A, B, C, and D and exist in homo-tetrameric form (Kozak
et al., 2002) having masses in the range of 140-150kDa (Aung
et al., 2000). One subunit consists of two o/p domains that are
connected by linking sequence. Interaction between N and C-
terminal domain of adjacent monomers forms each active site.
Therefore, the asparaginase tetramer can be treated as dimer of
dimers because active site is either created by subunits A and
C or B and D. The active form of the enzyme is a tetramer,
and the dimers lack enzyme activity (Swain et al., 1993). L-
asparaginase contains one tryptophan molecule at 66 positions in
each monomer. It consists of four active sites formed at the inter-
faces of N and C- terminal domains of two interacting monomers
(Swain et al., 1993). L-asparaginase has been reported to be pro-
duced using recombinant E. coli (Khushoo et al., 2004; Oza et al.,
2011), P. pastoris (Ferrara et al., 2010) and from other microor-
ganisms (Mahajan et al., 2012). Most of the times, the enzymes
is produced in soluble form and purified with 40-60% recovery.
There are no reports till date on solubilization and refolding of
L-asparaginase from IBs into bioactive tetrameric form.

In this work, E. coli L-asparaginase II was expressed in E. coli
cells as IBs and used as a model system to refold into bioac-
tive tetrameric form. Attempts were made to solubilize the IBs of
asparaginase in mild denaturing conditions. Solubilized proteins
were then refolded and purified into active oligomeric form. Role
of structural integrity between monomers and their importance
in regulation of enzyme activity and stability was monitored by
chemical, pH, temperature and organic solvent based denatura-
tion methods. The results are of indication that mild solubiliza-
tion followed by pulsatile refolding leads to improved recovery of
bioactive multimeric L-asparaginase from IBs of E. coli.

MATERIALS AND METHODS

CHEMICALS

Culture media ingredients, tryptone, and yeast extract were from
Difco Laboratories, India. Tris buffer, glycine, IPTG, sodium
dodecyl sulfate, PMSF, and deoxycholic acid were from Amresco,
USA. Ammonium persulfate, acrylamide, bis-acrylamide, E. coli
asparaginase, L-arginine and Urea were from Sigma Chemicals,
USA. DEAE-sepaharose and S-200 gel filtration matrix was from
GE Healthcare, Sweden. TEMED, EDTA, bromophenol blue from
Biorad, USA. Coomassie brilliant blue R-250 and ampicillin
from USB Corporation, Cleveland, Ohio. Glucose, NaCl, Nessler’s
reagent, and other chemicals were from Qualigen, India.

ESCHERICHIA COLI STRAINS AND CLONING OF L-ASPARAGINASE

Escherichia coli BL21 (DE3) strain was from Novagen,
USA. E. coli DH5a strain was obtained from Amersham
Bioscience, USA. Plasmid pET14b was from Novagen, USA.

L-asparaginase II (ansB) gene was amplified from the genomic
DNA of E. coli K-12 strain (JM109) using primers (forward)
5'GTGCAGCACATATGTTACCCAATA TCACCA 3’and (reverse)
5" GGCGGGATCCTTAGTACTGATTGAAGA 3'. Ndel and
BamHI restriction sites were incorporated in the primers to
facilitate cloning of the structural asparaginase gene (without
its native signal sequence) in the E. coli expression vector
pET14b. E. coli BL21 (DE3) cells were transformed with recom-
binant pET14b plasmid vector and used for expression of
L-asparaginase II.

EXPRESSION AND ISOLATION OF ASPARAGINASE IBs

Transformed E. coli BL21 (DE3) cells were grown in modified LB
media (1% tryptone, 0.5% yeast extract, 0.5% glucose and 1%
NaCl) with 100 pg/ml ampicillin at 37°C in incubator shaker at
200 rpm. Culture at an ODggo of 0.6 was induced with 1 mM
IPTG and was further grown for 3.5h. Cells (1L culture) were
pelleted at 6000 rpm (rotor SLA-3000, Sorvall evolution RC) for
10 min at 4°C. Supernatant was discarded and culture pellet was
resuspended in 20 ml buffer I (50 mM Tris-HCl, 1 mM EDTA,
1 mM PMSEF, pH 8.5) containing egg white lysozyme (1 mg/ml)
and incubated at room temperature for 2 h. Re-suspended cells
were sonicated for 10 cycle (1 min cycle with 1 min gap) using
Branson sonifier 450, Germany (probe diameter 13 mm, output
voltage 60 and 50% duty cycle). Sonicated cells were centrifuged
at 12,000 rpm (SA-300 rotor, Sorvall evolution RC) for 20 min at
4°C and the pellet containing recombinant asparaginase as IBs
was separated. These pellets were resuspended in 20 ml buffer
I containing 0.1% (w/v) deoxycholic acid, sonicated and cen-
trifuged as described earlier (Patra et al., 2000). Pellet was fur-
ther washed two times with buffer I and once with de-ionized
water. Washed pellet (purified IBs) was resuspended in 1ml
50 mM Tris-HCI buffer, pH 8.5 and used for solubilization and
refolding.

SOLUBILIZATION AND REFOLDING OF ASPARAGINASE FROM IBs
Isolated asparaginase IBs (1ml) were solubilized in 9ml
buffer II (4M wurea, 50mM Tris-HCl, 1 mM PMSEF, 20 mM
B-mercaptoethanol, 10mM NaCl, pH 8.5) and kept for one
h at room temperature. Solubilized asparaginase was cen-
trifuged at 15,000 rpm for 30 min and supernatant was filtered
through 0.2 pm filter (Millipore, USA). Solubilized protein was
refolded into 90 ml buffer III (0.5M urea, 50 mM Tris-HCI,
0.1M arginine, 10 mM NaCl) by pulsatile dilution method at
flow rate of 0.1 ml/min at 4°C. Refolded sample was cen-
trifuged at 15,000 rpm (rotor SA-300, Sorvall evolution RC)
for 30min at 4°C. Supernatant was collected and dialyzed
against buffer (50 mM Tris-HCI, 0.5 M urea, pH 8.5) using dial-
ysis tubing (10kDa, molecular weight cut-off) for 4h at 4°C.
Buffer was exchanged three times with 50 mM Tris-HCl, pH
8.5, at 4h interval. Dialyzed protein was pooled and used for
purification.

PURIFICATION OF REFOLDED RECOMBINANT L-ASPARAGINASE

Refolded L-asparaginase was purified using DEAE-sepharose
anion exchange matrix packed in XK 16 column (GE Healthcare,
Sweden). Refolded asparaginase was loaded on to the column
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at flow rate of 1 ml/min and column was washed with 3 bed
volumes of 50mM Tris-HCl buffer at pH 8.5. Recombinant
asparaginase was eluted from column using 0 to 0.5M con-
tinuous gradient of NaCl. Fractions (2 ml each) were collected
and analyzed by 12% SDS polyacrylamide gel electrophore-
sis. Ion exchange fractions containing asparaginase were pooled
and concentrated by ultra-filtration (10kDa molecular weight
cut-off) to the final volume 5ml. Concentrated asparagi-
nase was loaded on S-200 Sephacryl column (XK16/60, GE
Healthcare, Sweden) pre-equilibrated with 50 mM Tris-HCI,
10mM NaCl, pH 7.5 buffer at flow rate 0.5ml/min. Eluted
tetramer fractions were pooled, concentrated and used for
activity assay and characterization. All chromatography exper-
iments were carried out using AKTA protein purifier (GE
Healthcare, Sweden). SDS polyacrylamide gel electrophoresis
was performed according to method of Laemmli on a slab gel
containing 12% running gel and 5% stacking gel (Laemmli,
1970).

PROTEIN ESTIMATION AND MASS SPECTROMETRY

Protein concentration was determined by micro BCA assay kit
(Pierce, Germany) using BSA as a standard. For enzyme assay
and spectral analysis purified protein concentration was calcu-
lated by spectroscopic method using X280 nm (1 mg/ml = 0.77
for purified asparaginase). Purified recombinant asparaginase
was passed through desalting column to remove salts and other
small molecules. Recombinant asparaginase (10 pLg/ml) dissolved
in 1% formic acid was used for mass spectroscopy analysis. Mass
spectrum was collected using LC MS MS system (Waters, USA).

ANALYTICAL GEL FILTRATION CHROMATOGRAPHY USING HPLC
SYSTEM

Purified recombinant asparaginase was loaded on protein Bio-
Sep S-2000 column (Phenomenex, Torrence, USA) attached to
HPLC system (Shimadzu, Japan) to analyze oligomeric form of
the recombinant protein. For this, a Bio-Sep S-2000 column was
equilibrated with 50 mM Tris-HCI, 10mM NaCl, pH 7.5 and
20l of 1.5mg/ml purified recombinant asparaginase solution
was injected in the column. Equilibration and elution was carried
out at a flow rate of 1 ml/min. Gel filtration marker proteins (GE
Healthcare, Sweden) were applied on the column for estimation
of molecular mass of recombinant L-asparaginase.

ASPARAGINASE ACTIVITY ASSAY

Asparaginase activity was assayed using method described by
Wriston (1985). Briefly, reaction mixture consisted of 50 mM
Tris-HCl (pH 8.6) and 8.6 mM L-asparagine incubated at 37°C
for 10min. L-asparaginase enzyme solution (10png/ml) was
added in reaction mixture and incubated at 37°C. Reaction was
stopped by adding 1.5M trichloro acetic acid at different time
points and samples were centrifuged and used for estimation of
released ammonia by Nessler’s reagent using ammonium sulfate
as standard. Time dependent release of ammonia was deter-
mined by taking OD measurements at 432 nm and linear range of
ammonia release was found to be up to 30 min. An international
unit (IU) of L-asparaginase is defined as the amount of enzyme
required to release one micromole of ammonia per min under

the condition of the assay at saturating substrate concentration.
Assays were run in triplicate.

FLUORESCENCE AND FAR-UV CD SPECTROSCOPY OF PURIFIED
ASPARAGINASE

Fluorescence emission spectra of purified recombinant asparag-
inase were recorded using the Cary Eclipse spectrophotometer
(Varian, Australia) attached with Peltier temperature controller.
Spectra were recorded on 1 cm path length cuvettes with excita-
tion and emission slit width 5 nm. 25 pg/ml concentrations were
used for acquisition of fluorescence emission spectra. Samples
were excited at 280nm and emission spectra were collected
from 290 to 400 nm. Far-UV CD spectra were recorded using
Jasco-spectropolarimeter equipped with a Peltier temperature
controller. Spectra were acquired with a bandwidth of 1 nm, a
step size of 1 nm, and an accumulation of 100 nm per min for
three scans. Protein concentration used for CD spectroscopy was
0.4 mg/ml. Asparaginase was denatured in different concentra-
tions of GdmCI. Melting curves were recorded at 222 nm during
sample heating and consecutive cooling from 20 to 90°C, with
5°C increment in base region and at 1°C in transition region of
thermal denaturation.

DETERMINATION OF CONFORMATIONAL STABILITY OF
L-ASPARAGINASE

Stability of the active asparaginase tetramer was monitored by
measurements of its tryptophan fluorescence at various concen-
trations of denaturants. Purified asparaginase was denatured in
different concentrations of urea and GdmCIL. In all the denatu-
ration studies, final concentration of asparaginase in denaturing
buffer was 10 pg/ml. Fluorescence emission spectra were recorded
in a Cary Eclipse spectrophotometer (Varian, Australia). Samples
were excited at 280nm and emission spectra were recorded
between 300 and 400 nm. Analysis of denaturation process was
carried out by plotting the ratios of fluorescence intensities
(319/355 nm) as function of denaturant concentration.

RESULTS

EXPRESSION OF RECOMBINANT L-ASPARAGINASE IN E. COLI
Transformed E. coli cells were induced at optical density of 0.6 at
600 nm with 1 mM IPTG and expression of recombinant asparag-
inase was checked on 12% SDS polyacrylamide gel. Recombinant
L-asparaginase was expressed as a ~37 kDa protein and most of
it accumulated as intracellular aggregates (Figure 1A). In shaker-
flask culture at ODggg of 1.5, around 120 mg of L-asparaginase
was produced as IB aggregates. We lysed the cells by sonication
in the presence of lysozyme and IB pellet was extensively washed
with 0.1% Na deoxycholate. Use of lysozyme during cell lysis
helped in better recovery of IB aggregates from cells. Washing the
IB pellet with 0.1% deoxycholic acid helped in the removal of con-
taminating membrane proteins. Purified IB pellet was observed to
consist of two major bands on SDS-PAGE gel, one corresponds
to recombinant L-asparaginase (85%) and another one to the
lysozyme used during IBs isolation (Figure 1B). It was observed
that small fraction of lysozyme may stick to IBs during isolation
step. This was also observed by others in their study (Peternel and
Komel, 2010).
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FIGURE 1 | SDS-PAGE analysis of expression and purification of of solubilized asparaginase from [Bs in 0 to 8 molar urea respectively
recombinant L-asparaginase Il from E. coli IBs. Samples were in 50mM Tris pH 8.5 buffer. (D) Eluted fractions of asparaginase from
analyzed on 12% polyacrylamide gel. Lane M; low molecular weight DEAE ion exchange chromatography. Lanes 1-9 are eluted fractions 1,
marker proteins (Pharmacia, Sweden) in (A-E). Arrow indicates 3,5 7 9 1, 13, 15, and 17 from DEAE ion exchange chromatography.
recombinant asparaginase. (A) Lane 1: uninduced cell lysate; lane 2: (E) Lane 1: purified recombinant asparaginase after S-200 gel
induced cell lysate. (B) Lane 1: purified IBs. (C) Lane 1-9: supernatants  chromatography.

REFOLDING AND PURIFICATION OF ASPARAGINASE FROM IBs

Isolated and purified L-asparaginase IBs were solubilized in dif-
ferent concentrations of urea in 50 mM Tris-HCl buffer at pH 8.5.
4 M urea completely solubilized the recombinant L-asparaginase
IBs (Figure 1C). An extra major protein band was observed
above the recombinant L-asparaginase band in Figure 1C. This
protein band probably represents the host chaperone protein

(DnaJ ~40kDa) expressed during recombinant expression of L-
asparaginase. The solubility of asparaginase IBs in 4 M urea con-
taining Tris-HCI was found to be ~10 mg/ml. Solubilized recom-
binant asparaginase was refolded by pulsatile dilution method.
Presence of 0.1 M arginine in refolding buffer reduced protein
aggregation, promoted tetramer formation and improved the
protein recovery during refolding. Refolded asparaginase was
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Table 1 | Purification of recombinant E. coli L-asparaginase Il from IBs (culture volume 1 liter).

Fractions Total protein (mg) Specific activity (IlU/mg)? Fold purification® % Yield
Total cell protein 580 - - -
IBs 118 - - 100
Solubilized protein 110 - - 93.2
Refolded protein 97 125 1 82.2
DEAE ion-exchange chromatography 78 160 1.3 66.1
Gel filtration chromatography 60 190 1.5 50.8

40ne international unit is defined as amount of enzyme required to produce one micromole of ammonia per min under standard condition of reaction.

b Fold purification was calculated after refolding as the ratio of specific activity at gi

ven step of purification to specific activity of refolded sample.

FIGURE 2 | Characterization of purified asparaginase. (A) Mass
spectrogram of purified asparaginase. Protein was dissolved in 0.1%
formic acid and spectrum was obtained from LCMS instrument,
Waters, USA. (B) HPLC size exclusion chromatogram of purified
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recombinant asparaginase loaded on Bio-Sep S-2000 column
(Phenomenex, USA). Elution profile shows the presence of single
peak corresponding to the asparaginase tetramer of ~150kDa and
retention time 6.08 min.
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dialyzed and loaded on DEAE ion-exchange chromatographic
column. Refolded asparaginase was eluted at a conductance of
8-20 mS/cm. Eluates from ion exchange chromatography were
analyzed by SDS-PAGE and found to be 95% pure (Figure 1D).
Ion exchange fractions containing asparaginase were pooled and
concentrated by ultra-filtration (10kDa molecular weight cut-
off) unit and loaded on S-200 column to separate the monomer
and other higher soluble aggregates species from tetramer. The
eluted asparaginase was pure (Figure 1E). Maximum step recov-
ery of protein was achieved during solubilization and refold-
ing steps (Table1). Approximately 60mg of purely refolded
L-asparaginase was recovered from 1L shaker -flask culture.
The overall recovery of the bioactive enzyme from the IBs
was ~50%. Mass spectroscopy data analysis showed the molec-
ular weight of purified asparaginase single subunit to be equal
to ~36.7kDa that is equal to calculated molecular weight of
recombinant asparaginase with six histidine tags (Figure 2A).
To check whether purified recombinant asparaginase consists
of a mixture of large molecular aggregates and monomer form
other than the native tetramer, purified protein was loaded on
BioSep S-2000 column. Purified recombinant asparaginase was

eluted at retention time 6.08 min at 1ml/min flow rate with
100% peak intensity (Figure2B). Molecular weight of eluted
asparaginase was calculated using standard calibration curve plot-
ted using different marker proteins and found to be close to
150kDa. Molecular weight of purified asparaginase was found
to be 8-10kDa more due to the addition ~2kDa N-terminal
His-tag in each subunit of active tetramer. This result showed
that the purified recombinant asparaginase was in tetrameric
form.

ENZYME ACTIVITY AND DETERMINATION OF KINETIC PARAMETERS
OF PURIFIED ASPARAGINASE

Steady-state kinetic analysis of recombinant L-asparaginase was
carried out at saturating substrate concentration of L-asparagine
to determine its specific activity. Time duration of the reaction
was determined by calculating linear range of ammonia release
from both recombinant and native asparaginase (Figure 3A). It
was observed that up to 30 min, the amount of ammonia release
was linear (R? value for native protein on linear fit was 0.991 and
for recombinant asparaginase it was 0.990). As the protein was
refolded and purified, the specific activity increased from 125 to
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190 IU/mg (Table 1). Specific activity of final purified protein was
found close to native E. coli asparaginase (200 IU) and was around
190 £ 51IU. The kinetic parameters for purified asparaginase
were calculated by determining the specific activity of asparag-
inase at different concentrations of L-asparagine (0.1-10 mM)
(Figure 3B). The Km and Vmax value were calculated from the
linear fit of double reciprocal Lineweaver-Burk plot (Figure 3C).
The Km and Vmax values for purified protein were found to be
2.58 mM L-asparagine and 256 IU/mg respectively. The fluores-
cence spectrum of the refolded asparaginase was comparable to
that of the native enzyme (Figure 3D). The similarity of specific
activities and fluorescence spectrum of the refolded enzyme with
the native asparaginase indicated that the recombinant protein
has been refolded into native-like conformation.

CHEMICAL DENATURATION OF ASPARAGINASE BY UREA AND GdmCL

Chemical denaturation of asparaginase was probed by fluores-
cence spectroscopy in the presence of different concentrations of
urea and GdmCIL The protein was excited at 280 nm, and emis-
sion spectra were recorded between 300 and 400 nm. Fluorescence
spectra of asparaginase in the presence of different concentra-
tions of urea and GdmCl are presented in Figures 4A,B. Native

asparaginase showed emission maximum at 319 nm. In the pres-
ence of 6 M urea or 2M GdmCl, complete denaturation of the
protein was observed with emission maximum at 356 nm that is a
characteristic feature of solvent- exposed tryptophan residues in
polar environment. Fluorescence intensity was reduced with the
increase in urea concentration (up to 4 M) without any signifi-
cant shift in emission maxima. However, there was a 36 nm red
shift in emission maximum of asparaginase at higher than 4 M
urea concentrations. Similar denaturation behavior was observed
in the presence of GdmCI. However, being a stronger denaturant,
loss of fluorescence intensity and red shift in emission maximum
occurred at 1.2 M concentration of GdAmCIL. As asparaginase has
characteristic emission maxima wavelength in native and dena-
tured states, denaturation curves of asparaginase were analyzed
as ratios of fluorescence intensities at 319/356 nm at different
concentrations of urea and GdmCI. Asparaginase showed coop-
erative denaturation profile in urea and GdmClI (Figures 4C,D).
It can be concluded that asparaginase is more susceptible to
GdmCl denaturation in comparison to urea. This conclusion was
further supported by the denaturation profiles of asparaginase
in presence of GdmCIl observed with circular dichroism (CD)
spectroscopy (Figure 5).
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FIGURE 5 | Far-UV CD spectra of asparaginase in presence of different
concentrations of GAmCI. Colored bars show the concentrations of
GdmCl.

We determined the asparaginase enzymatic activity in the
presence of denaturants such as urea and GdmCl at different con-
centrations to gain information on the stability of quaternary
structure. The denaturant concentration-dependent activity pro-
file of asparaginase is shown in Figure 6A. No significant loss
in activity of asparaginase till 4 M urea was observed. Similarly,
asparaginase retained 80% activity in 0.8 M GdmCl. The GdmCl
concentration-dependence of fluorescence spectra, CD signal
at 222nm and enzyme activity of asparaginase was compared
(Figure 6B). Fluorescence signal and activity were found to be in
agreement. However, the CD signal at 222 nm showed a biphasic
denaturation behavior in which first transition state was simi-
lar to the fluorescence and activity profile. The second transition
state was observed between 1.4 and 1.8 M concentrations of
GdmCl where the protein retained some proportion of secondary
structures.

THERMAL DENATURATION AND DETERMINATION OF MELTING
TEMPERATURE

Thermal stability of purified recombinant asparaginase was
probed by CD and fluorescence spectroscopy. The CD spectra of
asparaginase were recorded at different temperatures (Figure 7A).
Samples were left for 5min for equilibration at each point, and
three scans were recorded. In pre-and post-transition range of
thermal denaturation, scans were performed at 5°C intervals and
1°C intervals within the transition range. CD 222 nm signals were
plotted against temperature (Figure 7B). Thermal denaturation
curves showed the loss of CD signal at start of 57°C and gradually
decreased to the lowest value at 70°C. Further increase in temper-
ature beyond 70°C had no significant effect on CD 222 nm signal.
The melting temperature (Tm) of asparaginase was found to be
64°C at pH 8.0. Similarly, the thermal denaturation of asparagi-
nase was probed by acquiring the fluorescence spectra at different
temperatures (Figure 7C). Ratio of fluorescence intensities at 319
and 355nm (FL at 319/355nm), was plotted against tempera-
ture (Figure 7D). The denaturation curve showed the increase in
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FIGURE 6 | (A) Relative activity of asparaginase in presence of different
concentrations of urea and GdmClI (activity in absence of denaturants was
considered to be 100%). The colored bars indicate the denaturants.
(B) GdmCl induced denaturation curves of recombinant asparaginase. The
appropriate fraction of native protein (relative values) was plotted vs. GdmCI
concentration.

the FL at 319/355 nm) value up to 57°C. After that, there was a
sharp decrease in this value. In post- transition range, a similar
trend was observed as in pre-transition range. The curve fitting
showed that the apparent Tm to be 65°C. It was close to the Tm
value calculated from thermal denaturation curve plotted from
CD signals.

DISCUSSION

Refolding yield of bioactive proteins from IBs of E. coli are in
general very low and contribute toward a major cost for pro-
duction of recombinant proteins (Datar et al., 1993). However,
expression of protein as IBs has the advantages of very high level
of protein expression and resistance to protease attack. Thus,
IB expression helps in purifying the denatured protein with a
lower number of operating steps. If suitable high throughput
refolding procedure can be developed for a particular protein, IB
formation will be very helpful in the production of recombinant
protein. Such an approach will be more beneficial for oligomeric
proteins where the refolding yields are even lower. Strategy used to
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recover bioactive protein from IBs mainly involves four steps: iso-
lation of IBs from E. coli cells; solubilization of the IB aggregates;
refolding and purification of the solubilized protein. Among these
steps, solubilization of the protein aggregates and refolding of
the solubilized protein are the most crucial steps and need care-
ful attention for high recovery of protein. Aggregation leading
to low recovery of the recombinant protein occurs due to the
use of sub-optimal refolding procedure. It is expected that mild
solubilization of the IB aggregates using low concentration of
denaturants followed by pulsatile refolding of the solubilized pro-
tein would be an ideal approach for maximal recovery of bioactive
proteins from the IBs.

In this study, E. coli L-asparaginase II was expressed as IB
aggregates in E. coli, purified by detergent washing and solubi-
lized using only 4 molar urea solution. Maximum of 10-11 mg/ml
of the protein could be solubilized at 4 M urea solution. The solu-
bilized protein was subsequently refolded into native tetrameric
form using pulsatile dilution method. Around 50% of IB pro-
tein could be refolded into bioactive tetrameric protein using the
mild solubilization procedure. The production data are compa-
rable to that reported for soluble expression using LB medium
in shaker-flask culture (Khushoo et al., 2004). It is expected that
if such expression system are optimized using high cell density
fermentation followed by the present IB refolding process, the

volumetric productivities will be even better. Crystal structure of
E. coli asparaginase shows that the active site is present between
subunits of intimate dimer formed by interaction of N-terminal
domain of one subunit with C-terminal domain of the other sub-
unit. Each dimer has two active sites, but only tetramer shows the
activity. Apart from this, 0.1 M arginine in refolding buffer also
promoted the formation of tetramer and reduced the extent of
protein aggregation. It showed that the arginine not only helped
in preventing aggregation during refolding but also promoted
the formation of correctly folded subunits for proper associa-
tion into tetrameric form. Fluorescence spectrum of the refolded
asparaginase was similar to that of native asparaginase indicating
the formation of proper quaternary structure of the recombinant
asparaginase after refolding.

According to the crystal structure of asparaginase, a-helices are
predominantly present on the surface of tetramer. Active site of
asparaginase is present on the interface of subunits with trypto-
phan residues at the core of N-terminal domains of monomers
near the active site. The cooperative fluorescence and activity
profile and biphasic nature of CD spectra in the presence of dif-
ferent concentrations of GdmCI could be possible if, during the
denaturation, dissociation of subunits precedes the complete loss
of secondary structures into monomers. Protecting the existing
secondary structure element of the protein during solubilization
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thus favors the association monomer into oligomeric form and
results in the formation of tetrameric bioactive protein.

CONCLUSIONS

Understanding the solubilization profile of IB aggregates at dif-
ferent denaturation concentration helped in designing a mild sol-
ubilization procedure. Such a mild process protected the existing
native-like protein structure and thus helped in improved recov-
ery of bioactive protein during refolding. Solubilized asparag-
inase from the IBs was refolded into tetrameric form having
high specific enzymatic activity by optimization of solubiliza-
tion and refolding conditions. Purified asparaginase was found
to be active. Kinetic parameters of the enzyme were determined.
Purified asparaginase was characterized for its denaturation pro-
files in the presence of urea and GdmCI. Thermal denaturation of
the purified asparaginase was also studied, and the Tm was deter-
mined to be about 64°C. Mild solubilization of IB protein is thus
the key requirements in high throughput recovery of IB proteins
into bioactive form. This concept thus can be used for recovery of
bioactive oligomeric proteins from the IBs of E. coli.
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Protein export in bacteria is facilitated by the canonical SecB chaperone, which binds
to unfolded precursor proteins, maintains them in a translocation competent state and
specifically cooperates with the translocase motor SecA to ensure their proper targeting
to the Sec translocon at the cytoplasmic membrane. Besides its key contribution to the Sec
pathway, SecB chaperone tasking is critical for the secretion of the Sec-independent heme-
binding protein HasA and actively contributes to the cellular network of chaperones that
control general proteostasis in Escherichia coli, as judged by the significant interplay found
between SecB and the trigger factor, DnaK and GroEL chaperones. Although SecB is mainly
a proteobacterial chaperone associated with the presence of an outer membrane and outer
membrane proteins, secB-like genes are also found in Gram-positive bacteria as well as in
certain phages and plasmids, thus suggesting alternative functions. In addition, a SecB-like
protein is also present in the major human pathogen Mycobacterium tuberculosis where
it specifically controls a stress-responsive toxin—antitoxin system. This review focuses on
such very diverse chaperone functions of SecB, both in E. coli and in other unrelated

bacteria.

Keywords: protein folding and targeting, SecA, Dnak, trigger factor, proteases, toxin—-antitoxins

PROTEIN FOLDING AND TARGETING IN BACTERIA

A major challenge for the cells is to ensure the proper fold-
ing and targeting of newly synthesized proteins to the differ-
ent cellular compartments. Indeed, ongoing protein synthe-
sis in the crowded cellular environment offers a window of
opportunities for non-native interactions, which may eventually
lead to proteostasis breakdown (Kramer etal., 2009). There-
fore, to cope with noxious off pathways in protein biogenesis,
cells have evolved universally conserved molecular chaperones
and targeting factors, which act co- and/or post-translationally
to guide the precise partitioning, localization and folding of
newly synthesized proteins (Kramer etal., 2009; Kim etal,
2013).

In bacteria, the folding of newly synthesized proteins is
mainly assisted by three highly conserved cytosolic chaperones,
namely trigger factor (TF), DnaK/DnaJ/GrpE (DnaKJE), and
GroEL/GroES (GroESL; Deuerling et al., 1999; Agashe et al., 2004;
Kerner etal., 2005). The ribosome-bound TF is the first chap-
erone to interact co-translationally with most newly synthesized
proteins (Valent etal., 1995). Although the majority of the cytoso-
lic proteins can reach their native state following interaction with
TE, a substantial amount of proteins (about 30%) need fur-
ther co- and/or post-translational assistance by the downstream
DnaKJE and GroESL chaperones (Bukau etal., 2000). Forceful
genetic and biochemical analyzes have demonstrated significant
overlap and cooperation between these three major chaperones,
revealing a dynamic network of chaperones to control intracellu-
lar proteostasis (Teter etal., 1999; Genevaux etal., 2004; Calloni
etal., 2012).

Targeting of newly synthesized proteins to the bacte-
rial cytoplasmic membrane can occur either co- or post-
translationally. While certain small membrane proteins are

targeted post-translationally to the YidC insertase at the inner
membrane (Dalbey etal., 2011), most integral membrane pro-
teins as well as some presecretory proteins are targeted co-
translationally by the ribosome-associated RNA-protein complex
SRP (Saraogi and Shan, 2014). SRP binds to hydrophobic signal-
anchor or signal sequence in nascent chains and targets them to
the Sec translocon via interaction with its membrane receptor
FtsY (Luirink and Sinning, 2004). The majority of presecretory
proteins are translocated post-translationally either folded via the
twin-arginine translocation (Tat) pathway or in a non-native state
via the Sec pathway. The Tat system is known to translocate folded
proteins or assembled protein complexes (up to 70 A in diam-
eter) through the cytoplasmic membrane. Tat substrate proteins
possess an amino-terminal signal sequence with a conserved twin-
arginine motif, which mediates post-translational targeting to
the Tat translocon (Palmer and Berks, 2012; Patel etal., 2014).
They are often assisted by specific cytosolic chaperones called
redox enzyme maturation proteins (REMPs) and by the generic
chaperones DnaK and GroEL, which likely prevent their degra-
dation and premature export, and facilitate their assembly and
functional interaction with the translocon (Castanie-Cornet et al.,
2014).

The Sec translocon is conserved in all three domains of life.
Its core is composed of a heterotrimeric membrane complex
SecYEG in bacteria and Sec61afy in eukaryotes (du Plessis etal.,
2011). While translocation in the endoplasmic reticulum via
the Sec translocon is mainly mediated co-translationally and
thus energized by polypeptide chain elongation, Sec transloca-
tion across the bacterial plasma membrane preferentially occurs
post-translationally and energy is provided by the SecA ATPase
motor component (Chatzi etal., 2013). In this case, SecA binds to
presecretory proteins with mildly hydrophobic signal sequences,
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targets them to the Sec translocon at the inner membrane
via a direct interaction with SecY, and subsequently drives the
translocation process by successive cycles of ATP binding and
hydrolysis.

Productive interaction with Sec is influenced by the folding
rate of the substrate and facilitated by cytosolic chaperones capa-
ble of preventing premature folding, aggregation or degradation
of precursor proteins (Randall and Hardy, 2002). Accordingly, all
three main generic chaperone machines involved in de novo pro-
tein folding, namely TF, DnaKJE and GroEL, have been shown
to participate at different levels in this process (Castanie-Cornet
etal., 2014). Remarkably, most proteobacteria also possess the
chaperone SecB, which in addition to its generic chaperone func-
tion has the ability to specifically interact with SecA to facilitate
post-translational delivery of presecretory proteins to the Sec
translocon (Bechtluft etal., 2010). This review describes the Sec-
dependent and Sec-independent cellular functions of SecB, its
interplay with other molecular chaperones as well as the dis-
tribution of SecB homologs in very diverse bacteria. The role
of the recently identified SecB-like proteins in the control of
intracellular stress-responsive toxin—antitoxin (TA) systems is also
discussed.

SecB AND THE Sec PATHWAY

SecB is a homotetrameric chaperone of 69 kDa with a cellular con-
centration estimated to be between 4 and 20 WM in Escherichia coli.
SecB binds co- and/or post-translationally to non-native precur-
sor proteins, maintaining them in competent state for delivery to
the Sec translocon via a well-described interaction with its SecA
partner (Randall and Hardy, 1995, 2002; Chatzi etal., 2013).

The E. coli secB gene was initially identified genetically by
selecting for mutants that were defective in the export of a
fusion protein composed of the N-terminal part of maltose-
binding protein (MBP) preMBP (containing the signal sequence)
and B-galactosidase (Kumamoto and Beckwith, 1983). Further
experiments showed that secB mutations delayed or blocked the
processing of a subset of preproteins and exhibited a synergistic
effect with temperature-sensitive alleles of secA, thus revealing a
role for SecB in export (Kumamoto and Beckwith, 1983, 1985).
E. coli secB mutant strains were initially shown to be defective
for growth on rich Luria broth media agar plates, but it later
appeared that this phenotype was due to a polar effect on the
downstream gpsA gene encoding a glycerol-3-phosphate dehydro-
genase involved in phospholipid biosynthesis (Kumamoto and
Beckwith, 1985; Shimizu etal., 1997). Deletion of secB with-
out apparent polarity on gpsA results in a strong cold-sensitive
phenotype below 23°C, a moderate temperature-sensitive pheno-
type at temperatures above 45°C and a hypersensitivity to several
antibiotics (Ullers etal., 2007; Table 1). Most of the relevant phe-
notypes associated with secB mutations or SecB overexpression are
shown in Table 1. Genetic interactions between secB and the vari-
ous protein localization locus (prl) mutations known to suppress
the export defect of sequence signal deficient precursors are also
presented (Table 1).

The crystal structures of SecB from Haemophilus influenza
(Xu etal., 2000) and E. coli (Dekker etal., 2003) revealed that it
forms a tetramer that assembles as a dimer of dimers (Figure 1A).

SecB monomer is composed of four stranded antiparallel B-sheets
(the first two strands being at opposite sides and connected by
a cross over loop) and two a-helices separated by a helix con-
necting loop (Figure 1A). SecB dimer is formed via interactions
between strands 1 and helices a1 of two monomers. The tetramer
forms by packing the helices al of four monomers in between
the eight stranded antiparallel B-sheets formed by each dimer,
mainly via polar interactions. A peptide binding groove was sug-
gested from these structures, lying between the end of the cross
over loop and strand B2 on one side, and the helix connecting
loop and the helix a2 on the other side. This proposed substrate
binding region likely contains two subsites: the aromatic, deep
subsite 1, and the shallower hydrophobic subsite 2, as presented
in Figure 1. Two peptide binding grooves are present on each
side of the SecB tetramer, each potentially allowing the binding
of ~20 amino acids-long extended segments. The fact that SecB
can bind long fragments of approximately 150 residues in pre-
protein substrates (Khisty etal., 1995) suggests that these might
wrap around the chaperone using several possible routes. Accord-
ingly, electron paramagnetic resonance spectrometry analysis of
spin labeled SecB variants in the presence of the physiologic SecB
substrate galactose binding protein revealed that in addition to
the proposed peptide binding groove, a much larger area of SecB
appears to make contact with the substrate (Crane etal., 20065
Figure 1B).

SecB binds to non-native protein substrates with low speci-
ficity and high affinity (Kd in the nanomolar range), generally
in a one to one ratio of tetrameric chaperone to substrate (Ran-
dall and Hardy, 1995). SecB binds to regions within the mature
part of preprotein substrates and does not specifically recognize
signal sequences (Gannon etal., 1989; Liu etal., 1989). Substrate
selectivity by SecB is thought to occur via a kinetic partitioning
between binding to the chaperone and folding, which is modu-
lated by the affinity and the folding rate of the substrate protein
(Hardy and Randall, 1991). Seminal work performed on the SecB
substrate preMBP revealed the appearance of proteolysis resistant
conformation of preMBP in the absence of SecB, thus suggesting
that binding to SecB prevents precursor proteins from acquir-
ing a stable tertiary structure incompatible with Sec-dependent
translocation (Collier et al., 1988). A single molecule study recently
confirmed that binding to SecB maintains preMBP in a molten
globule-like state, preventing the formation of stable tertiary inter-
actions (Bechtluft etal., 2007). SecB binding motif was identified
by peptide scan of protein substrates as a nine amino acids-long
segment enriched in aromatic and basic residues, with acidic
residues strongly disfavored. Such motifs statistically occur every
20-30 amino acid residues in both exported and cytosolic pro-
teins, thus suggesting low substrate specificity (Knoblauch etal.,
1999).

Several SecB dependent presecretory substrates have been iden-
tified in E. coli by pulse chase experiments, sequence prediction or
following analysis of protein aggregates that accumulate in the
absence of the chaperone. This includes 25 presecretory proteins,
namely CsgF, DegP, FhuA, FkpA, GBP, LamB, MBP, OmpA, OmpC,
OmpF, OmpT, OmpX, OppA, PhoE, TolB, TolC, YagZ, YaiO, YbgF,
YcgK, YfaZ, YgiW, YftM, YIil, and YncE (Hayashi and Wu, 1985;
Kumamoto and Beckwith, 1985; Kusters et al., 1989; Laminet et al.,
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Table 1 | Most relevant phenotypes associated with mutations or overexpression of the E. coli SecB chaperone.

SecB Phenotypes?

Single mutation

Cs below 23°C and Ts at 46°C on LB agar plates"); sensitive to copper, ethanol, cholate, low pH, dibucaine, triclosan, verapamil, and to several
antibiotics, including bacitracin, novobiocin, amoxicillin, carbenicillin, tetracycline, cefaclor, glufosfomycin, ceftazidime, tunicamycin@; partially
resistant to phage U3®; produces slightly bigger cells®; and induces synthesis of heat-shock proteins™®® . Mutation in secB with polar effect

on the downstream gpsA gene inhibits growth on LB agar plates® .

Genetic interactions

Mutation in secB suppresses erythromycin and rifampin sensitivity of /otE mutants with increased outer-membrane permeability”; enhances
growth and export defects of secA57 mutation®; exacerbates Lon, DnaJ® and TF( toxicity. Ts, Cs and export defect of secB mutation are
suppressed by tig mutation(™; Cs is suppressed by lon mutation® and by overexpression of 6329, DnaK/DnaJ:19, GroEL/GroES(10.),
Rv1957(12), SmegB'3, and less efficiently by DnaJ259® and SecA(). Export defect of secB mutations is partially suppressed by secA853-128
mutation™. Synthetic lethal with dnaKdnaJ mutationV) and possibly with mutations in forty-one additional genes, including groEL, the dsbC,
lolA, and cpxP genes encoding periplasmic stress proteins and/or chaperones, as well as rp/W encoding for L23, the main chaperone docking
site at the ribosomal peptide exit'®. Likely presents positive or negative epistasis with eighty-nine additional mutations in cell envelope

biogenesis genes(™.

Protein localization loci

Mutation in secB blocks the phenotypic effects of the prIC8 (mutation in opdA encoding the cytoplasmic Oligopeptidase A) suppressor of lamB
signal sequence mutation('®); inhibits priA4 (secY [F286Y, 1408N]) mediated suppression of maltose-binding protein (MBP) signal sequence
mutations"”'® and priA4 and priZ1 mediated suppression of LamB signal sequence mutations('%29 The priA1001 (secY [I90N]) and priA1024

(secY [1408N]) mutations suppress export deficient maltose-binding protein in the absence of SecB('"); the priF1 mutation in the antitoxin gene

s0hA of the SohA-YhaV toxin-antitoxin system suppresses SecB-dependent accumulation of LamB precursors@?.

Overexpression

Partially suppresses the Ts of the double dnaK tig mutant®?; affects expression of the cytoplasmic response regulator OmpR®23; prevents

activation of the mycobacterial HigBA1 toxin—antitoxin system expressed in E. coli'?.

@Phenotypes associated with mutation or overexpression of SecB, and genetic interactions between secB and other mutations. Cs and Ts stand for cold- and

temperature-sensitive phenotype, respectively.

1 Ullers etal. (2007); 2 Nichols etal. (2011); 3 Kumamoto and Beckwith (1985); 4 Baars etal. (2006); ®Wild etal. (1993); 8 Shimizu etal. (1997); 7 Grabowicz etal. (2013);
8Sakr etal. (2010); @ Altman etal. (1991); 10 Castanie-Cornet etal. (2014); "' Danese et al. (1995); 12 Bordes et al. (2011); 13 Sala etal. (2013b); Y4 Mcftarland et al. (1993);
15 Babu etal. (2011); 18Trun and Silhavy (1989); 17 Francetic etal. (1993); 18 Derman etal. (1993); 1®Wei and Stader (1994); 20Trun etal. (1988); 21 Snyder and Silhavy

(1992); 22 Ullers etal. (2004); 23 Jin and Inouye (1995).

