Mass spectrometry-based profiling of the carbon starved
Escherichia coli proteome reveals upregulation of stress-
inducible pathways implicated in biofilm formation and
antibiotic resistance.

Rakhan Aimbetov, Vasily Ogryzko

Starvation is a complex adaptive response to insufficiency of nutrients that has been
known to implicate a number of stress networks, and modulate pathogenicity and
antibiotic resistance in bacteria. However, naturally occurring abrupt elimination of
nutrients and prolonged periods of their complete absence, e.g. when bacteria are placed
in natural or artificial water reservoirs, are qualitatively different from in-culture late
stationary phase energy source diminution. Despite the obvious importance of proteomic
investigation of bacteria exposed to nutrient deficiency, no comprehensive study on the
subject has been published. In order to address the said shortage of knowledge, we
decided to quantitatively look into the proteome-level alterations elicited by the complete
lack of nutrients that constitute a viable source of carbon, i.e. carbon starvation, in the
Escherichia coli HT115-derived SLE1 strain cells using the combination of label-free and
SILAC-based proteomics. As a result, we obtained protein ratios for 1,757 and 1,241
protein groups for each technique respectively, 2D-annotated the quantifiable proteins
present in both datasets, identified over- and underrepresented Gene Ontology terms, and
isolated protein groups =2-fold up- and downregulated in response to carbon starvation
(44 and 36 protein groups respectively). We observed upregulation of proteins implicated
in various stress-related networks, most notably those that constitute the Gene Ontology
term 'Biological adhesion', as well as various terms related to stress. Additionally, we
identified several uncharacterized proteins, and our report is the first to ascribe them to a
stress-induced proteome. Our data are available via ProteomeXchange with identifier
PXD003255 and DOI:10.6019/PXD003255.
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ABSTRACT

Starvation is a complex adaptive response to insufficiency of nutrients that has been known to
implicate a number of stress networks, and modulate pathogenicity and antibiotic resistance in
bacteria. However, naturally occurring abrupt elimination of nutrients and prolonged periods of
their complete absence, e.g. when bacteria are placed in natural or artificial water reservoirs, are
qualitatively different from in-culture late stationary phase energy source diminution. Despite the
obvious importance of proteomic investigation of bacteria exposed to nutrient deficiency, no
comprehensive study on the subject has been published. In order to address the said shortage of
knowledge, we decided to quantitatively look into the proteome-level alterations elicited by the
complete lack of nutrients that constitute a viable source of carbon, i.e. carbon starvation, in the
Escherichia coli HT115-derived SLE1 strain cells using the combination of label-free and
SILAC-based proteomics. As a result, we obtained protein ratios for 1,757 and 1,241 protein
groups for each technique respectively, 2D-annotated the quantifiable proteins present in both
datasets, identified over- and underrepresented Gene Ontology terms, and isolated protein groups
>2-fold up- and downregulated in response to carbon starvation (44 and 36 protein groups
respectively). We observed upregulation of proteins implicated in various stress-related networks,
most notably those that constitute the Gene Ontology term 'Biological adhesion’, as well as
various terms related to stress. Additionally, we identified several uncharacterized proteins, and
our report is the first to ascribe them to a stress-induced proteome. Our data are available via

ProteomeXchange with identifier PXD003255 and DOI:10.6019/PXD003255.

INTRODUCTION
Continuous development of mass spectra acquisition tools, in parallel with sophisticated
bioinformatical data analysis environments, has ensured the rising popularity of mass

spectrometry as a powerful technology for protein identification and quantification. Stable
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isotope labeling by amino acids in culture (SILAC) is a preferred approach when it comes to
quantitative evaluation of relative protein abundance based on metabolic incorporation of 'light'
or 'heavy' versions of lysine and arginine into nascent polypeptides (Mann, 2014). The possibility
of simultaneous sample manipulation, granted by the labeling, conveniently allows uniform
processing eliminating the variation in preparation and analysis. Label-free quantification, on the
other hand, is a cheaper and less laborious technique that has recently been getting more attention
due to its virtual universality (Megger et al., 2013).