1991; Powers and Randall, 1995; Baars etal., 2006; Marani et al.,
2006). Proteomic analyzes of protein aggregates that accumulate
in a secB mutant also revealed the presence of a small number of
aggregated cytosolic proteins (Baars etal., 2006; Sakr etal., 20105
see SecB Networking).

As stated above, SecB directly targets presecretory proteins to
the Sec pathway via its specific interaction with the peripheral
ATPase SecA: the motor component of the Sec translocon (Hartl
etal,, 1990; Figure 2A). SecA is an essential cytosolic protein
of 102 kDa with an estimated cellular concentration of ~7 pM
in E. coli (Kusters etal., 2011; Chatzi etal., 2013). SecA forms a
homodimer in solution, is found either soluble or membrane-
bound, and can specifically interact with translating ribosomes
mainly via its N-terminal helix (Singh etal., 2014). SecB can inter-
act with both membrane-bound and soluble SecA, albeit with a
significantly lower affinity for soluble SecA (1.5 uM versus 30 nM
Kds, respectively; den Blaauwen et al., 1997). Interaction between
SecB and membrane-bound SecA is further increased in the pres-
ence of precursor proteins (Kd of ~10 nM), in order to facilitate

the targeting of precursor proteins to the translocon (Fekkes et al.,
1997).

Contact regions between SecB and SecA have been studied as
well. SecB mutants with amino acid substitutions at positions D20,
E24,L75,and E77 that were originally selected on the basis of their
export defect (Gannon and Kumamoto, 1993; Kimsey et al., 1995),
were later shown to be defective for binding to SecA (Woodbury
etal., 2000). Accordingly, the crystal structures of SecB revealed
that all these residues localize within the negatively charged sur-
face formed by the B-sheets on both sides of the tetramer (Figure 1;
Xu etal.,, 2000; Dekker etal., 2003). The main SecB binding site
of SecA, which encompasses the last 22 C-terminal amino acid
of SecA is highly enriched in basic residues and possesses a zinc
binding site required for a functional interaction with SecB (Fekkes
etal., 1998, 1999). The structure of H. influenzae SecB in complex
with the last 24 amino acids of SecA further established such a spe-
cific binding occurring mainly through electrostatic interactions,
with one SecA C-terminal peptide being bound to each p-sheet
surface on both sides of a SecB tetramer (Zhou and Xu, 2003).
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FIGURE 1 | The SecB chaperone. (A) Three-dimensional structure of an
Escherichia coli SecB tetramer (1QYN) in front (left) and side (right) views
displayed in ribbon and molecular surface using Chimera. Secondary
structural elements are colored in both representations as follows: p-sheet 1
in red, B-sheet 2 in orange, p-sheet 3 in yellow, B-sheet 4 in salmon, a-helix 1
in dark blue and a-helix 2 in light blue. On the side view, the proposed
subsites 1 (S1) and 2 (S2) of interaction with the substrate are indicated. (B)
The primary amino acid sequence of SecB is annotated with the secondary
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structural elements on the top with colors corresponding to (A). Residues
involved in the interaction with SecA or with the substrate are indicated
below the sequence with white or black rectangles, respectively. Black
asterisks indicate positions known to alter SecB function in export and red
asterisks positions known to trigger aggregation of the protein. The C-terminal
deletion 143-155 which alters the interaction with SecA is indicated. The
residues predicted as being part of the subsites 1 and 2 of interaction with
the substrate are highlighted in black and gray, respectively.

This is consistent with a model in which one SecA dimer binds
to one SecB tetramer (Randall et al., 2005). An additional contact
site between the two proteins has been described, which consists of
the C-terminal a-helices of SecB and the N-terminal part of SecA
involved in dimerization and ribosome binding (Randall etal.,
2004, 2005; Singh etal., 2014). Such interaction was proposed to
trigger dissociation of the SecA dimer, thus allowing the opening of
a peptide binding groove that would favor substrate transfer from
SecB to SecA (Randall etal., 2005). These two surfaces of contact
were confirmed by spin-labeling analyzes of SecB upon SecA bind-
ing (Crane etal.,, 2005). Interestingly, this work also showed that
the surfaces of SecB that interact with the precursor and with SecA
significantly overlap, thus likely facilitating substrate transfer for
translocation (Figure 1B; Crane etal., 2005). Efficient transfer of
the precursor protein from SecB to SecA requires both a correct

interaction with SecB and the binding of the functional signal
sequence to SecA, which has a strong affinity for signal sequences
(Fekkes etal., 1998). To date, the precise mechanism of substrate
transfer remains unknown. Once the ATP-dependent transloca-
tion process initiates, SecB is released from the Sec translocon and
is now free to initiate a new cycle of binding to precursor proteins
(Fekkes etal., 1997). The fact that SecB has the ability to stimu-
late SecA ATPase activity suggests that it could contribute to the
translocation initiation process as well (Miller etal., 2002).

In addition to the post-translational targeting of the SecB-
precursor complex to the SecYEG-bound SecA, recent studies
suggest that SecB might be directly recruited to the preformed
cytosolic SecA-precursor complex prior to SecA interaction with
the protein conducting channel SecYEG (Chatzi etal., 2013;
Figure 2A). This model is supported by the recently described
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FIGURE 2 | Multiple functions of SecB chaperones. (A) Proposed model
for SecB-mediated protein targeting via the Sec pathway and the T1SS, and
interplay between SecB and other generic chaperones. See text for details.
Abbreviations for the chaperones and targeting factors presented are:
trigger factor (TF), DnaK/DnaJ/GrpE (KJE), GroEL/GroES (ESL), SecB (B),
SecA (A), type | secretion system (T1SS), SecYEG (Sec). IM stands for
inner membrane. The T1SS and secretion signals are shown in red and
purple, respectively. A black arrow indicates an interaction of the substrate
with the chaperone or targeting factor and the black dashed arrow indicates
a possible interaction of TF with T1SS substrates that was not yet
investigated. (B) Proposed model for Rv1957 function in TA control. The
different proteins are depicted as follows: toxin (T), antitoxin (A, blue
triangle), Rv1957 chaperone (C), SecA1 (A, blue circle), SecYEG (Sec). IM
stands for inner membrane. The signal sequence of presecretory proteins
is showed in purple. The brackets indicate that it is not known yet whether
the chaperone is part of the inactive complex. The red cross indicates that
under certain stress conditions the chaperone could be recruited to rescue
accumulating presecretory proteins. In this case, the chaperone would no
longer be available to protect the antitoxin from degradation by proteases
and to facilitate its interaction with the toxin, thus provoking toxin activation
and bacterial growth inhibition until normal condition resume.

interaction of SecA with the L23 ribosomal protein platform for
ribosome interacting factors at the ribosome exit tunnel (Huber
etal., 2011; Singh etal., 2014). Together these data further high-
light the multifaceted interaction between SecA and SecB, and its
key contribution to the selective post-translational targeting of
precursor proteins in E. coli.

SecB AND TYPE 1 SECRETION SYSTEMS

Besides its chaperone function during protein export via the Sec
pathway SecB is a key player in the secretion of the small Sec-
independent HasA hemoprotein (19.3 kDa), which is part of
the heme acquisition system of Serratia marcescens (Letoffe etal.,
1994). So far, HasA is the only known type 1 secretion system

(T1SS) substrate that is strictly dependent on SecB. The T1SS,
which is widespread among Gram-negative bacteria directs the
one step translocation of polypeptides across both the inner and
outer membranes, directly to the extracellular medium (Dele-
pelaire, 2004). It allows secretion of proteins of diverse sizes
(19-800 kDa) and functions (toxins, lipases, heme-binding, or S-
layer proteins), which are presumably transported in an unfolded
state via a C-terminal uncleaved secretion signal (Delepelaire,
2004; Holland et al., 2005). HasA of Serratia marcescens is secreted
by an archetypal T1SS comprising an inner membrane ABC (ATP
binding cassette) protein HasD, a periplasmic adaptor HasE, and
an outer membrane channel-forming protein of the TolC family,
named HasF (Letoffe et al., 1994).

SecB interacts with nascent HasA early during synthesis and
holds it in an unfolded conformation competent for productive
interaction with the ABC transporter HasD at the inner membrane
(Figure 2A; Delepelaire and Wandersman, 1998; Debarbieux and
Wandersman, 2001). In support of such antifolding activity of
SecB, it has been shown that slow folding mutants of HasA are
secreted independently of SecB (Wolff et al., 2003). Despite the fact
that SecB allows a functional interaction between the N-terminal
region of HasA and HasD, no direct interaction could be detected
between SecB and the transporter (Sapriel et al., 2002, 2003; Wolff
etal., 2003). Remarkably, point mutations in SecB that are known
to affect its interaction with SecA (i.e., mutations D20A, E24A,
L75R, and E77V; Figure 1B) exhibited very little or no effect on
HasA secretion, thus indicating that SecB functions independently
of SecA in this process. In contrast, SecB mutations affecting
its oligomeric state and thus its chaperone function (mutations
C76Y and Q80R; Kimsey etal., 1995; Muren etal., 1999) have a
very strong effect on HasA secretion (Sapriel etal., 2003), sug-
gesting that substrate binding by SecB is sufficient in this case.
To date, the use of SecB generic chaperone function by SecA-
independent secretion systems has only been shown for HasDEF
and it remains to be determined whether other systems require
similar assistance by SecB, and to what extent such chaperone
redeployment could affect proper functioning of the SecA/SecB
cascade in vivo.

SecB NETWORKING

Significant interplay between SecB and other major cytosolic
chaperones has been described (Castanie-Cornet etal., 2014;
Figure 2A). The functional cooperation and/or overlap, as well
as the strong genetic interactions observed between SecB, TF and
DnaKJE suggest a key role for SecB as part of the chaperone net-
work that orchestrates proper protein folding and targeting in E.
coli. Albeit significantly less studied, a discrete link between SecB
and the chaperonin GroEL has also been shown in some cases. In
this part, we describe the intricate relationship between SecB and
these main chaperones and discuss how SecB chaperone tasking
contributes to such proteostasis network.

SecB AND THE RIBOSOME-BOUND TRIGGER FACTOR CHAPERONE

The TF chaperone interacts with most newly synthesized polypep-
tides in E. coli (Valent etal., 1995). It is believed that about 70%
of the E. coli cytosolic proteins interacting with TF reach their
native state without further assistance (Deuerling et al., 1999; Teter
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etal.,, 1999). TF specifically binds to the ribosomal protein L23
in the vicinity of the polypeptide exit tunnel and cycles on and
off the ribosome in an ATP-independent manner (Kramer etal.,
2002; Ferbitz etal., 2004; Genevaux et al., 2004). Following release
from the ribosome, TF can stay bound to elongating polypep-
tides and facilitate substrate transfer to downstream chaperones
or possibly to the Sec translocon (Crooke et al., 1988b; Kaiser et al.,
2006; Raine et al., 2006; Hoffmann et al., 2010; Saio etal., 2014).
TF can delay the folding of large proteins and exhibits unfold-
ing activity (Agashe etal., 2004; Hoffmann etal., 2012; O’Brien
etal., 2012), which may facilitate targeting of presecretory pro-
teins to the Sec translocon, as observed for SecB. TF interacts
with outer membrane proteins (OMPs) and several OMPs and
periplasmic proteins are significantly decreased in the absence of
TF (Oh etal., 2011). Remarkably, a substantial number of these
exported subtrates is shared between SecB and TF: this includes
precursors of OmpA, OmpC, OmpF, LamB, PhoE, TolC, DegP,
FkpA, OppA, Bla, and MBP (Castanie-Cornet etal., 2014). Yet,
in contrast with SecB, a direct role for TF in stabilizing translo-
cation competent precursors has only been shown for proOmpA
and in this case, deletion of the tig gene encoding TF exhibited no
significant defect on proOmpA processing (Crooke and Wickner,
1987; Crooke etal., 1988a,b). Instead, tig mutation was shown to
accelerate translocation of several known SecB substrates, namely
OmpA, OmpC, and OmpF (Lill etal., 1988; Guthrie and Wickner,
1990; Lee and Bernstein, 2002; Genevaux et al., 2004; Ullers et al.,
2007) and to fully suppress both cold-sensitive and temperature-
sensitive phenotypes of a secB null strain (Table 1; Guthrie and
Wickner, 1990; Lee and Bernstein, 2002; Genevaux etal., 2004;
Ullers etal., 2007). These data suggest that ribosome-bound TF
could facilitate post-translational targeting of precursors by main-
taining them competent either for binding to membrane-bound
SecA (Gouridis etal., 2009) or for transfer to SecB, DnaKJE, or
GroESL (Figure 2A; see subsections below). The fact that both TF
and SecA bind to L23 at the ribosomal polypeptide exit suggests
that TF could either cooperate with SecA or prevent unproduc-
tive SecA binding to precursors that first need to transit via SecB
(Figure 2; Karamyshev and Johnson, 2005; Huber etal., 2011;
Singh etal., 2014). Although more work is needed to shed light on
such possible interplays between SecA, TF and SecB, it is important
to note that both secB and rpIlW (the gene encoding L23) muta-
tions likely synergize in vivo, further supporting an important role
for SecB in this process (Table 1).

SecB AND THE DnaKJE CHAPERONE MACHINE

The ATP-dependent chaperone DnaK of E. coli is a well-
characterized member of the Hsp70 chaperone family. It is
an abundant cytosolic chaperone expressed constitutively and
induced in response to different stresses (Genevaux etal., 2007).
The DnaK chaperone cycle is tightly regulated by essential
co-chaperones: (i) the DnaJ (Hsp40) co-chaperone family mem-
bers that stimulate DnaK’s weak ATP activity and facilitate
substrate delivery to DnaK, and (ii) the nucleotide exchange factor
GrpE, which mediates the dissociation of ADP and the subsequent
binding of a new ATP that triggers substrate release from DnaK
(Liberek etal., 1991; Harrison etal., 1997; Brehmer etal., 2001).
DnaK preferentially interacts with short extended hydrophobic

polypeptide sequences accessible during de novo protein fold-
ing, translocation through biological membranes, during stress or
within native protein complexes (Rudiger etal., 1997). In agree-
ment with such a variety of potential interactors, the recently
described in vivo interactome of DnaK obtained in the presence
of SecB revealed that DnaK interacts with more than six hundred
E. coli proteins at 37°C, including cytosolic (~80%), inner mem-
brane (~11%), outer membrane (~3%) and periplasmic proteins
(~39%; Calloni etal., 2012).

Most of our current knowledge concerning DnaKJE’s contri-
bution to the Sec pathway originates from studies concerning secB
mutants and/or SecB substrates (Castanie-Cornet etal., 2014).
Indeed, it has been shown that export of the SecB substrates
OmpA, OmpC, and OmpF strongly relies on DnaK when protein
translocation is compromised (Qi etal., 2002), and that overex-
pression of DnaK] suppresses both the cold-sensitive phenotype
of a secB null strain and the export defect of the SecB-dependent
substrates LamB and MBP (Wild etal., 1992; Ullers etal., 2007;
Castanie-Cornet etal., 2014). Although, export of both LamB and
MBP is not affected by a dnaK mutation (Wild etal., 1992), deple-
tion of DnaK]J in the absence of SecB showed a further decrease
in the processing of these proteins and a robust accumulation of
protein aggregates in the E. coli cytoplasm (Wild et al., 1992; Ullers
etal., 2007). These aggregated proteins include known DnaK sub-
strates and several OMPs (i.e., OmpA, OmpC, OmpX, and PhoE)
previously known as SecB substrates (Ullers etal., 2007). Such a
major overlap between these two chaperones is further supported
by the fact that SecB substrates were recently identified as bona fide
DnaK interactors in vivo (Calloni etal., 2012). This includes the
OMPs OmpA, OmpC, OmpF, OmpT and OmpX;, and the periplas-
mic proteins OppA and DegP. Accordingly, peptide binding scans
revealed that SecB and DnaK share many potential binding sites
in polypeptide substrates and could interact with similar regions
within protein (Knoblauch etal., 1999). These data are in com-
plete agreement with the fact that mutations in secB and dnaK (or
dna]) exhibit synthetic lethality (Table 1), and that expression
of DnaK is upregulated in the absence of SecB, and recipro-
cally (Muller, 1996; Ullers etal., 2007). These data also suggest
that both chaperones could work in concert to assist the post-
translational translocation of certain Sec substrates (Sakr etal.,
2010). The physical interaction recently found between SecB and
DnaK in vivo is in agreement with such hypothesis (Calloni etal.,
2012).

SecB AND THE TF/DnaK PATHWAY FOR CYTOSOLIC PROTEIN FOLDING

In addition to protein export, a role for SecB in rescuing
cytosolic protein folding has been proposed. Such a SecB func-
tion has emerged from studies generally focusing on both TF
and DnaK chaperones. Indeed, it has been shown that SecB
overexpression efficiently rescues the severe growth defect of a
chaperone-deficient strain carrying both dnaK and tig mutations,
and suppresses the DnaK/TF-dependent accumulation of aggre-
gated cytosolic proteins (Ullers etal., 2004). In vitro cross-linking
experiments further showed that SecB is indeed capable of inter-
acting co- and/or post-translationally with nascent RpoB in the
absence of both chaperones. Such a possible SecB function is
further supported by the fact that (i) SecB has preference for
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unstructured stretches of polypeptides that are not specifically
found in exported proteins (Knoblauch etal., 1999), (ii) SecB pre-
vents luciferase aggregation and cooperates with DnaKJE in the
refolding of luciferase in vitro (Knoblauch etal., 1999), and (iii)
cytosolic proteins can be isolated from aggregated protein fractions
in both secB and secB lon mutant strains (Baars etal., 2006; Sakr
etal., 2010). More work is warranted to elucidate whether SecB
indeed has cytosolic protein substrates in vivo. Of note, the SecB-
like chaperone Rv1957 in Mycobacterium tuberculosis was shown
to directly assist the folding of a cytosolic antitoxin, arguing for
such possible SecB function in other bacteria (see part below).

SecB AND THE CHAPERONIN GroESL

The third main molecular chaperone potentially linked to SecB in
E. coliis the chaperonin GroESL. The ATP-dependent chaperonin
GroEL is a well-characterized member of the Hsp60 chaperone
family. Together with its co-chaperone GroES (Hspl0), it pro-
vides both a protected environment and a functional assistance to
polypeptides generally up to 60 kDa. GroEL forms a barrel-shaped
complex composed of two heptameric rings assembled back-to-
back (Saibil et al., 2013). The GroEL folding cavity can be closed by
a seven GroES co-chaperone lid, which allows confinement of the
polypeptide. It is believed that GroESL interacts with more than
10% of the E. coli cytosolic proteins, including aggregation-prone
proteins that are strictly chaperonin-dependent for their folding
in vivo (Kerner et al., 2005).

Although poorly investigated, a direct involvement of GroESL
in the Sec pathway has been observed and several SecB substrates
have been shown to interact with or to be processed by GroEL
(Kusukawa etal., 1989; Lecker etal., 1989; Phillips and Silhavy,
1990). Remarkably, five known SecB substrates were recently iden-
tified as GroEL interactors in vivo. These include three OMPs,
namely OmpA, OmpC and OmpkF, and two periplasmic proteins
OppA and YncE (Watanabe etal., 1988; Kerner etal., 2005; Baars
etal., 2006). In addition, GroEL was previously shown to interact
with prePhoE and proOmpA in vitro, and to stabilize proOmpA for
translocation (Kusukawa et al., 1989; Lecker et al., 1989). Although
groESL mutations exhibit no apparent effect on proOmpA and
proOmpF processing, overexpression of GroESL efficiently rescues
the cold-sensitive phenotype of a secB null strain (unpublished
data). The fact that endogenous SecB level also increases in strains
with impaired GroESL is in agreement with such findings (Muller,
1996). Together these data suggest that GroESL may actively con-
tribute to the Sec-dependent export process, perhaps rescuing
SecB substrates under certain stresses or even cooperate with
SecB to facilitate their transfer to SecA, as proposed for TF and
DnaK.

SecB-LIKE CHAPERONES AND TOXIN-ANTITOXIN SYSTEMS
As stated above, SecB is usually found in proteobacteria. Yet, some
SecB-like sequences are also found in other taxonomic groups,
including Gram-positive bacteria (Sala etal., 2013b). The major
human pathogen M. tuberculosis also encodes a SecB-like protein,
namely Rv1957, which shares 19% amino acid sequence identity
with the E. coli SecB. The fact that mycobacteria have a well-defined
and characteristic outer membrane, named the mycomembrane,
with a significant number of predicted OMPs suggests that these

bacteria could make use of such SecB chaperone function for the
targeting of their OMPs to the Sec translocon (Zuber etal., 2008;
Mah etal., 2010). Previous work showed that Rv1957 can replace
SecB export function in E. col, partially restoring the processing of
both proOmpA and preMBP, and complement the cold-sensitive
phenotype of a secB mutant strain (Table 1). In vitro, Rv1957 also
forms a tetramer in solution and efficiently prevents aggregation
of the known E. coli SecB substrate proOmpC at a level compa-
rable to that of SecB (Bordes etal., 2011). These results strongly
suggest that Rv1957 could act as a bona fide SecB chaperone to
assist protein export in M. tuberculosis.

In contrast with E. coli SecB, the Rv1957 encoding gene is
clustered together with genes that are part of a stress-responsive
type II TA system related to the HigBA family (Host Inhibi-
tion of Growth; Gupta, 2009; Ramage etal., 2009; Bordes etal.,
2011; Sala etal., 2013a,b; Schuessler etal., 2013). Type II TA sys-
tems are genetic modules composed of a stable toxin and a less
stable antitoxin, which interact together to form a complex in
which the toxin is inactive (Gerdes et al., 2005; Goeders and Van
Melderen, 2014). Under specific stress condition, the antitoxin
is degraded by activated proteases, provoking the release of the
active toxin, which will then act on its intracellular targets. Tox-
ins from type II TA generally target essential cellular functions,
such as translation or replication, resulting in growth inhibition.
Modulation of bacterial growth by TA systems in response to
environmental insults likely favors adaptation to stress (Lewis,
2010; Yamaguchi and Inouye, 2011). Remarkably, the SecB-like
chaperone Rv1957 from M. tuberculosis specifically controls the
inhibition of the HigBA TA system (Figure 2B). Indeed, Rv1957
interacts directly with the HigA antitoxin and protects it from
both aggregation and degradation by proteases, thus facilitat-
ing its folding and subsequent interaction with the toxin. This
chaperone function is necessary for the efficient inhibition of the
toxin by the antagonistic antitoxin (Bordes etal., 2011). Such
a tripartite system, named TAC for toxin-antitoxin-chaperone,
is the first example of a TA system controlled by a molecular
chaperone.

The hypothetic dual role of Rv1957 both as a generic chap-
erone potentially assisting protein export and as a specialized
chaperone controlling a bacterial growth tuning system raises the
question of a possible link between these two functions under cer-
tain conditions (Figure 2B). An attractive hypothesis is that in
case of a compromised translocon accumulation of preproteins
could compete with the antitoxin for Rv1957 binding, resulting
in antitoxin degradation and subsequent toxin activation. In this
model, the SecB-like chaperone would thus function as a molecu-
lar sentinel to watch over protein export. The fact that the presence
of a secB open reading frame associated with TA modules is not
unique to M. tuberculosis or to mycobacteria (Sala etal., 2013b)
indicates that such a mechanism might be conserved (see part
below).

TAXONOMIC DISTRIBUTION OF SOLITARY AND
TA-ASSOCIATED SecB

It has been proposed that SecB appeared in the last common
ancestor of a-, B-, and y-proteobacteria and that its conser-
vation is linked to the presence of an outer membrane, and

www.frontiersin.org

December 2014 | Volume 5 | Article 666 | 41


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

Sala etal.

Multitasking SecB

thus an increased need in protein export (van der Sluis and
Driessen, 2006). Nevertheless, analysis of the taxonomic reparti-
tion of PF02556, the Pfam domain characterizing SecB sequences
(http://pfam.sanger.ac.uk/) in a set of 1631 complete and cured
bacterial genomes revealed the presence of this domain in seven
groups outside proteobacteria. Noticeably, these groups are mainly
composed of diderm bacteria, except from the Firmicutes phylum
(Figure 3A) and in most cases, SecB sequences occur at low fre-
quency when compared to the total number of genomes. This is
in sharp contrast with a-, -, and y-proteobacteria, where most of
the genomes contain at least one SecB sequence (Sala etal., 2013b;
Figure 3A).

A subset of SecB genes, representing approximately 7.5% of the
total number of SecB sequences (52/688), are associated with genes
encoding TA systems (or in some cases antitoxin genes alone),
as observed for the TAC system of M. tuberculosis. This suggests
that these putative SecB chaperones might function in the spe-
cific control of their cognate TA systems in a manner comparable
to that of Rv1957 (Bordes etal., 2011; Sala etal., 2013b). When
SecB sequences are present in groups outside of a-, B-, and y-
proteobacteria, they seem to preferentially associate with a TA
system (63%, 44/70). In this case, the vast majority of the genomes
(>90%) do not possess an additional copy of solitary SecB. Inter-
estingly, TA systems associated with SecB sequences often belong

A

FIGURE 3 | Distribution and conservation of SecB sequences in bacteria.
(A) Taxonomic distribution of SecB sequences. A number of 1631 complete
and cured bacterial genomes (local database) were analyzed for the presence
of SecB sequence by searching for (i) the signature of the PF02556 domain
using RPS-BLAST with as threshold an e-value of 102, a score of 35 and a
query coverage of 40%, or (i) TAC (or AC) chaperones potentially not identified
by the first request, using an approach described previously (Sala etal.,
2013b). This approach allowed the identification of 688 SecB sequences. For
each taxonomic group containing SecB sequences, the total number of
genomes is given in bold characters and represented by a black frame. The
number of genomes containing one or more SecB sequences is given in blue
and represented by blue rectangles, and the number of genomes containing
TAC or AC systems is depicted in green. (B) MCL (Markov Clustering) analysis
of the 1981 bacterial sequences contained in the PF02256 conserved domain

Alphaproteobacteria 159 153
Betaproteobacteria 1123 110
Gammaproteobacteria 335[F__ 1322
Deltaproteobacteria 457 ]10
Firmicutes 3487 25
Actinobacteria 15219 19
Bacteroidetes 57 12
Thermotogae 11 NGe |6
Deinococcus-Thermus 14T 1
Verrumicrobiae 1 Y
Synergistetes ] P

0,

M. smegmatis

M. tuberculosis

. and MTBC

plus 33 sequences identified previously (Sala etal., 2013b) as TAC chaperones
that are absent from the PF02556. A graph was built in which nodes (Circles)
correspond to protein sequences and weighted edges represent the BLASTP
log(e-value) obtained between a pair of proteins. In this case, the homology
relationship was inferred when an e-value less than or equal to 105 was
observed between two sequences. Partitioning of this graph into
communities of highly connected nodes was performed using the MCL
program, with an inflat parameter of 1.5. This resulted in 18 groups of SecB
sequences, represented by the different colors assigned to the circles in the
graph. The highly connected core containing almost all solitary SecB
sequences discussed in the text is circled in gray. The three circles with a
thick gray line indicate the solitary SecB sequences found outside of the
SecB conservation core. MTBC stands for M. tuberculosis complex

species.
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to different families of toxins and/or antitoxins, strongly suggest-
ing that the event of association of a SecB encoding gene with a
TA module is a widespread mechanism that occurred several times
during evolution (Sala etal., 2013b). The possible involvement of
these SecB chaperones in Sec-dependent protein export remains
to be determined.

Further analysis on all the bacterial sequences available on
the Pfam server for the PF02556 conserved domain (i.e., from
both complete and in progress genomes) was performed to study
the homology links between SecB sequences using a graph par-
titioning approach. This revealed that solitary SecB sequences
are grouped together in a highly connected core, reflecting
a high level of conservation (Figure 3B). In this core, sev-
eral SecB communities (corresponding to the different colors)
are well-defined and generally correspond to the taxonomy:
the red family contains mainly a-proteobacterial sequences,
the dark orange mainly y-proteobacterial sequences and the
light orange mainly B-proteobacterial sequences. Another clearly
defined group that emerges from this core, in yellow, con-
tains mainly sequences from Streptococcus pneumoniae strains
(158/196). The other communities within the core are poorly
defined and mainly correspond to other Firmicutes sequences.
Most of the TAC (or AC) chaperones are grouped in eight
different communities, which seem to have diverged from the
solitary SecB core from distinct origins (Figure 3B). The light
orange group within the core also contains four TA-associated
SecB sequences from 3-proteobacteria, thus strongly suggest-
ing a common evolutionary history between TAC chaperones
and canonical solitary SecB (Sala etal., 2013b). Yet, in sharp
contrast with solitary SecB, the groups of TAC chaperones do
not follow the taxonomy and most of them are comprised in
regions containing horizontal gene transfer signatures, as it is the
case for classical TA systems (Makarova etal., 2009; Sala etal.,
2013b).

Paralogs of SecA, SecE, SecY, and SecG are found in Actinobac-
teria and Firmicutes, either forming a parallel pathway with a
dedicated translocon or exploiting the generic Sec translocon to
export a specific set of substrates, as it is the case for SecA2
in mycobacteria (Rigel etal., 2009; Sullivan etal., 2012). Inter-
estingly, among the 1631 complete bacterial genomes analyzed
26 of them are predicted to have more than one solitary SecB
sequence (up to three in Acetobacter pasteurianus IFO 3283-01-
42C), eight genomes contain both a solitary and a TA associated
SecB, one genome contains two solitary and one TA associ-
ated SecB, and two genomes contain two TAC or AC. These
additional SecB sequences could function as specialized chaper-
ones for the control of TA systems or for the export of specific
substrates, or as generic chaperone induced in response to cer-
tain stress conditions. Interestingly, single deletion of secBI
or secB2 from Francisella tularensis subsp. novicida exhibits a
reduced biofilm formation, suggesting that both chaperone par-
alogs participate in the secretion of specific factors important
for the attachment to abiotic surfaces (Margolis etal., 2010).
Remarkably, the double secB mutant was not viable, suggesting
that in the case of F. tularensis, SecB chaperones have over-
lapping functions essential for bacterial survival (Margolis etal.,
2010).

CONCLUDING REMARKS

Extensive genetic and biochemical analyses of SecB chaperone
tasking have undoubtedly revealed its key cellular roles as part
of the network of generic chaperones that orchestrate proteostasis
in E. coli. The fact that SecB binds its substrates in a non-native
state and prevents their unproductive folding is in agreement with
its major role in delivering translocation competent proteins to the
inner membrane, as observed for a large number of Sec-dependent
presecretory proteins, for the ABC transporter substrate HasA,
and perhaps for other proteins whose secretion relies on specific
secretion systems that lack dedicated chaperones.

In contrast with the specific and well-described cooperative
cascade between SecB and SecA during post-translational target-
ing of Sec-dependent precursors, the interplay between SecB, TF
and DnaK remains poorly understood, and there is a clear lack
of knowledge about the substrates that are shared between the
three chaperones in vivo. In addition, it is not known whether
these chaperones actively cooperate to facilitate export of certain
proteins, both under normal and stress conditions, and to what
extent such cooperation influences early partitioning of newly syn-
thesized proteins. Similarly, it remains to be determined whether
some cytosolic proteins or protein complexes do require SecB for
their folding and/or assembly, as it is the case for the SecB-like
protein Rv1957 and its TA system in M. tuberculosis. These are
truly open questions that need to be addressed.

The relatively frequent association of SecB proteins with dif-
ferent TA families is intriguing and may reveal interesting new
SecB functions, perhaps reflecting a link between toxin activation
and membrane jamming. In this respect, an important mecha-
nistic issue will be to determine how TA systems have acquired
such a unique addiction for SecB chaperones. Finally, the sporadic
presence of solitary SecB-like proteins in monoderm bacteria also
suggests novel SecB functions to be discovered.
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Chaperonin GroEL/GroES
Over-Expression Promotes
Aminoglycoside Resistance and
Reduces Drug Susceptibilities in
Escherichia coli Following Exposure
to Sublethal Aminoglycoside Doses

Lise Goltermann ¥, Menachem V. Sarusie ™ and Thomas Bentin *

Department of Cellular and Molecular Medicine, University of Copenhagen, Copenhagen, Denmark

Antibiotic resistance is an increasing challenge to modern healthcare. Aminoglycoside
antibiotics cause translation corruption and protein misfolding and aggregation in
Escherichia coli. We previously showed that chaperonin GroEL/GroES depletion and
over-expression sensitize and promote short-term tolerance, respectively, to this drug
class. Here, we show that chaperonin GroEL/GroES over-expression accelerates
acquisition of streptomycin resistance and reduces susceptibility to several other
antibiotics following sub-lethal streptomycin antibiotic exposure. Chaperonin buffering
could provide a novel mechanism for emergence of antibiotic resistance.

Keywords: chaperonin, aminoglycosides, antibiotic resistance, protein misfolding, mRNA translation

INTRODUCTION

Chaperones comprise an integral part of the protein folding machinery of bacterial cells and
help maintain cellular homeostasis (Houry, 2001; Lin and Rye, 2006). Chaperones may also mask
deleterious effects of mutations (Rutherford and Lindquist, 1998). Chaperonin GroEL/GroES
promotes evolution of recombinant protein (Tokuriki and Tawfik, 2009) and a comparison of 446
bacterial genomes revealed that protein evolutionary rates in nature correlate positively with their
dependency on GroEL/GroES (Bogumil and Dagan, 2010). Aminoglycoside (AG) antibiotics are
known to promote translational misreading (Davies et al., 1964; Gorini and Kataja, 1964). Our lab
(Goltermann et al., 2013) and others (Ling et al., 2012) have demonstrated that AG action promotes
misfolding of newly synthesized protein. We have further demonstrated that GroEL/GroES over-
expression countered nascent protein misfolding and promoted bacterial survival and growth in
exponential cultures whereas chaperonin depletion sensitized cells to AG antibiotics (Goltermann
et al., 2013). Consistent with chaperones playing key roles in the response to AG antibiotics,
chaperone gene expression has been reported to be up-regulated in response to AG exposure across
different bacterial species (Lin et al., 2005; Kohanski et al., 2008; Cardoso et al., 2010). Although
not a mutagen in itself, the AG antibiotic streptomycin has been reported to induce mutations
via translational misreading in streptomycin sensitive (rpsL*) wild type E. coli (Boe, 1992) and
facilitate a mutator phenotype (Ren et al., 1999). Given that GroEL/GroES can promote short-term
tolerance to AG antibiotics (Goltermann et al., 2013) and that streptomycin has indirect mutagenic
properties (Boe, 1992; Ren et al., 1999), we speculated that chaperonin over-expression could buffer
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deleterious protein misfolding resulting from translational
misreading during AG exposure and hence promote adaptation
and resistance to AG antibiotics.

MATERIALS AND METHODS

Strains and Plasmids

We used E. coli strain MG1655 (a gift from Stanley Brown,
University of Copenhagen, strain #548 in our inventory)
transformed with pACYC184 derived plasmids with protein
expression driven by the arabinose inducible Pbad promoter.
The following plasmids were used: pGroEL/GroES (p544 in our
inventory) expressing GroEL/GroES, pAGroEL/GroES (p730-cl1
in our inventory) deleted for the groS-groL genes (Goltermann
et al.,, 2013), and pGFP (p488-cl in our inventory) expressing
GFPuv (Crameri et al., 1996) containing the F64L, S65T (Heim
et al., 1995; Cormack et al., 1996) mutations (Goltermann et al.,
2013). pGroEL/GroES is commercially available from Takara
Biosciences as pGro7 (Nishihara et al., 1998). The p730-cl and
p488-c1 plasmids were previously described (Goltermann et al,,
2013). The construction of p730-cl was erroneously described
and we therefore describe this plasmid in detail: Plasmid
p730-c1 (AGroEL/GroES) was generated by inverse PCR using
pGroEL/GroES as a template and 5'-phosphorylated primers
otb674 (5'P-TTGAGAAAGTCCGTATCTGTTATGGGTG) and
otb695 (5'P-GCCCTGCACCTCGCAGAAATAAAC). The PCR
product/template mix was Dpnl treated to remove template. The
PCR amplicon was circularized with DNA ligase and transformed
into E. coli. The resulting construct was characterized by
restriction mapping using EcoRI and HindIIl yielding bands
compatible with the expected fragment sizes (1947 and 1523 bp)
and by sequencing across the groS-groL deletion using otb710
(CAAAAGCGTACAGTTCAGGCG).

Susceptibility Assay and MIC Value

Determinations

Over-night MG1655/plasmid cultures in LB containing 40 jvg/ml
chloramphenicol (LBC; for plasmid maintenance) and 0.02%
L-arabinose (for GroEL/GroES induction) were diluted into fresh
LBC containing arabinose and sub-inhibitory concentrations
of selection antibiotic (12-14pg/ml streptomycin, 15 pg/ml
spectinomycin, or 18 pg/ml ampicillin (see Figure S1) followed
by continued growth over-night. Cultures were diluted to
OD595 nm = 0.003 in fresh medium, and the resulting cultures
were grown in Erlenmeyer flasks at 37°C, 180 rpm ON. The
cultures were passaged every 24h over the course of 3 days.
At each passage, aliquots of out-grown cultures were removed
normalized to 1 ODsgs py per ml and 100l of undiluted
culture as well as ten-fold dilutions were plated on LBC-agar
containing inhibitory amounts of selection antibiotic (40 pg/ml
streptomycin, 80 pg/ml spectinomycin, or 60 jLg/ml ampicillin)
to determine the number of resistant colony forming units
(cfu), and on LBC-agar to determine the total cfu count. Drug
tolerant cfu and total cfu were thus determined on plates without
L-arabinose. Growth inhibitory concentrations of selection
antibiotic were determined as the concentration that did not

allow visible growth following 24 h incubation at 37°C of an
unexposed culture. Following over-night incubation, cfu were
counted manually. Examples of colonies growing on inhibitory
selection antibiotic (streptomycin) were re-streaked on fresh
plates to determine whether the reduced drug susceptibility
was stably inherited. Drug susceptibility to streptomycin and
other antibiotics was investigated further by growth in LBC
liquid culture using microtiter plates and using the indicated
antibiotic concentrations (Table 1). MIC determinations were
done by replica plating from a fresh over-night culture using
a 48-pin tool (frogger) into 200l of LBC and the desired
test antibiotic (Table 2). Plates were double taped to avoid
evaporation and scored for £growth after over-night incubation
at 37°C at 900rpm in a Heidolph microplate incubator.
Sequencing of the chromosomal rpsL gene in streptomycin
resistant isolates was done using primer otb722 following PCR
amplification of the rpsL locus using forward primer otb721
(TCTGCGTAATGCCCCCATTAAGG) and reverse primer
otb722 (AACTTCGGATCCGGCAGAATTTTAC).

RESULTS AND DISCUSSION

In order to determine whether GroEL/GroES over-expression
promotes resistance to AG antibiotics, we examined drug
susceptibilities of MG1655 over-expressing the chaperonin
complex following exposure to sub-lethal concentrations

TABLE 1 | Susceptibility to other antibiotics of streptomycin selected
isolates.

pGroEL/GroES pAGroEL/GroES

Streptomycin 100% (95/95) 100% (127/127)
Ampicillin 15% (14/95) 2% (3/127)
Tetracycline 0% (0/95) 0% (0/127)
Spectinomycin 19% (18/95) 3% (4/127)
Kanamycin 9% (9/95) 1% (1/127)
Amp/Spc/Str 5% (5/95) 0(0/127)
Spc/Kan/Str 4% (4/95) 0(0/127)

Sensitivity to other antibiotics of isolates growing on inhibitory streptomycin plates
from pGroEL/GroES and pAGroEL/GroES transformed MG1655 cultures after 24 h of
sub-inhibitory streptomycin selection. Streptomycin, Str (100 ug/mi), Ampicillin, Amp
(100 ng/mi), Tetracycline (10 ng/mi), Spectinomycin, Spc (50 ug/ml, Spc), Kanamycin,
Kan (60 ug/ml, Kan).

TABLE 2 | MIC values of streptomycin selected pGroEL/GroES isolates.

Control Isolates
Streptomycin (ng/ml) >128
Kanamycin (ig/ml) 8 128
Spectinomycin (jug/ml) 16 64
Ampicillin (ng/ml) 16 64
Tetracycline (ng/ml) 2 2

“Isolates” and “Control” designate pGroEL/GroES MG1655 cultures that had or had not
been exposed to streptomycin selection prior to MIC determination, respectively. Numbers
are based on the experiment shown in Table S2.

Frontiers in Microbiology | www.frontiersin.org

January 2016 | Volume 6 | Article 1572 | 48


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

Goltermann et al.

GroEL/GroES Over-Expression and Multi-Drug Tolerance

of various “selection antibiotics™ (i) Streptomycin, an
aminoglycoside causing ribosomal misreading and protein
misfolding, (ii) spectinomycin, a bacteriostatic antibiotic that
causes translational blockage without misreading or protein
misfolding, and (iii) ampicillin, which targets the peptidoglycan
layer and therefore is not expected to impact protein folding.
The antibiotic concentrations used were based on a titration,
which showed similar growth phenotypes among the differently
used antibiotics (Figure S1). We used the E. coli strain MG1655
transformed with one of three arabinose inducible plasmids.
One transformant contained the plasmid pGroEL/GroES
(Nishihara et al., 1998) expressing chaperonin GroEL/GroES. As
controls, we used MG1655 transformed with pAGroEL/GroES
in which the entire groS-groL coding region was deleted (empty
control) and MG1655 transformed with pGFP, a plasmid that
expresses GFP (over-expression control). Cultures were passaged
with arabinose inducer for 3 days in total (Figure S2) and
drug susceptibility was then determined without chaperonin
induction.

The pGroEL/GroES transformed strain showed a rapid
reduction of drug susceptibility following streptomycin
selection as determined by the percentage of cfu growing on
plates containing an inhibitory streptomycin concentration
(Figure 1A). In fact, the pGroEL/GroES transformed culture
was virtually purged for streptomycin sensitive bacteria in
only 3 days. MGI1655 transformed with pAGroEL/GroES
also showed reduced drug susceptibility following growth in
sub-lethal streptomycin but this was much less pronounced
requiring extended exposure (Figure 1A). This tendency also
holds true in absolute numbers (Figure S3B), even though the
pGroEL/GroES transformed strain grew to a lower cell density
on day 1 of selection (see legend to Figure S2). Similar to the
PAGroEL/GroES transformed strain, streptomycin tolerance

in MG1655/pGFP also developed slowly (Figure S3), indicating
that protein over-expression in itself did not enhance antibiotic
adaptation. We conclude that acceleration of adaptation toward
streptomycin was a result of chaperonin action.

Colonies derived following sub-lethal streptomycin selection
and growth on inhibitory streptomycin plates, were incubated
in liquid culture containing 100 pug/ml streptomycin and all
showed growth (Table 1). This suggests that these colonies were
not only temporarily tolerant but heritably resistant toward
streptomycin.

Among the 95 chaperonin over-expressing isolates, 17
randomly selected colonies from the first day of selection were
sequenced for changes in the rpsL gene encoding ribosomal
protein S12. Mutations in the S12 protein that confer resistance
to streptomycin are known. Two independent point mutations
giving rise to an arginine to serine mutation at codon 85 (R85S)
and a lysine to arginine mutation at codon 87 (K87R) were found
(Table S1). A streptomycin sensitive control, which had not been
exposed to streptomycin selection, was sequenced and revealed
the wild type rpsL gene sequence (Table S1). The K87R mutation
confers resistance to streptomycin (Timms et al., 1992). We have
not found a prior description of the specific R85S mutation.
These observations show that GroEL/GroES over-expression
can enable accelerated resistance acquisition during sub-lethal
streptomycin selection and that this resistance is genetically
based.

A number of resistant isolates identified on day 1 after
streptomycin or ampicillin selection were tested for susceptibility
to other antibiotics at or above the MIC value of the
parent strain (Table 1). Interestingly, several pGroEL/GroES
isolates resistant to streptomycin were found to show reduced
susceptibility to one (ampicillin, spectinomycin, or kanamycin)
or two (spectinomycin and kanamycin or spectinomycin and
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FIGURE 1 | Chaperonin dependent antibiotic resistance development following sub-inhibitory selection. Percentage of colonies growing on inhibitory
concentrations of the indicated antibiotics used for selection with or without over-expression of GroEL/GroES (pGroEL/GroES), or an empty control plasmid
(PAGroEL/GroES). The number of cfu growing on inhibitory antibiotic plates was normalized to total cfu count (Each data point consists of 2-4 experimental repeats
each composed of 2-4 technical repeats. Error bars show SD). Day 1: pGroEL/GroES vs. pAGroEL/GroES p < 0.0001 (***), day 2: pGroEL/GroES vs.
pAGroEL/GroES p < 0.0001 (***), day 3: pGroEL/GroES vs. pAGroEL/GroES p < 0.0001 (***). Note the split y-axis used to enable visualization of large differences
within the same graph. (A) Str, streptomycin; (B) Spc, spectinomycin; (C) Amp, ampicillin.
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ampicillin) additional antibiotics. Susceptibility to tetracycline
was unaltered.

To explore drug susceptibilities further, we repeated the
selection experiment in sub-lethal streptomycin concentrations
and picked fresh pGroEL/GroES isolates growing on inhibitory
streptomycin plates. These isolates were grown ON in a 96
well format. We then determined MIC values by replica plating
and growth ON in media (Table 2; Table S2). Compared to the
control (included in duplicate), which had not been subjected
to selection, isolates were observed to show reduced drug
susceptibilities to streptomycin (as expected), to kanamycin, and
to a lesser extent to spectinomycin and ampicillin. As above,
tetracycline sensitivity was unaltered. MIC values are known to
be sensitive to the inoculum density and since these isolates were
inoculated using a pin tool (Table S2) whereas the data presented
in Table 1 was obtained following inoculation of cfu, we did
not expect identical numbers. Nevertheless, we observe a clear
trend that isolates over-expressing GroEL/GroES during growth
with sub-lethal streptomycin exposure rapidly acquired reduced
susceptibility to the selection drug and also to additional drugs.

Selection with spectinomycin resulted in a very low fraction
of colonies showing reduced susceptibility to the drug even after
3 days of selection, regardless of chaperonin status (Figure 1B).
Cultures grown without antibiotic selection did not yield
any colonies under any of the tested conditions indicating
that spontaneous formation of resistant isolates w/o antibiotic
selection was under our detection limit (estimated to be ~1 cfu
in 108 cells).

Selection with ampicillin produced only few colonies showing
reduced ampicillin susceptibility (Figure 1C), and only 1-4%
of these isolates showed reduced susceptibility to an additional
antibiotic (Table S3). Unexpectedly, the pGroEL/GroES
transformed strain showed a small but significant reduction of
susceptibility to ampicillin as compared to MG1655 harboring
pAGroEL/GroES (Figure 1C) even though ampicillin action
targets the peptidoglycan layer and does not involve protein
misfolding. We do not know the mechanism(s) connecting
chaperonin over-expression to reduced ampicillin susceptibility.
One speculative mechanism could involve GroEL/GroES
dependent accelerated protein evolution, as described for
GroES/GroEL substrates in vitro (Tokuriki and Tawfik,
2009) and in vivo (Bogumil and Dagan, 2010). To this end,
GroEL/GroES is a known cytosolic chaperone, but it nevertheless
does interact with a few membrane proteins (Kerner et al., 2005)
and could chaperone a wider collection of proteins than those
identified by interaction analyses (Chapman et al., 2006).

We repeated the selection experiment using two other
AG antibiotics: Kanamycin and gentamicin (Figure S4).
Resistance toward these antibiotics occurs infrequently as
compared with streptomycin. Nevertheless, like in the case of
streptomycin, GroEL/GroES over-expressing bacteria grown
under sub-inhibitory kanamycin (14 pug/ml) or gentamicin

(1.5 g/ml) concentrations showed more colonies on inhibitory
plates as compared with the AGroEL/GroES strain following
plating on plates containing 60 pg/ml kanamycin or 10 pg/ml
gentamicin, respectively. Compared to the streptomycin
selection experiment, colonies from kanamycin or gentamicin
selection were smaller indicating slower growth. The observation
that more cfu grew following selection with GroEL/GroES over-
expression, however, suggests that chaperonin over-expression
also promotes reduced drug susceptibilities to these members of
the AG class of antibiotics.

The present results reveal that chaperonin action can
accelerate resistance development to streptomycin following
exposure to sub-lethal streptomycin concentrations and
simultaneously reduce drug susceptibilities to other antibiotics
to which the bacteria had not previously been exposed. These
observations are compatible with chaperonin over-expression
conferring an increased fitness due to reduced protein misfolding
during exposure to AG. In turn, this enables selection for reduced
drug susceptibility, which is accelerated due to the mutator
phenotype resulting from streptomycin exposure (Ren et al,
1999). Such selected strains would also have acquired numerous
additional mutations. Mutations reducing influx or increasing
efflux (Pages et al., 2008; Nikaido and Pages, 2012) could explain
reduced susceptibility to multiple antibiotics.

Together, the results suggest that chaperonins could enable
formation of complex antibiotic susceptibility phenotypes
from a single AG exposure regime. We propose a model,
where  GroEL/GroES  over-expression reduce  protein
misfolding, increase fitness, expand the “mutational space,
and provide a window of opportunity for bacteria to acquire
resistance or tolerance and hence evade drug mediated
killing.
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Many bacteria produce cytolytic toxins that target host cells or other competing microbes.
It is well known that environmental factors control toxin expression, however, recent work
suggests that some bacteria manipulate the fold of these protein toxins to control their
function. The B-sheet rich amyloid fold is a highly stable ordered aggregate that many
toxins form in response to specific environmental conditions. When in the amyloid state,
toxins become inert, losing the cytolytic activity they display in the soluble form. Emerging
evidence suggest that some amyloids function as toxin storage systems until they are
again needed, while other bacteria utilize amyloids as a structural matrix component
of biofilms. This amyloid matrix component facilitates resistance to biofilm disruptive
challenges. The bacterial amyloids discussed in this review reveal an elegant system where
changes in protein fold and solubility dictate the function of proteins in response to the
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AMYLOIDS

The secondary structure of the amyloid fold is one that is seen
throughout life. Amyloids have long been studied because of
their importance in human neurodegenerative diseases such as
Alzheimer’s and Huntington’s diseases. There have been many
reviews published on disease associated amyloids and they will
not be discussed in this review (Chiti and Dobson, 2006;
Eisenberg and Jucker, 2012). Amyloids were initially described in
the 1850s as deposits in human tissues that stained with iodine,
which was a characteristic of starch. A few years later though, it
was shown that there were no carbohydrates in amyloid deposits
but they consisted of proteins. Since then, amyloids have been
found to be produced in many organisms and the biophysi-
cal and chemical properties of amyloids have been significantly
investigated.

Amyloids are composed of fibrous oligomers of proteins that
are characterized by a cross B-sheet structure running perpendic-
ular to the fiber axis. The core of the amyloid fiber is made of
protein backbones that form many hydrogen bonds between them
leading to strong molecular forces. Because the strength of the
amyloid is mainly independent of the side chains, proteins that
can fold into amyloids do not have any sequence motifs, making
it difficult to predict amyloid forming proteins. Even though they
do not contain sequence homology, amyloids can be identified
using biophysical properties including SDS-insolubility, protease
resistance, and binding to the amyloid specific dyes Thioflavin T
and Congo red (CR).

Amyloids have long been thought to be a result of protein
misfolding, but over the past decade, this view has evolved to
the understanding that some organisms utilize the amyloid fold
for various functions aptly named Functional Amyloids (Table 1;
Chapman et al., 2002). The most well studied functional amyloids

are those made by bacteria that help form microbial communi-
ties called biofilms. These biofilms contain bacterial cells as well
as matrix containing carbohydrates and proteins that hold them
together affixed to a surface. Increasingly, it is being found that
bacteria utilize the strength of the amyloid fold to make the strong
biofilm matrix that resists disruption from stressors. As will be
discuss below, many bacteria have developed toxin systems that
are able to attack niche competitors or the host that can be abro-
gated by sequestering these toxins as amyloids where some have a
second function in biofilm stability.

AMYLOIDS AS STRUCTURAL MOLECULES

CURLI

Curli are the most well studied bacterial functional amyloid.
Through a dedicated pathway, curli form amyloids on the sur-
face of Enterobacteria, such as Escherichia coli, and Salmonella,
that aid bacteria in attaching to surfaces as well as defending
the population from stress (Saldana etal., 2009; Goulter-Thorsen
etal.,, 2011; Zhou etal., 2012). Curli are made through a highly
controlled master regulator CsgD, which induces the transcrip-
tion of other curli specific genes (csg) to produce these amyloids
(Figure 1; Brombacher et al., 2003). The major functional subunit
of curli, CsgA, is secreted from the cell in a soluble form, leav-
ing the outer-membrane through the pore formed by a hexamer
of CsgG (Figure 1; Chapman etal., 2002; Robinson etal., 20065
Epstein etal., 2009). The minor fiber subunit CsgB is linked with
the membrane and facilitates the nucleation of CsgA into amy-
loid fibers (Figure 1; Bian and Normark, 1997; Hammer etal,,
2007). Proper assembly, localization, and regulation of curli fibers
are modulated by CsgC, CsgE, and CsgF (Gibson etal., 2007;
Nenninger etal., 2009, 2011; Evans and Chapman, 2014). Not
only are the curli genes under strict genetic regulation, but it
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Table 1 | Bacterial functional amyloids.

Organism Protein Functions Reference

Escherichia coli, other CsgA (Curli) Biofilm matrix protein, surface attachment Chapman etal. (2002)
Enterobacteriaceae

Pseudomonads FapC Biofilm matrix protein Dueholm etal. (2010, 2013)
Mycobacterium MTP Binding to human proteins and biofilm formation Alteri etal. (2007), Ramsugit etal. (2013)
tuberculosis

Streptococcus mutans Adhesin P1 Role in dental carries Oli etal. (2012)

(antigen I/1l, PAc)
Streptomyces coelicolor Chaplin
Phenol soluble
modulins (PSMs)
Microcin E492

TasA

Staphylococcus aureus
and other Staphylococci stabilizes biofilms
Klebsiella pnumoniae
Bacillus subtilis
architecture
Listeria monocytogenes Listeriolysin O (LLO)
shift in cytosol

Xanthamonas axonopodis  HpaG (Harpins)

Hydrophobic coat for aerial hyphae

Soluble virulence factor, biofilm dispersal/amyloid

Bacteriocin that is inactivated by amyloidogenesis

Soluble toxinfamyloid necessary for biofilm

Forms pores in phagolysosome/inactive by pH

Triggers hypersensitive response in plants

de Jong etal. (2009), Claessen etal. (2003)
Wang etal. (2007), Schwartz etal. (2012)

Bigler etal. (2005)
Stover and Driks (1999¢), Romero etal. (2010)

Bavdek etal. (2012)

Oh etal. (2007)

has been shown that cellular chaperones can modulate the fold
of CsgA to prevent improper folding in the cells (Evans etal,
2011).

Curli fibers are important for E. coli surface colonization and
biofilm formation (Chapman etal., 2002; Saldana etal., 2009;
Crémet etal., 2013; DePas etal., 2013; Giaouris etal., 2013). The
expression of curli is a tightly regulated process in regards to the
environment around the bacteria as well as within a biofilms com-
munity. Recently, it has been shown that there is spatial regulation
within an E. coli rugose biofilms where curli producing cells are
localized to the exterior of the biofilms, whereas cells on the inte-
rior of the community were not producing curli fibers (DePas
etal., 2013; Serra etal., 2013). This bimodal growth allows for a
protective shell of matrix-encased cells that contain a population
of cells that ready to disperse and disseminate when conditions
become favorable.

OTHER FUNCTIONAL AMYLOIDS PRODUCED BY BACTERIA

Emerging evidence suggest that amyloids likely play a structural
role in some naturally occurring environmental biofilms. Recent
work utilizing conformational antibodies that specifically bind to
the amyloid fold, and the amyloid-specific dye thioflavin-T, pro-
vide evidence of amyloids being present in biofilm samples for
fresh water lakes, drinking water, and activated sludge from a
water treatment facility (Larsen et al., 2007). The bacteria present
in these biofilms include representatives from Actinobacteria,
Bacteroidetes, Chloroflexi, and Proteobacteria. Further studies
revealed one member of this community, Pseudomonas fluorescens,
was able to produce an amyloid found in the biofilm matrix
(Dueholm etal., 2010). Proteomic analysis revealed the major sub-
unit of the amyloid to consist of a protein named FapC (Ducholm
etal., 2010). The genes necessary for formation of this amyloid
were traced to the fapA-F operon, which is conserved in many

Pseudomonas species. FapC contains repeat motifs and conserved
Asn/GIn consensus residues similar to curli and the prion and
spider silk amyloid proteins (Dueholm etal., 2010). Further stud-
ies have demonstrated that other Pseudomonads also form Fap
fibrils that result in biofilm formation (Dueholm etal., 2013).
These finding suggest functional amyloids are likely abundant
in naturally occurring biofilms consisting of diverse microbial
members.

The pathogens Mycobacterium tuberculosis and Streptococcus
mutans have also been found to produce functional amyloids. In
the case of M. tuberculosis, thin, aggregative flexible pili, named
MTP, were observed during human infection (Alteri etal., 2007).
These pili possess biophysical and morphological characteristics
of amyloids and bind to the human extracellular matrix compo-
nent, laminin. Proteomic analysis suggests the structural subunit
of MTP is a proteolytically processed version of a 10.5 kDa protein
encoded by the open reading frame Rv3312A (mtp) in M. tuber-
culosis strain H37Rv (Alteri et al., 2007). In addition, serum from
tuberculosis patients contained antibodies that specifically recog-
nized MTP, suggesting a role for MTP during infection (Alteriet al.,
2007). MTP was also found to be important in the formation of
biofilms by M. tuberculosis (Ramsugit etal., 2013). S. mutans is a
member of the oral microbiome and is linked to the disease dental
caries because of it’s ability to produce acid from the utilization
of dietary sugars. Recent work suggests that the S. mutans adhesin
P1 (antigen I/II, PAc) is an amyloid-forming protein (Oli etal.,
2012). During biofilm growth S. mutans displayed amyloid fibers
as evidenced by transmission electron microscopy, bound the amy-
loidophilic dyes CR and Thioflavin T (ThT), and possessed green
birefringent properties of CR-stained protein aggregates when
viewed under cross-polarized light (Oli etal., 2012). Importantly,
human dental plaques contain microbial amyloids, suggesting a
role for this protein fold in dental carries (Oli etal., 2012).
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CsgG

FIGURE 1 | Curli biogenesis model. The curli system in Escherichia coli

is a highly controlled process that only expressed the curli amyloid under
conditions that promote biofilm formation. The system is transcriptionally
controlled by the master regulator CsgD which increases the transcription of
the major and minor subunits CsgA and CsgB. All Csg proteins other than

CsgC

CsgD are secreted through the Sec secretion pathway into the periplasm
where CsgA, CsgB, and CsgF are then transclocated outside of the cell
through the CsgG pore complex. CsgE and CsgF aid in proper export and
localization of the structural components while CsgC has a less well
understood role in the periplasm.

Chaplins are a class of hydrophobic proteins that sponta-
neously self-assemble into amyloid fibrils (Claessen etal., 2003).
The spore-forming filamentous bacterium S. coelicolor uses chap-
lin amyloids to complete its lifecycle progression (Claessen etal.,
2003). Under starvation conditions S. coelicolor produces aerial
hyphae that extend upward out of the soil. Spores are pro-
duced in these hyphae and they are release once the soil sur-
face has been breached. Vegetative S. coelicolor cell surfaces are
hydrophilic, so to break the soil/air interface, the cells must first
develop a hydrophobic coat. To this end, S. coelicolor secretes
monomeric chaplin proteins (encoded by chpA-H; Claessen et al.,
2003; Elliot etal., 2003). These hydrophobic proteins have been
shown to form B-sheet rich amyloid fibers on contact with
air, therefore chaplin amyloids are essential for S. coelicolor to
complete its lifecycle from vegetative cells to spore containing
hyphae.

BIFUNCTIONAL PROTEINS
PHENOL SOLUBLE MODULINS
Phenol soluble modulins (PSMs) are a family of proteins that
are found in Staphylococci, most notably the significant human

pathogen Staphylococcus aureus and the human commensal
Staphylococcus epidermidis (Mehlin etal.,, 1999; Wang etal,
2007). S. aureus has nine characterized PSM peptides that are
all regulated by the accessory gene regulator (AGR) quorum sens-
ing system (Janzon etal., 1989; Wang etal., 2007). There are four
PSMa, two PSMB, and 3-toxin that are present in three separate
regions of the chromosome. The newest member to this family
is the N-terminal signal sequence of the AgrD molecule N-AgrD
(Schwartz etal., 2014). This sequence is critical for localization
of the propeptide to the membrane and once cleaved from the
rest of the AgrD molecule has many structural and functional
similarities to the other PSMs (Schwartz etal., 2014). In addi-
tion, some stains of S. aureus contain a pathogenicity island that
harbors an ninth PSM called PSM-mec (Queck et al., 2009). The
PSMs are secreted from the cells by a dedicated, essential secretion
system called phenol-soluble modulin transporter (PMT; Chat-
terjee etal., 2013). These PSM peptides are amphipathic a-helices,
meaning that one face of the helix in hydrophobic while the other
is hydrophilic (Wang et al., 2007). This shared property is thought
to allow for them to form pores in the membranes of competing
microbes and host cells to invade tissues and evade immune cells.

www.frontiersin.org

August 2014 | Volume 5 | Article 401 | 54


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

Syed and Boles

Fold modulating function

2  Neutrophil
. >,

FIGURE 2 | Phenol soluble modulins as bifunctional proteins.

(A) Staphylococcus aureus produces Phenol soluble modulins (PSM)
proteins that have been found to have many diverse functions. As soluble
molecules, they are able to stimulate chemotaxis of neutrophils as well
as aid S. aureus escape from the phagolysosome upon phagocytosis.
Additionally, soluble PSMs can disperse biofilms as well as be
proteolytically processed into PSM derivatives of phenol-soluble modulins

®dPSM

(dPSMs) that can kill niche competing bacteria. Once polymerized into
amyloid fibers, PSMs provide functional support to the biofilm community
that prevents degradation by biofilm dispersing enzymes. The interactions
between PSM fibers and immune cells have yet to be characterized.

(B) Transmission electron microscopy of a S. aureus biofilm that is
producing PSM amyloids fibers. (C) S. aureus biofilm cells under conditions
where amyloid fibers are not detected.

Phenol soluble modulins have been shown to be critical deter-
minants of S. aureus to cause skin abscesses and wounds in murine
models as well as aiding in the survival of S. aureus in murine bac-
teremia models (Wang etal., 2007). PSMs stimulate neutrophil
chemotaxis through the human formyl peptide receptor 2 (FPR2),
at nanomolar concentrations, independent of the formylation
state of the peptides (Figure 2; Kretschmer etal., 2010). Once the
neutrophils are in close proximity, PSMs are able to infiltrate cells
and cause cell death (Figure 2; Wang et al., 2007). Recently though,
the field has shifted toward the hypothesis that in the host, PSMs
may be important in virulence once S. aureus is phagocytosed by

neutrophils (Surewaard etal., 2012). This hypothesis is supported
by data demonstrating the serum lipoproteins are able to bind
to and inactivate PSMs, meaning that they would be unable to
function in the presence of serum in the host (Surewaard etal,,
2012). Secondly, once phagocytosed by neutrophils, S. aureus
cells highly upregulate the production of PSM peptides which aid
in escaping from the phagolysosome (Figure 2; Surewaard etal.,
2012).

Phenol soluble modulins are not only reported to be impor-
tant for S. aureus pathogenesis and virulence against the host.
PSMs have also been shown to be antimicrobial against potential
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competitors. PSMs were first determined to have antimicrobial
effects from S. epidermidis (Cogen etal., 2010). PSMs share struc-
tural similarity to mammalian antimicrobial peptides such as
LL-37, thus it was tested to determine if S. epidermidis PSMs
were able to kill mammalian pathogens (Cogen etal., 2010).
Two PSMs from S. epidermidis were found to have antimicro-
bial effects against S. aureus as well as group A Streptococcus
(GAS) and worked in conjunction with LL-37 to have synergy
(Cogen etal., 2010). Focus then turned to determine if and how
S. aureus PSMs may act against niche competing bacteria. It was
found that full length PSM peptides possessed little antimicro-
bial activity but derivatives of PSMs (dPSMs), PSMs that have
been proteolytically processed to be missing the first few amino
acids, have strong antimicrobial properties against S. pyrogenes,
S. epidermidis, and GAS (Figure 2; Joo etal., 2011; Gonzalez
etal.,, 2012). Furthermore, when a colony of S. aureus is grown
in close proximity to S. epidermidis or GAS, dPSMs are localized
to the zone of inhibition of the competing bacteria (Gonzalez et al.,
2012).

Along with their role as toxins, the biophysical properties of
PSMs give them several unique properties in modulating S. aureus
communities. First these are the ability of S. aureus PSMa and
PSMBP to facilitate dissemination and spreading of a colony over
soft agar plates (Tsompanidou etal., 2011). This suggests that
some PSMs are able to act with surfactant-like properties lowering
hydropathy and allowing for S. aureus to spread (Tsompanidou
etal., 2013). Additionally, PSMs have been shown to be important
for the formation of biofilms. The PSMs are important biosurfac-
tants that aid in the characteristic waves of dissemination of parts
of the biofilms to colonize other areas (Figure 2; Periasamy etal.,
2012).

Along with these properties attributed to the soluble PSM
peptides, they are able to form amyloid fibers which stabilize S.
aureus biofilms (Schwartz etal., 2012). This switch changes the
soluble a-helical peptides into B-sheet rich protein aggregates
(Schwartz etal., 2012). This aggregation, like other amyloids, is
through a self-templating mechanism that facilitates the trans-
formation of other nearby proteins to adopt this amyloid fold.
The PSMs formed amyloid fibers in biofilms that were grown
in a non-standard rich media containing peptone, glucose, and
NaCl. These biofilms were completely resistant to known biofilm
dispersing enzymes Proteinase K, DNase, and Dispersin B, sug-
gesting that the PSM amyloids are able to structurally stabilize the
biofilm against enzymatic targeting of the previously characterized
matrix components (Figure 2; Schwartz et al., 2012). Importantly,
PSMs were demonstrated to have bifunctional abilities to either
strengthen biofilms or disperse them dependent on their sec-
ondary structure (Figure 2). If monomeric PSMs were added to an
established biofilm they exhibits surfactant like properties, dispers-
ing the biofilms in a concentration dependent manner, whereas
PSM fiber addition does not disperse biofilms (Schwartz etal.,
2012).

Further studies are needed to investigate the flexibility of the
PSM peptides to switch from soluble peptides to amyloid fibers and
if this change is irreversible or only temporary. Interestingly, where
PSMa and PSMP peptides were shown to be essential for S. aureus
colony spreading, it has been shown that colony spreading can be

inhibited by 8-toxin (Omae etal., 2012). This may suggest a role
in amyloid nucleation by 3-toxin on the other PSMs that inhibit
their ability to act as surfactants. It is tempting to speculate that
these fibers may be reservoirs of toxins that S. aureus can utilize to
both defend itself while also causing the population to disseminate
and escape. It would also be interesting to see if the aggregation
of these peptides into amyloids fibers is able to abrogate neu-
trophil chemotaxis thus acting as a way to hide from the immune
system when forming biofilms in the host. Much more work is
needed to fully understand how S. aureus and other Staphylococ-
cal species utilize the fold of these PSM peptides to modulate their
function.

MICROCIN E492

Microcin E492 (MccE492) is part of a large family of bacteri-
ocins that are antimicrobials secreted by bacteria to kill niche
competitors. In general, bacteriocins are pore-forming proteins
that kill competitor microbes by forming pores in their mem-
branes, decreasing membrane potential (de Lorenzo and Pugsley,
1985). MccE492 is produced by Klebsiella pnumoniae that is
able to target many Enterobacteria species such as E. coli, and
Salmonella (de Lorenzo and Pugsley, 1985; Destoumieux-Garzén
etal., 2003). MccE492 is found as both an unmodified pep-
tide as well as a posttranslationally modified molecule with a
catechol-type siderophore molecule (Thomas etal., 2004). This
post translational modification allows for microcin to be recog-
nized by siderophore catecholate receptors of target organisms
that cause an uptake of the mature MccE492 molecule into the
periplasm (Destoumieux-Garzon etal., 2003). The exact mecha-
nism of cell death is unknown due to the fact that there needs
to be much more MccE492 present for antimicrobial activity
compared to the amount needed for membrane permeabilization
(Destoumieux-Garzén et al., 2003).

Microcin E492 is unique to known microcins in that it is pro-
duced through exponential and stationary phase, whereas other
microcins are only produced in stationary phase. Interestingly,
MccE492 loses its antimicrobial activity when the population
enters stationary phase even though the protein is still present
at high levels (Corsini etal., 2002). This observation led to the
discovery that in stationary phase, MccE492 aggregates to form
amyloid fibers (Biéler etal., 2005). Aggregation into an amyloid
abolishes the toxic effects of this peptide (Biéler etal., 2005). The
aggregation of the peptide is modulated by many environmental
factors as well as the state of posttranslational modification of the
peptides.

MccE492 is produced in both the unmodified and modified
forms in culture. The modified, antimicrobial MccE492 is the
predominant form while the bacteria are growing in exponential
phase of the culture (Marcoleta etal., 2013). When the bacteria
begin to enter stationary phase, they decrease the production
of the modified form making the unmodified MccE492 more
prevalent in the population (Marcoleta etal., 2013). Unmodified
MccE492 polymerizes faster than the modified peptide in form-
ing amyloid fibers leading them to hypothesis that the bacteria
may begin to produce more unmodified peptide in stationary
phase is to begin to detoxify the environment by sequestering
these peptides in inert amyloids (Marcoleta etal., 2013). Even
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though the unmodified form is more efficient in polymerizing,
the modified MccE492 is found in fibers with the unmodified form
(Marcoleta etal., 2013). Moreover, polymerization of the modified
MccE492 is accelerated in the presence of unmodified seeds, small
amyloids that can nucleate amyloid elongation (Marcoleta etal.,
2013).

Apart from the influence of posttranslational modification on
MccE492 polymerization, the environment has a profound effect
of the rate of polymerization and can even cause disassembly of
MccE492 amyloids (Shahnawaz and Soto, 2012). Basic pH, low
ionic strength, and dilution of the fibers all led to fiber disassem-
bly in two hours (Shahnawaz and Soto, 2012). These disassembled
fibers regained their antimicrobial activity that was absent while
in amyloid fibers (Shahnawaz and Soto, 2012). Even more striking
was the ability of these disassembled toxins to reform amyloids
when the environment was again changed (Shahnawaz and Soto,
2012). These data demonstrate that in the case of MccE492, there
are many factors that influence the toxicity of the peptides sug-
gesting that the Klebsiella pneumonia has evolved a mechanism of
efficiently modulating the toxicity of MccE942. This data also leads
to the exciting hypothesis that other amyloids may have conditions
that lead to the disassembly of the amyloid fiber.

TasA

TasA was originally described as a protein in Bacillus subtilis that
was involved in sporulation but was later found to be expressed
in stationary phase cells (Stover and Driks, 1999b,c). It has been
demonstrated to have widespread antimicrobial activities against
both plant and animal pathogens and commensal bacteria (Stover
and Driks, 1999c¢). Recently though, TasA has been shown to pro-
duce amyloid fibers in B. subtilis biofilms that contributes heavily
to the formation of complex community architecture similar to
curli in E. coli (Romero etal., 2010). TasA is part of an operon
that also encodes for TapA, the minor amyloid subunit and fiber
anchor, and SipW, the signal peptidase that processes TapA and
TasA (Stover and Driks, 1999a,c). It has been proposed that the
antimicrobial effects of TasA may be due to the formation of
toxic oligomers that many amyloidogenic proteins generate, but to
our knowledge, this has not yet been investigated (Romero etal.,
2010).

LISTERIOLYSIN O

Listeriolysin O (LLO) of Listeria monocytogenes is a cholesterol-
dependent cytolysin whose activity is dependent on pH. LLO
formed pores in the membrane of phagolysosome allowing for
L. monocytogenes to escape and carry out its replicative phase in
the host cell cytosol (Portnoy et al., 1988; Cossart et al., 1989). The
pH dependent activity of LLO was shown to be due to an irre-
versible structural change in the protein that lead to a decreased
ability in hemolytic activity (Schuerch etal., 2005). Later, it was
appreciated that this structural change was actually the result of
LLO forming an amyloid (Bavdek etal., 2012). This pH change of
the protein into an amyloid suggests that this proteins has evolved
to form pores while the bacteria is trapped in a phagolysosome,
but once it escapes into the cytosol, the higher pH inactivates
the proteins by triggering amyloidogenesis (Bavdek etal., 2012).
This amyloidogenesis may prevent the LLO toxin from lysing

the infected cell while L. monocytogenes replicates in the host
cell. It is unknown if LLO amyloids demonstrate any activity
intracellularly.

HARPINS

Harpins are a class of proteins that are produced by gram-negative
plant pathogens. They are characterized by being glycine rich,
heat stable proteins that are secreted by a type III secretion sys-
tem that can trigger a hypersensitive response (HR) in plants and
are predicted to have a-helical regions (Wei etal., 1992). Harpins
trigger this HR when they are present in the intercellular space.
The plant cells detect these proteins and respond using the early
defense response through an apoptosis-like cell death. Pathogens
lacking harpins, such as HpaG of Xanthomonas axonopodis, have
decreased virulence (Kim etal., 2003, 2004). The mechanism
by which harpins trigger HR in plants in not fully understood,
but there is some data supporting harpins interacting with and
disrupting cell membranes leading to depolarization (Lee etal.,
2001).

In 2007, a harpin from Xanthamonas, HpaG, was characterized
biochemically (Oh et al., 2007). This group found that under con-
ditions that mimic plant apoplasts, HpaG formed amyloid fibers
(Ohetal.,2007). A mutant of the proteins (L50P) that did not trig-
ger HR in plants and was also unable to form amyloid fibers (Oh
etal., 2007). From this, the authors suggest that the transition to
amyloid fibers is an important step in triggering HR. Furthermore,
harpins from other plant pathogens, Ercinia amylovora, and Pseu-
domonas syringae also formed amyloid fibers in plant apoplast-like
conditions (Oh etal., 2007). More detailed studies on harpins are
needed to determine exactly what properties can be attributed to
soluble and amyloid forms of these proteins.

AMYLOID INHIBITORS

An exciting field is emerging that is trying to speed up or slow
down the formation of amyloid fibers using small molecules. The
idea is that for many amyloidogenic proteins, the toxicity is due to
the formation of intermediate oligomers that can disrupt mem-
branes. By accelerating the polymerization of amyloid subunits,
we may be able to bypass the toxic, degenerative affect of amyloids
slowing the progression of neurodegenerative disease. Along sim-
ilar lines, since many bacterial amyloids have been shown to aid in
adherence to surfaces, if we use small molecules to interfere with
the polymerization, bacteria may not be able to anchor themselves
to the host in infections leading to faster clearance of pathogens.
Conversely, in cases like the PSMs of S. aureus, since the solu-
ble form is a toxin that is able to disrupt the immune response,
by causing polymerization of the monomers could prevent their
toxic function to cells allowing the immune system to clear the
infection.

Curlicides and pilicides are ring-fused 2-pyridone molecules
that are designed to look like peptide backbones. They have
been designed to mimic a proteins backbone and interact with
proteins that form amyloids by either disrupting their ability to
polymerize, or nucleating and accelerating the amyloid matura-
tion (Andersson etal., 2013). They have so far been characterized
with their interaction with E. coli curli and type 1 pili (Andersson
etal., 2013). These molecules are not only able to influence the
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in vitro polymerization of CsgA, but they are able to affect the
biogenesis of curli and pili in E. coli biofilms (Andersson etal.,
2013). Additionally, uropathogenic E. coli treated with curlicides
were attenuated in a murine model of a urinary tract infection
(Cegelski etal., 2009). Other groups have taken the approach of
designing small, non-natural peptides that can disrupt amyloid
formation (Sievers etal., 2011). This has been shown to be suc-
cessful in vitro with disease associated amyloids (Sievers etal.,
2011). Recently, TasA has been proposed to be model amyloid
for screening molecules with widespread activity against amyloids
necessary for biofilm formation (Romero etal., 2013). Ongoing
research is increasing the efficacy of these molecules as well as
characterizing their ability to modulate the biogenesis of other
amyloids.

FUNCTIONAL AMYLOIDS IN OTHER KINGDOMS OF LIFE
Eukaryotic amyloids have been the subject of many recent reviews
(Liebman and Chernoff, 2012; Watt etal., 2013; Wickner etal.,
2013). Importantly, functional amyloids are not exclusive to bac-
teria. They have been found to be important in diverse eukaryotes
from yeast to humans. It has recently become appreciated that
humans have several functional amyloids. The protein Pmell7,
a protein made in melanosomes for mammalian pigmentation,
forms amyloids fibers (Fowler etal., 2005). The production of
this amyloids is highly regulated with cells utilizing proteolytic
processing to mature the proteins into a form that can form amy-
loids (Berson etal., 2001; Kummer etal., 2009). These processing
steps prevent the proteins from forming amyloids in other cellu-
lar compartments preventing the toxicity that is associated with
disease-associated amyloids. Additionally, it has been found that
peptide hormones that are stored in the secretory granules of the
mammalian pituitary form amyloids (Maji etal., 2009). It was
found that in vitro, 31 of 42 studied hormones were able to form
amyloids fibers (Maji et al.,2009). Mouse pituitary’s also contained
amyloid fibers using various approaches to identify amyloids (Maji
etal,, 2009). It is thought that these peptide hormones are stored
in secretary granules as amyloids until they are needed. The cells
can then secrete the granules and dilution of the amyloids causes
disassociation and activation of the peptide hormones (Maji et al.,
2009).

Many yeast form prions, self-propagating amyloids that are her-
itable elements. This method of non-mendelian inheritance was
first proposed for [URE3] (Wickner, 1994). It was shown that the
cytoplasmically inherited [URE3] element has the opposite effect
on ureidosuccinate metabolism as the Ure2 protein and that cells
cured of [URE3] were able to regain the element when Ure2 is
overexpressed (Aigle and Lacroute, 1975; Wickner, 1994). This
lead Wickner to the hypothesis that cytoplasmically inherited ele-
ments in yeast were prions (Wickner, 1994). Since then, several
yeast proteins have been shown to form prions that, in most cases,
abrogate the function of proteins.

CONCLUDING REMARKS

It is becoming ever more appreciated that the amyloid fold is
not just a product of protein misfolding, but it is a ubiquitously
used protein fold throughout the kingdoms of life. Amyloids pro-
vide structure or control availability of proteins such as toxins

or signaling molecules. Even more exciting is the discovery that
some of these proteins have been found to have different functions
when they are in their soluble or insoluble forms. The production
of functional amyloids is a highly controlled and regulated pro-
cess that is controlled on several levels including transcriptional,
translational, and posttranslational. The difficulty associated with
breaking up these proteins is the property that has made them
so valuable for many organisms. In the case of many bacteria,
these amyloids provide a structural component that keep the
community protected against mechanical and enzymatic disrup-
tion (Schwartz etal., 2012). In others, they are used as reservoirs
of toxins that are ready to become active once the environment
changes (Shahnawaz and Soto, 2012). This field is only begin-
ning to look at the effect that these functional amyloids play in
the dynamic relationships between bacterial species as well as how
these proteins may be involved in bacterial interactions with the
host at a commensal or pathogenic level. It will be exciting to
see where this field of bifunctional bacterial proteins goes as well
as targeting these proteins to disperse biofilms or to sequester
toxins.
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The success of Pseudomonas species as opportunistic pathogens derives in great
part from their ability to form stable biofilms that offer protection against chemical and
mechanical attack. The extracellular matrix of biofilms contains numerous biomolecules,
and it has recently been discovered that in Pseudomonas one of the components
includes B-sheet rich amyloid fibrils (functional amyloid) produced by the fap operon.
However, the role of the functional amyloid within the biofilm has not yet been investigated
in detail. Here we investigate how the fap-based amyloid produced by Pseudomonas
affects biofilm hydrophobicity and mechanical properties. Using atomic force microscopy
imaging and force spectroscopy, we show that the amyloid renders individual cells more
resistant to drying and alters their interactions with hydrophobic probes. Importantly,
amyloid makes Pseudomonas more hydrophobic and increases biofilm stiffness 20-fold.
Deletion of any one of the individual members of in the fap operon (except the putative
chaperone FapA) abolishes this ability to increase biofilm stiffness and correlates with
the loss of amyloid. We conclude that amyloid makes major contributions to biofilm
mechanical robustness.

Keywords: amyloid, Pseudomonas, biofilm, AFM, force spectroscopy, Young’s modulus, contact angle

Introduction

Most bacteria are able to form biofilms or “microbial cities,” which renders the bacteria resistant
to conventional antibiotics as well as mechanical and chemical attack. Pseudomonas strains in
particular show a remarkable ability to form biofilm in a wide range of environments, allowing, e.g.,
P. aeruginosa to colonize lungs as an opportunistic pathogen in cystic fibrosis (Alhede et al., 2014).
Biofilm protects bacterial communities by encasing them within a matrix of extracellular polymeric
substances (EPS) (Rasamiravaka et al., 2015). This matrix stabilizes the establishment of microbial
cells on a surface, and is likely to be a major factor facilitating most microbial infections (Costerton
et al,, 1999). EPS consists of different biomolecules, including polysaccharides, extracellular DNA

Abbreviations: AFM, Atomic Force Microscopy; EPS, extracellular polymeric substances; Fap, Functional amyloid in
Pseudomonas; Dfap, Pseudomonas strain lacking the fap operon; pFap, Pseudomonas strain transformed with a plasmid
overexpressing fap; W', wildtype.
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(eDNA) and proteins, leading to a highly hydrated and polar
structural scaffold (Flemming and Wingender, 2010). There has
been much focus on the role of polysaccharides and eDNA,
which are both involved in early stages of biofilm formation
(Whitchurch et al., 2002; Vasseur et al., 2005). Polysaccharides
contribute to structural stability and protection in addition to
helping bind and retain water and nutrients (Sutherland, 2001),
while eDNA maintains coherent cell alignments (Gloag et al,
2013) and also serves as a source of nutrients during starvation
(Mulcahy et al., 2010). In contrast, the role(s) of the protein
components remain less well studied. Nevertheless, there is
increasing evidence that proteins also play a major role in the
build-up of biofilm.