Bacterial starvation is a complex phenotype of growth retardation, reduced viability, and overall
switching of cellular metabolic machinery to a more robust energy-saving mode in response to
the stress of nutritional scarcity. Given the implication of stress-induced pathways in modulation
of pathogenicity (Fang et al., 1992; Suh et al., 1999; Thompson et al., 2003) and antibiotic
resistance (Nachin, Nannmark & Nystrom, 2005; Petrosino et al., 2009; Nguyen et al., 2011;
Poole, 2012; Bernier et al., 2013; Bokinsky et al., 2013; Prax & Bertram, 2014), the study of
proteome-level alterations evoked by starvation possesses a significant theoretical and practical
interest. However, upon having closely examined the available literature, we have to admit that
the research which truly looks into the proteome of a nutrient-deprived bacterial cell is lacking. In
order to appease the current shortage of data on proteomic peculiarities of a starved bacterial cell,
we embarked on assessing the qualitative and quantitative changes imparted by carbon starvation

on a bacterial proteome utilizing the combination of label-free and SILAC methodologies.

MATERIALS AND METHODS

Strain and culture conditions — We used HT115-derived Escherichia coli strain SLE1
auxotrophic for arginine and lysine. The cells were grown in M9 minimal medium (5.8 g/L
Na,HPOs,, 3 g/ KH,PO4, 0.5 g/L NaCl, 1 g/L NH4Cl,, 1 mM MgSO,, 0.2% glucose, 0.01%

thiamine), supplemented with 0.3 mM of either '*Cs-lysine/"*Cs'*Ns-arginine ('light') or *Cs-
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lysine/"Cs'*Ny-arginine (‘heavy’) amino acids, at 37°C and 150 rpm. Carbon starvation was
achieved by incubation of the cells in the medium devoid of amino acids and glucose for 48 hrs
(Fig.S1).

Sample preparation — The cells were collected by centrifugation, washed once with cold PBS,
and lysed in 1X LDS loading buffer (Novex). After estimation of protein concentration, equal
quantities of protein, typically <400 pg, were processed in accordance with FASP protocol
(Wisniewski et al., 2009). Briefly, a necessary volume of a reduced protein sample, up to 30 pL,
was mixed with 200 uL of 8 M urea in 0.1 M Tris-HCI pH 8.5 and loaded on 10 kDa cut-off spin
filters (Millipore). Cysteines were alkylated by 50 mM iodoacetamide in the urea solution for 20
min in the dark. Protein digestion was performed by 15 ng/uL trypsin in 50 mM ammonium
bicarbonate for 18 hrs at 37°C. Eluted peptides were desalted on Vivapure C18 micro spin
columns (Sartorius Stedim Biotech), desiccated in SpeedVac and dissolved in 10 pL of LC buffer
A (0.1% formic acid in water).

Mass spectra acquisition — LC/MS analysis was performed on EASY-nLC 1000 (Thermo
Scientific) paired with Q Exactive quadrupole-orbitrap hybrid mass spectrometer (Thermo
Scientific). The peptide mixture was separated on EASY-Spray 15 cm x 75 pm 3 pm 100A C18
PepMap® reverse-phase column (Thermo Scientific) using 150 min three-step water-acetonitrile
gradient (0-120 min, 5 — 35% LC buffer B (0.1% formic acid in acetonitrile); 120-140 min, 35
— 50%; 140-145 min, 50 — 90%; hold for 5 min) at 300 nL/min flow rate. The intensities of
precursor ions were gauged in positive mode at scan range 400-2,000 m/z, resolution 70,000,
automatic gain control (AGC) target 1 E6, maximum injection time 100 ms, followed by
forwarding 10 most intense ions of a spectrum for MS2 fragmentation and measurement at
resolution 17,500, AGC target SE4, maximum injection time 100 ms, isolation window 2 m/z
with 30 sec dynamic exclusion.