A few years ago, we discovered an operon in a Pseudomonas
sp. which we dubbed fap (Functional Amyloid in Pseudomonas)
(Dueholm et al., 2010) and which upon overexpression in E.
coli led to the formation of significant amounts of biofilm.
This operon leads to the formation of amyloid fibrils, i.e., long
and thin structures extending from the surface of the bacterial
outer membrane which are arranged in the classical amyloid
pattern with B-strands stacked orthogonal to the main fibril
axis. The fap operon contains 6 genes (fapA-F) that encode
the respective Fap proteins. Of these, FapC is the main fibril
monomer, while FapB and FapE only make up a small percentage
of purified fibrils (Dueholm et al., 2013a). FapB can take over
as the main amyloid component in vivo if FapA is knocked
out (Dueholm et al., 2013a), implying that FapA has a more
regulatory role. Sequence analysis suggests that FapF is a f-barrel
membrane protein and FapD a peptidase (Dueholm et al., 2013a).
While such amyloid structures are typically associated with
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
(Otzen, 2012), it is increasingly clear that they also have a vital
and beneficial role to play in bacteria in general (Chapman
et al., 2002; Dueholm et al., 2012). Amyloid is found widespread
in the bacterial kingdom (Larsen et al., 2007, 2008) and we
have very recently reported their existence in Archaea (Dueholm
et al., 2015). Though not as widespread as the operon which
in E. coli produces amyloid called curli, the fap operon (whose
amyloid product we refer to as Fap amyloid) is found not just in
Pseudomonas species (belonging to the Gammaproteobacteria)
but also among Beta- and Deltaproteobacteria (Dueholm et al,,
2013b). Bacterial amyloids serve a variety of functions, and so
far the structural role appears to dominate, either in the form
of self-associating fibrils or possibly even as direct components
of the cell wall (Jordal et al., 2009; Dueholm et al., 2015).
In addition to being able to associate laterally and entangle
with each other, fibrils are also able to bind small metabolites
such as quorum-sensing molecules which are instrumental
in bacterial intercellular communication and biofilm build-up
(Seviour et al., 2015). This makes them potential reservoirs to
retain metabolites and nutrients within the biofilm, which is
a very useful feature under conditions of e.g., turbulent flow
in aquatic environments like rivers or wastewater treatment
plants.

Hitherto it has not been addressed to what extent amyloid
affects the mechanical properties of the biofilm. We would expect
amyloid to play a significant role, given that amyloid can show

tensile strength comparable to steel on a weight-to-weight basis,
making them high-performance biomaterials (Knowles et al.,
2007). Biofilms themselves need to be sufficiently robust to
withstand mechanical insults (typically shearing forces Tiirola
et al., 2009) while being soft enough to accommodate bacterial
movement and proliferation (Tolker-Nielsen et al., 2000). Biofilm
is generally robust toward chemical treatment; in fact, Fe3*
can increase biofilm elasticity by a factor of ~500 (from ca.
1kPa to 0.5 MPa), probably through interactions with negatively
charged groups in the EPS, though this is countered by the
addition of the Fe-chelator citric acid (Lieleg et al., 2011). Here
we use atomic force microscopy (AFM) to probe the effect
of functional amyloid on the robustness and stiffness of the
amyloid-producing Pseudomonas sp. UK4 (UK4) found within
the P. fluorescens group (Dueholm et al., 2010). We show that
amyloid makes the cells much more resistant toward drying
out, increases the hydrophobicity of the biofilm surface and
increases biofilm stiffness 20-fold. Deletion of individual genes
in the fap operon highlights different contributions of individual
components. We conclude that bacterial amyloid makes a
major contribution to the build-up of biofilm’s mechanical
robustness.

Materials and Methods

Materials
Unless otherwise stated, all chemicals were from Sigma-Aldrich.
The UK4 fap operon overexpression vector pMMB190Tc-
UK4fap (pFap) was obtained from an earlier study (Dueholm
et al., 2013a).

Cloning of the UK4Afap Mutant

To remove the entire fap operon (fapA-fapF) from UK4,
a knockout fragment containing a gentamicin (Gm)
resistance cassette was generated by PCR overlap extension
essentially as described by Choi and Schweizer (2005)
and Duecholm et al. (2013a). Briefly, primers (see Table1)
were used to amplify chromosomal regions upstream
(UKfapAUpF-GWL/UKfapAUpR-GM)  and  downstream
(UKfapFDnF-GM/UKfapFDnR-GWL) of fapA-fapF, and to
amplify a gentamicin resistance cassette (Gm-F/Gm-R) from
plasmid pPS856 (Hoang et al., 1998). The PCR fragments were
fused together and amplified with primers GW-attBl and GW-
attB2, incorporating the attB1 and attB2 recombination sites at
either end of the knockout cassette. Using the Gateway cloning
system (Invitrogen), the resulting knockout fragment was first
transferred by the BP reaction into pDONR221, generating entry
plasmid pDONR221-AUK4fap, and subsequently transferred
by the LR reaction into pEX18ApGW generating the knockout
plasmid pEX18ApGW-AUK4fap. This plasmid was then
transferred into UK4 by two-parental mating using the donor
strain E. coli S17-1 with selection on Pseudomonas isolation
agar plates supplemented with 30 Lg/mL gentamicin. Resolution
of single crossover events was achieved by streaking on 5%
sucrose plates via the counter-selectable sacB marker on the
knockout plasmid. The mutant construction was confirmed by
PCR analysis.
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TABLE 1 | Bacteria, plasmids and primers used in this study.

TABLE 1 | Continued

Species and Characteristics/Sequence References Species and Characteristics/Sequence References
strain strain

Escherichia coli UKfapFDnF-GM 5'-AGGAACTTCAAGATCCCCAATT This study
Mach1 Used for rutine subcloning Invitrogen CGCATTACCTACGCGCGCTATGA

S17-1 pro thi recA hsdR (I’— m+) Tpr Sm’ Simon et al., 1983 UKfapFDnR—GWL 5'- TACAAGAAAGCTGGGTAGGCT This study

Pseudomonas sp.

Km™ A RP4-2-Tc::Mu-Km::Tn7
UK4

WT Wildtype Dueholm et al., 2010
Afap fapA-fapF inactivated in PAO1 by This study
allelic displacement with a
gentamicin-resistance cassette using
PEX18ApGW-UK4fap; Gm”
pVvC Afap with pMMB190Tc This study
pFap Afap with pMMB190Tc-UK4fap This study
pFapAA Afap with This study
pMMB190Tc-UKd4fap AfapA
pFapAB Afap with This study
pPMMB190Tc-UK4fap AfapB
pFapAC Afap with This study
pPMMB190Tc-UK4fap AfapC
pFapAD Afap with This study
pPMMB190Tc-UK4fap AfapD
pFapAE Afap with pMMB190Tc-UK4fap AfapE  This study
pFapAF Afap with pMMB190Tc-UK4fap AfapF  This study
PLASMIDS
pMMB190Tc PMMB190 Abla tet(TeR) Pycuvs Dueholm et al.,
controlled expression 2013a
pPMMB190Tc- pPMMB190Tc containing the complete  Dueholm et al.,
UKd4fap UK4 fap operon 2013a
pPMMB190Tc- pPMMB190Tc-UK4fap with a deletion  This study
UKd4fapAA of fapA
pMMB190Tc- pPMMB190Tc-UK4fap with a deletion  This study
UK4fapAB of fapB
pMMB190Tc- pMMB190Tc-UK4fap with a deletion  This study
UKd4fapAC of fapC
pPMMB190Tc- pPMMB190Tc-UK4fap with a deletion  This study
UKd4fapAD of fapD
pPMMB190Tc- pPMMB190Tc-UK4fap with a deletion  This study
UK4fapAE of fapE
pMMB190Tc- pMMB190Tc-UK4fap with a deletion  This study
UK4fap AF of fapF
pPDONR221 Gateway donor vector; Km” Invitrogen
PEX18ApGW Gateway compatible gene Choi and Schweizer,
replacement vector; Suc®, Amp” 2005
pPS856 0.83 kb blunt-ended Sacl fragment Hoang et al., 1998
from pUCGM ligated into the EcoRV
site of pPS854; Amp’, Gm”
pDONR221- fapA-fapF entry clone; Km", Gm"™ This study
AUK4fap
PEX18ApGW- UK4fap knockout vector; Suc®, This study
AUK4fap Amp’, Gm"
PRIMERS
UKfapAUpF-GWL  5'-TACAAAAAAGCAGGCTAAGATCA  This study
GCCATGACCGCG
UKfapAUpR-GM  5'- TCAGAGCGC GAAGCTAA This study
TTCGTGAGAGTCGCCACGGCAG
(Continued)

Gm-F

Gm-R

GW-attB1

GW-attB2

pMMB190-UpF
pMMB190-DnR
LmarkR-
UK4fapA-UpR
LmarkR-
UK4fapB-UpR
LmarkR-
UK4fapC-UpR
LmarkR-
UK4fapD-UpR
LmarkR-
UK4fapE-UpR
LmarkR-
UK4fapF-UpR
LmarkF-
UK4fapA-DnF

LmarkF-
UK4fapB-DnF

LmarkF-
UK4fapC-DnF

LmarkF-
UK4fapD-DnF

LmarkF-
UK4fapE-DnF

LmarkF-
UK4fapF-DnF

EcoRI-UK4fapF

Hindlll-UK4fapR

GAAGGTGAAGTCGGG

5/- CGAATTAGCTTCAAAAGCGCT
CTGA

5'- CGAATTGGGGATCTTGAAGTT
CCT

5'- GGGGACAAGTTTGTACAAAAA
AGCAGGCT

5'- GGGGACCACTTTGTACAAGAA
AGCTGGGT

5'-ACACAGGAAACTAGGCAC

5'- AAATCTTCTCTCATCCGCC
5'-AGGAACTTCAAGATCCCCAATT
CGAGCCTTGGTTGAGAGTCG
5'-AGGAACTTCAAGATCCCCAATT
CGAGCAGCCAAGAACGGTGA
5/-AGGAACTTCAAGATCCCCAATT
CGGGTTTGAGAGCCATTGTAG
5'-AGGAACTTCAAGATCCCCAATT
CGCTGGAAATAAAAAGGGCCT
5'-AGGAACTTCAAGATCCCCAATT
CGAACGGGAAGTGTTCATCAT
5'-AGGAACTTCAAGATCCCCAATT
CGTTAAACAGACAACGGCACG
5'-CGAATTGGGGATCTTGAAGTT
CCTTGGCACCGTTGAATAACA
5'-CGAATTGGGGATCTTGAAGTT
CCTGAACCGCATGGCTAACAC
5'-CGAATTGGGGATCTTGAAGTT
CCTGCAAAGCAACACCCTCAC
5'-CGAATTGGGGATCTTGAAGTT
CCTCGCCAAGACCAAAATGAAC
5'-CGAATTGGGGATCTTGAAGTT
CCTACTGCAATCTGGATCAACT
5'-CGAATTGGGGATCTTGAAGTT
CCTACCTGACAATTGTGCCCA
5'-CACTGAATTCGCTTCTGCT
CTATTCCTCAC
5/-CACTAAGCTTGCGCAGCGGT
TTTAGAAGT

Choi and Schweizer,
2005

Choi and Schweizer,
2005

Choi and Schweizer,
2005

Choi and Schweizer,
2005

This study
This study
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Dueholm et al.,

2013a

Dueholm et al.,
2013a

Construction of pFap Single Gene Knockout

Derivatives

Single gene knockout derivatives of pFap were obtained by PCR
overlap extension (Horton et al., 2013). Briefly, primers were
used to amplify the regions spanning the upstream region of
the fap operon to the 5'-terminal of the target gene (pMMB190-
UpF/LmarkR-UK4fapX-UpR) and the 3'-terminal of the target
gene to the downstream region of the fap operon (LmarkF-
UK4fapX-DnF and pMMBI190-DnR) in pMMB190Tc-UK4fap.
The PCR fragments were fused together using an incorporated
reverse complemented sequence and amplified with the EcoRI-
UK4fapF and HindIII-UK4fapR primers (Dueholm et al., 2013a).
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The final PCR fragments, which contained the fap operon with
the individual genes disrupted, were subcloned into pCR4-TOPO
vectors (Life technologies). Inserts for cloning were obtained by
digestion of the subcloned vectors with FastDigest EcoRI/HindIII
(Thermo Scientific) followed by gel purification using the
UltraClean 15 DNA kit (MO-BIO, Carlsbad, CA). The expression
vector pMMB190Tc was prepared for ligation using the same
restriction enzyme combinations and purified as above. Ligations
were done using T4 DNA ligase (Life technologies) according
to the manufacturers’ recommendation and the resulting vectors
were validated by shotgun sequencing of the whole plasmids
(Macrogen).

Transformation of UK4Afap

Electrocompetent UK4Afap cells were prepared as previously
described (Choi et al., 2006). Fifty microliter of electrocompetent
cells were mixed with 2L plasmid (400 ng/pwL) and 40 pL of
the suspension was transferred to a room temperature 1 mm
gap electroporation cuvette. A pulse of 1.40 kV was applied
using a MicroPulser electroporator (BioRad). One milliliter
room temperature LB medium was immediately applied and the
samples transferred to a 15mL tube. The transformation was
incubated (28°C, 200 rpm, 2h) and 100 WL were plated out on
a LB agar plate containing 50 jug/mL tetracycline. Transformed
colonies were picked after 3 days.

Transmission Electron Microscopy

UK4Afap transformed pFap and single gene knockout
derivatives were grown overnight (26°C, 200rpm) in colony
factor antigen (CFA) medium (10 g/L casein hydrolysate (Fluka),
1.5 g/L yeast extract (Sigma), 50 mg/L MgSOy, and 5 mg/mL
MnCl,, adjusted to pH 7.4 with NaOH) containing 50 pg/mL
tetracycline. These starter cultures were used to inoculate 10 mL
of CFA with 50 pg/mL tetracycline and 1 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG) to ODggg 0.05. The samples were
grown at 26°C with shaking at 200 rpm. Samples for TEM were
collected at the stationary phase. Grids were washed in two drops
of MilliQ water and stained with 1% phosphotungstic acid (pH
6.8) and blotted dry on filter paper. Samples were viewed with a
JEOL 1010 transmission electron microscope.

Congo Red Binding Assay and Thioflavin T (ThT)
Staining

The same strains used for TEM analysis were grown on Congo
Red indicator plates composed of CFA medium supplemented
with 20 ug/mL Congo red and 10 pL/mL Coomassie brilliant
blue G-250 solidified with 2% agar (AppliChem). One
micrometer IPTG was used to induce production of Fap
amyloid in overexpressing mutants. Growth was at 26°C. ThT
was dissolved in 10 mM TRIS buffer at pH 8.0 at concentration
of 7.5uM. Bacterial colonies from agar plates were stained
with ThT for 15 min before observation under epi-fluorescence
microscope (Axiovert 200 M, Zeiss, Germany) with Zeiss filterset
06 (excitation 431-441, emission 470 LP).

Growth of UK4 for AFM Studies
UK4 and derivative were cultured in CFA medium (26°C,
180rpm) or on CFA agar. Forty microgram per milliliter

tetracycline was used to select for mutants carrying the
pPMMB190Tc plasmids. For this assay, leaky expression of cloned
fap operons was sufficient and no IPTG was used (Dueholm et al.,
2013a).

AFM Imaging

Bacteria were grown in CFA medium (40h, 26°C, 180 rpm),
harvested and washed three times by centrifugation (5000 rpm,
3min) followed by resuspension in MilliQ water. This was
sufficient to detach individual cells for AFM imaging. A 5ul
droplet of bacterial suspension was placed on freshly cleaved
mica and dried in air for 15-30 min and immediately imaged by
AFM in air. In this way, morphological changes due to drying
over time were minimized. For imaging of WT cell aggregates,
extra precautions were taken: A cell aggregate was identified and
tracked under optical microscope during the drying process and
then imaged afterwards. This is necessary because single cells
tend to be forced to come close and form fake aggregates after
drying out.

A NanoWizard II (JPK Instruments, Germany) combined
with an inverted optical microscope (Axiovert 200 M, Zeiss,
Germany) was used for all AFM measurements. Tapping
mode imaging was conducted with OMCL-AC160TS (Olympus)
cantilevers. For each bacterial strain, at least three images
at random locations were obtained for each sample, and
measurements were repeated with independently grown cultures
to confirm that similar morphologies were observed.

AFM Force Spectroscopy on Single Cells

AFM force spectroscopy on single cells was performed in the
following way: a colloid glued on an AFM cantilever (see below)
was approached on single cells immobilized on glass slides,
kept at force set point for a specific amount of time, and then
retracted. The deflection of the cantilever and displacement of the
cantilever as a result of the piezo movement was recorded. The
deflection-displacement curves were converted to force-distance
curves (force curves hereafter) after calibration of cantilever
sensitivity and spring constant. Sensitivity was determined by
recording force curves on glass slides and spring constant
was calibrated using the thermal tuning method (Hutter and
Bechhoefer, 1993).

Tipless cantilevers with a nominal spring constant of 0.03
N/m (HQ:CSC38/TIPLESS/NO AL, MikroMasch Europe) were
used for force spectroscopy. To attach a colloid, a tipless
cantilever was approached on a small drop of UV curable
adhesive (LOCTITE, part no. 17944) on glass slide and retracted.
One to two additional approaches on clean glass slide were
conducted to remove excessive glue, and the cantilever was then
approached on a 5.6 um silica colloid (Microparticles GmbH)
under optical microscope and retracted after 1 min. One minutes
UV irradiation with the built-in mercury lamp was used to cure
the glue, leading to formation of a colloid prober. The colloid
probe was cleaned by UV/Ozone for 20 min to yield a hydrophilic
surface. To make the colloid hydrophobic, the cleaned colloid
probe was incubated in anhydrous toluene with 1% v/v (3,3,3-
Trifluoropropyl)trimethoxysilane overnight, and washed with
toluene and trichloromethane.
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For successful force spectroscopy on single cells, cells must
be firmly attached on the substrate. To achieve this, glass slides
were coated with wet adhesive polydopamine. Four milligram per
milliliter dopamine in 10 mM Tris buffer pH 8.5 were incubated
on glass slides for 1h, after which the glass slides were washed
with MilliQ water.

Bacterial samples were prepared almost the same way as for
AFM imaging, except that cells were washed with PBS instead
of water to avoid stressing the cells. This was sufficient to obtain
individual cells of the WT strain. As pFap cells are mostly severely
flocculated, 30 s sonication (Branson B5510, 135W) was used to
break aggregates and obtain a reasonable amount of single cells
for measurements. A 5 pum cell suspension in PBS was placed on
a coated glass slide for 5min and washed extensively with PBS
to remove unattached cells. A 100 WL drop of PBS was added for
liquid AFM force spectroscopy. A colloid probe was calibrated
on a glass slide, approached at 4 um/s on an immobilized single
cell for 5s at 1 nN setpoint, and then retracted. The positioning
of the colloid probe was done with optical microscope under
40X long working distance objective lens. The process can be
facilitated by using DirectOverlay on NanoWizard II, which
allows identification of the tip of the colloid and automation
of the measurement on multiple cells. Successful approaches
on single cells were seen as a gradual increase of repulsive
force after contact point, whereas approaches on coated glass
gave a sharp linear increase after contact. More than 10 force
curves were recorded on each cell, and at least 10 cells were
measured.

AFM Force Spectroscopy on Cell Aggregates

The same procedure for making samples for AFM imaging was
used. Cell aggregates were first imaged by AFM imaging in air
to aid the selection of positions of measurement, and then added
with PBS to perform force spectroscopy with colloid probe. The
drying and rehydration process ensured the firm attachment of
cell aggregates in liquid and therefore no coating was needed.
More than 10 force curves were recorded at each position, and
at least 5 positions were measured.

AFM Nanoindentation on Biofilm

Biofilm of WT and the 8 different mutants was grown on
20mm square glass coverslips placed in 12-well plates with
CFA medium inoculated with colonies from agar plates. The
plates were incubated at 26°C for 40h with no shaking. A
glass microbead (nominal size 59.2 um, G4649-10G, Sigma-
Aldrich) was glued to a tipless AFM cantilever using the same
procedure as for the colloid probe. The actual size of the
glass microbead was determined from optical images. To avoid
contamination of the microbead probe during measurement,
an antifouling coating was applied to the UV/ozone cleaned
microbead probe by incubating in 100 wg/mL PLL (20 kDa)-
g(4.0)-PEG (5kDa) (Susos AG, Dubendorf, Switzerland) in
10mM HEPES for 2h and subsequent washing with MilliQ
water. Ten force curves were recorded on each of the 5
locations, and measurements were repeated once on different
samples. Measurement locations were selected in the area where
the biofilm is estimated to be more than 20 pum thick by

reading the movement of the optical stage from the bottom to
the top.

To calculate the Young’s modulus (E) of biofilm from the
indentation force curves, Sneddon’s modification of Hertz model
of contact mechanics was employed (Hertz, 1882; Sneddon,
1965). When a stiff sphere indents a soft planar sample, the
loading force F is related to indentation depth § by:

RS2, (1)

4 E
F= -
3

(1—v?)
where R is the radius of the sphere and v is the Poisson ratio
(assumed to be 0.5) of the sample. The Hertz model requires
several assumptions to be met: the adhesion force between
sphere and sample is negligible; the sample is homogeneous and
semifinite (i.e., the indentation is small compared to the thickness
of the film) and the sample undergoes small strains within the
elastic limit. While these assumptions are almost impossible to be
met at the same time for most biological samples, the model was
proven to be useful for soft biological samples when indentation
was limited to a small range (<10%) compared to the sample
thickness and the loading speed is low enough to minimize
contribution from plastic deformation and hydrodynamic forces.
The indentation depth in the current study was limited to 2 pm
and loading speed was set at 1 pm. The indentation curves were
fit by Hertz model using JPK Data Processing software, giving the
contact points and Young’s moduli (E) of the samples.

The plastic properties of the samples were characterized by the
plasticity index v p in the form:

Ay

- 2
A A (2)

Yp =

where A} and A; are the energy of plastic deformation and elastic
recovery, respectively, calculated from the area in force curves.

Hydrophobicity of Bacteria

Bacterial cells were harvested and washed in water as described
above. A bacterial lawn was coated on a glass slide by
drying a 100pnL droplet of bacterial suspension overnight.
Hydrophobicity of bacteria was characterized by dynamic contact
angle measurement using a Drop Shape Analyzer DSA100 (Kriiss
GmbH, Germany). A water droplet was formed on the bacterial
lawn and manually expanded by syringe injection. The change of
the contact angle over time was monitored by video recording
and submitted to frame by frame analyzation, and contact angles
were plotted against time. Due to the high surface heterogeneity,
contact angles rose, and fell in repetitive patterns over time. The
highest peak of contact angles, which reflected the state the liquid
was about to wet new surface, was determined as advancing
contact angles. Three samples were tested for each strain.

Statistics

Data were presented as mean £ SD. Student’s ¢-test was used
for comparing two groups of data, and significant difference was
claimed when P < 0.05.
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Results

Staining Confirms the Presence of Amyloid in the
Pseudomonas Strain Overexpressing pFap

We started out by creating appropriate derivatives of
Pseudomonas sp. UK4 to allow for proper comparison. We
constructed a whole fap operon deletion mutant (Afap). This
involves deletion of the open reading frames for the major
amyloid component FapC as well as the ancillary proteins
FapA-B and FapD-F (Dueholm et al., 2010, 2013b). Since UK4
wildtype (WT) only produces amyloid to a small degree, we
also cloned the fap operon overexpression vector pMMB190Tc-
UK4fap, where expression was under the control of the
lacUV5 promoter, into the Afap strain. This led to the pFap
strain.

To confirm the differences in amyloid production, all three
strains were grown on agar plates containing the amyloid-
binding dye Congo Red. On such agar plates, amyloid-
producing strains can be identified based on their red-brown
coloration caused by the binding of Congo Red as well as
their opaque or agglutinated appearance resulting from cell
aggregation. Gratifyingly, only pFap showed the characteristic
red-brown color indicative of amyloid formation, in contrast
to WT and Afap, which showed the green color characteristic
of amyloid-free Pseudomonas fluorescens (Figures 1A-C). In
addition, pFap yielded smaller colonies as a result of reduced
mobility caused by the production of the aggregative amyloid
and to a minor extent the increased growth cost due to
the overexpression of the amyloids. The phenotype difference
was further confirmed by growth in liquid culture, where

WT and Afap led to a homogeneous cloudy suspension of
bacteria while pFap flocculated and appeared as a clear solution
with biofilm accumulating on the sides of the growth vessel
(Figures 1D-F).

Fap Amyloid Confers Resistance Against
Desiccation According to AFM

We next imaged the individual cells using Atomic Force
Microscopy. It was very straightforward to obtain and visualize
individual WT and Afap cells due to their low degree of
intercellular contacts, while pFap cells had to be sonicated briefly
to dissociate the cellular clumps. We consistently observed that
both the WT and Afap cells collapsed after brief drying in
air, while pFap cells were able to maintain the rod-like shapes
seen for bacteria in solution (Figures 2A-C). This difference in
cell integrity was also observed when analyzing clumps of cells
of WT and pFap (Figures 2D-I). Flagella are easily visible for
both strains, while extracellular fibrils are clearly much more
prominent for pFap. The height profiles show that pFap forms
fibrils that are much higher and wider than those of WT and tend
to aggregate to form larger co-existing bundles, consistent with
the cells’ pronounced tendency to flocculate. Overall there was
little morphological difference between WT and Afap in these
studies, in good agreement with their shared inability to make
detectable amounts of amyloid and flocculate. Consequently we
concentrate on WT rather than Afap in the following sections.
pFap’s ability to resist collapse upon drying, on the other hand,
indicates a high level of structural robustness that is presumably
conferred by the amyloid.

FIGURE 1 | Identification of amyloid production by staining. Bacterial colonies of WT (A), Afap (B), and pFap (C) grown on Congo red-CFA agar plates.
Fluorescent images of liquid cultures of WT (D), Afap (E), and pFap (F) stained with ThT, scale bar = 10 um. Insets: side-views of liquid cultures grown in flasks.
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AFM Force Spectroscopy on Single Cells Reveals
that Fap Amyloid Induces Different Cellular
Adhesion Patterns

To better understand the adhesion forces conferred by amyloid
on the surface of Pseudomonas sp. UK4, we investigated to what
extent cells with and without amyloid adhered to hydrophilic
and hydrophobic probes. These were constructed by gluing a 5-
pum silica colloid onto the very tip of the cantilever, curing the
glue with UV and functionalizing the probe surface to make
it hydrophilic (UV-oxidation) or hydrophobic (silanization).
Individual cells were then immobilized in an evenly distributed
pattern onto a polydopamine surface and were exposed to contact
with the colloid probe. The probe first approaches each cell and
is then retracted while the associated cantilever deflection and
movement is recorded. These data are then converted to force
and probe-sample distance and plotted into force curves. The
retraction force curves are shown in Figure 3 for both WT and
pFap.

The sawtooth-like adhesion peaks of WT on hydrophilic
surface can probably be assigned to the unfolding of the protein
adhesin LapA, which is important for adhesion and surface
attachment of many Pseudomonas species, in particular those
belonging to the P. fluorescens and P. putida group (Duque et al.,
2013). Accordingly, sequence analysis suggests that Pseudomonas
sp. UK4 has a lapA homolog. LapA is a giant protein containing
tandem repeats whose individual unfolding during retraction
leads to the characteristic saw-tooth pattern, as previously
reported (El-Kirat-Chatel et al., 2014). For WT, these peaks are
absent on a hydrophobic surface due to different interaction
modes of LapA with hydrophobic surfaces, as reported earlier
(El-Kirat-Chatel et al., 2014). The absence of these saw-tooth-like
peaks from force curves of pFap on hydrophilic surfaces suggests
that the pFap cells are covered by other surface molecules (i.e.,
amyloid), thus shielding the interactions from LapA, similar to
the effect of capsular polysaccharides on the short-range adhesion
Ag43 in E. coli (Schembri et al., 2004).

The force curves directly provide the maximal adhesion force
(the highest point in the retraction curve) and the final rupture
length (the longest separation length at which the cell ruptures
from the probe). As summarized in Table 2, the average values
suggest that both the maximal adhesion force and rupture length
of pFap are larger than those of WT on the hydrophobic surface.
However, likely because LapA contributes to the adhesion, WT
adheres more strongly than pFap to hydrophilic surfaces. Note
that the errors on these measurements are considerable despite
measurements on a considerable number of samples, and the
differences are not statistically significant. This is remedied when
looking at collections of cells in biofilm rather than the individual
cells (see below).

Fap Amyloid Enhances Adhesion to Spherical
Probes, Especially those with Hydrophobic
Surfaces, and Increases the Contact Angle of
Water Droplets

The situation became considerably clearer when we instead
turned to force spectroscopy measurements on cell aggregates

TABLE 2 | Maximal adhesion force and final rupture length of WT and
pFap cells on hydrophilic and hydrophobic surfaces?.

Surface type WT pFap

Max. adhesion Final rupture Max. adhesion Final rupture

force (nN) length (um) force (nN) length (um)
Hydrophilic 0.61 £0.32 1.07 £ 0.45 0.30 £0.17 1.38+0.76
Hydrophobic 0.32 £0.17 0.70 £ 0.47 0.50 +£0.26 1.40 £0.82

4Based on data shown in Figure 3.

(Figure 4). We did not observe any saw-tooth patterns in the
force curves on biofilm, indicating that all cells in biofilm
are completely covered by EPS. EPS are therefore the major
components which contribute to the adhesive properties of
biofilm. For WT, rupture lengths and maximal adhesion forces
were uniformly small and not statistically different for the
two types of surfaces (Table 3). In contrast, pFap shows much
longer rupture lengths on both surfaces than WT does, and the
maximal adhesion force is 5-fold increased compared to WT on
hydrophobic surfaces (but not on hydrophilic surfaces). We see
a large variation in the final rupture length particularly for pFap
on hydrophilic surfaces. We attribute this to the fact that EPS in
biofilm are composed of polymers of various lengths. At each
measurement random molecules or molecular assemblies are
picked up by the probe at random positions along the molecules,
leading to varying final rupture length. While EPS is present in
biofilm for both WT and pFap, it is possible that interactions
between amyloid, other EPS components and the hydrophilic
surface lead to a particularly large variation.

The high adhesion forces and increased rupture lengths for
pFap on hydrophobic surfaces suggested that the biofilm might
be more hydrophobic itself. We confirmed this by measuring
the contact angle formed when water drops are deposited on
cell lawns (Figure 5). Water will try to minimize contact with a
hydrophobic surface, so the larger the contact angle, the more
hydrophobic the surface. Due to the instability of static water
drops on porous and absorptive cell lawns, we had to carry
out dynamic measurements where contact angles were recorded
over time. Contact angles at the critical points where water
drops spreads to make contact with new surfaces were defined
as advancing contact angles. The advancing contact angles of
WT and pFap were 95.2 &+ 1.1 and 128.1 &+ 0.6°, respectively.
The measured contact angle may overestimate the actual contact
angle of the bacterial surface, because the micro scale porosity of
the bacterial lawn could lead to an increase in the contact angle.
However, the data clearly suggest that pFap is more hydrophobic,
in good agreement with our AFM measurements.

AFM Nanoindentation Measurements Reveal that
Fap Amyloid Increases Biofilm Stiffness 20-Fold

To gain insight into the mechanical properties of the biofilm,
we carried out nanoindentation experiments, in which a large
microbead was pressed into the bacterial biofilm using the
AFM cantilever (Figure 6). During the approach of the probe, a
repulsive force is generated immediately after the bead establishes
contact with the biofilm, and the approach continues until a
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TABLE 3 | Maximal adhesion force and final rupture length of WT and
pFap cell aggregates on hydrophilic and hydrophobic surfaces?.

Surface type WT pFap

Max. adhesion Final rupture Max. adhesion Final rupture

force (nN) length (wm) force (nN) length (wm)
Hydrophilic 0.707 £ 0.616 0.653 +£0.368 0.473 + 0.365 5.430 & 1.762
Hydrophobic  0.524 + 0.566 0.822 4+ 0.863 2.891 +0.819 8.486 + 1.007

4Based on data shown in Figure 4.

repulsive force of ~2 nN is reached, after which the the probe
is retracted. The approach and rectraction curves do not overlap
completely, because deformation of biofilm is not completely
elastic, i.e., there is a certain degree of plastic deformation
that occurs. This can be quantified by the plasticity index yp
(Equation 2). Plasticity indices {yrp of WT and pFap were 0.31 £
0.03 and 0.33 £ 0.02, respectively (P > 0.05, df = 6),
indicating that they have similar plastic deformation. However,
the indentation depth under the same load (2 nN) was much
larger for WT (1.540 £ 0.047 um) than for pFap (0.238 =+
0.025 pm), indicating that the pFap film is much stiffer. The
indentation curves can be further fitted to the Hertz model
of contact mechanics to provide Young’s modulus, which is a
measure of biofilm stiffness. Indeed, the fitted Young’s modulus
of pFap (2.01 £ 0.08 kPa) is 20 times as high as for WT (0.10 &
0.01 kPa).

All Fap Genes Except FapA Contribute to Biofilm
Stiffness

To evaluate the contribution of individual protein components
to the biofilm, we constructed plasmids containing fap operons

FIGURE 5 | Video snapshots from contact angle measurements of (A)
WT and (B) pFap.

missing each one of the six genes in turn. We then evaluated
how these individual deletions affected Congo Red binding, fibril
formation and biofilm stiffness. The only deletion mutant which
produced the classical amyloid positive colony morphology on
the Congo Red agar plates was pFapAA (Figure7A). Since
Congo Red is not able to penetrate the intact bacterial outer
membrane (Sleytr et al, 1988), binding implies successful
export of amyloid for pFapAA. pFapAB and pFapAF produced
transparent colonies that bound Congo Red weakly. The weak
binding of Congo Red by pFapAB and pFapAF are likely caused
by non-amyloid components, probably polysaccharides. It has
previously been shown that overexpression of the fap operon
in P. aeruginosa can induce alginate production (Herbst et al.,
2015) and this effect may be independent of FapB and FapF.
The remaining deletion strains displayed morphologies similar
to Afap.

The consequences of the deletion of these genes become
clearer when individual cells are visualized by TEM. Deletion of
all individual genes except fapA significantly reduces the amount
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of bona fide curly fibrillary outgrowths from Pseudomonas
(Figure 7B). Only pFapAA shows curly structures comparable to
(though less dense than) those of pFap. pFapAC has a halo of
fuzzy structures which cannot be amyloid (cfr. Figure 7A), and
pFapAD has a mesh-like cover that likely represents excreted
vesicles. These differences are strikingly confirmed by biofilm
stiffness measurements (Figure 7C), which reveal that only the
pFapAA mutant leads to biofilm with a stiffness comparable to
that of the intact fap operon; all other constructs show stiffness
levels comparable to that of the empty vector. Note also that
the pFapAA mutant leads to overproduction of FapB at the
expense of FapC (Dueholm et al., 2013a), explaining the change
in appearance of the cells in Figure 7B.

Discussion

Role of Amyloid in the Mechanical Robustness of
Biofilms

We have established that functional amyloid expression in
Pseudomonas significantly affects cell properties, such as ability
to withstand drying, hydrophobicity and biofilm rigidity. It
cannot be ruled out that these effects are linked to secondary
changes induced by overexpression of amyloid, such as altered
expression patterns of other components in the EPS. A recent
proteomic study (Herbst et al., 2015) showed that fap expression
led to upregulation of alginate biosynthesis, turning the P.
aeruginosa PAOI1 into a mucoid phenotype. While mucoid
biofilms are thicker, rougher and more antibiotic-resistant than

the non-mucoid versions which are flat and dense (Hentzer
et al., 2001), their impact on biofilm stiffness is unclear and
might intuitively be expected to lead to a more expanded
structures. Our data make it clear that amyloid expression
and formation on the surface is linked to major changes in
cell robustness. Furthermore, deletion of individual members
of the fap operon (which is not expected to alter the cellular
response to fap expression significantly) completely removes
this increased biofilm stiffness. We have previously reported
that Pseudomonas amyloid is able to bind small metabolites
(Seviour et al., 2015), and this binding ability correlates with
metabolite hydrophobicity. This strongly suggests that amyloid
in itself is hydrophobic and provides a straightforward driving
force for intercellular contacts. It also highlights the role of
amyloid in providing high elastic strength and thus mechanical
robustness to the biofilm. We speculate that this property
is conferred because the relatively stiff amyloid fibrils are
embedded within a more flexible matrix provided by eDNA
and polysaccharides, analogous to the amyloid-amorphous phase
combination seen in spider dragline silk (Hagn, 2012) or even
reinforced concrete (steel wires within the concrete matrix).
Increased protein content in the EPS has also been associated
with increased biofilm strength (Pellicer-Nacher and Smets,
2014) in a study of nitrifying membrane-aerated biofilms,
though in this case the proteins rendered the biofilm more
hydrophilic.

It is clear that increased biofilm strength requires production
of a substantial amount of amyloid. Although the mutants lacking
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FapB and FapF showed some level of Congo Red binding, the
overall production of extracellular amyloid had clearly been
reduced, and correspondingly the biofilm stiffness was just as low
as that of the Afap mutant. Based on its sequence homology to
FapC, we have proposed that FapB is a nucleator for amyloid
formation on the outer membrane surface (Dueholm et al., 2010),
analogous to CsgB (Hammer et al., 2007). Sequence comparisons
also suggest that FapF provides a conduit for transport of FapC
(and FapB) through the outer membrane. Thus, removal of these
two components should be definitely reduce FapC export and
formation of the amyloid state on the bacterial cell surface.
It remains more mysterious why deletion of FapE (a minor
component of amyloid) and FapD (a putative peptidase) should
completely abolish amyloid production, and further studies are
clearly needed to delineate their specific contributions to the
production of amyloid. In contrast, the removal of FapA does not
compromise the overall function of the fap operon, but largely
seems to affect the balance between FapC and the other amyloid
component FapB which is predicted to be a fibril nucleator
(Dueholm et al.,, 2013a) but can also fibrillate well on its own
in vitro (B.S.V. and D.E.O., unpublished).

We note that the major component in Pseudomonas amyloid,
the protein FapC, consists of 3 imperfect repeats connected
by linkers of variable length (Dueholm et al, 2010). The
repeats likely constitute the amyloid core since their removal
completely abolishes FapC’s ability to fibrillate (B.S.V. and
D.E.O., unpublished), while the linkers show variable length
but largely contain hydrophilic residues. It is possible that

the hydrophobicity of the biofilm, as well as the interactions
with other EPS components, may be modulated by the
composition and length of the linkers. This in turn may also
affect the mechanical properties of the ensuing biofilm. Our
nanoindentation assay provides a very convenient tool to assess
this. Given the important role of mechanical forces between
bacterial cells in the early build-up of biofilm (Grant et al., 2014),
amyloid can also play a role in promoting rapid establishment
of biofilm. We have already observed this in a number of
Pseudomonas strains overexpressing different variants of the
fap operon, which led to more rapid surface colonization and
alterations in biofilm morphology (Dueholm et al., 2013a).

Measurement of Hydrophobicity by Contact
Angle

Static contact angle measurement has been used by researchers to
characterize the hydrophobicity of bacterial cells (Busscher et al.,
1984; Fernandez et al., 2007; Seale et al., 2008; Gallardo-Moreno
et al., 2011). We found it difficult to obtain consistent results
across different replicates using this measurement, probably
due to the fast penetration of water droplets into the bacteria
lawns. We instead used advancing contact angle measurement
for determining hydrophobicity (Liu et al., 2008), which yielded
more reproducible contact angles. However, caution must be
taken to use contact angles on bacterial lawns as a direct
measurement of hydrophobicity. As pointed out by a recent
report investigating this complex topic (Gallardo-Moreno et al.,
2011), contact angles on dried bacterial lawns are so strongly
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dependent on measuring time and environmental conditions that
an absolute measurement of hydrophobicity and Gibbs energy of
bacterial cell surfaces is essentially impossible. Nevertheless, the
method is still useful as an indication of relative hydrophobicity,
especially when all measurements are done using the same
procedure.

Colloidal Probes as a Tool to Determine Biofilm
Mechanical Properties

Since its invention in the early 1990s (Butt, 1991; Ducker
et al., 1991), AFM force spectroscopy with colloidal probes has
been widely used to measure the mechanical properties of soft
biological materials (Rosenbluth et al., 2006; Sokolov et al., 2007;
Plodinec et al, 2012). Compared to the conventional sharp
AFM tips, colloidal probes have more well-defined contact areas,
and they are therefore recommended for measurement when
spatial resolution is not of concern (Dimitriadis et al., 2002;
Loparic et al.,, 2010). Penetration of soft materials can also be
avoided by colloidal probes. In the current study, relatively large
microbeads were selected for nanoindenation measurements
primarily because large contact area provides averaging of
the mechanical properties, that is, the global instead of local
mechanical properties are measured (Loparic et al., 2010). This
eliminates large variation of the results as the biofilm is usually
highly heterogeneous. This is confirmed by large data variation
from indentation with 5pm colloid probe (data not shown).
Besides, the Hertz model for spherical indenter used to calculate
the mechanical properties of the sample, assumes that the contact
radius is less than 10% of the indenter radius. This assumption
cannot be met when using a small sphere on a soft sample which
usually results in a large indentation depth for biofilm samples,
even with small indentation forces.

Biofilm elasticity measured by colloidal probe indentation is
in the current study within the range of 0.017-170 kPa reported
previously using different techniques (Stoodley et al., 1999, 2001;
Korstgens et al., 2001; Lau et al, 2009). The wide range of
biofilm elasticities is due to the inherent differences among
biofilm matrix composition in various bacterial strains as well
as the growth conditions, sample preparation, and different
methodologies used. One needs to be careful in comparing results
using different techniques. A most relevant case to our study is
that Casey and co-workers recently used AFM colloidal probe to
measure the elastic modulus of P. fluorescens PCL1701 biofilm,
and reported mean elastic moduli of 33 £+ 22kPa and 2.7 £+
1.3kPa for calcium-free and calcium-supplemented biofilm,
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Microcin E492 (MccE492) is a pore-forming bacteriocin produced and exported by
Klebsiella pneumoniae RYC492. Besides its antibacterial activity, excreted MccE492
can form amyloid fibrils in vivo as well as in vitro. It has been proposed that bacterial
amyloids can be functional playing a biological role, and in the particular case of
MccE492 it would control the antibacterial activity. MccE492 amyloid fibril’s morphology
and formation kinetics in vitro have been well-characterized, however, it is not known
which amino acid residues determine its amyloidogenic propensity, nor if it forms
intracellular amyloid inclusions as has been reported for other bacterial amyloids. In
this work we found the conditions in which MccE492 forms intracellular amyloids in
Escherichia coli cells, that were visualized as round-shaped inclusion bodies recognized
by two amyloidophilic probes, 2-4'-methylaminophenyl benzothiazole and thioflavin-
S. We used this property to perform a flow cytometry-based assay to evaluate the
aggregation propensity of MccE492 mutants, that were designed using an in silico
prediction of putative aggregation hotspots. We established that the predicted amino
acid residues 54-63, effectively act as a pro-amyloidogenic stretch. As in the case
of other amyloidogenic proteins, this region presented two gatekeeper residues (P57
and P59), which disfavor both intracellular and in vitro MccE492 amyloid formation,
preventing an uncontrolled aggregation. Mutants in each of these gatekeeper residues
showed faster in vitro aggregation and bactericidal inactivation kinetics, and the two
mutants were accumulated as dense amyloid inclusions in more than 80% of E. coli
cells expressing these variants. In contrast, the MccE492 mutant lacking residues 54—
63 showed a significantly lower intracellular aggregation propensity and slower in vitro
polymerization kinetics. Electron microscopy analysis of the amyloids formed in vitro
by these mutants revealed that, although with different efficiency, all formed fibrils
morphologically similar to wild-type MccE492. The physiological implication of MccE492
intracellular amyloid formation is probably similar to the inactivation process observed
for extracellular amyloids, and could be used as a mean of sequestering potentially toxic
species inside the cell when this bacteriocin is produced in large amounts.

Keywords: microcin E492, intracellular amyloids, gatekeeper residues, protein aggregation, inclusion bodies

Abbreviations: BTA-1, 2-4’-methylaminophenyl benzothiazole; MccE492, microcin E492; PBS, phosphate-buffered saline;
PFA, paraformaldehyde; TCA, trichloroacetic acid; ThS, thioflavin S.
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INTRODUCTION

Amyloid fibrils are highly organized protein aggregates with a
unique quaternary structure named cross-f, consisting of protein
monomers assembled into intermolecular hydrogen bonded
p-strands placed perpendicularly to the fibril axis (Chiti and
Dobson, 2006; Fowler et al., 2007). The unit of the cross-f
spine is a B-sheet bilayer with side chains within the bilayer
forming a tight “steric zipper” (Sawaya et al., 2007; Fitzpatrick
et al,, 2013). Amyloids share chemical properties such as specific
binding of probes (Nilsson, 2004) as well as denaturation and
proteolysis resistance. Traditionally, amyloid-fibrils formation
has been related to neurodegenerative pathologies such as
Alzheimer’s, Parkinson’s, and Huntington’s disease. However,
several examples of amyloids playing a biological role have
appeared during the last years. These “functional amyloids” have
been described in many organisms: from bacteria and fungi,
to insects, fish, and mammals (Fowler et al., 2007). The first
reported example of a bacterial functional amyloid was curli,
a well-studied type of extracellular amyloid fibrils produced
by Escherichia coli and Salmonella that participate in biofilm
formation, host cell adhesion and invasion (Chapman et al., 2002;
Wang et al., 2006). Other examples include TasA produced by
the gram-positive bacteria Bacillus subtilis, where the amyloid
fibrils also participate in biofilm development (Romero et al.,
2010), and the filamentous bacteria Streptomyces coelicolor,
in which the aerial hyphae growth is mediated by amyloid
structures formed by the chaplin proteins (Claessen et al.,
2003).

Most examples of bacterial amyloids are extracellular. One
exceptional and interesting case is RepA, the replication initiator
protein of Pseudomonas plasmid pPS10. In the presence of
short dsDNA oligonucleotides, the RepA-WH1 domain forms
amyloid fibrils in vitro (Giraldo, 2007). The expression in
E. coli of the hyper-amyloidogenic domain variant A31V
fused to a red fluorescent protein, led to the accumulation
of amyloid inclusions into the cytosol. Remarkably, these
amyloid inclusions were transmitted vertically to the progeny
and bacteria carrying them showed decreased cell fitness,
constituting a bacterial proteinopathy (Fernandez-Tresguerres
et al., 2010). Regarding intracellular amyloid formation, it has
been found that mammalian amyloid proteins expressed in
E. coli form intracellular amyloid aggregates as well (Dasari
et al., 2011; Espargar6 et al., 2012). Moreover, when analyzing
the ultrastructure of inclusion bodies formed by a growing
number of proteins (even those not formally defined as
amyloidogenic), it was noticed that they have an amyloid-like
cross-p structure (Carrio et al., 2005; Wang et al, 2008a).
Additionally, it was demonstrated that the co-expression of the
yeast amyloidogenic proteins Sup35 and Newl in E. coli cells
leads to the formation of cytoplasmic inclusions with amyloid
properties, and its formation is correlated with the propagation
of the prionic/amyloid form of Sup35, termed [PSI*] (Yuan et al.,
2014).

It is now evident that proteins capable of forming amyloid
structures are quite diverse, and that the amyloidogenesis
phenomenon is more ubiquitous than originally thought. Thus, it

has been suggested that amyloid formation is a generic property
of the polypeptide chain and not a feature of a small number
of proteins (Stefani and Dobson, 2003). Moreover, it has been
shown that the propensity to form amyloid fibrils depends on
specific regions or residues within the polypeptide chain. The
“pro-amyloidogenic regions” or “aggregation hotspots” initiate
or favor the conformational transition into the cross-f assembly
and often consist of 5-15 adjacent hydrophobic residues of low
net charge and a high tendency to form f-strands (Beerten
et al., 2012). In addition, aggregation propensity can also be
modulated by a group of residues called gatekeepers, located near
or within the pro-amyloidogenic region. These residues prevent
an uncontrolled aggregation disfavoring p-structure formation,
and are usually charged residues or prolines (Rousseau et al,
2006; Beerten et al., 2012).

Microcin E492 is a low-molecular-weight channel-forming
bacteriocin produced by Klebsiella pneumoniae RYC492 (de
Lorenzo, 1984; Lagos et al., 1993, 2009). It is found in two
forms: unmodified (7,887 Da) and post-translationally modified
in its C-terminal end by the covalent linkage of glycosylated
salmochelin derivatives of different molecular masses (Thomas
et al, 2004). This modification is required for antibacterial
activity, since toxin uptake by the target cells depends on
the recognition of the salmochelin-like moiety by the outer
membrane catecholate siderophore receptors FepA, Fiu, and Cir
(Strahsburger et al, 2005). Once in the periplasm, MccE492
exerts its toxic activity through the formation of pores in
the cytoplasmic membrane and the consequent membrane
potential dissipation (de Lorenzo and Pugsley, 1985; Lagos
et al., 1993). One salient feature of MccE492 is its ability
to form amyloid fibrils, which was observed in vitro and
in vivo in the extracellular space, and was associated with
the loss of antibacterial activity (Bieler et al., 2005; Marcoleta
et al, 2013). Hence, amyloid formation was proposed as a
mechanism of antibacterial inactivation. Even though MccE492
amyloid fibril's morphology and formation kinetics in vitro
have been well-characterized (Bieler et al., 2005; Arranz et al,,
2012; Marcoleta et al.,, 2013), it is not known if MccE492,
as in the case of RepA, forms amyloid in vivo inside the
cell. Besides the influence of the post-translational modification
on retarding the kinetics of amyloid formation (Marcoleta
et al, 2013), there are no studies on how the primary
structure, specifically which amino acid residues, determines its
amyloidogenic propensity. In this work we report the conditions
in which MccE492 forms intracellular amyloid inclusions.
We used this phenomenon to perform a flow cytometry-
based screen for MccE492 mutants with altered aggregation
propensity, establishing which regions and residues act as
pro-amyloidogenic regions or as gatekeepers, promoting or
disfavoring both intracellular and in vitro amyloid formation.
Additionally, our results suggest that there is a factor encoded in
the MccE492 genetic cluster that may act promoting intracellular
MccE492 amyloidogenesis. The promotion of cytoplasmic
MccE492 amyloid formation suggests that this phenomenon
may have a physiological implication as a mechanism of
capturing and inactivating an excess of toxic species inside the
bacteria.
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MATERIALS AND METHODS

Bacterial Strain and Plasmids

The bacterial strain and plasmids used in this work are shown
in Table 1. A vector for tight expression of MccE492 and
mutagenized derivatives was designed. This construct harbors
both mceA (MccE492) and mceB (immunity protein) genes
under the control of a T7 promoter, a lac operator and a T7
terminator (pETAB cassette, Figure 1A). The expression of the
immunity is required since MccE492 expression is toxic in the
absence of this protein (Bieler et al., 2006). It is important
to note that naturally, mceB and mceA (in this order) form a
single transcriptional unit where the last 23 nucleotides of mceB
and the first 23 nucleotides of mceA overlap. Results from our
laboratory indicate that there is an internal promoter inside
the mceB coding region that contributes to the expression of
mceA. For this reason we decided to invert the order of the
genes in the cassette, and to insert a consensus ribosome binding
site to each coding region in order to achieve a comparable
expression of both genes, and to avoid leaky transcription of
mceA from the mceB internal promoter. Additionally, to allow
the easy replacement of the mceA gene by distinct variants and
the cloning of the pETAB cassette, Ndel/HindIll and BamHI sites
were conveniently included. pETAB was cloned in the p33AM
plasmid backbone generating p33pETAB, which harbors a copy
of the lacI9 repressor gene and a pl5A origin (Figure 1B).

Two different plasmids compatible with the p33pETAB system,
carrying the whole or part of the MccE492 production cluster
were used in this work: pMccE492 and np220. pMccE492
comprises all the necessary components for active microcin
production, i.e., the structural and immunity genes and the genes
involved in post-translational modification, export, regulation,
and others of unknown function, in the same disposition as
in K. pneumoniae RYC492 chromosome, as it is depicted in
Lagos et al. (2009). The expression of this plasmid results
in the production of active MccE492. Meanwhile, np220 is
a plasmid used in our lab as a background to produce and
export post-translationally modified MccE492 (Mercado et al,
2008) expressed from a compatible plasmid, such as p33pETAB
and pBAML. np220 encodes all the components necessary
for MccE492 activity, such as immunity, export and post-
translational modification, with a gene disposition that it is not
exactly the same than in K. pneumoniae RYC492. In this plasmid
the structural gene mceA is interrupted by a Tn5 insertion,
thus np220 by itself is unable to produce MccE492 (Lagos
et al., 2001). Another plasmid used in this work is pBAML,
which only harbors the structural mceA and the immunity mceB
genes with their natural promoter and in the configuration
described above for K. pneumoniae RYC492. The expression
of pBAML as well as p33pETAB in the absence of np220
results in the production of unmodified and non-exported
MccE492.

TABLE 1 | Bacterial strain and plasmids used in this work.

Bacterial strain or plasmid Relevant genotype or features Source
Escherichia coli strain
BL21-Al F- ompT hsdSB (rB-mB-) gal dcm araB::T7RNAP tetA Invitrogen
Plasmids
pHC79 ColE1 cosmid derivative. Amp" Tet" Hohn and Collins, 1980
pMccE492 Whole MccE492 production system, pHC79 derived. Amp" Gonzalez, 2011
np220 Whole MccE492 production system, but mceA::Tn5. Amp" Kan" Mercado et al., 2008
pPBAML MccE492 structural (mceA) and immunity (mceB) genes. Cam” Lagos R. laboratory collection
pP33AM laclg. Allows the regulation of the pET system. P15A origin, Cam" Lagos R. laboratory collection
P33pETAB pP33AM derivative. Contains the pETAB cassette (mceA and mceB This work
under the control of the T7 promoter) and Jaclg. Cam’
N16A P33pETAB derivative. mceA was mutagenized replacing asparagine This work
16 by alanine. Cam"
P26A P33pETAB derivative. mceA was mutagenized replacing proline 26 This work
by alanine. Cam"
A18-35 P33pETAB derivative. mceA was mutagenized deleting amino acids This work
18-35. Cam’
P53A P33pETAB derivative. mceA was mutagenized replacing proline 53 This work
by alanine. Cam"
N55A P33pETAB derivative. mceA was mutagenized replacing asparagine This work
55 by alanine. Cam"
P57A P33pETAB derivative. mceA was mutagenized replacing proline 57 This work
by alanine. Cam"
P59A P33pETAB derivative. mceA was mutagenized replacing proline 59 This work
by alanine. Cam"
PB4A P33pETAB derivative. mceA was mutagenized replacing proline 64 This work
by alanine. Cam"
A54-63 P33pETAB derivative. mceA was mutagenized deleting amino acids This work

54-63. Cam"
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FIGURE 1 | Properties of the pETAB cassette for regulated expression
of MccE492. Genes mceAB were cloned under a T7 promoter with further
regulation by lac operator (A). A consensus ribosome binding site (RBS) was
included upstream of each coding region. This cassette was introduced in the
BamH site of p33AM, generating p33pETAB (B) that expresses constitutively
lacl9, to repress expression from the T7 promoter in the absence of IPTG.
Different versions of the mceA genes can be replaced in this construction
using the Ndel/Hindlll restriction fragment.

Growth Conditions

Bacterial growth was performed incubating with shaking (180-
220 rpm) at 37°C. For confocal microscopy analysis cells
carrying MccE492 producing systems were grown in M9 minimal
medium supplemented with citrate 0.2% and glucose 0.2%
for 48 h (late stationary phase). For intracellular aggregation
propensity determinations, cells carrying p33pETAB variants
with or without np220 (this plasmid allows the modification and
exportation of MccE492) were grown in LB medium. Antibiotics
were used in the following concentrations: ampicillin (Amp)
100 pg/ml, kanamycin (Kan) 50 pg/ml, and chloramphenicol
(Cam) 50 pg/ml.

MccE492 Induction Assay

MccE492 induction assay in the p33pETAB/BL21-AI system was
performed as follows: 15 ml of LB (with the corresponding
antibiotic) were inoculated with 1:20 dilution of fresh overnight

E. coli BL21-Al p33pETAB culture. The cells were grown at
37°C with shaking at 180 rpm until early exponential phase was
reached. At this point, 10 ml of culture were split in two (5 ml
each): one aliquot was induced with 0.2% arabinose and 1 mM
IPTG, and the other was left untreated. After 6 h, aliquots of
induced and non-induced cells were collected to continue with
the protein extraction protocol or with the fixation and staining
procedure.

Total Protein Extraction

For total protein extraction, cells were centrifuged at 12,900 x g
for 10 min. The pellet was re-suspended in PBS buffer, incubated
at 95°C for 20 min and centrifuged at 12,900 x g for 15 min at
4°C. 400 pl of the supernatant were collected and 100 .l of cold
TCA were added. The mixture was incubated 10 min at 4°C and
then centrifuged at 12,900 x g for 15 min at 4°C. The supernatant
was discarded and the pellet was washed twice with 200 pl of
chilled acetone. Finally, acetone was evaporated and the pellet was
stored at —80°C.

SDS-PAGE and Immunoblotting

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed as described by Schigger and von Jagow
(1987). Nitrocellulose membranes (Millipore) were used for
immunoblot transfer (1 h, 350 mA, using chilled 25 mM Tris-
HCI, 190 mM glycine, 20% methanol, as the transfer buffer).
MccE492 was detected with a polyclonal antibody prepared
in rabbit against the last 20 amino acids of the protein
(antiserum dilution, 1:1,000) and with a goat anti-rabbit alkaline
phosphatase-conjugated secondary antibody (dilution 1:5,000).
The alkaline phosphatase colorimetric reaction was performed
as described by Marcoleta et al. (2013). The membrane was
washed with FAL buffer (100 mM Tris-HCI [pH 9.5], 100 mM
NaCl, 5 mM MgCl,) and incubated in 10 ml of a mixture of
BCIP (5-bromo-4-chloro-3’-indolylphosphate p-toluidine salt)
and NBT (nitroblue tetrazolium chloride; 0.3 and 0.15 mg/ml
in FAL buffer, respectively), until an optimal signal was
observed.

Cell Fixation and Staining for Confocal
Microscopy

Five hundred 1 of bacterial culture were washed twice with the
same volume of PBS buffer by centrifuging at 1,100 x g for 4 min
at room temperature, fixed by suspending in 250 ul of 4% PFA
in PBS and incubating for 30 min at room temperature. BTA-
1 staining was performed as described (Fernandez-Tresguerres
et al., 2010). After fixation, cells were washed twice with 250 pl
of PBS buffer by centrifuging at 1,100 x g for 4 min at room
temperature, re-suspended in 1 mM BTA-1 prepared in 100%
ethanol, and incubated for 30 min at room temperature. Finally,
cells were washed twice with PBS. ThS staining was carried out
based on the protocol of Espargard et al. (2012) with some
modifications: 500 pl of bacterial culture were centrifuged at
1,100 x g for 4 min at room temperature, the supernatant was
discarded, and the bacterial pellet was washed twice with 500 .l
of PBS buffer. Cells were suspended in 250 11 of 0.05% (w/v) ThS
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in 12.5% ethanol and incubated for 1 h at room temperature. We
found that ThS staining in the presence of 12.5% ethanol, instead
of PBS as originally described, leads to a smaller number of false
negative cells. After staining, cells were washed three times with
250 pl of PBS buffer. Stained cells were mounted over a glass slide
covered by layer of 1% agarose in PBS.

Confocal Microscopy

Microscopic observations were performed using an LSM 710
(Zeiss) confocal microscope, with a 63x/NA 1.40 oil immersion
objective. ThS fluorescence was excited using a 488 nm argon
laser and the emission was registered in a range from 410 to
520 nm. BTA-1 fluorescence was excited with a 405 nm laser
diode and the emission was registered between 493 and 552 nm.
Images were digitally captured with ZEN 2012 and analyzed with
Image] software (Schneider et al., 2012).

Flow Cytometry

Thioflavin-S staining for flow cytometry analysis was carried
out in the same way as described for confocal microscopy, but
starting with unfixed cells. Flow cytometry measurements were
performed using a BD FACSCanto™ II flow cytometer. Cells
stained with ThS were first gated by forward scatter (FSC) and
side scatter (SCC) signals, and then analyzed for ThS fluorescence
by exciting at 405 nm and registering the emission at 510/550 nm.

MccE492 Purification

MccE492 (wild-type or mutant) was purified from culture
supernatants of E. coli BL21-AI cells carrying each p33pETAB
variant along with np220, to allow MccE492 processing and
export. Briefly, 4 L of M9 medium supplemented with 0.2%
citrate and 0.1% glucose were inoculated with 1:1000 dilution
of fresh overnight culture and grown at 37°C with shaking at
180 rpm for 6 h (until exponential phase). At this point, 0.2%
arabinose and 1 mM IPTG were added. After 12-14 h, the
supernatant was collected by centrifugation and filtered through a
0.22 pm polyethersulfone membrane. The cell-free medium was
incubated with 25 g of previously ACN-activated Bondapak C18
resin (Waters) at 4°C for 2 h. The resin was filtered by negative
pressure through a Buchner funnel, washed with 200 ml of 40%
methanol, then with 200 ml of 25% ACN, and finally eluted with
a 30-100% ACN stepwise gradient. MccE492-enriched fractions
were dialyzed twice for 2 h against 40 volumes of 5 mM Tris (pH
8.5) and then lyophilized and stored at —20°C.

In vitro MccE492 Amyloid Formation

followed by Congo Red Binding Assay

An appropriate amount of lyophilized MccE492 powder was
dissolved in 5 mM Tris (pH 8.5), and centrifuged for 30 min at
16,000 x g to eliminate preformed aggregates. The supernatant
was diluted to 0.4 mg/ml in the aggregation buffer (100 mM
PIPES-NaOH, 0.5 M NaCl [pH 6.5]) and incubated with agitation
(800 rpm) during the entire assay. Amyloid formation was
quantified by the diminution of free Congo red using the
following procedure: at the indicated times, MccE492 samples
were incubated at 37°C for 15 min with 33 wM Congo red and

centrifuged at 16,000 x g for 40 min at 4°C. The supernatant
absorbance was registered at 490 nm, and the free Congo red
fraction was determined as the ratio between the absorbance
registered at each time and the absorbance at time zero.

Determination of Soluble MccE492
During the Aggregation Curve

To visualize soluble MccE492 during the aggregation assays,
aliquots of the samples taken at different times were collected
and centrifuged at 16,000 x g for 40 min at 4°C. The supernatant
was recovered and the remaining soluble protein was detected by
SDS-PAGE and immunoblotting.

MccE492 Antibacterial Activity

Determination

MccE492 activity was determined by the critical dilution method
(Mayr-Harting et al., 1972). At the indicated times, aliquots from
the aggregation assays were collected and serially diluted in sterile
nanopure water. Three pl of each dilution were seeded onto
a lawn of a sensitive E. coli strain, prepared by mixing 0.3 ml
of the E. coli culture with 3 ml soft agar and overlaying the
resulting mixture onto LB plates. MccE492 antibacterial activity
was detected by the formation of growth inhibition halos, and
the activity was expressed in arbitrary units based on the highest
dilution in which a halo was observed.

Electron Microscopy

Samples from the MccE492 aggregation assays were placed onto
300-square-mesh copper-rhodium grids coated with carbon and
negatively stained with 2% uranyl acetate. Micrographs were
taken in a JEOL 1200EX microscope with a tungsten filament
operated at 80 kV and with a 50,000X magnification.

RESULTS

Microcin E492 forms Intracellular
Amyloid Aggregates in E. coli Cells

It has been shown that amyloidogenic proteins from different
origins, when expressed in E. coli, are accumulated as cytoplasmic
inclusions of amyloid nature (Fernandez-Tresguerres et al,
2010; Dasari et al., 2011; Espargar¢ et al.,, 2012). Extracellular
MccE492 amyloid formation has been observed under several
conditions, but it is not known if there is amyloid aggregation
in the cytoplasm. To investigate this possibility, E. coli cells
carrying three different constructions expressing the whole, or
part of the genetic cluster encoding for the production of active
MccE492 were grown in M9 minimal medium at 37°C until late-
stationary phase. After harvested, cells were fixed with 4% PFA,
stained with the probes BTA-1 and ThS that specifically bind
to amyloid aggregates, and visualized by confocal microscopy
(Figure 2). Cells carrying pMccE492, a plasmid that encodes
for the whole MccE492 gene cluster that includes not only the
structural and immunity genes but all those necessary for export
and maturation, contained a variable number of cytoplasmic
inclusions that were visible under bright-field imaging, and that
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FIGURE 2 | Microcin E492 accumulates as cytoplasmic amyloid inclusions in Escherichia coli cells expressing the whole MccE492 genetic cluster.
E. coli cells expressing totally or part of the components of the MccE492 cluster, were grown until stationary phase, stained with the amyloidophilic probes ThS or
BTA-1, and visualized by confocal microscopy. Scale bar: 5 wm. pHC79 is the vector used in the constructions pMccE492 and np220.

were recognized by both amyloidophilic fluorescent probes as
round-shaped foci. These inclusions of amyloid nature were
heterogeneous in form and size, and were located at distinct
positions of the major axis of the cells (not only at the poles), as
reported previously for the hyper-amyloidogenic variant of the
WHI1 domain of RepA protein from P. aeruginosa (Fernandez-
Tresguerres et al., 2010). Unexpectedly, cells carrying pBAML
(comprising only the MccE492 and its immunity genes) that do
not export MccE492, did not accumulate inclusions, and behaved
as E. coli cells carrying the pHC79 control vector. Cells carrying
np220, a plasmid expressing the whole gene cluster with the
exception of the structural gene of MccE492 that is interrupted
by Tn5, showed a few cells with single polar inclusions that were
recognized by both amyloidophilic probes, indicating that most

of the inclusions observed in the wild type construct are produced
by the expression of the mceA gene. This was corroborated
upon complementation of the mutant np220 with the mceA gene
from pBAML. Cells carrying both plasmids restored the multiple
amyloid inclusions phenotype caused by pMccE492 (Figure 2).

Interestingly, the accumulation of MccE492 amyloid
inclusions is accompanied with a polymorphism in the cell
length. There is a minority of cells that form filaments with
a length equivalent to the sum of more than 15 normal cells
(Supplementary Figure S1) that can harbor up to 20 amyloid
foci. This suggests that massive amyloid accumulation could
someway interfere with the septation process, although it
remains unclear why this occurs only in a minor fraction of the
bacterial population.
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Identification of Amino Acid Residues
and Regions Potentially Involved in
MccE492 Amyloid Formation

One central aspect on the study of amyloid formation is how
the primary structure of a protein influences the fibril formation
process, and the identification of regions and residues that
may act promoting or disfavoring its occurrence. Based on
the evaluation of distinct physicochemical properties of its
residues, several algorithms have been developed to predict and
identify aggregation hotspots inside the primary structure of
amyloidogenic proteins (Chiti et al., 2003; Fernandez-Escamilla
et al., 2004; Lopez de la Paz and Serrano, 2004; Maurer-Stroh
et al., 2010; Tsolis et al., 2013). In order to identify putative
aggregation hotspots of MccE492, we analyzed its sequence
with the AMYLPRED2 web tool, which employs a consensus
of 11 different methods and algorithms that predict features
related to the formation of amyloid fibrils (Tsolis et al., 2013).
Analysis of the MccE492 protein sequence showed that the region
comprising residues 57-63 of the processed peptide, especially
residues 60-62, has the highest consensus being recognized as
pro-amyloidogenic by six different algorithms (Figure 3). This
region contains several hydrophobic residues (IPVLIG), some
of which (VLI) are very commonly found in pro-amyloidogenic
regions of several proteins (Lopez de la Paz and Serrano, 2004).
Also, inside and near to this region there are several proline
residues (P53, P57, P59, P64), which are B-strands disruptors
that normally act as “amyloid gatekeepers” diminishing the
overall aggregation propensity of the protein (Lépez de la Paz
and Serrano, 2004; Beerten et al., 2012). An asparagine residue
(N55) was found near to the predicted hydrophobic aggregation
hotspot, that due to its polar nature could also act as a gatekeeper.
The authors of AMYLPRED?2 suggest at least a consensus of five
for a reliable prediction. However, the region between residues
20-24 that is recognized only by four algorithms (Figure 3) was
considered as a secondary amyloidogenic region for the following
reasons: first, MccE492 region encompassing residues 16-38
presents 57% of identity and 74% of similarity with the prion
PrP protein regions 111-133 (Baeza, 2003); second, this region
is also hydrophobic and it is flanked by the putative gatekeeper
residues asparagine (N16) and proline (P26). To test these
predictions, MccE492 mutants in the residues mentioned above
and deletions of the corresponding regions were constructed and
its amyloidogenic properties were studied.

Quantitation of the Proportion of Cells
Carrying MccE492 Intracellular
Amyloids, Evaluation of Variants with
Altered Amyloidogenic Properties, and
Identification of Amino Acid Residues
Regulating Intracellular Amyloid

Formation

Intracellular MccE492 amyloid formation is a phenomenon
that can be exploited to implement a fast and simple method
for the screening of MccE492 mutants with altered amyloid-
formation properties. A comprehensive analysis of these mutants

should allow the identification of protein regions controlling
the aggregation propensity, providing new insights of how
MccE492 amyloid formation occurs. Based on an assay described
by Espargar6 et al. (2012), we used ThS-staining and flow
cytometry analysis to quantitate the proportion of cells harboring
cytoplasmic amyloid inclusions upon expression of distinct
MccE492 variants. In this way, we were able to measure and
compare the amyloid formation propensity of each variant
and consequently, to evaluate the relevance of the mutated
residue or region in the aggregation process. As a first step,
the assay setup required the design and construction of a
tightly regulated expression system, which allowed a comparable
expression of each MccE492 variant when induced for a
defined time lapse. For this purpose, we synthesized the pETAB
expression cassette (Figure 1, see Materials and Methods)
that was ligated to the p33AM plasmid generating p33pETAB.
From here, mceA gene can be easily replaced by the variants.
These constructions were transformed into E. coli BL21-Al
cells, which expresses the T7 polymerase only after induction
with arabinose, therefore MccE492 expression from this system
requires the concomitant action of IPTG and arabinose as
inductors.

To ascertain that this regulated expression system was working
as expected, we tested six random clones of the wild-type form
that were induced by incubating them with arabinose and IPTG
during 4 h. SDS-PAGE-Immunoblot of total protein extracts
showed a prominent band corresponding to MccE492 only in
the induced samples (Supplementary Figure S2). In addition, the
antibacterial activity of the expressed MccE492 was assessed by
co-transformation of the E. coli BL21-AlI p33pETAB strain with
the compatible plasmid np220 (mutated in mceA), that provides
all the elements required for MccE492 maturation and export.
The production of functional active MccE492 of six clones was
detected as the presence of growth-inhibition halos over a layer
of sensitive bacteria (Supplementary Figure S2). The toxic activity
was notably higher in presence of the inducers.

Based on the information provided by the in silico prediction,
we designed a collection of MccE492 variants with substitutions
or deletions of specific amino acids. We hypothesized that
if the predicted regions act as pro-amyloidogenic stretches,
deletion of these regions should diminish aggregation propensity,
while substitution of the corresponding putative gatekeeper
residues should increase it. Based on this, seven putative
gatekeeper residues were individually substituted by alanine
(Figure 3, black arrows) and two deletion mutants, A18-35
and A54-63, were generated. All these variants were cloned
in p33pETAB and transformed in E. coli BL21-AI cells. To
evaluate and compare the intracellular aggregation propensity
of each variant, their expression was induced for 6 h, and
then the cells were stained with ThS and analyzed by flow
cytometry. Thus, we determined the proportion of cells carrying
amyloid inclusions that were recognized by the dye (Figure 4).
Expression of wild-type MccE492 led to a very low proportion
of cells carrying amyloid inclusions (~3%), indicating that
this protein by itself does not produce a significant amount
of amyloid aggregation in the cytoplasm (Figure 4, pETAB).
This is in agreement with the absence of inclusions observed
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FIGURE 3 | AMYLPRED2 analysis of MccE492 amino acid sequence revealed putative hydrophobic aggregation hotspots. The region encompassing
residues 57-63 was recognized as pro-amyloidogenic by six different algorithms (highest consensus score in this sequence). A second region (19-25) was
recognized with a lower consensus (only four different algorithms). B-strand disruptors (proline) and polar residues flanking or interrupting predicted hotspots
(putative aggregation gatekeepers) are shown in red and pointed with black arrows. With this information, a collection of mutants was generated, in which putative
gatekeeper residues were individually substituted by alanine, and the two regions comprising putative aggregation hotspots (18-35 and 54-63) were deleted.

in cells carrying pBAML, expressing only the MccE492 and
its immunity protein (Figure 2). Strikingly, variants P57A and
P59A formed intracellular amyloids in a very high proportion
of cells (~80%), indicating that substitution of those residues
leads to a significant increase in the MccE492 aggregation
propensity. This observation shows that both proline residues act
as amyloid gatekeepers disfavoring MccE492 amyloid formation.
The substitution by alanine of N16, P26, P53, N55, and P65 did
not have a significant effect on intracellular amyloid formation,
suggesting that these amino acids have a minor or no role
controlling MccE492 amyloidogenesis.

Since wild-type protein expression led to a very small amount
of ThS-positive cells, at this stage we were not able to evaluate
if the deletions of the predicted aggregation hotspots affect
MccE492 intracellular aggregation propensity. Considering that
more inclusions were observed in cells expressing MccE492 in
presence of the other components encoded in the MccE492
genetic cluster (Figure 2), the expression of the wild-type
MccE492 and its variants was induced in cells carrying np220
(Figure 4, pETAB+np220). In this condition, a significantly
higher proportion of cells accumulating inclusions upon
expression was observed in most of the variants tested. Wild-
type MccE492 intracellular amyloid was detected in nearly 40%
of the cells, and an indistinguishable behavior was found for all
the mutants except for P57A, P59A, and A54-63. A significant
reduction of aggregation propensity was observed in the variant
with the deletion of residues 54-63 (p < 0.0001), while the
deletion of residues 18-35 had no effect. On the other hand,
P57A and P59A mutants maintained the high tendency to
form aggregates, although co-transformation with np220 did not
increase the proportion of cells accumulating amyloids. This
proportion seems to be near the maximum detectable by this
method, since no higher frequency was observed in any of the
experiments performed, not even with longer induction times
(data not shown). The intracellular amyloid formation in these
assays was always dependent on the expression of MccE492,
since a very low proportion of ThS-positive cells were observed
in all the uninduced samples and in the induced cells carrying

just the vector p33AM, either alone or co-expressed with np220
(Figure 4A and Supplementary Figure S3). This observation
suggests that the increase in the frequency of ThS-positive cells
caused by np220 co-expression could be due to a synergistic effect
between MccE492 and a cluster-encoded factor, and not to an
independent aggregation of this putative factor.

To further investigate the effect on cell morphology and
distribution of the intracellular amyloid detected by ThS-staining
and flow cytometry, cells expressing wild type MccE492 from
p33pETAB and the identified hypo- and hyper-amyloidogenic
variants were induced for 6 h, stained with either BTA-1
or ThS, and visualized by confocal microscopy (Figure 5).
In agreement with the flow cytometry measurements, cells
expressing only wild-type MccE492 from p33pETAB showed
none or one very weakly stained intracellular inclusion. A similar
situation was observed with A54-63, where a faint homogeneous
fluorescence was detected upon staining. In contrast, a variable
number of inclusions were observed in cells expressing variants
P57A and P59A, which showed up under bright-field imaging
and were recognized by both amyloidophilic dyes as intense
fluorescent foci. These foci were located in different regions/areas
of the cells and had different shapes and sizes. Moreover,
accumulation of MccE492 inclusions came together with some
degree of cell length polymorphism, with a small proportion
of cells experimenting a dramatic filamentation and harboring
more than 30 amyloid foci (Supplementary Figure S$4), as
also seen in cells carrying the whole MccE492 production
cluster (Figure 2 and Supplementary Figure S1). As expected,
the hyper-amyloidogenic variants as well as the wild-type
MccE492 formed amyloid inclusions in cells carrying np220
(Supplementary Figure S5). In contrast, none or one faint
polar inclusion per bacteria was observed in cells carrying
np220 and expressing the A54-63 mutant. Taken together, these
results indicate that the region 54-63 of MccE492 has a major
role controlling intracellular amyloid formation, encompassing
hydrophobic residues that likely form the amyloid core, and two
proline p-strand disruptors that act as aggregation gatekeepers.
Additionally, at least in the conditions tested, a cluster-encoded
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*p < 0.0001. An average of 10000 events were counted per flow cytometry run. p33AM is the vector in which the cassette pETAB was cloned.
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factor is likely to act promoting MccE492 intracellular amyloid
formation.

Residues P57 and P59 of MccE492

Control In vitro the Kinetics of Amyloid
Formation and Loss of Antibacterial
Activity

To evaluate if the MccE492 aggregation hotspot and the
gatekeeper residues identified in the in vivo assays are also
relevant for the in vitro fibrils formation, we purified wild-type
MccE492 and the variants P57A, P59A, and A54-63 from the
supernatants of induced E. coli BL21-AI cells carrying np220
and p33pETAB. Lyophilized MccE492 samples of each variant
were dissolved in aggregation buffer to a final concentration of
200 pg/ml and incubated at 37°C with constant shaking for up to
72 h. Amyloid formation kinetics were followed for each variant,
monitoring Congo red binding (Figure 6A) and determining
soluble MccE492 by SDS-PAGE and immunoblotting (Figure 6B)
at different times. Both Congo red binding and immunoblotting
showed that most of the wild-type MccE492 remained soluble
until 8 h and was completely aggregated at 24 h. In contrast,
P57A and P59A variants aggregated significantly faster. Part
of P57A was aggregated at the beginning of the incubation,
and was practically completely aggregated at 2 h. The P59A
variant also presented a reduced lag phase. It began to
aggregate at 2 h, and was almost completely aggregated at

8 h, showing a more gradual aggregation kinetics than P57A.
On the other hand, the mutant lacking the 54-63 pro-
amyloidogenic region aggregated slower than the wild-type
MccE492, and soluble protein was still detected even after 72 h
of incubation.

Previous studies demonstrated that MccE492 amyloid
formation causes loss of antibacterial activity (Bieler et al., 2005;
Marcoleta et al., 2013). However, it is not known which MccE492
residues conform the toxic domain, nor if these residues are also
important for amyloid formation. To gain further information
about this, we tested the antibacterial activity of all the MccE492
mutants generated in this study (Supplementary Figure S6),
stabbing colonies of E. coli expressing np220 and p33pETAB
variants over a layer of sensitive bacteria grown in plates with
or without the inducers. Growth inhibition halos were observed
in wild-type MccE492, and mutants N16A, P26A, P53A, N55A,
P57A, and P59A. On the other hand, A54-63, A18-23, and
P64A lacked antibacterial activity, since no growth inhibition
halos were observed. These results indicate that the regions
encompassing residues 18-23 and 54-64 are somehow required
for the antibacterial activity, while residues N16, P26, P53, N55,
P57, and P59 seem to be dispensable.

To evaluate if the increased polymerization propensity of
the hyper-amyloidogenic variants correlate with a faster toxin
inactivation, we titrated the antibacterial activity during the
aggregation assay described above using the critical dilution
method (Figure 6C). We observed that although both P57A and
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FIGURE 5 | Formation of amyloid inclusions in E. coli cells expressing MccE492 variants with altered aggregation propensity. p33pETAB constructs
expressing different variants of MccE492 were transformed into E. coli BL21-Al cells. After 6 h of induction, cells were fixed with PFA, stained with either
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P59A mutants had antibacterial activity, the initial titer was ~20-
fold lower than wild-type MccE492. As expected, inactivation and
polymerization kinetics showed a close correlation, being the loss
of the antibacterial activity of the hyperamyloidogenic variants
significantly faster.

The Fibrils formed by Wild-Type
MccE492 and the Variants P57A and

P59A have a Similar Morphology

In vivo and in vitro assays showed that P57A and P59A
variants present a higher propensity to form fibrils with faster
polymerization/inactivation kinetics. However, it is indispensable
to know the morphology of the aggregates formed by the variants,
to ascertain that they form amyloid fibrils. To this end, samples
of the in vitro aggregation assay were analyzed by negative-
stain TEM (Figure 6D). The results were consistent with those
observed using Congo red. A few short fibrils and globular
aggregates of the wild-type MccE492 were observed at 6 and
8 h, while longer mature fibrils with a width of about 10-12 nm

were observed at 24 h, as reported previously (Bieler et al., 2005;
Arranz et al., 2012; Marcoleta et al., 2013). On the other hand,
the amyloid fibrils formed by both proline mutants presented
the same morphology than the wild-type protein, although with
an accelerated kinetics of formation. For P57A, short fibrils and
globular aggregates were observed even without incubation (time
0), whereas longer mature fibrils were observed at 2 h and in the
remaining time points analyzed. In the case of P59A, no fibrils
were detected at time 0, but long fibrils were observed after 2 h of
incubation (Figure 6D).