Discovery analysis — Raw mass spectrometric data were analyzed by Proteome Discoverer
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v.1.4.0.288. MS2 spectra were searched against the Escherichia coli Swiss-Prot database using
Mascot engine set for 10 ppm precursor mass and 0.02 Da fragment mass tolerances with 2
allowed missed cleavage sites. For labeled samples, the amino acid modifications were as
follows: *Cg-lysine (+6.020129 Da) and "*Cs'"*Ny-arginine (+10.008269 Da) SILAC labels,
methionine oxidation (+15.994915 Da) as dynamic, cysteine carbamidomethylation (+57.021464
Da) as static. For unlabeled samples: methionine oxidation and asparigine/glutamine deamidation
(+0.984016 Da) as dynamic, cysteine carbamidomethylation as static. False discovery rate (FDR)
was calculated using Percolator (Brosch et al., 2009) with 0.01 strict and 0.05 relaxed target cut-
off values.

Protein quantification — Label-free comparative protein quantitation was carried out in Sieve
v.2.1.377. Total ion current (TIC) alignment was done on 5-120 min segment with 2 min
retention time (RT) shift limit. Framing was performed on a 400-2,000 m/z range with RT and
m/z widths equal to 2.5 min and 10 ppm respectively while ‘Frames from MS2 scans’ option was
assigned a TRUE value. Protein IDs were imported from Proteome Discoverer. SILAC H/L ratios
were determined using Proteome Discoverer's Precursor lons Quantifier node with the
experimental bias normalization based on at least 20 protein counts.

GO term enrichment — Two-dimensional annotation enrichment was done in Perseus v.1.5.0.9
(Cox & Mann, 2012). The lists of over- and underrepresented pathways were created using the
functional annotation tool of DAVID Bioinformatic Resources 6.7 database
(http://david.abcc.ncifcrf.gov/) (Huang, Sherman & Lempicki, 2009).

Data reposition — All raw files with the accompanying result output have been uploaded to
ProteomeXchange Consortium repository (http://www.proteomexchange.org/) via PRIDE

(Vizcaino et al., 2013) with the dataset identifier PXD003255 and DOI:10.6019/PXD003255.

RESULTS
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For brevity, henceforth in this paper the samples and proteins derived from unlabeled cells will be
simply referred to as label-free or LFQ, e.g. label-free samples, LFQ proteins, while if originated
from metabolically labeled cells they will be referred to as labeled or SILAC, e.g. labeled
samples, SILAC proteins.

The goal of the present project was to quantify the qualitative changes, triggered and enhanced by
starvation, of a cellular composition in relation to a proteome pertinent to cells exponentially
growing in the late log-phase (ODgo 0.3). The combination of label-free- and SILAC- based
quantification avenues permits the usage of these two methods as validators of each other, and
consequently allows the confident identification of differentially regulated proteins and networks
thereof while weeding out the inevitable 'flukes' in detection.

For practical reasons we define starvation as a state which develops in response to nutrient
scarcity, and that is marked by decline in cellular growth, proliferation, and overall viability. The
scientific literature provides conflicting information on the time required for Escherichia coli to
achieve starvation. It seems, however, that the duration of deprivation largely depends on the
strain under investigation and the conditions selected to elicit starvation. In order to tailor our
conditions to the strain chosen, we undertook a series of direct plate count experiments in which a
certain dilution of starved incubation culture was plated out onto LB-agar medium at defined
time points with subsequent enumeration of the colonies grown. As a result we have learned that
48 hours is a threshold after which the cells start to lose their viability (data not shown).
Accordingly, our workflow employed 48 hours starvation period for both LFQ and SILAC
methodologies as optimal for our purposes.

The MS analysis of label-free samples resulted in 130,526 and 118,455 spectra for exponential
and starved cells which matched 8,603 and 7,769 high-confidence peptides assigned to 1,602 and
1,437 protein groups (1,757 in total) respectively. For labeled samples, 125,220 spectra, matched

with 6,037 high-confidence peptides, allowed to identify 1,241 protein groups.
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132 Of 1,757 protein groups discovered by the label-free approach 1,128 were quantifiable (Table S1
133 and S2), whereas of 1,241 groups identified by the SILAC-based technique 1,087 were quantified
134 (Table S3 and S4). Of the groups with calculated ratios 822 were present in both datasets

135 (Fig.S2). The ratios of the protein groups common for both sets were log,- and z-transformed, and
136 plotted for correlation analysis (Fig.1). The ratio distribution followed the Gaussian pattern,