Regarding the A54-63 mutant, TEM analysis of samples
collected at the end of the aggregation assay showed that, despite
its decreased aggregation propensity and slower polymerization
kinetics, this mutant retains its ability to form fibrils with a similar
morphology to the wild-type MccE492 (Figure 7A). This suggests
that this region is not essential for amyloid formation, and
probably there is a secondary aggregation hotspot that could act
nucleating amyloid polymerization, although less efficiently. The
ability to form amyloid fibrils was also assessed for the mutant
A18-35, that in vivo did not present alterations in amyloid
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FIGURE 6 | In vitro amyloid polymerization of MccE492 variants with altered aggregation propensity. MccE492 variants (0.4 mg/ml) were incubated in
aggregation buffer (see Materials and Methods) and the polymerization progress was evaluated during the time using Congo red binding (A), and visualizing the
remaining soluble MccE492 (after centrifuging the samples at 16000 x g during 40 min) through SDS-PAGE- Immunoblot (B). In addition, the antibacterial activity
was determined at each time (C), and the morphology of the fibrils was studied by negative-stain electron microscopy (D). Error bars show the standard deviation

from three independent experiments. Scale bar: 100 nm.

formation. As expected, typical amyloid fibrils although a little
more relaxed were formed (Figure 7B).

DISCUSSION

Currently, understanding of amyloid formation is experiencing a
change of paradigm. Traditionally, amyloids have been associated
with pathological manifestations of neurodegenerative diseases

in mammals, but today it is being recognized as a widespread
phenomenon with examples from all domains of life (Fowler
et al.,, 2007; Otzen, 2010; Invernizzi et al., 2012). Remarkably,
microbes ended up being very successful in controlling and
adapting amyloid formation to perform different functions
(Hufnagel et al, 2013; Schwartz and Boles, 2013; Romero
and Kolter, 2014), although they still remain vulnerable to
the deleterious effects of uncontrolled aggregation (Fernandez-
Tresguerres et al., 2010; Beerten et al., 2012; Gasset-Rosa et al.,
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FIGURE 7 | MccE492 mutants A18-35 and A54-63 preserve the ability
of forming amyloid fibrils in vitro. Negative-stain electron microscopy
visualization of amyloid fibers formed by the MccE492 variants A54-63 (A) or
A18-35 (B), incubated in aggregation buffer until the indicated time. Scale
bar: 100 nm.

2014). MccE492 represents a particular case of what has been
defined as a functional amyloid, where the extracellular fibrils
formation acts as a mechanism to control the antibacterial
activity. In this study, we addressed two major aspects previously
unexplored: first, if MccE492 could undergo amyloid aggregation
in the cytoplasm of producing cells; and second, which regions or
residues are involved in controlling MccE492 amyloid formation.

Our results showed that wild-type MccE492 has a low
tendency to form intracellular amyloid, being barely detectable
in cells over-expressing this gene. However, its occurrence
was highly increased when a plasmid carrying the rest of
the MccE492 cluster components was co-transformed, or
when MccE492 hyperamyloidogenic variants were expressed. As
seen for other amyloidogenic proteins like RepA, cytoplasmic
MccE492 amyloid was accumulated as dense inclusion bodies of
variable shape, size, and number per cell (Fernandez-Tresguerres
et al, 2010). This observation was exploited to perform
a screening for MccE492 mutants with altered aggregation
propensity, establishing that the region comprising residues
57-63, recognized as pro-amyloidogenic by the AMYLPRED2
prediction tool, effectively acts as an aggregation hotspot.
Deletion of this region caused a significant decrease in MccE492

intracellular aggregation propensity and the slow down of in vitro
fibril formation kinetics. The identified aggregation hotspot
harbors VLI residues that likely form the (-strand core for
amyloid assembly, as demonstrated for other amyloidogenic
proteins (Lépez de la Paz and Serrano, 2004). In addition, P57 and
P59 residues that are inside this region, probably act as p-strand
disruptors, disfavoring MccE492 amyloid formation. Indeed,
alanine-substitution of each of these residues dramatically
increased MccE492 aggregation propensity in vivo, and fastened
in vitro fibril formation kinetics. The control of amyloid
formation by gatekeeper residues seems to be a common strategy
for different amyloids, since analysis of Homo sapiens and
E. coli proteomes showed that the positions flanking aggregating
stretches are enriched with residues such as lysine, arginine,
glutamate, aspartate and proline. Strikingly, 90% of the 26,000
pro-amyloidogenic segments found in the E. coli proteome
have at least one of these five residues at the first position on
either side of the segment (Rousseau et al., 2006). Moreover,
gatekeeper residues can be redundant, i.e., they are present
several times in the same protein. Thus, aggregating regions
from key human proteins such as p53 or huntingtin protein are
among the most extensively gate-kept sequences, with a strong
enrichment of mutations that disrupt gatekeeper motifs in a set
of disease-associated mutations listed in the UniProt database
(Reumers et al., 2009). The first four of the abovementioned
gatekeeper amino acids are at the bottom of different aggregation
propensity scales, mainly as a consequence of their very low
hydrophobicity, charge and low B-sheet propensity (Monsellier
and Chiti, 2007). Proline, as mentioned previously, is considered
a P-strand breaker since its conformational rigidity imposes
spatial constraints to the cross-p folding. A more specific role of
this residue in regulating amyloid formation has been proposed,
where cis to trans isomerization can act as an intrinsic molecular
switch modulating aggregation propensity. It has been shown
that the peptidyl prolyl cis/trans isomerase cyclophilin A causes
a prolongation of the lag phase and an increase in the yield
and length of fibrils formed by the human amyloidogenic
protein stefin B (Smajlovi¢ et al., 2009). Additionally, structural
and biochemical characterization of early intermediates of p2-
microglobulin folding revealed that a cis to trans isomerization
of proline 32 is determinant in the onset of amyloid formation
of this protein (Eichner and Radford, 2009), while a similar
role of proline isomerization was observed for Ribonuclease A
amyloidogenesis (Miller et al., 2010). Understanding the nature
of the proline-gatekeeping of MccE492 amyloid formation will
provide further information about how this process is regulated
and in which circumstances it is favored. The relatively high
amount of proline residues found in MccE492 (six), four of
them located near to the identified aggregation hotspot, supports
the relevance of this amino acid in the modulation of MccE492
amyloidogenesis. It is important to note, however, that the
position and sequence context of these residues seems to be
determinant, since mutation of only P57 and P59 but not the
rest of the proline residues caused a detectable alteration in the
aggregation propensity.

Electron microscopy analysis showed that although with a
different efficiency, MccE492 mutants P57A, P59A, and even that
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lacking residues 54-63, are able to form fibrils morphologically
similar to those formed by the native protein. This latter
observation suggests that an alternative group of residues could
act as a pro-amyloidogenic region. One possibly, is the region
comprising residues 19-25, which was detected with a lower
consensus by the AMYLPRED?2 tool. This region also harbors
hydrophobic residues flanked by a polar residue (N) and
a proline, which qualify as putative aggregation gatekeepers.
Additionally, this group of residues is located inside a region (16-
37) that has 74% similarity with a portion of the prion-forming
domain of the human prion protein (PrP), and also comprises an
imperfect repeat of amino acid residues (21-AALGAPGG-28 and
32-AALGAAGG-39). Curiously, the only different amino acid
(in bold) is a proline/alanine, surrounded by non-polar residues.
It has been shown that amyloid formation of the CsgA protein
(coding major curli subunit) is determined by five imperfect
repeats (R1-R5), where only R1 and R5 promote responsiveness
to CsgB nucleation and self-seeding by CsgA fibers (Wang and
Chapman, 2008; Wang et al., 2008b). Repeats R2-R4 comprise
specific aspartic and glycine residues that reduce the aggregation
propensity, and thus modulate polymerization efficiency and
potential toxicity (Wang et al., 2010). CsgA mutants lacking those
gatekeeper residues polymerized in vitro significantly faster than
wild-type protein, and remarkably, polymerized in vivo even
in absence of its nucleator CsgB. This points out the possible
relevance of the region 19-37 for MccE492 amyloidogenesis.
Nevertheless, deletion of residues 18-35 did not affect the
intracellular amyloid formartion propensity (Figure 4), and
the in vitro aggregation products were typical amyloid fibrils
(Figure 7). Also, a mutant carrying substitution P26A (rendering
a perfect repeat) showed the same intracellular aggregation
behavior than the wild-type protein. A similar situation was
observed when the alanine 37 was substituted by a proline (data
not shown), arguing against the significance of the repeats. In
spite of the evidence abovementioned, it cannot be excluded
that this region may act leading MccE492 amyloid formation in
the absence of the primary aggregation hotspot. Taken together,
these results point out the very robust amyloidogenic capacity of
MccE492, which is kept even after deleting 18 out of 42 residues
of its N-terminal half, or at least 10 out of 42 residues of its
C-terminal half.

In agreement with previous reports, MccE492 amyloid
formation correlated with the loss of antibacterial activity (Bieler
et al,, 2005; Marcoleta et al., 2013). The hyperamyloidogenic
variants P57A and P59A retained the antibacterial activity but
displayed significantly faster inactivation kinetics (Figure 6 and
Supplementary Figure S6). This observation suggests that these
residues are dispensable for the pore-forming activity, and that
through these mutations it is possible to modulate how long the
toxin remains active. From this, it is plausible that alternative
substitutions of the gatekeeper residues could generate a battery
of toxin variants with different inactivation kinetics.

We found that MccE492 intracellular amyloid formation
was observed in three circumstances: when the whole
MccE492 genetic system was expressed; when expressing
the hyperamyloidogenic mutants P57A and P59A from the
PETAB cassette; and when the wild-type form was expressed

from the abovementioned cassette in the presence of np220,
a plasmid expressing the genetic determinants encoded in the
MccE492 cluster with the exception of the structural gene. These
observations suggest that a cluster-encoded factor could act
nucleating or promoting MccE492 amyloid formation in vivo.
Although at first sight this result may appear as unexpected, the
general behavior of MccE492 amyloid formation is similar to
the well-characterized curli amyloid system, for the following
reasons: first, extracellular in vivo amyloid formation by CsgA
requires an amyloid minor component, the nucleator CsgB
(Chapman et al., 2002; Hammer et al., 2007), so it is perfectly
plausible that MccE492 as well may require the presence of a
nucleator for in vivo amyloid formation; second, both purified
CsgA and MccE492 can form amyloids in vitro with the typical
kinetics that has a lag, growth and stationary phase (Bieler
et al., 2005; Wang et al., 2007). The requirements for amyloid
formation in vitro seems to be less restrictive because there
is no need of another component, probably because the use
of high protein concentrations overcomes the requisite of a
nucleator; and third, the duration of the lag phase of both
proteins can be significantly shortened in vitro by the addition
of sonicated preformed fibrils (Wang et al., 2007; Marcoleta
et al., 2013). In the same line, the origin of the few single
polar inclusions observed in cells carrying np220 could be
explained by the aggregation of a factor such as CsgB, that
also has amyloid properties (Hammer et al., 2007). Currently,
we are working on the identification of the putative nucleator
factor.

Whether intracellular MccE492 aggregation has a
physiological role, and how its occurrence affects the cellular
metabolism, are issues that have to be investigated. Regarding
the latter, there are examples indicating that the accumulation
of amyloid inclusion bodies are toxic for E. coli cells, as seen
after overexpression of hyperamyloidogenic variants of RepA
and CsgA (Fernandez-Tresguerres et al., 2010; Wang et al,
2010). Moreover, it was shown that the identity of residues
flanking an aggregation prone region (0328) fused to GFP
had a significant effect on bacterial growth, where fusions
harboring ¢32f flanked by its natural gatekeepers displayed the
greatest competitive fitness (Beerten et al.,, 2012). The impact
of intracellular amyloid accumulation over cellular functions
makes necessary the existence of cellular mechanisms controlling
its occurrence. In this respect, chaperone machineries seem to
play an important role. In the case of the RepA-WH1(A31V)
prionoid, it was shown that DnaK but not ClpB participates in
the remodeling of amyloid inclusions, controlling the transition
between mild toxic comet-shaped aggregates and highly toxic
globular particles (Gasset-Rosa et al,, 2014). In contrast, the
disaggregase activity of the ClpB chaperone is required to
propagate the yeast prion [PSI*] in E. coli cells, probably
by means of fragmenting higher order intracellular amyloid
aggregates to generate smaller seed particles (propagons) that
can be inherited to daughter cells during cell division (Yuan et al.,
2014). This apparently controversial role of ClpB chaperone
in modulating amyloid formation in E. coli cells points out
that amyloids formed of proteins from different origins not
necessarily are subject of the same control mechanisms, even
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when they are expressed in the same host. Additionally, it
has been demonstrated for curli that an efficient secretion
system and chaperone network ensures that CsgA does not form
intracellular amyloid aggregates. Moreover, amyloid formation in
the periplasm is prevented by the CsgC protein, which selectively
inhibited aggregation of CsgA and also a-synuclein (Evans and
Chapman, 2014; Evans et al., 2015). We are currently working
in establishing the impact of MccE492 intracellular amyloid
formation on the cellular metabolism, and the potential role
of chaperones or other factors in controlling this phenomenon.
In this regard, preliminary observations show that MccE492
intracellular amyloid accumulation does not seem to have the
highly toxic effects observed for other amyloids such as the RepA-
WHI1(A31V) prionoid. This suggests that MccE492 intracellular
amyloid formation may have a role sequestering potentially
harmful soluble or oligomeric forms, operating in a similar way as
the extracellular toxin inactivation process. In addition, the fact
that wild-type amyloid inclusions are observed only when the
whole genetic cluster of MccE492 is expressed further support
the notion that this phenomenon may have a physiological
role. It is important to point out that formation of intracellular
amyloid inclusions seems to be a dynamic process, because part
of the expressed protein is exported, even in the case of the
hyperamyloidogenic mutants. Thus, the formation of amyloid
inclusions could be the consequence of MccE492 accumulation
because of a limited exporting capacity. Also, although MccE492
expressed from the whole cluster context have a high tendency
to form intracellular amyloid inclusions, it could be possible that
other factors like chaperones ensure solubility for exporting a
proportion of the produced bacteriocin.

One further aspect to be considered is if the immunity protein
MceB plays any role in MccE492 intracellular amyloidogenesis.
Since the expression of MccE492 in the absence of its immunity
protein is lethal to the cell (Bieler et al., 2006), both proteins
had to be co-expressed in all the experiments, hampering the
possibility to directly compare MccE492 amyloid formation in
presence or absence of MceB. However, we believe that it is
very unlikely that this protein participates in the amyloidogenic
process, because MceB is an integral membrane protein with
three transmembrane helixes and not detected in the cytoplasm
(Lagos et al., 1999), therefore the neutralization of MccE492
by MceB does not occurs in this compartment. Although the
exact mechanism by which the immunity protein neutralizes
the MccE492 pore-forming activity is unknown, the interaction
would occur at the moment that MccE492 is inserted into
the inner membrane preventing the correct insertion to form
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Prion proteins were initially associated with diseases such as Creutzfeldt Jakob and
transmissible spongiform encephalopathies. However, deeper research revealed them
as versatile tools, exploited by the cells to execute fascinating functions, acting as
epigenetic elements or building membrane free compartments in eukaryotes. One of the
most intriguing properties of prion proteins is their ability to propagate a conformational
assembly, even across species. In this context, it has been observed that bacterial
amyloids can trigger the formation of protein aggregates by interacting with host proteins.
As our life is closely linked to bacteria, either through a parasitic or symbiotic relationship,
prion-like proteins produced by bacterial cells might play a role in this association.
Bioinformatics is helping us to understand the factors that determine conformational
conversion and infectivity in prion-like proteins. We have used PrionScan to detect prion
domains in 839 different bacteria proteomes, detecting 2200 putative prions in these
organisms. We studied this set of proteins in order to try to understand their functional
role and structural properties. Our results suggest that these bacterial polypeptides are
associated to peripheral rearrangement, macromolecular assembly, cell adaptability, and
invasion. Overall, these data could reveal new threats and therapeutic targets associated
to infectious diseases.

Keywords: prion, bacteria, protein aggregation, pathogenesis, amyloid

INTRODUCTION

An increasing number of human diseases are being associated with amyloid forming proteins.
Despite these polypeptides are diverse in function, sequence and origin, all share the propensity
to form f-sheet aggregates (Karran et al., 2011). Amyloid fibril forming proteins appear to be
highly conserved and have been detected in all kingdoms of life, suggesting that, despite they
are usually thought to be involved in pathogenic processes, they might indeed provide selective
advantages (Sanchez de Groot et al,, 2012, 2015; Espinosa Angarica et al., 2013; Malinovska et al,,
2013). In fact, cells exploit the formation of amyloid fibrils for diverse purposes (Coustou et al.,
1997; Iconomidou et al., 2000; Podrabsky et al., 2001; Chapman et al., 2002; Graether et al., 2003;
Fowler et al., 2006; Maji et al., 2009), from structure scaffolding, such as the melanin at the skin, to
heritable information transmission, such as the yeast prions (Chien and Weissman, 2001; Shorter
and Lindquist, 2005; Liebman and Chernoff, 2012; Staniforth and Tuite, 2012). Because amyloid
fibers and their unstable intermediates can be highly cytotoxic (e.g., by disrupting the membrane
integrity), the assembly of functional amyloids is a process tightly regulated by the cell, which
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involves the assistance of chaperones and a spatiotemporal
control (Blanco et al., 2012; Gsponer and Babu, 2012; Evans et al.,
2015; Taylor and Matthews, 2015).

Among amyloids, prions are a singular subset of proteins
able to change from one conformational state to another, often
an amyloid aggregate, and transmit it to other homologous
polypeptide sequences. Importantly, recent results suggest that
amyloid proteins involved in Alzheimer’s and Parkinson’s
diseases could be infectious and act as prion-like proteins
in the brain (Chiti and Dobson, 2006; Stohr et al., 2012).
With the exception of the mammalian prion protein (PrP),
prion-like proteins constitute a subset of aggregation-prone
proteins with special sequential composition. Whereas, classical
amyloid proteins contain specific regions rich in hydrophobic
residues that lead the protein self-assembly, prion-like proteins
exhibit domains that are commonly enriched in asparagine and
glutamine (Q/N) (Dorsman et al., 2002; Findrich and Dobson,
2002; Halfmann et al., 2011) but also in glycine, serine and
tyrosine residues (Kato et al., 2012). This pattern has been found
in human proteins associated to neurodegenerative diseases, such
as FUS (dementia) or TDP43 (amyotrophic lateral sclerosis;
Kato et al,, 2012). This special residue content results in low
complexity sequences displaying disordered structures, a crucial
property that ensures conformational flexibility, permits self-
assembly without a requirement for conformational unfolding
and allows conversion between species (Tompa and Fuxreiter,
2008; Fuxreiter, 2012; Fuxreiter and Tompa, 2012; Malinovska
et al,, 2013). In fact, one of the main evolutionary strategies
to control protein aggregation is to ensure a stable globular
structure preventing, in this way, the exposition of aggregation
prone stretches (Lim and Sauer, 1991; de Groot and Ventura,
2005; Ventura, 2005; Monsellier et al., 2007). However, a
polypeptide sequence requires more than just low complexity to
behave as a prion (Espinosa Angarica et al., 2013; Malinovska
et al., 2013). Hence, it has been found that the propagation
of amyloid aggregation depends on characteristics such as the
degree of over/under representation of specific residues and the
length of the considered low complexity region (Ross et al., 2004,
2005; Toombs et al., 2010).

The scientific community is getting closer to elucidate the
characteristics that differentiate prion and non-prion amyloid
proteins (Kushnirov et al., 2007; Newby and Lindquist, 2013;
Sabate et al., 2015). In this way, the knowledge acquired in the
last 5 years has allowed the design of prediction approaches to
identify putative prion proteins. The first predictive algorithms
were based on the properties of the primary sequence responsible
for the formation of the classical amyloid aggregates (e.g.,
high hydrophobicity and intrinsic B-sheet propensity). However,
they failed to detect Q/N-rich stretches since these are polar
residues that do not fulfill the typical requirements associated
with classical p-sheet-amyloid aggregation (Pawar et al., 2005).
Then, the algorithms focused on localizing Q/N rich segments
in the primary sequence (Michelitsch and Weissman, 2000;
Harrison and Gerstein, 2003), without paying much attention
to the contribution of the rest of residues (Ross et al., 2005),
being unable to score the proteins in terms of their relative
prionogenicity. A big improvement was achieved by combining

computational approaches with the experimental validation
of new proteins displaying in vitro prionic properties. This
strategy enlarged the set of prionic sequences and permitted the
refinement of the available theoretical models. Alberti and co-
workers employed a hidden Markov model (HMM), based on the
four bona fide yeast prions identified to that moment, obtaining
200 yeast protein candidates carrying putative prion domains
(PrDs; Alberti et al., 2009). The in vivo and in vitro analysis
of the top 100 candidates rendered 29 proteins that proved
heritable switch and significant in vivo amyloid formation.
We have recently exploited this experimentally curated dataset
to develop a probabilistic model of PrDs able to discover
prionogenic proteins in complete proteomes (Espinosa Angarica
et al, 2013). We have implemented this model in a web-
based algorithm called PrionScan able to handle with large
sequence databases and predict prion-like sequence stretches
in the proteomes annotated in UniprotKB (Espinosa Angarica
et al., 2014). In a previous work, we employed this predictor
to analyze all the proteomes reported until that moment (1536
organisms; Espinosa Angarica et al., 2014). We discovered 20540
new putative prions present in 10 different taxonomic divisions,
supporting prions universality. We also observed that in most
cases the ratio of proteins with prion-forming domains is less
than 1% of the whole proteome. Thus, in Archaea and Viruses
the number is less than 10 per proteome, while in Bacteria,
Fungi, Plantae, and Animalia the range is from few tens to
few hundreds, depending on the organisms. Interestingly, we
observed that, in different organisms, the predicted PrDs are
associated with different cellular components and biological
processes supporting prionic properties being employed for
diverse biological purposes.

Bacteria are ubiquitous in the world, adapted to multiple
environments and able to growth in the most extreme conditions.
Moreover, bacterial infection remains a leading cause of death in
both Western and developing world (WorldHealthOrganisation,
WHO)!. Understanding which bacteria proteins display prionic
properties could help to understand bacterial biology and
pathogenesis. Indeed, despite no genuine prion has been
characterized so far for prokaryotes, it is clear that at least
E. coli can generate infectious conformations of heterologous
fungal prions (Sabaté et al., 2009; Garrity et al., 2010; Espargaro
et al., 2012; Yuan et al,, 2014). In an analogous manner, the
formation of amyloids was initially thought to be restricted to
eukaryotic cells, but after the first report demonstrating that the
curli fibers that emerge from the surfaces of E. coli cells had the
same physical properties as human amyloids (Chapman et al.,
2002), the number of discovered bacterial proteins displaying this
ability is steadily increasing (Otzen and Nielsen, 2008; Blanco
et al., 2012; Schwartz and Boles, 2013). Moreover, it has been
observed that bacterial amyloids can initiate the formation of
amyloid aggregates upon interaction with diverse host proteins
(Otzen and Nielsen, 2008; Hufnagel et al., 2013; Friedland, 2015;
Hill and Lukiw, 2015). With the aim to understand better the
potential relevance of bacterial PrDs, here we focus on study
the 2200 putative prion proteins predicted by PrionScan within

Uhttp://www.who.int/mediacentre/factsheets/fs194/en/.
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the taxon domain bacteria, as derived from the study of 839
bacterial proteomes. Specifically, we analyze the functions and
structures associated to these proteins and discuss the possible
advantages that they could provide, ensuring their evolutionary
conservation.

MATERIAL AND METHODS

Sequence Dataset

Our database was comprised of Uniprot Knowledgebase
(UniProt, 2015) entries included both in Swissprot and TrEMBL
(update 2012_03) under the taxon domain bacteria in order to
track the prion like domains present in bacterial proteomes.

Discovering Putative Prion-like Domains
PrionScan, an algorithm developed by our group and described
previously (Espinosa Angarica et al., 2014), was used in order
to predict prion-like domains. Employing a cutoft of 50 bits,
we identified 2200 PrD (Table S1). Further analysis was made
a posteriori in order to identify common traits including
the Gene Ontology GO terms for the molecular functions,
biological processes, and cellular components and relevant
domains according to Pfam database. Pfam domains and GO
terms were manually annotated and counted in the 2200 positive
PrD containing bacterial proteins according to the Uniprot
annotations (UniProt, 2015). Due to the large amount of
individual Pfam domains, only those ones represented more than
five times were considered in the analysis. Then, we grouped the
domains by similarity in their cellular function or process. The
list of 18 selected pathogenic bacteria was manually annotated by
looking for evidences of a human pathogenic association at the
NCBI (Table S2). Then we calculated the enriched characteristics
of the PrD containing proteins associated to these bacteria.
The enrichment of the different GO terms and domains was
calculated as explained below. The enrichment values obtained
with the proteins detected in the subset of pathogenic bacteria
were compared with those obtained for the complete 2200 PrD
containing proteins dataset.

Statistics

The enrichment analysis was performed with GOStat (Beissbarth
and Speed, 2004) against the goa_uniprot database (UniProt,
2015). Out of 2200 initial proteins, 244 (11.09%) were annotated.
A p-value of 0.1 was set as a cut-off and a false discovery
rate (Benjamini) test was performed to obtain it. The initial
clustering was performed by classifying the obtained Gene
Ontologies according to their category: biological process,
cellular component or molecular functions. We calculated the
enrichment factors (EF) for every GO term to show how much
higher is the proportion of hits in relation to the background
sample (the total number of proteins). Accordingly, the EF is
the number of hits among PrDs (1') divided by the number of
annotated proteins in our list (p') and subsequently divided by
the ratio between the hits of that GO term in goa_annotation (n%)

and the total number of proteins (p) in this specific GO term:

oo b
I n
EF="1 = nr
ph

Only those GO terms with a log2-fold enrichment >0.5 were
considered to be significant for their subsequent analysis.

RESULTS

Identifying PrD in Bacteria Proteomes

We have analyzed 839 Bacteria proteomes containing a total
of 860337 proteins with PrionScan, from which we detected
2200 putative prion proteins scoring higher than 50 bits in the
algorithm scale (Espinosa Angarica et al., 2013) accounting for
a 0.3% of the complete protein dataset. Interestingly, in the
18 selected pathogenic bacteria (Table S2) proteins containing
PrDs are significantly more abundant (2.4%) and indeed they
constitute 40% of all the detected PrDs (891 PrDs). Moreover,
some specific pathogenic organisms appear to be specially
enriched in PrDs: Staphylococcus aureus (18%), Enterococcus
faecalis (10%), Enterococcus faecium (5%), or Staphylococcus
epidermidis (3%). These data show the diversity of putative PrDs
distribution and suggest certain associated functionality.

As an attempt to understand the biological purpose of these
PrDs we analyzed the Gene Ontology of the corresponding
proteins. Additionally, to facilitate its interpretation we
have grouped the enriched GO terms by similar cellular
function or process. After this classification, the biggest cluster
of GO terms collects Biological Processes involved in cell
morphogenesis, such as cell projection or cell wall dynamics.
This group contains 40 different terms, some of them with
fold enrichments above 200 (pilus assembly; Figure 1A). We
also found several enriched Biological Processes involved
in secretion, nutrient import, invasion and virulence; all of
them processes involved in interaction with the surrounding
environment. Interestingly, in invasion and virulence we
find processes associated to encapsulation, sporulation, and
interaction with other organisms. Between the Biological
Processes, the metabolic ones are particularly involved in
the assembly of macromolecules such as polysaccharides and
peptidoglycan (Figure 1B). The other three Biological Processes
clusters are nucleotide metabolism, stimulus to response and
localization, which are associated to cellular adaptation and the
formation of contacts between molecules. When we analyse
the Molecular Functions (Figure 2A), the GO terms enriched
can be grouped as: nucleic acid binding, metabolic processes,
drug binding, and transport. All of them activities associated
with the formation of functional interactions. Additionally,
the clusters of metabolic process and drug binding perform
functions related to cell wall such as peptidoglycan synthesis
or chitin production. Moreover, nucleic acid binding functions
could be associated to mechanisms of cellular adaptation. The
proteins in this cluster are strongly associated to two essential
functions such as translation initiation and DNA templated
transcription. Surprisingly, the GO terms of the Cell Component
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FIGURE 1 | Enrichment and clustering of bacteria PrD-containing proteins accordingly to their biological process GO terms. The enrichment analysis
was performed with GOStat against the goa_uniprot database. (A) Proteins with GO terms associated with cell morphogenesis. (B) Proteins with GO terms

do not include any inside part of the cell, just terms associated to
the external part: outer membrane, peptidoglycan based cell wall,
plasma membrane, cell wall, and proton transport in flagella
(Figure 2B; Namba, 2001). It is clear that many of the detected
proteins, and specifically those involved in nucleotide binding,
are located at the cytosol; however, because the large majority of
bacterial proteins are categorized as cytosolic, this results in a
poor enrichment factor for this compartment. Overall, the most
remarkable characteristics of the bacteria proteins containing
PrDs are their role in contact formation (e.g., macromolecular
assembly), their relationship with the cell periphery and their
involvement in nucleic acid mediated processes.

Structural Domains Linked to Bacteria PrD

Proteins

To learn more about the bacterial proteins that possess putative
PrDs we examined their constituent functional domains (Finn
et al.,, 2014; Figure 3). After clustering the Pfam domains we
obtained eight functional groups: nucleotide binding, cell wall

dynamics, invasion and virulence, protein-protein interaction,
iron transport, heat-shock, and unknown.

The most abundant group of Pfam families is the one
involved in nucleotide binding (1183 domains). There are
included domains associated to translation such as GTP-
binding elongation factors (GTP_EFTU), Rho termination
factors (Rho_RNA_bind and Rho_N) and translation initiation
factors (IF2 and IF2-N). Canonical nucleotide binding domains
are also be found such as the single stranded binding protein
(SSB), the single zinc ribbon domain (zinc_ribbon_2), the major
structural motif helix-turn-helix (HTHth-25), and the S1 RNA
binding domain. Finally, in this group we can also find an
ATP synthase domain, associated with Rho termination factors
(ATP-synt_ab), and the Ribonuclease B OB domain (Finn et al.,
2014).

The second most abundant group of Pfam families is,
once again, associated to cell wall dynamics (978 domains).
This group clusters domains involved in cell wall metabolism
(including biosynthesis and degradation) and proteins that bind
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FIGURE 2 | Enrichment and clustering of bacteria PrD-containing proteins accordingly to their GO terms. (A) Molecular function GO terms. (B) Cellular

the wall to build functional structures. For example, the lysine
motif (Lysm) is involved in bacterial cell wall degradation
and may also have peptidoglycan binding function (Bateman
and Bycroft, 2000). The Glucosaminidase, Glycosyl transferase
family 2 (Glycos_transf 2) and Transpeptidase are three
domains associated with the biosynthesis of polysaccharides and
peptidoglycan (Finn et al., 2014). We also found 67 proteins
with a transglycosylase domain (Transgly) that catalyze the
polymerization of murein glycan chains as well as 12 proteins
with a SLH domain that is associated with the assembly of
(glyco)proteins that coat the bacteria surface. The PASTA domain
is involved in cell wall biosynthesis and can bind the beta-
lactam rings enclosed in antibiotics. The most abundant domain
from this group is the CHAP domain (245 proteins) with
an amidase activity implicated in cell wall metabolism. Other
domains also linked to cell wall are: the collagen domain
(connective structures), the NlpC/P60 family (Anantharaman
and Aravind, 2003; peptidases associated to lipoproteins), the
G5 domain (adhesion), the fibronectin type III (fn3, adhesion),
the cell wall binding motif 1 (CW_binding 1, a repeat similar
to some clostridia toxins) and the carbohydrate-binding module
(CBM_5_12, enriched in chitinases and associated to cellulose

scaffolding). Additionally, the unknown domain DUF1388 has
also been associated with surface lipoproteins.

The third group contains 130 proteins with domains
associated to secretion and invasion. Here we have several
domains associated to sporulation (SPOR) and spore
germination (GerA). The secretin domains are involved
in protein export via pore formation in a signal sequence-
dependent manner (Van der Meeren et al., 2013; Tosi et al.,
2014). The PDZ domains maintain together and organize
signaling complexes located throughout the cellular membranes.
Finally, the macrophage killing protein domain (ICmL) and the
Endotoxin_N are domains involved in the formation of pores at
the host cell membrane (Finn et al., 2014).

Between the PrD containing proteins we have also found three
different tetratricopeptide repeat domains (46 repetitions), which
scaffold protein-protein interactions and mediate the assembly
of multi-protein complexes. In addition, we also obtained 54
domains linked to iron binding and transport (Metallophos,
NEAT and FecR) and 58 proteins involved in heat shock response
(Anti-sigma factor N-terminus), both types of domains aimed to
interact with or to transduce signals coming from the cell external
microenvironment.
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FIGURE 3 | Number of different Pfam domains found in PrD-containing
proteins. The domains are indicated by their Pfam ID. This plot only shows
the domains with >5 repetitions in the dataset.

Overall, the functional families of the PrD containing
proteins (Figure 3) match very well with their GO classifications
(Figures 1, 2) and confirm that these proteins are associated to

the external part of the cell (e.g., cell wall) and interactions with
other molecules (e.g., nucleotide binding).

Structure Composition of Bacteria PrD

Containing Proteins

As expected, the detected PrDs are located inside low complexity
regions (e.g., disordered, coiled coil, etc; Figures 4, 5). Moreover,
these regions are abundant in the PrD containing proteins
and connect different domains (Figure4) and elements with
secondary structure (Figure 5).

From 2200 PrD containing proteins, 1514 have at least one
defined Pfam domain (69%). Additionally, 612 of these sequences
(40%) have more than one structural domain (Ekman et al,,
2005). When we focus on the PrD containing proteins from
pathogenic bacteria (Figure 6), we observe that they have a
lower number of designated Pfam domains (just 301 proteins)
suggesting they could be less structured proteins or, more likely,
carry still unknown domains and functions. Despite this, the
proteins from pathogenic bacteria with reported Pfam domains
tend to contain more than one structural domain family (Table
S2). The percentage of proteins with multiple domains appears to
be higher in these proteomes (60%) than in the complete protein
dataset (Ekman et al., 2005).

When the proteins have multiple structural domains, the PrD
regions can be located either close to an end or between structures
(Figure 4A). Interestingly, the amino acid composition of
the PrD regions is similar between proteins sharing similar
domain arrangement but different between proteins with distinct
domains composition (Figure 4B). In agreement with the data
reported for yeast prions, we observe that the detected regions
are abundant in N (30%), Q (21%), S (11%), and G (11%).

The domain combinations tend to be functionally associated.
For example, we found 233 protein sequences containing two
GTP-binding elongation factor domains and two translation
initiation factor domains that are related with nucleotide
binding and translation (Figure 4). During protein synthesis the
initiation factors (IF2) form a ternary complex with GTP and
the initiator Met-tRNA (Wienk et al., 2005). This complex binds
the ribosome to interact with the AUG-codon of the starting
methionine, once the codon is found IF2 has to hydrolyze its GTP
to be released (Figures 5A,B).

P60 domain is a cell-wall-associated peptidase domain
essential for adherence and invasion in some Listeria species.
In agreement with previous studies (Ponting et al, 1999;
Anantharaman and Aravind, 2003), we observed the P60 domain
associated with SH3 and LysM domains (Figures 4, 5C,D). It
has been hypothesized that this team facilitates the domains
interaction with peptides, carbohydrates and lipids from the
bacterial cell wall and thus their functionality (Ponting et al,
1999; Anantharaman and Aravind, 2003).

Rho factor proteins tend to be accompanied with an RNA-
binding domain and an ATP-hydrolysis domain (Figure 4). The
Rho termination factor disengages newly transcribed RNA from
its DNA template. Rho catalyzes the 3’ endpoint formation
and the release of mRNA molecules from DNA templates
(Skordalakes and Berger, 2003). The hydrolysis of ATP provides
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FIGURE 4 | PrD-containing proteins also contain multiple domains. (A) Diagrams showing a consensus distribution and size of the most common domain
combinations as collected in Pfam. The gray spaces indicate low complexity regions (coiled coil, disorder, etc). The domains are indicated by their Pfam ID. (B) PrD
sequence conservation measured in bits. The symbol height reflects the relative frequency of the corresponding amino acid at that position. Color code: N in black; G

the energy required to get the RNA-DNA region and break the
hybrid structure.

Another example of functional domain combination that
contains PrDs are the penicillin-binding proteins. They are
bifunctional proteins involved in the final stages of the
peptidoglycan synthesis (Figures4, 5E). At the N-terminus
there is a transglycosylase domain involved in the formation
of linear glycan strands. And at the C-terminus there is a
transpeptidase domain involved in the cross-linking of peptide
subunits and drug binding, which is also responsible of the
penicillin-sensitivity (Macheboeuf et al., 2005; Sauvage et al.,
2008; Contreras-Martel et al., 2011).

NLPC/P60 and Glucosaminidase are two cell wall
endopeptidase domains, which emerged together and that
we have found accompanied with a PrD (Figure 4). These two
domains are commonly employed to cleave the septa connecting
the daughter cells during cell separation (Anantharaman and
Aravind, 2003; Ruggiero et al., 2010).

The secretins are another example of domain combination
found in our set of PrD bacteria containing proteins (Figures 4,
5F). Particularly it is the most abundant combination of two
domains (67 times) found in the PrD containing proteins.
The secretin domains detected take part in protein secretion
systems type II and III. They build multimeric pores to transport

macromolecules either to the periplasm or to inject them into
eukaryotic cells (Tosi et al., 2014). In general, secretin proteins
consist of two domains: an N-terminal periplasmic domain
responsible of the pore formation and a C-terminal domain
responsible of the attachment to the outer membrane (Van der
Meeren et al., 2013; Tosi et al., 2014). Interestingly, the PrD
domain detected is located between these two secretin domains
(Figure 4).

DISCUSSION

Bacterial PrDs are Associated to Cellular
Adaptability

We observed that a significant fraction of the bacteria PrD
containing proteins are located at the cell periphery and
are involved in cell wall metabolism, especially peptidoglycan
biogenesis. Peptidoglycan is the major component of bacterial
cell walls; it is essential for growth, cell division, and maintenance
of the cellular shape, enabling the bacteria to resist intracellular
pressures of several atmospheres. In some particular cases,
the proteins present in the peptidoglycan can be anchored to
the biofilm amyloid network and, more interesting, assist its
assembly. This is the case of the TapA protein from B. subtilis,
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FIGURE 5 | Structure of the domains located in the PrD-containing proteins. Representative structures of the domains and domain combinations enclosed in
the PrD-containing proteins. The domains are indicated by their Pfam ID. (A) Example of quaternary complex where a multi-domain structure, composed by IF-2,
IF2_N, and GTP_EFTU domains, interact with a tRNA. The image shows partial information from the PDB structure 1MJ1. Fitting the ternary complex of
EF-TUARNA/GTP and ribosomal proteins into a 13 angstroms cryo-EM map of the E. coli’s 70S ribosome. (B) Example of IF-2 domain structure and the different
states of the disordered region located in front of it. PDB structure 1z9b. Solution NMR structure of the C1-subdomain of Bacillus stearothermophilus translation
initiation factor IF2 (fragment 515-635). (C) Example of multi-domain structure composed by a NIpC-P60 and a Lysm domains. PDB structure 4XCM. Crystal
structure of the putative NIpC/P60 D,L endopeptidase from Thermus thermophilus. (D) Example of SH3_3 domain structure and the different states of the disordered
region located after it. PDB structure 2KRS. Solution NMR structure of SH3 domain from CPF_0587 (fragment 415-479) from Clostridium perfringens. (E) Example of
multi-domain structure composed by a transglycosylase and a transpeptidase domain. PDB structure 3ZG7 Crystal Structure of Penicillin-Binding Protein 4 from
Listeria monocytogenes in the apo form. (F) Structure showing a homodimer constituted by Secretin_N domains. PDB structure 4E9J. Crystal structure of the
N-terminal domain of the secretin XcpQ from Pseudomonas aeruginosa. Notice that at the multi-domain structures (B,D) the low complexity regions are abundant.

which is present in the peptidoglycan, where it functions as an
anchor point for TasA fibers. (Sauvage et al., 2008; Romero et al.,
2011; Friedland, 2015). The formation of biofilms is a powerful
strategy that protects a bacterial community from chemicals and
antibiotics and facilitates the attachment to different surfaces
even host cells. Interestingly, S. aureus, a biofilm forming
pathogen, is the bacteria specie with the highest content in PrDs.
In this organism we found PrD-containing proteins linked to
cell wall, proteins involved in secretion and proteins associated

to virulence. These data point to a possible relationship between
the identified proteins and the biofilm formation. In fact, the S.
aureus PrD-containing protein staphylococcal secretory antigen
ssaA2 (Uniprot code Q2G2]J2) is able to form amyloid fibrils in
vitro (S.V. unpublished results). Thus, a more exhaustive analysis
of these proteins might confirm their association to biofilms
formation and their possible role as a drug targets.

The other processes enriched in the PrD containing proteins
can also provide versatility and adaptability to different
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FIGURE 6 | Clustering of GO terms and Pfam domains associated to PrD-containing proteins in pathogen bacteria. (A) Cellular component GO terms. (B)
Biological Process GO terms. (C) Molecular Function GO terms. (D) Pfam domains associated.

environments. For instance, the proteins involved in stimulus
response and invasion and in virulence have a clear role in
supporting the bacteria development under variable conditions.
From inside the cell the nucleotide binding proteins can
be involved in functions that support cell adjustment such
as transcription and translation (i.e., change the expression
levels) or DNA repair that can enhance cell survival in stress
conditions. Interestingly, most of the novel prion-like proteins
discovered recently in humans play a role in RNA/DNA
binding (King et al., 2012). In bacteria, we also found proteins
involved in cellular localization that can rearrange different
compounds adapting the cell to new requirements. Overall,
as previously proposed for yeast prions, bacterial prions
might serve as bet-hedging devices for diversifying microbial
phenotypes.

Bacterial PrDs are Associated to

Functional and Interacting Proteins
The 69% of PrDs containing proteins have defined Pfam domains
and 40% of them carry multiple domains. Since domains come

together to increase proteins functionality (Anantharaman and
Aravind, 2003; Alberti et al., 2009), our data suggest that
the proteins with PrDs tend to be functional. Moreover, in
pathogenic bacteria PrD are associated to higher percentage
of proteins with multiple domains, more than the average of
the proteomes from this taxon (Ekman et al., 2005). This data
suggests that, in pathogenic bacteria, PrD containing proteins
might have a versatile character.

The detected PrDs are located in proteins rich in low
complexity regions. These regions are important to provide
the structural flexibility required to form interactions
between proteins. This flexibility also allows the formation
of reversible interactions, which are essential to build dynamic
macromolecular assemblies. In fact, the GO terms associated
to the PrDs detected by PrionScan comprise functions and
processes linked to interaction and assembly. Many of these GO
terms involve binding proteins, nucleotides or other cellular
compounds. Human RNA/DNA binding proteins use their PRDs
to attain functional macromolecular assemblies that regulate
transcription and translation. In many cases these functions are

Frontiers in Microbiology | www.frontiersin.org

October 2015 | Volume 6 | Article 1123 | 99


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

Iglesias et al.

Bacterial prions

exerted in the so called ribonucleoprotein granules (Malinovska
et al, 2013). Many of the proteins containing DNA/RNA
binding domains identified in the present also work by forming
large complexes and indeed are implied in ribonucleoprotein
complex biogenesis and assembly suggesting that this property
can be conserved across species. In addition, the association
to cell wall dynamics suggests that certain proteins can be
implied in the assembly and disassembly of peptidoglycans and
polysaccharides. Overall, our data supports that, as previously
suggested for eukaryotic PrDs, bacteria PrDs could play an
important role in the arrangement of macromolecular structures
(Malinovska et al., 2013).

Prions in other Proteomes

Saccharomyces cerevisiae is the organism from which more
information about its prion proteins has been so far collected
(Alberti et al., 2009; Malinovska et al., 2013). These works
showed for the first time that proteins could be employed
for amazing functions such as epigenetic elements essential to
adapt the cellular metabolism and increase the cell survival in
front of environmental changes (Alberti et al., 2009; Newby and
Lindquist, 2013). In S. cerevisiae the prion proteins are associated
to functions that involve the formation of contacts such as
RNA-binding, membrane-interacting, DNA binding and protein
interaction domains (Malinovska et al., 2013). These proteins
are located at the cytoskeleton, nucleus, ribonucleoprotein
complexes, and chromatin. Comparing S. cerevisiae with other
eukaryotic proteomes shows PrD-containing proteins with
similar function and location. For example, in human and
fruit fly these proteins are also involved in transcription,
chromatin remodeling, ribonucleoprotein complex formation,
and cytoskeleton (Malinovska et al., 2013). In animals, PrDs tend
to be involved in the regulation of central biological processes
and organism development, which in vertebrates includes
the development of the neural crest. Hence, many human
PrD are found in RNA-binding proteins, which deregulation
has previously been associated with several neurodegenerative
diseases (King et al., 2012).

Eukaryote PrD-containing proteins show less functional
diversity than bacteria. In fact, here we have collected all the
enriched eukaryote functions (i.e., transcription, RNA binding,
and DNA binding) in just one cluster (nucleotide binding).
Despite this difference, it appears that, independently of the
considered taxon, PrD-containing proteins appear to be involved
in a similar regulatory purpose: adapting the cell to a variable
environment. This purpose is basically achieved through the
control of the expression in eukaryotes, but in prokaryotes
this is also reached by interacting with the environment,
since microorganisms face the constant challenge of fluctuating
conditions in their natural environments. These strategies may
have facilitated the invasion of new environments (e.g., water, air)
and the coexistence or exploitation of diverse life forms (e.g., host
cells).

Bacteria PrDs and Human Diseases
Our life is closely linked to bacteria, either through a parasitic
or symbiotic relationship. On one hand, human microbiota is

required to assist many processes and ensure a healthy body.
On the other hand, many common pathogenic bacteria are
acquiring antibiotic resistance in all regions of the world (e.g.,
urinary tract infections, pneumonia, bloodstream infections;
WorldHealthOrganisation, WHO). These bacteria cause many
hospital-acquired infections, such as the methicillin-resistant S.
aureus, with an associated high mortality rate (Contreras-Martel
etal., 2011; WorldHealthOrganisation, WHO).

To the already intricate scenario where bacteria and host
interact, the risk of their amyloid proteins concurring and
altering their conformational states adds an extra level of
complexity (Otzen and Nielsen, 2008). Additionally, the long
periods that bacteria stay in the body, due to chronic infection
or microbiota coexistence, enhances the chances of this event.
In fact, recent studies have demonstrated that bacterial amyloids
can initiate the formation of amyloid aggregates upon interaction
with host proteins (Otzen and Nielsen, 2008; Zhou et al,
2012; Hufnagel et al., 2013; Hill and Lukiw, 2015). Moreover,
it has been reported that the injection of bacteria amyloids
in mice causes the development of amyloidosis (Lundmark
et al., 2005). Overall, these data reminds the conformational
template process associated to prion transmission and suggest
that bacterial infection could be linked to neurodegenerative
diseases (Friedland, 2015).

General Conclusions

Despite PrD-containing proteins seem to be ubiquitous
(Espinosa Angarica et al., 2013; Malinovska et al., 2013) they play
distinct functional roles in different species. In this background,
the mechanisms underlying host-bacteria relationship are just
starting to be elucidated and, as a result, also the interplay
between their amyloid proteins (Zhou et al., 2012; Schwartz
and Boles, 2013; Seviour et al., 2015). The studies on bacteria
amyloids are showing us that amyloid aggregates can be
exploited to execute wide range of amazing functions (Blanco
et al., 2012; DePas and Chapman, 2012; Gsponer and Babu,
2012; Zhou et al., 2012; Schwartz and Boles, 2013; Evans et al,,
2015; Seviour et al., 2015; Taylor and Matthews, 2015). Because
the formation of amyloids comes at expenses of the formation
of transient toxic species cells tightly control the assembly of
these macromolecular structures and how they can interact with
proteins from other species (Zhou et al., 2012; Schwartz and
Boles, 2013; Evans et al., 2015; Taylor and Matthews, 2015). Most
of the bacterial amyloids described so far play a structural role
and work extracellularly. Indeed, some of the PrD containing
proteins with potential amyloidogenic properties could be linked
to biofilms, structures that favor chronic human infections and,
consequently, increase the chances of a potential bacterial prion
to alter the conformation of host proteins. However, despite
their in vitro amyloid potential and in vivo prionic behavior
should be validated, the data in the present work suggest that,
as it happens in yeast and humans, also in bacteria amyloid-like
assemblies might play a regulatory role, since some of the
detected candidates are linked to fundamental cellular functions
such as transcription, translation or DNA repair. Intriguingly,
linking the fact that we found at the same time association with
extracellular environment and nucleic acid binding function,
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it has been reported recently that extracellular DNA is bound
tightly by bacterial amyloid fibrils during biofilm formation
and that amyloid/DNA composites are immune stimulators
when injected into mice, leading to autoimmunity (Gallo et al,,
2015; Spaulding et al., 2015). Overall it becomes clear that a
more exhaustive analysis of the putative bacterial prion proteins
identified here is required in order to attain a better understand
of their functional role and their relationship with human
diseases. This data could help to identify new drug targets and
develop new therapies.
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Prion-like proteins can switch between a soluble intrinsically disordered conformation
and a highly ordered amyloid assembly. This conformational promiscuity is encoded
in specific sequence regions, known as prion domains (PrDs). Prions are best known
as the causative factors of neurological diseases in mammals. However, bioinformatics
analyses reveal that proteins bearing PrDs are present in all kingdoms of life, including
bacteria, thus supporting the idea that they serve conserved beneficial cellular functions.
Despite the proportion of predicted prion-like proteins in bacterial proteomes is generally
low, pathogenic species seem to have a higher prionic load, suggesting that these
malleable proteins may favor pathogenic traits. In the present work, we performed
a stringent computational analysis of the Clostridium botulinum pathogen proteome
in the search for prion-like proteins. A total of 54 candidates were predicted for this
anaerobic bacterium, including the transcription termination Rho factor. This RNA-
binding protein has been shown to play a crucial role in bacterial adaptation to changing
environments. We show here that the predicted disordered PrD domain of this RNA-
binding protein contains an inner, highly polar, asparagine-rich short sequence able
to spontaneously self-assemble into amyloid-like structures, bearing thus the potential
to induce a Rho factor conformational switch that might rewire gene expression in
response to environmental conditions.
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INTRODUCTION

Amyloid forming proteins are found in all kingdoms of life, from Bacteria to Animalia (Fowler
etal., 2007; Eichner and Radford, 2011; Sanchez de Groot et al., 2012). Although amyloid formation
is associated with the onset of debilitating human disorders such as Alzheimer’s, or Parkinson’s
(Maries et al., 2003; Stohr et al., 2012), the amyloid fold is also exploited for evolutionary selected
biological functions by diverse species, including humans (Chiti and Dobson, 2006; Furukawa
and Nukina, 2013). Prions are a particular type of amyloids that can switch between soluble
and self-templating aggregated states. In the so-called functional prions, this property is used to
perform important functions, acting as epigenetic elements and supporting beneficial roles in cell
physiology (Newby and Lindquist, 2013).
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The conformational duality of prion-like proteins resides
in structurally independent, low complexity, prion-forming
domains (PrDs), usually enriched in asparagine (N) and
glutamine (Q) residues (Dorsman et al, 2002; Fandrich and
Dobson, 2002; Halfmann et al., 2011). This composition endorses
the domains with intrinsic structural disorder, which enables self-
assembly without a requirement for conformational unfolding
(Fuxreiter, 2012; Malinovska et al., 2013). Much research has
gone in the recent years into uncovering how prion propensities
are encoded in protein sequences (Alberti et al., 2009; Toombs
et al., 2010; MacLea et al., 2015; Sabate et al., 2015a) and several
algorithms exploit this knowledge to identify new putative prion
proteins (Toombs et al., 2012; Espinosa Angarica et al., 2013,
2014; Lancaster et al, 2014; Sabate et al,, 2015b; Zambrano
et al,, 2015). The high-throughput analysis of proteomes using
these programs has led to the identification of thousands of
new potential prion-like proteins in organisms belonging to all
taxonomic subdivisions (Espinosa Angarica et al., 2013). The
results show that, in general, the number of prions per genome
is low, less than 1% of the complete proteome (Michelitsch and
Weissman, 2000; Harrison and Gerstein, 2003; Espinosa Angarica
et al., 2013). Ontology analysis indicates that PrD-containing
proteins are associated with a great variety of physiological
functions, supporting prion-like proteins acting as beneficial
elements for organisms.

In a previous work, we have used our algorithm PrionScan to
analyze 839 different bacteria proteomes, detecting 2200 putative
prions in these organisms (Espinosa Angarica et al, 2013,
2014). Interestingly, we found a special enrichment in proteins
containing PrDs in pathogenic bacteria (Espinosa Angarica et al.,
2013). A significant number of these proteins are DNA or RNA
binding proteins (Iglesias et al., 2015), which might be involved
in host induced bacteria gene expression plasticity, recapitulating
the response of yeast transcription factors with prion-like
properties in front of environmental fluctuations (Alberti et al.,
2009; Malinovska et al., 2013; Newby and Lindquist, 2013).

PrionScan identifies PrDs on the basis of their amino acid
compositional similitude to bona fide yeast prions, which results
in a very fast algorithm useful to scan very large databases, as
those corresponding to a complete taxon (Espinosa Angarica
et al., 2014). However, this speed comes at the cost of a lower
specificity in the predictions, when compared with competing
algorithms like PAPA (Toombs et al, 2012) and pWALTZ
(Sabate et al,, 2015b). PAPA exploits the compositional bias
of PrDs to identify these domains in protein sequences using
a experimentally derived amino acid prion propensity scale
(Toombs et al., 2010), whereas pWALTZ implements a totally
different concept, since it assumes that it is the presence and
potency of specific short amyloid-prone sequences that occur
within intrinsically disordered Q/N-rich regions that account for
prion induction (Sabate et al., 2015b).

Here, we combined PAPA and pWALTZ algorithms to get
highly specific PrDs predictions in the proteome of Clostridium
botulinum (C. botulinum). This bacterium is widely spread in the
environment, with reservoirs both in soil and water sediments
and is a well-known pathogen that affects animals and humans
worldwide (Espelund and Klaveness, 2014). This approach led

us to the identification of 54 putative prion proteins. Among
them, it outstands the transcription termination factor Rho (Rho)
(Richardson, 1990, 1996; Boudvillain et al., 2013). We show here
that its predicted PrD contains a highly polar, N-rich, short
sequence stretch able to form amyloid-like fibrils, which might
endorse this RNA-binding protein with the ability to shift from
soluble to aggregated states in order to modulate its functionality.

MATERIALS AND METHODS

Prion Forming Domains identification in

Bacteria

The C. botulinum E1 str. ‘BoNT E Beluga proteome dataset
was downloaded from Uniprot (release 2015_05) and scanned
for PrDs using PAPA (Toombs et al., 2012) with the default
parameters, which includes the disorder prediction algorithm
FoldIndex (Prilusky et al., 2005). From the initial 3678 proteins
in the proteome, 63 prion-like candidates were identified. Their
putative prion forming domains were further evaluated with
PWALTZ (Sabate et al., 2015b) using the default parameters to
identify those domains containing a putative amyloid core, which
resulted in 54 final positive predictions.

Clostridium botulinum PrD Peptide

Preparation

A peptide with the sequence NNNNSNFNNNSNNNSSFNNSN,
corresponding to the predicted amyloid core in the PrD of
C. botulinum Rho factor, was purchased from CASLO ApS. Stock
solutions were prepared at 5 mM in DMSO and stored at —80°C.
For analysis, the peptide was diluted to 25, 50, and 100 LM in PBS
buffer.

Aggregation Assays

Aggregation of initial soluble species was monitored by following
the transition from non-aggregated to aggregated states by
measuring light scattering at 360 nm in 25, 50, and 100 pM
peptide samples at 25°C. Light scattering changes were evaluated
for samples incubated during 4, 48, and 120 h.

Binding to Amyloid Dyes

The binding of 25 pM of Thioflavin-T (Th-T) to Rho peptide
was recorded using a Cary Eclipse Spectrofluorometer (Varian,
Palo Alto, CA, USA) with an excitation wavelength of 440 nm
and emission range from 460 to 600 nm at 25°C in PBS buffer.
Spectra were recorded after 2 min of equilibration, and solutions
without peptide were used as negative controls. Excitation and
emission slit widths of 10 nm were used. For the staining assays
with Thioflavin-S (Th-S), Rho peptide aggregates were incubated
for 1 h in the presence of 125 pM of dye. After centrifugation
(14000 x g for 5 min), the precipitated fraction was washed
twice with PBS and placed on a microscope slide and sealed.
Images of Rho peptide fibrils bound to Th-S were obtained at
40-fold magnification under UV light or using phase contrast
in Leica fluorescence microscope (Leica DMRB, Heidelberg,
Germany).
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Congo red (CR) interaction with Rho peptide aggregates was
tested using a Cary100 UV/Vis spectrophotometer (Varian, Palo
Alto, CA, USA) by recording the absorbance spectra from 400 to
675 nm using a matched pair of quartz cuvettes of 1 cm optical
length placed in a thermostated cell holder at 25°C. Final CR
and peptide concentrations were 5 wM in PBS buffer. In order
to detect the typical amyloid band at ~541 nm, differential CR
spectra in the presence and absence of peptide were recorded.

Bis-ANS Binding

Binding of 4,4'-bis (1l-anilinonaphthalene 8-sulphonat) (bis-
ANS) to Rho peptide was evaluated by registering bis-ANS
fluorescence between 400 and 700 nm after excitation at 370 nm
on a Cary Eclipse Spectrofluorometer (Varian, Palo Alto, CA,
USA). Spectra were recorded at 25°C in PBS buffer, final
peptide and dye concentrations were 10 and 1 M, respectively.
Excitation and emission slit widths of 10 nm were used.

Aggregation Kinetics and Seeding

Assays

Rho peptide aggregation was monitored by quantification of the
changes in relative Th-T fluorescence at 475 nm when exciting at
440 nm along time. In the seeding assay, a solution of 0.1% (w/w)
preformed fibrils was added at the beginning of the reaction.
All experiments were carried out in PBS buffer under agitation
(~750 rpm with micro-stir bars) at 25°C with an initial soluble
peptide concentration of 100 M.

Secondary Structure Determination

ATR FT-IR spectroscopy analysis of Rho peptide aggregates
was performed using a Bruker Tensor FT-IR Spectrometer
(Bruker Optics, Berlin, Germany) with a Golden Gate MKII
ATR accessory. Each spectrum consists of 16 independent scans,
measured at spectral resolution of 1 cm™!. Infrared spectra
between 1725 and 1575 cm~! were fitted through overlapping
Gaussian curves, and the amplitude, and area for each Gaussian
function were calculated employing the non-linear peak-fitting
program (PeakFit package, Systat Software, San Jose, CA, USA).

Transmission Electron Microscopy (TEM)
For negative staining, samples of Rho peptide incubated at 25°C
for 4, 48, and 120 h were placed onto carbon-coated copper
grids and left to stand for 5 min. The grids were washed with
distilled water and stained with 2% (w/v) uranyl acetate for
2 min. Micrographs were recorded in a JEM-1400 (JEOL, Japan)
transmission electron microscope (TEM) operated at 80-kV
accelerating voltage.

RESULTS

Identifying Prion-Like Domains on the
Pathogenic Bacteria Clostridium

botulinum
Recent bioinformatics screenings revealed multiple prion
candidates in bacteria, especially in pathogenic species (Espinosa

Angarica et al., 2013; Iglesias et al., 2015). In light of these data,
we focused here on the Gram-positive, anaerobic bacterium
C. botulinum, given its involvement in a number of pathological
processes (Swaminathan and Eswaramoorthy, 2000; Kumaran
etal,, 2009; Rossetto et al., 2014). The analysis of the 3678 protein
sequences in C. botulinum proteome was initially performed with
PAPA (Toombs et al., 2012) and further refined with pWALTZ
(Sabate et al, 2015b). Both PAPA and pWALTZ algorithms
were trained on top of yeast prions; however, they are based on
radically different concepts, a suitable composition of the PrD
and the presence of an amyloid core embedded in it, respectively.
This ensures that sequences that pass the two thresholds should
have properties resembling previously verified yeast prions.
According to their respective scores, 54 proteins, corresponding
to 1.5% of the proteome, were identified as containing PrDs
in C. botulinum (Supplementary Table S1). Ontology analysis
indicates that the putative prion-like dataset is enriched in
biological processes related to the cell wall dynamics. However,
we also found proteins relevant in bacterial processes such as
invasion, virulence and nucleotide metabolism (Supplementary
Table S1).

We analyzed the role of the structural Pfam domains linked to
the detected C. botulinum PrD-containing proteins. As expected,
the biggest cluster of Pfam families is associated with cell wall
dynamics, with 19 out of the 41 annotated putative prions having
a cell wall binding repetition domain. Among the proteins in
that cluster we can find a glycosyl transferase (C5SUUWD9), which
is a glycan synthesis effector and a clear example of proteins
involved in cell wall rearrangement, with a structure combining
two different functional domains, one glucoamylase domain
and two glycotransferase domains. The cell shape protein MreC
(C5UR99), is another relevant protein in that cluster, which
is thought to couple the internal bacterial cytoskeleton to the
extracellular cell wall synthesizing complexes; interestingly, it is
a protein that associates with penicillin-binding proteins and
guides the insertion of newly synthetized cell wall precursors
(Divakaruni et al., 2005; Tavares et al., 2015). Yet another protein
in this subset is Brachyurin (C5UXBI1), a cell-wall associated
protein that contains two N-cadherin domains in its structure,
suggesting a role in cell-cell contact, adhesion and biofilm
formation (Anantharaman and Aravind, 2010). The second most
abundant group of Pfam domain families is associated to invasion
and virulence processes. This group includes proteins associated
with encapsulation, sporulation and toxins. CotH (C5UUU1)
and the spore cortex-lytic enzyme (C5U536) are proteins
required either for spore coat formation (Zilhao et al., 1999)
or for spore germination, thus facilitating C. botulinum aerial
growth, surface attachment and pathogenesis. We also find a
L,D-transpeptidase (C5UVDO), which cross-links peptidoglycan
in presence of antibiotic drugs that block regular effectors
(Biarrotte-Sorin et al., 2006; Magnet et al., 2007) allowing the
bacteria to overcome classical B-lactams antibiotic blockage.
We highlight in this cluster the presence of the Botulinum
neurotoxin non-toxic-non-hemagglutinin component (NTNH).
The neurotoxin complex is composed of NTNH, the toxin BoNT,
hemagglutinin (HA) and associated subcomponent proteins and
RNAs (Wren, 1991). It has been proposed that NTNH confers
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protection against the harsh conditions the toxin faces in the
digestive tract (Sugawara et al., 2014). The third group contains
proteins with domains involved in nucleotide binding, such
the Transcription termination factor Rho (C5URV5) involved
in transcription regulation and the Ribonucleoside-diphosphate
reductase (C5UTHS) that is implicated in DNA replication.
Other relevant putative prion-like proteins that cannot be
clustered in the former groups but merit attention are StbA
(C5UUDS), a putative Hsp70 family chaperone which has been
seen to stabilize plasmids and control their number in Escherichia
coli (E. coli) (Bork et al, 1992; Guynet et al,, 2011) and a
putative ggdef domain protein (C5UR68), with two relevant
functional domains, a tetratricopeptide domain, involved in
scaffold formation to mediate protein interactions and the
assembly of multiprotein complexes and a GGDEF domain
related with the synthesis of cyclic di-GMP and involved in the
regulation of processes such as biofilm formation, motility and
cell differentiation.

Rho Factor Exhibits a Predicted PrD
Containing a Putative N-rich Amyloid

Core

Because many of the prion-like polypeptides identified in
eukaryotes are RNA binding proteins (King et al., 2012; Kim et al.,
2013), we focused our attention in the transcription termination
factor Rho (Rho). Rho is required for the factor-dependent
transcription termination by an RNA polymerase in prokaryotes
and is essential for the viability of the cell (Richardson, 1996;
Cardinale et al., 2008; Washburn and Gottesman, 2011; Krishna
Leela et al, 2013). Recent studies indicate that besides being
a housekeeping gene, Rho can function as a gene regulator
and participates in the control of prophage maintenance in
bacterial genomes (Boudvillain et al., 2013; Menouni et al., 2013).
Accordingly, it plays a critical role in determining what proteins
are present in the cell, in what amounts and thus modulating the
organism’s phenotype.

PAPA predicts an 80 residues long PrD close to the Rho factor
N-terminus, which resides in a longer intrinsically disordered
region, as predicted with FoldIndex (Prilusky et al., 2005)
(Figure 1). pWALTZ predicts the presence of three overlapping
21 residues long amyloid stretches comprising residues 90-110,
92-112, and 93-113 inside the identified Rho PrD (Figure 1).
When we analyzed the location of structured, unstructured
and PrD regions in Rho factor, we found that, overall, its
topology resembles that observed in certain bona fide yeast
prions, like Ure2p (Figure 1). Globular domains in prion-like
proteins are responsible for their biological function. The Rho
factor consists of six identical subunits, each containing three
functional domains. The RNA binding site has been localized
to the N-terminal portion of the protein, the ATP binding site
is located in the central portion of the primary sequence, and
subunit interaction sites have been proposed to reside in the
C-terminal region (Geiselmann et al., 1993; Bogden et al., 1999).
The interaction of Rho with RNA is critical to all the activities of
the protein. Thus RNA binding is required to activate the RNA-
dependent ATPase activity of Rho. The predicted PrD and the

RNA binding domain are contiguous in Rho, a topology that is
also found in many eukaryotic prion-like proteins (King et al,,
2012; Espinosa Angarica et al., 2013; Malinovska et al., 2013;
Navarro et al., 2015).

The widely accepted “amyloid-stretch” hypothesis proposes
that the amyloid potential of amyloidogenic proteins resides
in short, highly amyloidogenic regions that act by nucleating
the aggregation reaction (Ventura et al., 2004; Esteras-Chopo
et al,, 2005). We have recently proposed that this view also
applies for prion-like proteins, explaining why all known
prions adopt amyloid conformations in their propagative
state (Sabate et al, 2015a). In order to assess if this is
the case of Rho factor, we experimentally characterized the
predicted central amyloid core of the prion domain (cPrD)
using a synthetic peptide corresponding to sequence 92-
NNNNSNENNNSNNNSSFNNSN-112, with a 67% N content.
Despite pWALTZ, which is specially intended to analyze
PrDs, predicts that this N-rich sequence would endorse the
surrounding PrD with significant amyloidogenic potential, well-
contrasted aggregation predictors like AGGRESCAN (Conchillo-
Solé et al., 2007), TANGO (Fernandez-Escamilla et al., 2004)
or FoldAmyloid (Garbuzynskiy et al., 2010) fail to predict any
aggregation-prone region in this peptide and, indeed, they predict
it to be soluble.

Rho cPrD Forms p-sheet Enriched
Aggregates

As a first step to experimentally characterize the selected cPrD
we analyzed its in vitro aggregation properties. Rho cPrD was
incubated at 25, 50, and 100 uM at 25°C for 4, 48, and 120 h
and aggregation from its initially soluble state was evaluated
using synchronous light scattering (Figure 2). A concentration
dependent scattering signal is observed after 4 h. However, the
signal corresponding to the 25 and 50 WM solutions does not
evolve significantly with time, whereas the scattering signal of the
100 M peptide solution steadily increases to attain a maximum
after 120 h (Figure 2C). Accordingly, unless otherwise indicated,
all subsequent experiments were performed with the peptide at a
concentration of 100 WM.

For most amyloids, the self-assembly reaction depends on the
formation of intra-chain hydrophobic clusters (Hills and Brooks,
2007). However, Rho cPrD is a highly polar peptide, with less than
10% of its residues being hydrophobic. We explored the presence
of exposed hydrophobic clusters in the aggregates formed by Rho
cPrD at different times by measuring their binding to bis-ANS
(Figure 3), a dye that increases its fluorescence emission upon
interaction with these regions (Gohlke, 1972; de Groot et al,
2007; Zhou et al., 2012). The bis-ANS fluorescence emission
maximum blue-shifts from 530 nm, in the absence of peptide,
to 509 nm in the presence of the peptide after 4 h. This spectral
change is even more pronounced after 48 h, even if the global
intensity decreases. Bis-ANS fluorescence emission attains a
maximum at 120 h, with its spectral maximum blue-shifted to
490 nm. These data clearly indicate that the two phenylalanine (F)
residues in Rho cPrD play an important role on its aggregation
reaction, leading to the formation of strong hydrophobic patches
in the final aggregates.
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Transcription regulator URE2

20- NIGNRNSNTTTDQSNINFEFS -40

Transcription termination factor Rho

Rho_RNA_bind

92- NNNNSNFNNNSNNNSSFNNSN -112

FIGURE 1 | Prion domains and amyloid cores as predicted in the sequences of Rho from Clostridium botulinum and the prion protein URE2 from
Saccharomyces cerevisiae. |dentified Pfam domains, disordered regions, predicted PrDs and amyloid cores are shown in violet, green, blue, and red, respectively.
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FIGURE 3 | Binding of bis-ANS to 100 uM Rho cPrD as a function of
the incubation time at 25°C.

The aggregation of proteins into amyloid fibrils results in the
formation of intermolecular B-sheets (Nelson et al., 2005). To get
insights into the secondary structure content of the assemblies

formed by Rho cPrD, we analyzed the amide I region of the FTIR
spectrum (1700-1600 cm ™~ ') (Figure 4). This region corresponds
to the absorption of the carbonyl peptide bond group of the
protein main chain and is a sensitive marker of the protein
secondary structure. Examination of the secondary structure of
Rho cPrD peptide by deconvolved FTIR spectra allow us to assign
the individual secondary structure elements and their relative
contribution to the main absorbance signal at the beginning
(4 h) and ending (120 h) of the aggregation reaction (Figure 4;
Table 1). After 4 h of incubation the spectrum of Rho cPrD is
dominated by a band at 1663 cm ™!, corresponding to disordered
structures, accounting for 74% of the total area. However, the
presence of an inter-molecular B-sheet component at 1624 cm™!
is already observable at this time point. At the end of the reaction
(120 h), the FTIR spectrum of Rho c¢PrD is dominated by a
band at 1633 cm™! attributable to p-sheet conformations. At
this stage, the low frequency p-sheet components at 1607 and
1633 cm ™! together with the high frequency B-sheet component
at 1676 cm™! account for 77% of the total area, with disordered
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conformations contributing only 23% of the signal. These spectral
properties are compatible with the assembly of Rho ¢PrD into a
highly B-sheet enriched amyloid-like structure.

Rho cPrD Self-Assembles into Amyloid
Fibrils

We used the amyloid-specific dyes CR, Th-T and Th-S to confirm
that the detected p—sheet enriched aggregates were organized into
amyloid-like suprastructures. The absorbance of CR increases
and the spectrum maximum red shifts to 505-510 nm in
the presence of peptide aggregates formed at 100 WM after
120 h of incubation at 25°C (Figure 5A). This spectral change
corresponds to that promoted by different amyloid proteins in
the aggregated state (Klunk et al., 1989). Moreover, the difference
spectrum between the dye in the presence and absence of
aggregated peptide allows detecting the characteristic amyloid
band at ~541 nm (Figure 5B). The binding of Rho cPrD to CR at
early time points is significantly lower.

Thioflavin-T fluorescence emission is enhanced in the
presence of amyloid fibrils (LeVine, 1993; Sabate et al., 2013).
The same behavior is observed upon incubation of Th-T with
Rho cPrD (Figure 5C). In good agreement with light scattering
signals, Th-T binding to peptide solutions increases with
incubation time, the Th-T fluorescence at the 480 nm spectral
maximum increasing 80-fold at 120 h. Furthermore, binding of
Th-S to 120 h aggregates could be visualized by fluorescence
microscopy (Figure 5D). Areas rich in fibrous material were
stained with Th-S to yield green-yellow fluorescence against a
dark background.

The dye binding results indicate that incubated Rho c¢PrD
solutions contain detectable amounts of amyloid-like structure.
To confirm this extent, the morphological features of the peptide
assemblies in these samples were analyzed using TEM. As shown
in Figure 6, we detect the presence of protein aggregates in
all cases. Nevertheless, in good agreement with spectroscopic
data, the size and morphology of the aggregates are significantly
different. The peptide incubated for 4 h forms short, poorly
ordered protofibrilar assemblies. These assemblies coexist with
fibrilar structures at the 48 h, whereas only mature fibrils with
a typical amyloid-like morphology are observed at the 120 h.

Seeded protein aggregation is a well-established mechanism
for in vivo amyloid fibril formation and underlies prion
propagation (Caughey, 2001; Wickner et al, 2001). The
nucleation step of the amyloid assembly is shortened in the
presence of preformed amyloid fibrils of the same protein that
can act as nuclei for the subsequent polymerization reaction
(Jarrett and Lansbury, 1992). Specific and short aggregation-
prone regions have been shown to play a crucial role in this
process (Pastor et al., 2007; Sabate et al., 2012). To test whether
preformed Rho cPrD fibrils can seed the aggregation of the
correspondent soluble peptide, we followed the aggregation
kinetics of the peptide at 100 uM in the presence and absence of
0.1% (w/w) preformed fibrils. As shown in Figure 7, the presence
of fibrils strongly accelerated the formation of Th-T positive
assemblies, raising the possibility that such specific amyloid-
promoting interactions could also occur in the context of the
complete Rho factor protein.

DISCUSSION

Prion-like proteins were initially thought to be restricted to
mammals, resulting in transmissible pathologies (Aguzzi and
Weissmann, 1998). Later on, the discovery of yeast prions
(Wickner, 1994; Du et al, 2008; Patel et al., 2009; Rogoza
et al, 2010) and more recently of prion-like proteins in
multicellular eukaryotes, from snail to human (Maji et al,
2009; Heinrich and Lindquist, 2011; Majumdar et al., 2012;
Tariq et al.,, 2013; Cai and Chen, 2014), suggest that prion-like
mechanisms would sustain evolutionary conserved functions in
eukaryotic kingdoms. Despite no bacterial prion-like protein has
been characterized so far, computational predictions support the
existence of a significant number of proteins with potential prion-
like properties in bacterial proteomes (Espinosa Angarica et al.,
2014; Iglesias et al., 2015). This is not surprising, since bacterial
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TABLE 1 | Assignment of secondary structure components of Rho cPrD peptide in the amide | region of the FTIR spectra.
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FIGURE 5 | Binding Rho cPrD aggregates to specific amyloid dyes. (A) CR spectral changes in the presence of peptide incubated at different time

(B) Difference absorbance spectra of CR displaying the characteristic amyloid band at 541 nm. (C) Fluorescence emission spectrum of Th-T when excited at

440 nm; note the characteristic fluorescence enhancement at ~480 nm when the dye is bound to amyloid aggregates. (D) Rho cPrD peptide aggregates stained
with Th-S and observed at 40X magnification by phase contrast and fluorescence microscopy displaying the green fluorescence characteristic of amyloid structures.

cells have been shown to support the formation of prion-like
conformations of yeast prions (Sabaté et al., 2009; Garrity et al.,
2010; Espargar¢ et al., 2012) and, more importantly, to propagate
them for over a hundred generations, even when the cells can no
longer make the protein that serves as the trigger for the initial
conversion (Yuan et al.,, 2014), which suggests that functional
prion-like mechanisms might be more ancient than previously
thought (Desantis et al., 2012).

As a trend, prion-like sequences are predicted to be less
abundant in bacteria than in eukaryotes (Espinosa Angarica
et al., 2013), but, interestingly, pathogenic species seem to have
a higher prion load than non-pathogenic ones. An exciting
possibility is that these sequences represent a bet-hedging
mechanism for pathogens, as suggested recently for yeast prions

(Newby and Lindquist, 2013). These mechanisms are used to
diversify microbial phenotypes. In fluctuating environments this
allows a fraction of the population to survive in conditions
when most would perish. This mechanism would permit
certain cells to persist in strenuous environments like in the
presence of antibiotics or to escape the immunogenic response,
saving the population from extinction. Shuffling the states
of multiple prion-like proteins would allow rapid phenotypic
diversification.

Here, we addressed the presence of potential prion-like
proteins in the proteome of the pathogen C. botulinum using a
stringent approach in which both a long region displaying amino
acid compositional similitude to bona fide prions (Toombs et al.,
2010, 2012) and the presence of a specific nucleating sequence
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FIGURE 6 | Transmission electron micrographs of Rho cPrD after 4, 48, and 120 h of incubation at 25°C.
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FIGURE 7 | Aggregation kinetics of Rho cPrD. The aggregation reactions
of 100 wM Rho cPrD were carried out under agitation at 25°C. 0.1 uM of

in vitro formed fibrils (representing 0.1% of the final peptide concentration)
were used for the seeding assay. The formation of Rho cPrD amyloid fibrils
was accelerated in the presence of pre-aggregated peptide.

inside it (Sabate et al.,, 2015b) should be present for a protein
to be considered prion-like. This approach rendered a total of
54 candidates. Interestingly, the set of candidates is enriched in
proteins that play a structural role and are linked to essential
processes as cell wall metabolism or cellular shape maintenance.
Although a more exhaustive analysis of these proteins is
necessary, the data point to a possible relationship between the
identified proteins and biofilm formation, which would confer a
protecting strategy and facilitate the attachment of the bacteria to
different surfaces. Indeed, the biofilms of a number of bacterial
species have been shown to contain proteins in an amyloid
conformation (Romero and Kolter, 2014) PrDs associated with
proteins involved in survival and virulence were also found in
C. botulinum. Sporulation and toxin production are powerful
strategies that facilitate the invasion of new environments and
bacterial survival in adverse conditions. In this context, proteins
involved in spore formation and degradation, the degradation-
protector NTNH in Botulism toxin and the cell-wall cross-linker
L,D-transpeptidase develop non-essential functions, but facilitate
the bacteria to remove toxic agents and evade the action of
antibiotics or from harsh natural environmental conditions and
toxic compounds (Biarrotte-Sorin et al., 2006; Magnet et al.,
2007).

A significant number of the prion-like sequences predicted in
the human proteome correspond to RNA binding proteins (King
et al., 2012; Espinosa Angarica et al.,, 2013; Malinovska et al,,
2013), which fits well with the fact that several experimentally
determined genuine prion-like proteins, including Ure2, Swil,
Spfl, Cyc8, and Mot3 in yeast (Wickner, 1994; Du et al., 2008;
Alberti et al, 2009; Patel et al., 2009; Rogoza et al,, 2010)
and Drosophila melanogaster’s GAGAfactor (Tariq et al., 2013)
act as transcriptional regulators. This is also the function of
the Rho factor in C. botulinum, for which we predict the
existence of a highly scoring putative PrD at the N-terminus,
adjacent to the RNA binding domain. It has been suggested
that, in the prion-like state, transcriptional regulators may
alter gene expression by creating diffusion barriers that restrict
protein movement toward specific subcellular locations, by
decreasing the effective concentration of the freely available
pool of protein, or, on the contrary, by increasing the effective
concentration in a certain location; this might result in
enough functional diversity to create phenotypic divergence
(Si, 2015). Interestingly enough, recent works have shown that
Rho inhibition allows prophage maintenance, as a strategy to
keep beneficial prophage genes, while silencing those likely
to be deleterious (Cardinale et al., 2008; Menouni et al,
2013). Importantly, the pathogenic trait in C. botulinum, the
botulinum neurotoxin, is mainly linked to a large plasmidome
consisting of plasmids and circular prophages (Skarin and
Segerman, 2014). Indeed, it has been recently shown that,
in E. coli, mutations promoting adaptive properties, such us
adaptation to thermal stress, converge to cluster either in
the RNA polymerase complex or the termination factor Rho
(Tenaillon et al., 2012; Rodriguez-Verdugo et al., 2014; Hug
and Gaut, 2015). When we analyzed the mutations reported to
occur specifically in Rho factor with our aggregation prediction
algorithm AGGRESCAN (Conchillo-Solé et al., 2007), when
found out that 72% of them endorse the terminator factor
with increased aggregation-propensity, thus suggesting a link
between the self-assembly of Rho and adaptation to changing
environments.

We provide here strong evidence that detected PrD in Rho
factor contains a short amyloid-like segment with the ability to
potentially nucleate the Rho factor PrD assembly; however, it
remains to be demonstrated if, in the case it occurs in vivo, the
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reaction would exhibit the reversibility required for considering
this protein a bona fide prion.

In contrast to pWALTZ, conventional aggregation prediction
algorithms do not capture the amyloidogenic potential of Rho
cPrD. Because these latter algorithms usually display good
accuracy when predicting the core of disease-linked amyloids
(Sabate et al., 2015b), this suggests that the principles underlying
their aggregation and that of Rho cPrD are somehow different.
Indeed, the amyloid core of pathogenic proteins is usually very
hydrophobic, whereas 90% of Rho cPrD sequence is made
of N and S, and therefore polar, with only two hydrophobic
residues. On the one hand, while a certain amyloid nucleation
capacity favoring a sufficiently high aggregation rate is absolutely
necessary, the final amyloid aggregate in a prion-like protein
should at the same time display brittleness, a property that
facilitates propagation. On the other hand, the protein should
remain in a soluble state under physiological conditions, while
keeping a cryptic amyloid capacity that allows it to self-assemble
only in selected conditions. Both requirements imply that, in
contrast to most amyloids, in PrDs, the aggregation reaction
should not be nucleated by an extremely strong, and highly
hydrophobic, amyloid core. We have proposed that the role of
N residues in PrDs and their amyloid cores is to endorse these
sequences with a basal aggregation propensity, while allowing
them at the same time to remain soluble and disordered in
normal cellular conditions (Sabate et al., 2015a; Zambrano et al.,
2015). In contrast, the few hydrophobic residues found in these
cores, especially aromatic ones, would play a key role in the
initial amyloid oligomerization steps. This seems to be true
for Rho cPrD since its assembly into amyloid-like fibrils is
accompanied by an increase in the presence of hydrophobic
clusters, as monitored by bis-ANS binding. It is very likely that, as
described for amyloid peptides from the Sup35 prion (Balbirnie
et al., 2001; Diaz-Avalos et al., 2003; van Der Wel et al., 2006;
Zheng et al., 2006), complete hydrogen bonding of its N and
S residues would also contribute to sustain the mature amyloid
structure.