137 whereas the Pearson's correlation coefficient between the ratios, obtained using the two methods,

138  was equal to 0.63 (R*=0.39).
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logs-transformed SILAC ratios

139 Figurel. Comparison and correlation analysis of log,-transformed SILAC (x) and LFQ (y)
140 ratios. Histogram on top, distribution of the protein ratios obtained by SILAC-based

141 quantification (n = 822). Histogram on the right, distribution of the protein ratios obtained by
142 label-free quantification (n = 822). Scatter plot, the protein ratios plotted against x and y axis (n =
143 822). Green, protein ratios > 1. Red, protein ratios < -1. Blue, protein ratios [-1, 1]. Pearson's

144  correlation score R = 0.63 (R? = 0.39).
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145  Gene Ontology (GO) is a comprehensive vocabulary of genes' and gene products' functional
146  descriptions arranged into categories and terms (Ashburner et al., 2000). In order to establish
147  what metabolic pathways were affected by the starvation we took advantage of Perseus's two-
148 dimensional annotation feature (Cox & Mann, 2012) and compared LFQ and SILAC datasets
149  isolating GO terms with the highest enrichment and correlation score (Table S5, Fig.2). As seen
150 from the figure, the most overrepresented biological process GO term (GOBP) was 'Biological
151 adhesion' which is in line with numerous reports of various stresses converging on cellular

152  adhesion in bacteria, as we will discuss in more detail in the next section. Conspicuous

153  underrepresentation of 'Small ribosomal subunit’ and 'Large ribosomal subunit' cellular

154 compartment terms (GOCC) reflects the overall downshift in de novo protein synthesis and

155 downregulation of ribosomal proteins in starved cells.
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Figure 2. Two-dimensional GO term annotation enrichment of SILAC- (x) and LFQ-
quantified (y) proteins. Scatter plot, GO terms plotted against x and y according to their
correlation s-score. GOBP, Gene Ontology biological process category. GOCC, Gene Ontology

cellular compartment category. GOMF, Gene Ontology molecular function category.
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Of 822 protein groups analyzed, 44 and 36 displayed more than two-fold up- and downregulation
respectively (Fig.1, Table S6). In order to narrow down the input data for GO term enrichment to
entries that actually display the differential expression, we used the lists of the mentioned 44 and
36 proteins as queries for DAVID Bioinformatic Resources 6.7 online database-based annotation
enrichment tool with subsequent assignment of the proteins to metabolic pathways prospectively
affected by starvation (Table S7). Expectedly, the set of overexpressed proteins displays
enrichment of various stress GOBP terms, such as GO:0050896~response to stimulus,
GO:0006950~response to stress, GO:0009597~detection of virus, etc. Stress-related pathways, as
discussed below, tend to implicate the same key players and to a large extent entail overlapping
physiological and morphological changes, thus explaining the involvement of seemingly

irrelevant terms, such as 'Detection of virus', in a starvation response.

DISCUSSION

For most microbes in their natural habitats starvation is a norm with a state of satiety being a
seldom event (Kolter, Siegele & Tormo, 1993; Finkel, 2006). In accordance with this logic, the
reports describing microbial features in nurtrient-enriched laboratorial environments do not fully
convey the nuances of an inner cellular dynamics in regard to the cell's natural milieu. Given the
implication of starvation, on par with other frequent naturally occurring stresses, in modulation of
pathogenicity, the study of '-omic' changes secondary to prolonged periods of nutrients deficiency
presents a task of valid medical importance. Remarkably, few publications, to our knowledge,
deal with this topic with the breadth of a shotgun proteomics with one notable exception being
the paper by Soares et al. (Soares et al., 2013). However, despite the comprehensiveness of their
study, the authors do not look into the starvation per se instead interrogating the cells at a late
stationary phase which we believe is qualitatively different from the complete absence of any

external nutrients, and surely, as mentioned above, is far from what bacteria face in nature. In
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order to fill the described gap, we combined label-free and SILAC approaches to perform
comparative quantitative proteomic analysis of log-phase and carbon starved bacteria using high-
throughput mass spectrometric pipeline.