Aggregation constraints the evolution of proteins and
accordingly nature have evolved different strategies to minimize
protein aggregation in sequences and structures. Essentially,
mutations that result in an increase in aggregation propensity
tend to be purged out from the population, especially when
they occur in a disordered context, since they are exposed
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The yeast translation termination factor Sup35p, by aggregating as the [PS/T] prion,
enables ribosomes to read-through stop codons, thus expanding the diversity of the
Saccharomyces cerevisiae proteome. Yeast prions are functional amyloids that replicate
by templating their conformation on native protein molecules, then assembling as large
aggregates and fibers. Prions propagate epigenetically from mother to daughter cells
by fragmentation of such assemblies. In the N-terminal prion-forming domain, Sup35p
has glutamine/asparagine-rich oligopeptide repeats (OPRs), which enable propagation
through chaperone-elicited shearing. We have engineered chimeras by replacing the
polar OPRs in Sup35p by up to five repeats of a hydrophobic amyloidogenic sequence
from the synthetic bacterial prionoid RepA-WH1. The resulting hybrid, [REP-PSIT],
(i) was functional in a stop codon read-through assay in S. cerevisiae; (i) generates
weak phenotypic variants upon both its expression or transformation into [psi~] cells;
(i) these variants correlated with high molecular weight aggregates resistant to SDS
during electrophoresis; and (iv) according to fluorescence microscopy, the fusion of the
prion domains from the engineered chimeras to the reporter protein mCherry generated
perivacuolar aggregate foci in yeast cells. All these are signatures of bona fide yeast
prions. As assessed through biophysical approaches, the chimeras assembled as
oligomers rather than as the fibers characteristic of [PS/T]. These results suggest that it
is the balance between polar and hydrophobic residues in OPRs what determines prion
conformational dynamics. In addition, our findings illustrate the feasibility of enabling new
propagation traits in yeast prions by engineering OPRs with heterologous amyloidogenic
sequence repeats.

Keywords: amyloid cross-seeding, prion variants/strains, RepA-WH1 prionoid, [REP-PSI*] prion, Saccharomyces
cerevisiae, synthetic biology

Introduction

Modularity is a basic principle of organization in proteins and their assemblies. In the case of
the aggregation-prone amyloidogenic proteins, modularity comes from the existence of sequence
stretches that become the B-strand building blocks in cross-p sheets (reviewed in Eisenberg and
Jucker, 2012). Such stretches can either have hydrophobic or polar average residue composi-
tions, but usually not both at the same time, thus posing constrains to homotypic interactions,
which require chemically compatible side chains to cross-aggregate. Polar glutamine/asparagine
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(Q/N)-rich amyloidogenic sequences are a hallmark of prion
domains in yeast (Alberti et al., 2009; reviewed in Liebman and
Chernoff, 2012), in which cross-seeding has been well character-
ized, e.g., for the Rnqlp/[PIN"] prion nucleating the aggregation
of Sup35p/[PSI*] (Vitrenko et al., 2007; Sharma and Liebman,
2013). In the translation releasing factor Sup35p, its prion-
forming domain (N) includes up to five and a half oligopeptide
repeats (OPRs; Figure 1A; reviewed in Tessier and Lindquist,
2009). OPRs, while still assembled in the amyloid fibers, have
been proposed to be the targets for the disaggregase chaper-
one Hspl04p (Chernoff et al., 1995) that, with the aid of Hsp70
chaperones Ssal-4p (Shorter and Lindquist, 2008; Winkler et al.,
2012), generate [PSIT] propagons, i.e., oligomeric primordia that
are readily diffusible to the progeny (Cox et al., 2003; Derdowski
et al., 2010). The modularity of Sup35p OPRs has allowed their
partial or total replacement by heterologous sequences, such as
the octapeptide repeats in the mammalian prion protein PrP
(Parham et al., 2001; Dong et al., 2007; Tank et al., 2007), while
keeping the resulting chimeras their original function as epi-
genetic determinants of reading-through stop codons in yeast.
With the accumulated knowledge on Sup35p/[PSI "], this is prob-
ably the most suitable model system to address the molecular
determinants of the prion condition in proteins (Sabate et al.,
2015).

RepA, the DNA replication protein of the Pseudomonas plas-
mid pPS10, is one of the members best characterized of a
protein family spread across a large group of plasmids from
Gram-negative bacteria (reviewed in Giraldo and Fernandez-
Tresguerres, 2004). Soluble RepA dimers, which function as
transcriptional self-repressors of the repA gene, undergo a large
conformational change upon binding to specific DNA sequences
from the plasmid replication origin, resulting in their dis-
sociation into replication-competent RepA monomers (Diaz-
Lopez et al.,, 2003, 2006). Such structural change consists in
an increase in P-sheet at the expense of the a-helical sec-
ondary structure component and affects WHI1, the most N-
terminal of the two ‘winged-helixX’ domains in RepA, which
is transformed from a dimerization domain into a secondary
DNA binding module, ancillary to the main DNA recogni-
tion determinant, C-terminal WH2 (Giraldo et al., 1998, 2003).
RepA monomers are aggregation-prone and, once a replica-
tion round is completed, the resulting plasmid copies are
held together through interactions between RepA monomers
bound to the replication origins of the two plasmid molecules,
thus inhibiting further replication rounds (Gasset-Rosa et al.,
2008a). Such complex interplay between transcriptional repres-
sion and DNA replication initiation/inhibition, focused fur-
ther research on the molecular basis for the ligand (DNA)-
modulated balance between RepA solubility and functional
aggregation. In RepA-WH]1, a single hydrophobic sequence
stretch partially folded as a o-helix changes its conformation,
upon transient binding to specific DNA sequences, to assem-
ble as a P-strand in amyloid fibers (Giraldo, 2007; Gasset-
Rosa et al.,, 2008b). The RepA-WH1 domain, when expressed
in Escherichia coli as a metastable fusion to the fluores-
cent protein mCherry, behaves as a synthetic prionoid, i.e.,
an amyloidogenic protein lacking infectivity (Aguzzi, 2009).

Unlike prions in yeast, RepA-WHI triggers a sort of intracellu-
lar amyloid ‘proteinopathy’ in its host (Fernandez-Tresguerres
et al., 2010), where the ‘vertical’ propagation (i.e., from mother
cell to daughter cells) and the conformational selection of
‘strains’ of the prionoid are dependent on the Hsp70 chaper-
one Dnak, rather than on the Hsp104 ortholog ClpB (Gasset-
Rosa et al., 2014). A recent electron microscopy reconstruc-
tion of the RepA-WHI fibers, as templated in vitro on soluble
molecules of the protein by amyloid seeds preformed in vivo,
showed that the fibers are composed of intertwined amyloid
tubules built by distorted protein monomers (Torreira et al.,
2015).

Since the amyloidogenic sequence stretch in RepA-WHI1 has
clearly distinct features to those naturally found in yeast prions,
- i.e., a single hydrophobic amyloidogenic stretch in a properly
folded domain, rather than multiple repeats with polar residue
composition in the frame of an intrinsically disordered tail -
the bacterial prionoid is a suitable source of radically heterolo-
gous sequences to explore their ability to supplant the OPRs in
Sup35p/[PSIT]. We report here that chimeras between Sup35p
and at least three repeats of the hydrophobic amyloidogenic
stretch in RepA-WHI1 constitute novel functional prions in yeast
that we have named [REP-PSIT]. Furthermore, [REP-PSIT] can
cross-seed the propagation of [PSI*], but generating [PSI ] WH1
a new strain with very low mitotic stability (i.e., epigenetically
unstable), as expected for a weak prion with severe limitations
on the generation of propagons. These findings validate the pos-
sibility of tailoring yeast epigenetics by engineering aggregation-
prone hydrophobic amyloidogenic repeats within prion-forming
domains.

Materials and Methods

Plasmid Constructs

Substitution of Sup35p-OPRs by Tandem Repeats of
the Amyloidogenic Stretch in RepA-WH1 (WH1-R1-5)
The reporter plasmid pUKC1620 (Parham et al., 2001; Von der
Haar et al., 2007), harboring a WT copy of the SUP35 gene with
its natural promoter, was used as template for PCR-amplification
(Pfu DNApol) of NAR6-sup35 using primers with BamHI (3
to the promoter) and EcoRV (annealing after the 5th repeat)
ends. After digestion with those enzymes, the product replaced
the BamHI-EcoRV N-SUP35 fragment in the original plasmid,
leading to pUKC_R5. On this vector, WHI-RI was inserted
through PCR, including the reverse primer (5'-CGAGgatatcCG
ATCAAAGACACAGCGCATAGCACTAGATTGAATTGCTGC
TGAT), after the EcoRV site (lowercase), the complement of
the sequence coding for the nine core amino-acid residues
(LVLCAVSLI) in WH1(A31V) (bold; Giraldo, 2007). WHI-
R2 was built in a similar way, but the reverse primer had
that sequence repeated twice with a TCC/Gly spacer. For
pUKC_RO, a construction lacking the five natural OPRs
in Sup35p, the Pstl site previous to the first OPR in the
parental plasmid was mutated to EcoRV (QuikChange Kkit,
Stratagene), followed by digestion with this enzyme and
in-frame religation of the vector. WHI-RI-3 were built
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FIGURE 1 | Chimeras between the yeast prion protein Sup35p and
the amyloidogenic stretch in the bacterial prionoid RepA-WH1.
(A) Schematic representation of Saccharomyces cerevisiae eRF3 (Sup35p),
with its domain composition and the N-terminal 572 OPRs highlighted.
(B) The RO + WH1-R1-5 chimeras. Sup35p OPRs were totally replaced by
1-6 tandem repeats of the hydrophobic amyloidogenic stretch in the
RepA-WH1 variant A31V (arrow; Giraldo, 2007). The heterologous
sequences were engineered to fold as zigzag B-arcades (reviewed in Kajava
et al., 2010), in which turns were made by inserting a Gly residue between
the natural Asp (blue) C- and Arg (red) ‘gatekeeper’ N-ends from
contiguous WH1 repeats. B-strand packing (faces of strands in black,
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backs in gray) would be guided by interdigitation of chemically compatible
side chains. B-arcades from distinct protein monomers would stack through
main-chain hydrogen bonds into a parallel superpleated B-structure, as
proposed for Sup35p/[PSI*] (reviewed in Kajava et al., 2010). In the
resulting fiber, the engineered repeats should have to accommodate as a
hydrophobic spine within an otherwise polar Q/N-rich axis. (C) The
amyloidogenicity profiles (red plots) for the distinct chimeric N-domains, as
estimated by the AGGRESCAN (left column; Conchillo-Solé et al., 2007)
and WALTZ (right; Maurer-Stroh et al., 2010) algorithms, suggest that the
synthetic peptide arrays assemble as amyloids. Horizontal lines: blue,
aggregation hot spot threshold; green, sequence average.
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by annealing the pre-phosphorylated (T4-PNK) oligos 5'-
GGCCGCCTAGTGCTATGCGCTGTGTCTTTGATCGAT/5'-
GCATAGCACTAGGCGGCCATCGATCAAAGACACAGC
(complementary sequences in bold) followed by filling of the
ends (Klenow DNApol) and self-ligation, a step that generated
an extra terminal half repeat. Each repeat in the concatemers
includes the natural C-terminal Asp and N-terminal Arg found
in the RepA-WHI1 amyloidogenic stretch (Giraldo, 2007) plus a
linker Gly. Upon ligation of the concatemers mix at the EcoRV
site in pUKC_RO and transformation into E. coli, DNA sequenc-
ing identified clones with up to three RepA-WHI repeats.
Since WHI1-R4-5 were recalcitrant to be obtained through such
approach, a fragment including three RepA-WHI1 repeats was
made through chemical synthesis (ATG:biosynthetics, Germany)
and inserted into pUKC_RI-2, in which EcoRV had been
regenerated by site directed mutagenesis, to give pUKC_R4-5.

Plasmids for Protein Expression in Yeast under the
pGAL1 Promoter

The full-length WH1(Rn)-SUP35 chimeras were inserted into the
pYeF2 vector (Cullin and Minvielle-Sebastia, 1994) after amplifi-
cation by PCR, using as templates the pUKC series (see above)
and primers having BamHI and Notl ends. These chimeras
carried a C-terminal hemagglutinin (HA)-tag from the vector.
For fluorescence microscopy observation, fusions were made
between the NM-domains from the chimeras and the monomeric
red fluorescent protein mCherry at their C-termini. With this
purpose, each NM-domain was amplified by PCR on the pUKC
plasmids, with oligonucleotides carrying BamHI and BspEI ends,
and then ligated with a BspEI (5')-Notl (3') mCherry fragment,
amplified using as template pWH1(A31V)-mRFP (Ferndndez-
Tresguerres et al., 2010). The BamHI-NotI fragments were then
cloned into pYeF2 as above.

Plasmids for Protein Expression in E. coli

The fusions of NM-WT, NM-RO, NM-R0O + WHI-R2-4 to
mCherry were cloned into the pRG vectors (Ptac, His;g N-tag;
Ferndndez-Tresguerres et al.,, 2010) by PCR amplification, per-
formed with primers with SaclII (5'-NM) and Xbal (3'-mCherry)
ends. All constructs were verified by DNA sequencing.

Saccharomyces cerevisiae Strains

For screening prion-dependent translation through stop codons,
it was used a derivative of the strain 74D-694: MATa adel-14YGA
trp1-289 his3-A200 ura3-52 leu2-3,112 sup35:loxP [pYK810]
[PSIT] [PINT]. For fluorescence microscopy, the YJT28 strain
(AARS305::kanMX, ade2-1::ADE2, W303-1a) was selected to
suppress autogenous red fluorescence.

Epigenetic Assay for Yeast Colony Color

The pUKCs derivatives (encoding the different chimeric alle-
les) were electroporated in a [PSIT] [PINT] strain (see above)
that initially carried pYK810, a plasmid bearing a copy of SUP35
(Von der Haar et al., 2007). For displacing the resident pYK810,
thus assuring that the incoming pUCKs were the only source of
Sup35p (or its chimeras with the WHI1 repeats), colonies grow-
ing in SD-His were replicated on the same medium containing

0.1% 5-FOA, thus counter-selecting for cells that carried pYK810
(URA3). Colonies were then plated on /s YPD and SD-adenine.
For full development of color in colonies, agar plates were incu-
bated for >72 h at 30°C and then transferred to 4°C for 24 h
before photographic documentation.

Protein Aggregate Transformation into

[psi—] Cells

Overnight cultures inoculated from pUKCs-carrying red [psi~]
colonies, that have spontaneously lost the [PSI*] phenotype,
were diluted !/3 into 60 ml of YPD and grown to ODggo = 0.5.
Cells were washed with water and 1 M sorbitol, resuspended in
SCE buffer (1 M sorbitol, 100 mM Na-citrate pH 5.8, 10 mM
EDTA, 10 mM DTT, 2 mg/ml lyticase), and then incubated at
30°C for 1 h. The resulting spheroplasts were centrifuged and
resuspended in SCT buffer (1 M sorbitol, 10 mM Tris' HCI pH
7.5, 10 mM CacCl,) and 100 1 were co-transformed with 2 pM
of pYeF2 (Tanaka, 2010) as a marker (URA3), 10 pg of carrier
ssDNA and 5 pl of whole cell extracts (i.e., the low-speed super-
natants after cells lysis, see below) from pUKCs/[REP-PSI*] cells.
Suspensions were incubated at room temperature (RT) with rota-
tion mixing for 30 min. Then 44% PEG4000, 10 mM Tris' HCI
pH 7.5, 10 mM CaCl, buffer was added and further incubated
for 45 min. Spheroplasts were then sedimented, resuspended in
SOS medium (1 M sorbitol, 25% YPD, 7 mM CaCl,), added to
10 ml of top agar (SD-URA, 2% dextrose, 0.8% agar, 1 M sorbitol,
2% YPD), and platted on SD-URA agar. Incubation proceeded
for >72 h at 30°C. Large size colonies were selected and spot-
ted on !/s YPD agar. To address the stability of [PSI*], white
colonies obtained after transformation of Sup35p-W'T [psi~] cells
with RO + WHI1-R3-5 protein extracts were grown in YPD
at 30°C overnight. They were then diluted to ODgpp = 0.001,
grown for 24 h, and 30 .l plated on !/s YPD agar and incubated
as above. Transformation and stability assays were performed
independently twice.

Aggregate Extraction and Sedimentation

Assay

Two hundred ml cultures of yeast carrying the full-length protein
chimeras cloned into pYeF2s (see above) were grown overnight
in selective medium (SD-Ura) with glucose. Then cultures were
diluted to ODgpp = 0.07 in SD-Ura, but with 2% raffinose and
0.1% glucose, and grown to ODggp = 0.2, when protein expres-
sion was induced by adding 2% galactose and further incubated
until ODggg = 2. Cells were then harvested and resuspended
in 500 pl of 25 mM Tris HCI pH 6.8, 250 mM NaCl, 5 mM
EDTA, 10% glycerol (plus protease inhibitors; Roche). Lysis was
then carried-out with glass beads (Lysing matrix C) in a MP
FastPrep-24 homogenizer (five cycles, level 5, for 30 s at 4°C).
Cell debris was removed by a low-speed sedimentation step
(600 x g, 3 min). Two hundred microliter of the resulting whole
cell extracts were ultracentrifuged at 50,000 rpm (100,000 x g),
for 15 min at 4°C (Beckman Optima Max-XP, TLA100 rotor).
Supernatants were collected and pellets were resuspended in
200 pl of the lysis solution. Proteins in equivalent volumes of
supernatant and pellet fractions were analyzed by SDS-PAGE
(10% polyacrylamide; 30 pg/lane) plus Western-blotting, using
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an anti-HA antibody (Roche, 1:1,000) and chemiluminescence
detection (ECL2; Pierce).

Semi-Denaturing Detergent Agarose Gel
Electrophoresis (SDD-AGE)

Total cell lysates (45 pl, at 30 mg/ml) from yeast having the
chimeras expressed from pYeF2 (see above) were mixed with
15 pl of loading buffer (TAE 2X, 20% glycerol, 8% sarkosyl, 0.5 g/1
bromophenol blue, plus protease inhibitors). Samples were incu-
bated at RT for 10 min, and electrophoresis performed in 1.5%
agarose gels (TAE 1X, 0.1% SDS) at 100 V for 7.3 h, 10°C (Molina-
Garcia and Gasset-Rosa, 2014). Proteins were then transferred to
a PVDF membrane in a Trans-Blot device (Bio-Rad) in TAE 1X,
0.1% SDS, at 16 V for 15 h, 10°C. Detection was performed with
anti-HA (1:1,000).

Visualization of Aggregates by Fluorescence
Microscopy

Overexpression of the NM-mCherry Chimeras

pYeF2s encoding the chimeras were transformed into the YJT28
strain and protein expression was carried out as described above.
Culture aliquots were taken along 22 h for live cell observation.

Fluorescence Microscopy

It was performed with a Nikon Eclipse 90i microscope, equipped
with CFI PLAN APO VC (NA 1.40) oil immersion objective and a
Hamamatsu ORCA-R? CCD camera. A red filter with excitation
543/22 and emission 593/40 was used. Differential interference
contrast (DIC) images were also captured.

Purification of His1g-NM-mCherry Chimeras
Protein expression and purification were performed as described
for Hisg-RepA-WHI1 (Giraldo, 2007), but extending the Ni2t-
IMAC gradient to 0.5 M imidazole. Protein stocks (30 uM) were
kept at —70°C in 0.1 M Na,SOy, 20 mM Na,HPO,4 pH 6, 5 mM
2-mercaptoethanol, 10% glycerol.

Amyloid Assembly of NM-mCherry

Chimeras In Vitro

Protein chimeras (15 LM) were assembled in vitro by still incu-
bation at 5°C for a month, as described for RepA-WH1 (Giraldo,
2007), in 0.1 M NaSOy4, 60 mM Hepes pH 8, 8 mM MgSOy, 14%
PEG4000, 6% MPD. Samples were examined in a JEOL JEM-1230
electron microscope.

Circular Dicroism (CD) Spectroscopy

Spectra of the purified NM-mCherry chimeras (15 wM) were
acquired in 0.1 M Na,SOy, 15 mM NayHPO,4 pH 6, at 5°C, as
described (Giraldo, 2007).

Analytical Ultracentrifugation

NM-mCherry chimeras were dialyzed in 0.1 M Na;SOy, 20 mM
Na,HPO4 pH 6, 5 mM 2-mercaptoethanol. Four hundred micro-
liter of each sample were diluted to 0.8, 0.2, and 0.08 mg/ml
and then centrifuged for 5 min at 13,000 rpm, 4°C. The
clarified supernatants were studied by sedimentation veloc-
ity. Centrifugation was carried out in a Beckman-Coulter XLI

analytical ultracentrifuge, at 48,000 rpm and 20°C, measuring
absorbance at 280 nm. Sedimentation coefficient distributions,
c(s), were determined, with a confidence level of 0.68, using the
SEDFIT 14.1 software (Schuck, 2000).

Results

Engineering Chimeras between the
Amyloidogenic Stretch in RepA-WH1 and

[PSIt]

Structural modeling of the amyloid fibers assembled by the N-
domains of yeast prion proteins suggests that their basic building
block might be a B-arch (reviewed in Kajava et al., 2010), in which
adjacent Q/N-rich stretches would assemble as B-strands inter-
digitated through compatible side chains, while the intervening
sequence would form a turn. If multiple stretches were present, as
in Sup35p OPRs, pB-arches would be further folded as B-arcades.
The stacking of p-arcades from distinct protein monomers, sta-
bilized through parallel main-chain hydrogen bonding, would
result in a parallel superpleated B-structure (reviewed in Kajava
et al., 2010). With a p-arcade based model in mind, we used a
plasmid reporter system (Parham et al., 2001) in which all the
OPRs in Sup35p were replaced by up to five tandem repeats of
the hydrophobic amyloidogenic stretch found in the bacterial
prionoid RepA-WHI1 (Giraldo, 2007; WH1-R1-5; Figure 1).

RepA-WH1 + Sup35p Chimeras are

Functional in Yeast

The engineered chimeras were expressed in yeast from the SUP35
promoter in a centromeric plasmid, and tested in an epigenetic
red-white colony color assay (Figure 2): upon Sup35p aggrega-
tion as [PSIT], the reporter adel-14 allele, including a premature
amber stop codon, is read-through by the ribosomes allowing
for the synthesis of adenine, thus giving white color colonies
on rich, unselective medium. Otherwise, soluble Sup35p effi-
ciently terminates translation resulting in red [psi~] colonies by
accumulation of the adenine precursor metabolite 5'-P-ribosyl-
5-aminoimidazole (reviewed in Tessier and Lindquist, 2009).
In the absence of endogenous Sup35p-WT, achieved in [PSI*]
cells upon displacement of a resident SUP35 plasmid by vec-
tors encoding the chimeras, five of the native OPRs fused to
two chimeric RepA-WH1 repeats (R5 + WH1-R2) were suf-
ficient to yield a [PSIT]-like prion phenotype. However, with
just one bacterial repeat (R5 + WHI1-R1) the phenotype of this
chimera was even weaker (more intense red color) than the
R5 parental, suggesting that the insertion of a single hydropho-
bic stretch in the Q/N-repeats destabilized their assembly as
amyloid. Interestingly, in the absence of any OPRs all the con-
structs including RepA-WHI1 repeats (RO + WH1-R1-5) gave a
nearly WT phenotype, indicating that, in these chimeras, amy-
loids were successfully built with little interference between the
RepA-WHI and the Sup35p moieties (Figure 2A). In adenine-
deficient media, all chimeras supported yeast growth, i.e., they
read-through adel-14 thus restoring a functional pathway for
adenine synthesis, albeit R5 + WHI-R1 led again to a poor
phenotype (Figure 2B).
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FIGURE 2 | WH1-Rn/Sup35p chimeras constitute a novel functional
prion, [REP-PSI+]. (A) A yeast strain carrying the ade1-14 reporter was
transformed with the chimeras (Figure 1B). Transformants were streaked on
1/sYPD and grown at 30°C for >72 h. Except for R5 + WH1-R1, all the other
chimeras restore a [PS/*]-like color phenotype. (B) Same clones as in

(A) were plated on selective dropout medium lacking adenine (SD-Ade). A
[PSI*]-like stop codon read-through phenotype was confirmed for the chimeras,
although very weak for R5 + WH1-R1. (C) After several passages in YPD,
clones in (A) were plated on '/« YPD (top) unveiling the instability (red sectored

WH1-R5

colonies) of constructs carrying <2 WH1 repeats. (D) Phenotype variability and
stability of the [REP-PSI*] prion exemplified by the RO + WH1-R4 chimera.
Starting from a single white colony, the prion stably propagates as the strong
variant s[REP-PSIT] (left). However, if the inoculum was seeded from a light pink
clone (right), assigned to a weak variant w1[REP-PS/*], the prion generates with
high frequency colonies of a second weaker variant, w2[REP-PSIT], with a
darker tone of pink, besides exhibiting a sensible frequency of prion loss (red
colonies, [rep-psi~—]). Green boxes show magnifications of plate sectors in which
the relevant colony phenotypes can be appreciated.

When, after several passages through liquid rich medium,
yeast carrying the chimeras were plated on '/s YPD agar
(Figure 2C) red sectored colonies appeared if the number of
WHI1 peptide repeats was <2, indicating that these were unstable
chimeric prions. The chimeric prions including >3 WHI repeats,
which we termed [REP-PSI ], exhibited two clearly different phe-
notypes, namely white and pink colonies (Figure 2D, top). To
explore the mitotic stability of both phenotypes, single colonies of
each kind were subcultured and plated again on !/+ YPD. White
colonies showed a remarkable stability (frequency of conversion
tored ~107°, matching that described for [PSI*]; as reviewed in
Liebman and Chernoff, 2012; Figure 2D, left), whereas light pink
colonies were very unstable, giving rise with high frequencies to
dark pink (2 x 107!) and red (~1072), or reverting to white
(~3 x 1073), colonies (Figure 2D, right). Tentatively, the white
phenotype was associated to a strong prion variant, siREP-PSI '],
the two pink tones to weak prion variants, w1 and w2[REP-PSI*]
(light or dark pink, respectively), and the red colonies to cured
(i.e., having lost the prion phenotype) [rep-psi~].

[REP-PSI*] Prion is Infectious and

Templates on Sup35p a New Weak, Unstable
Variant, [PSIT]WH1

Yeast spheroplasts can be transformed with prion particles, either
assembled in vitro or extracted from cultured cells (Tanaka,
2010). Spheroplasts prepared from red colonies, thus express-
ing either Sup35p-WT or the WHI1-R3-5 chimeras in their
non-prion form ([psi~] or [rep-psi~], respectively), were trans-
formed with protein extracts from cells also carrying the chimeras

but grown from white colonies, thus with a [REP-PSI*] phe-
notype. When the epigenetic phenotype of the transformants
was assayed (Figure 3A), all colonies showed the white or
the light pink stop codon read-through phenotype character-
istic of the incoming prion aggregates (Sup35p-WT or the
chimeras, respectively). The demonstration of the ‘infectivity’
of the RO + WHI1-R3-5 chimeras through the transformation
of their aggregated forms qualifies [REP-PSIT] as a new syn-
thetic yeast prion. However, after serial sub-culturing without
selective pressure, in those clones expressing Sup35p-WT and
cross-transformed with the WH1-R3-5 [REP-PSI*] chimeras,
besides the pink phenotype of the incoming aggregates, red
[psi”] colonies appeared frequently (Figure 3B). These results
indicated that the WH1-R3-5 chimeras can template their con-
formation on Sup35p-WT to generate a new very weak prion
strain (or ensemble of weak strains) that we have named
[PSI+]WH 1.

[REP-PSI*] Prion Assembles Amyloids

Larger than [PS/*]

Biochemical analysis of the solubility of the engineered chimeric
proteins, performed upon their overexpression from the GALI
promoter, showed that constructs RO + WHI1-R3-5 aggregated
massively, whereas RO + WH1-R1-2 were proteolytically more
unstable (Figure 4A). Regarding the extra, higher mobility band
observed in the SDS-PAGE of the whole cellular lysates for
RO + WHI-RI, including a single WH1 hydrophobic repeat
in the context of the Sup35p Q/N-rich sequences might gen-
erate instability in the natural beta-arcades built by the prion,
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FIGURE 3 | [REP-PSI*] aggregates template a prion phenotype on
recipient [psi~] and [rep-psi~] cells. (A) Yeast spheroplasts prepared from
red [psi~] (left) or [rep-psi~] (right) colonies that had spontaneously lost the prion
phenotype (red labels) were transformed with extracts from either [PS/*] or
[REP-PSI*] cells (black labels). Ten-fold serial dilutions of cultures from the
transformed colonies, starting with ODgpg = 0.001, were plated on */sYPD agar.
[REP-PSI*] extracts were able to confer a light pink, weak [PS/*]-like phenotype
to the recipient cells expressing Sup35p-WT (left), or a [REP-PSI*] phenotype to
those expressing the indicated RO + WH1-R3-5 chimeras (right). (B) Cells

% colonies [PSFWH | [psi]

RO+WH1-R3 R0+WH1-R4

RO+WH1-R5

# colonies: 478 469 447

expressing Sup35p-WT and transformed with RO + WH1-R3-5 [REP-PSI]
aggregates (A, left) were diluted 104 in non-selective YPD medium and then
plated on 1/sYPD agar. The high frequency of appearance of red colonies
(arrows) besides the pink clones revealed the instability of a new prion variant,
[PSIHWHT  templated by the chimeras on Sup35p-WT. Right: a quantitative
estimation of stability of the new prion variant, in the form of a histogram display
of the mean values for the ratio between the number of pink [PSIH W' and red
[psi~] colonies from two independent transformation rounds of the

RO + WH1-R3-5 aggregates with subsequent growth in YPD.

which will thus become proteolysis-prone. Following this specu-
lation, that higher mobility band would correspond to molecules
of the chimera that have lost the bit N-terminal to the single
engineered WHI repeat. The RO + WHI1-R1-2 chimeras were
further degraded during the manipulation of the cell lysates for
ultracentrifugation analysis, in spite of performing the experi-
ment at low temperature and supplying the samples with protease
inhibitors. Semi-denaturing detergent agarose gel electrophoresis
(SDD-AGE), a technique for the detection of amyloid aggregates
in a broad range of sizes (Bagriantsev et al., 2006), was car-
ried out by immediately running in the gel the WCL fractions
under conditions that should denature proteases, thus reduc-
ing degradation of the RO + WHI-R1-2 chimeras to a mini-
mum. SDD-AGE revealed (Figure 4B) that the chimeras form
two populations of aggregates according to their electrophoretic
mobilities. The species with higher molecular weights were evi-
dent in RO + WHI1-RI1-5, showing sizes in direct correlation
with the increasing number of RepA-WHI repeats, but were
barely detectable for Sup35p-W'T, RO or the construct carrying
R5 + WHI-R2. This result points to the construction of a dis-
tinct type of assembly by the chimeras in which the hydrophobic
repeats have completely replaced the Q/N-OPRs. The presence

of very high molecular weight species in SDD-AGE has been
described in [PSI] variants resistant to Hspl04 chaperone-
promoted shearing, thus resulting in weak prion phenotypes with
low mitotic stabilities (Derdowski et al., 2010; Alexandrov et al.,
2012).

RepA-WH1 Repeats in [REP-PSI*] Alter the
Structure of the Amyloids Assembled by the
NM-Domains

The results above pointed to a singular structural arrangement
in [REP-PSI™] for the hydrophobic RepA-WH1 OPRs within the
flanking polar Q/N-rich sequences, which remained unaltered
from the Sup35p N-domain. The N and M domains (Figure 1A)
in the [REP-PSIT] chimeras were then fused to the monomeric
red fluorescent protein mCherry and expressed in E. coli. Those
expressed at sufficiently high levels were purified and their assem-
bly morphologies (Figure 5A), average secondary structure com-
positions (Figure 5B), and association states (Figure 5C) were
physically analyzed. NM-mCherry and NM-R0-mCherry con-
trols were able to assemble into fibers under standard conditions
(Giraldo, 2007; Ferndndez-Tresguerres et al., 2010; Figure 5A).
However, NM-mCherry fusions carrying WH1-R2 or WH1-R4
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FIGURE 4 | [REP-PSI*] prions assemble amyloid oligomers larger than
[PSI+]. (A) The soluble (S) and the aggregated (P) protein fractions in whole
cellular lysates (WCL) from yeast overproducing the indicated constructs were
separated by ultracentrifugation. Sup35p and the R5 + WH1-R2

and RO + WH1-R3-5 chimeras preferentially aggregate. (B) In extracts from
cells expressing the chimeras, SDD-AGE resolves two populations of
detergent-resistant amyloid aggregates, with distinct average molecular
weights (Low-MW and High-MW).

did not form fibers, but irregular oligomers whose average sizes
(<10 and ~25 nm, respectively), directly correlated with the
number of hydrophobic repeats. Such oligomers were compati-
ble with the smaller aggregates detected by means of SDD-AGE
for the [REP-PSI"] chimeras (Figure 4B).

Circular dichroism (CD) analysis of the purified proteins
(Figure 5B) indicated a net increase in B-sheet structure (broad
band at ~220 nm) for NM-R2/4-mCherry compared with NM-
mCherry, whereas NM-RO-mCherry spectrum resembled the
spectra of Q/N-rich peptides when forming coiled-coils (red-
shifted band at >225 nm; Fiumara et al., 2010). Since sedimen-
tation velocity experiments (Figure 5C) showed that purified

NM-RO-mCherry was a monomer (s = 2.3 S), such coiled-coil
should be intramolecular. On the contrary, poly-dispersed aggre-
gation was evident as multiple peaks with increasing sedimen-
tation coefficients for NM-R2/4-mCherry and the WT control
NM-mCherry. These in vitro experiments indicated that the
chimeric [REP-PSI] prions, carrying hydrophobic OPRs of bac-
terial origin, assemble as amyloid oligomers rather than fibers, as
Sup35p/[PSI*] does.

[REP-PSI*] Prion Aggregates as

Perivacuolar Foci In Vivo

The NM-mCherry fusion proteins were then expressed in yeast
from a Gal-inducible plasmid (Figure 5D). When the N domain
carried the Sup35p wild-type sequence, the characteristic ring-
like aggregates appeared in the cytoplasm (Tyedmers et al., 2010),
whereas if it lacked all the OPRs (NM-R0O-mCherry) fluores-
cence labeling was found diffused. If the constructs included
the N domain of the distinct [REP-PSI™] chimeras, aggregation
appeared as multiple dots/foci whose sizes increased with the
number of RepA-WHI repeats. They were disposed around the
vacuole (IPOD compartment), as previously described for mature
NM-GFP amyloids (Tyedmers et al., 2010). Interestingly, the
fraction of yeast cells expressing the NM-R2-mCherry chimera
was significantly reduced, and the lysis of many cells became evi-
dent. It has been proposed that the cellular toxicity of hydropho-
bic amyloidogenic peptides is linked to their ability to assemble
as oligomeric pores upon insertion into lipid bilayers (reviewed
in Butterfield and Lashuel, 2010). It might be the case that
NM-R2-mCherry, lacking the ability to further assemble into a
stable parallel superpleated pB-structure (Figure 1B), would have
a preference for membrane targeting.

Discussion

In this work, we have generated chimeras (Figure 1) by replac-
ing the polar OPRs in Sup35p with tandem repeats of the
hydrophobic amyloidogenic stretch found in the bacterial pri-
onoid RepA-WHI1 (Giraldo, 2007; Gasset-Rosa et al., 2008a,
2014). The resulting synthetic [REP-PSI™] prions are functional
in yeast, generating both a strong [PSIT]-like phenotype and
various weak phenotypes (Figures 2 and 3), which are compat-
ible with a cloud of prions strains (Bateman and Wickner, 2013).
These chimeric prions assemble themselves in vitro as discrete
size particles (Figure 5), which probably would suffice to act as
competent propagons in vivo.

Our results suggest that cross-seeding of [REP-PSI™] through
conformational templating, since the wild-type OPRs were absent
from the chimeras, must be exerted by the flanking Q/N-
rich sequences in the N-terminal domain that come from
Sup35p-WT. This is compatible with findings showing that
mutants including hydrophobic and/or aromatic residues at
the N-terminus (residues 1-40) of Sup35p enhance [PSI']
nucleation, whereas aromatic side-chains at the OPRs promote
chaperone-mediated propagation (Toombs et al, 2010, 2011;
Alexandrov et al., 2012; Gonzalez-Nelson et al., 2014; MacLea
etal., 2015). It is noteworthy that such studies were performed by
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10 15

FIGURE 5 | Chimeric NM domains from [REP-PSI*] fused to the
mCherry reporter form oligomeric assemblies. (A) Purified Hisg-tagged
NM-mCherry fusions (15 wM) were assembled in vitro and visualized by
transmission electron microscopy. Insets are twofold magnifications of areas
within dashed boxes. RepA-WH1 repeats drive the assembly of the
NM-mCherry proteins into particles whose sizes increase with the number
or repeats. (B) Circular dicroism (CD) spectra of the purified, preassembled
NM-mCherry proteins (15 wM) showed an increase in B-sheet structure
(broad minima at ~220 nm) for the RO + WH1-R2/4 chimeras.

(C) Sedimentation velocity experiments were performed in an analytical
ultracentrifuge with the same purified NM-mCherry proteins (10 wM) studied
in (A,B). The analyses indicate poly-dispersed aggregation for the chimeras
(i.e., multi-peaked profiles), with a direct correlation between the number of
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RepA-WH1 repeats and the sedimentation coefficient values/number of
peaks. However, the profiles for the RO + WH1-R2/4 chimeras were
simpler than that for the NM-Sup35 fusion, reflecting the ability of the latter
to assemble fibers (A). (D) Epifluorescence microscopy imaging of yeast
cells expressing the chimeric NM-mCherry fusions. Exposure times: 200 ms
(Sup35-WT, RO, RO + WH1-R1), 600 ms (R5 + WH1-R2,

RO + WH1-R3-5), and 2 s (RO + WH1-R2). ND filter: '/a. Left:
superposition of the DIC and fluorescence images. Chimeras carrying

RO + WH1-R3-5 form foci (arrows) whose sizes increase with the number
of WH1 repeats, whereas WH1-R1 is dispersed through the cytoplasm and
RO + WH1-R2 is cytotoxic (cell lysis). The fraction of cells expressing the
chimeras (i.e., those fluorescence-labeled) is indicated (%); 200-400 cells of
each type were counted.
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mutating a single OPR out of five in Sup35p, yielding constructs
somehow analogous to our unstable R5 + WH1-R1-2 chimeras,
whereas in this work we have built a complete assembly made
of up to five hydrophobic repeats (RO + WH1-R1-5). According
to the results discussed here, there seems to be in [REP-PSIT] a
minimum threshold of three hydrophobic WH1 repeats in order
to build a hydrophobic spine in the B-arcades sufliciently stable
to surpass the control exerted by the surrounding natural polar
sequences on prion nucleation and propagation. Thus, the engi-
neered superpleated B-structure in [REP-PSIT] seems to behave
as an orthogonal synthetic module functional in prion propa-
gation, in the sense proposed by Toombs et al. (2012). It has
also been described that point mutations replacing polar Q/Y
residues by charged Lys in OPRs positions confronted in the
p-arcades, thus leading to electrostatic repulsion, result in new
prion variants, [PSI TIMI=M5 " some of which are unstable, and
template on Sup35p-WT a non-epigenetically heritable confor-
mation (Bondarev etal,, 2013, 2014). The ‘prion no more’ mutant
G58D, which affects the second OPR (R2) in Sup35p, can be
incorporated in WT aggregates, leading to increased frequency
of fragmentation, thus compensating for deficiencies in propaga-
tion of weak [PSI™] variants but curing, as dominant-negative,
strong prion variants (DiSalvo et al., 2011; Verges et al., 2011).
We have shown here that even more extensive engineering of the
OPRSs can give way to a new prion, [REP-PSIT], that templates on
Sup35p a new weak variant, [PSIT]"WH!, Conversely, during the
initial expression of the WH1-R1-5 chimeras from plasmids, the
[PSI] prion resident in the yeast cells, before the displacement of
its encoding (SUP35) vector, could influence through templating
the compatibility and selection of the distinct [REP-PSI™] vari-
ants described in this work. Cross-seeded aggregation between
distinct RepA-WHI1 variants has also been reported in bacteria
(Molina-Garcia and Giraldo, 2014). The possible contribution of
the [PSI"]-ancillary prion Rnqlp/[PIN*] (Sharma and Liebman,
2013) to [REP-PSI™] nucleation will require further studies.
Interestingly, the RO + WH1-R3-5 chimeras build oligomers
rather than fibers, as Sup35p does: most probably, having a
large hydrophobic beta-arcade inserted in the polar Q/N-rich
prion domain will impose a hindrance to the assembly of long,
structurally regular fibers. Similarly, the natural, non-Q/N-rich
prion [GART] (Brown and Lindquist, 2009), which has recently
been described to overcome glucose catabolite repression in
Saccharomyces cerevisiae and other yeast (Jarosz et al., 2014), does
not assemble as fibers but as oligomeric aggregates, as described
here for the [REP-PSI"] chimeras. In yeast, under normal condi-
tions, binding of Ssalp (an Hsp70 chaperone) to Sup35p targets
Hsp104p to [PSIT] aggregates for the generation of prion seeds
(Winkler et al., 2012). Sup35p alleles defective in OPRs generate
prions, such as [PSIT]A22/69 (Borchsenius et al., 2001), that also
build large aggregates behaving as unstable, weak prion variants
(Tanaka et al., 2006; Derdowski et al., 2010). When the Q/N-rich
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