It is known, that nutritional downshift results in a rapid expression of a number of survival-
promoting stress modulators, most notably an integration host factor (IHF) (Nystrom, 1995), an
alternative RNA polymerase sigma factor rpoS (Dong & Schellhorn, 2009; Sharma & Chatterji,
2010), and a guanosine tetraphosphate (ppGpp) (Traxler et al., 2008). Bibliographical survey of
the proteins, found to be upregulated by starvation, expectedly revealed the involvement of some
of them with the various stress networks controlled by said modulators. For instance, it had been
shown that universal stress proteins, represented in our list of upregulated proteins by E and F
family members, are controlled by ppGpp and confer resistance to oxidative agents (Nachin,
Nannmark & Nystrom, 2005), and UV-induced DNA damage (Diez, Gustavsson & Nystrom,
2000; Gustavsson, Diez & Nystrom, 2002). Osmotically-inducible protein Y, downstream rpoS, is
upregulated at stationary phase and protects against hyperosmolarity (Yim & Villarejo, 1992;
Dong & Schellhorn, 2009).

One of the most prominent hallmarks of starvation in bacteria is so-called 'stringent response' — a
state, regulated by ppGpp, of severe diminution of de novo protein synthesis and intensified
turnover of pre-existing proteins (Poltrykus & Cashel, 2008; Kuroda, 2006). Moreover, it had
been reported that for survival under starvation cells equally require both unhampered protein
degradation (Reeve, Bockman & Matin, 1984), and synthesis (Reeve, Amy & Matin, 1984). The
observed downregulation of ribosomal proteins may in part be explained by their elimination by
the Lon protease which had been shown to break the former down in response to the
accumulation of ppGpp (Kuroda, 2006). Upregulated ribosome-associated inhibitor A (RaiA)
further contributes to attenuation of protein synthesis by binding to ribosomal A-site and

impeding polypeptide chain elongation (Agafonov & Spirin, 2004). YqjD, with paralogous ElaB
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and YgaM, binds to 70S and 100S ribosomes and is implicated in translation inhibition (Yoshida
et al., 2012).

One might note that 50S ribosomal subunit protein L31 is actually upregulated upon starvation
rendering the link between the nutrient insufficiency and downregulation of ribosomal proteins
dubious. However, in Bacillus subtilis the L31 protein exists in two paralogs, RpmE and YtiA
(Gabriel & Helmann, 2009; Nanamiya & Kawamura, 2010), whose incorporation into a ribosome
in dependent on intracellular zinc concentration. Under zinc-limiting conditions the expression of
zinc-binding motif-lacking YtiA is induced by derepression of its gene by transcriptional
repressor Zur (zinc uptake regulator) consequently displacing the zinc-binding motif-containing
RpmE from a ribosome. Upregulation of zinc uptake proteins ZnuA and ZinT could serve as an
indication of undercurrent zinc deficiency (Bhubhanil et al., 2014) but, taking into consideration
the equal presence of Zur in starved and exponentially growing cells, one may assume that the
deficiency is not pronounced enough to elicit a universal exchange of RpmE for YtiA.

Upon entry to stationary phase bacterial cells undergo dramatic morphological changes. They are
smaller in size (Grossman, Ron & Woldringh, 1982) which is in accord with overall
downregulation of protein synthesis described in the previous paragraphs. Stationary-phase
Escherichia coli cells develop increased cell envelope resilience and pressure resistance as well
(Charoenwong, Andrews & Mackey, 2011) reflecting the changes in cell wall structure aimed at
withstanding challenges of stress.

Starved bacterial cells display tendency towards grouping: the failure to separate after division,
described in (Wainwright et al., 1999), results in filamentous growth which conforms to the
reports of UspE-dependent cell aggregation (Nachin, Nannmark & Nystrom, 2005), and
transcriptional factor BolA-mediated biofilm formation (Guinote et al., 2014; Dressaire et al.,
2015) (both of the proteins were upregulated by starvation). Our 2D annotation analysis

unequivocally showed that starved cells are enriched in 'Biological adhesion’ GO term and thus
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underscores the importance of said pathway in survival under stress.

Formation of cellular aggregates, such as biofilms, could serve as a defense mechanism against
antibiotics as described in (Nguyen et al., 2011; Bernier et al., 2013). However, it seems that
starved cells also possess protection against general broad-spectrum biocides: e.g., it had been
reported that energy substrate limitation might diminish the microbial susceptibility to
benzalkonium (Luppens, Abee & Oosterom, 2001; Bjergbaek et al., 2008), as well as to common
disinfectants such as chlorine (Lisle et al., 1998; Saby, Leroy & Block, 1999). Moreover, starved
Streptococcus mutans exhibited higher resistance to anti-cancer agents NaF and chlorhexidine
acetate (Tong et al., 2011). Thus, given the readily involvement of adhesion mechanisms in
response to stress, it is extremely important to understand the peculiarities of cell aggregation in
relation to antibiotic resistance.

As we have shown, stress-related pathways form an intricate web of connections often recruiting
the same key players to respond to different stimuli. The elucidation and verification of the role
of each player and its possible companions would require a separate study. However, the insights
gained by the large-scale proteomics can outline possible 'angles of attack' to address some
problems. For example, the iron transporter FecA, shown in our study to be overexpressed in
response to the absence of nutrients, had been shown to be essential for superoxide dismutase
(SOD) activation in Helicobacter pylori (Tsugawa et al., 2012), whereas in Shigella flexneri it is
associated with pathogenicity and antibiotic resistance (Luck et al., 2001). Given the importance
of iron transporters in cell survival under oxidative stress (Nicolaou et al., 2013), the verification
of implication of FecA in Escherichia coli stress endurance might prove promising.

In our study we were especially interested in uncharacterized entries on our list of proteins
accumulated during starvation. Although with unknown function, some of them have already
been identified as participants in various stress-regulated networks: YgaU and YahO had been

identified as members of rpoS regulon (Ibanez-Ruiz et al., 2000; Lacour & Landini, 2004) with
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former partaking in osmotic stress response (Weber, Kogl & Jung, 2006), and cell wall
remodeling (Bernal-Cabas, Ayala & Raivio, 2015); YqjD, as mentioned earlier, is an inner
membrane protein associated with stationary-phase ribosomes (Yoshida et al., 2012); a putative
lipoprotein YbjP, regulated by rpoS (Lacour & Landini, 2004), and YahK partake in biofilm
formation (Tenorio et al., 2003; May & Okabe, 2011). However, for YdcL, YbeL, YibT, YnfD,
YccU, YicH and YpfJ the present report is the first to ascribe them to a stress-induced proteome.
Interestingly, we noticed some discrepancy between our results and the ones gained by Soares et
al. (Soares et al., 2013) in regard to the uncharacterized proteins. In particular, in their study the
authors could not detect YdeL, YgaM and YnfD at any stage, whereas for YbeL they report
steady decrease in abundance as cells proceed through growth phases. For YibT they observed a
sharp two-fold upregulation of the protein at an early stationary phase (T4) with subsequent
three-fold decline at a late stationary phase (T5). YpfJ followed the inverse pattern displaying the
lowest abundance at T4 with signs of reversion at TS. YdcL, YicH and YahK did not display any
significant change in abundance throughout the time range.

As we have discussed earlier, an acute energy source withdrawal that leads to abrupt starvation-
induced stress response, and nutrient-depleted late stationary phase differ in nature and, therefore,
may theoretically affect different regulatory nodes and/or implicate them to greater or lesser
degree. It is entirely possible that the discrepancy between the data described in the previous
paragraph stems from the differences in approaches to starvation, although the choice of the

working strain and sample preparation routine must too be taken into consideration.

CONCLUSIONS
To summarize, we performed a broad study of the Escherichia coli proteome afflicted by carbon
starvation. We identified 44 proteins implicated in a number of stress resistance networks whose

expression was positively affected by the absence of nutrients. The bibliographical search
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corroborated our findings since many of the proteins had been shown to be regulated by various
known stress modulators. However, the data gathered contains a vast body of useful information
on thousands of proteins and peptides not represented in the present report. Our data is publicly

available for possible inquiries through the ProteomeXchange Consortium repository.
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