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ABSTRACT. Shiga toxin-producing Escherichia coli (STEC) can cause
conditions ranging from diarrhea to potentially fatal hemolytic uremic
syndrome. Enteropathogen adaptation to the intestinal environment is
necessary for the development of infection, and response to bile is an
essential characteristic. We evaluated the response of STEC strain M03
to the bile salt sodium deoxycholate through proteomic analysis. Cell
extracts of strain M03 grown with and without sodium deoxycholate
were analyzed by two-dimensional electrophoresis; the differentially
expressed proteins were identified using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Three proteins
were found to be differentially expressed due to sodium deoxycholate.
Glycerol dehydrogenase and phosphate acetyltransferase, which are
involved in carbon metabolism and have been associated with virulence
in some bacteria, were downregulated. The elongation factor Tu (TufA)
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was upregulated. This protein participates in the translation process
and also has chaperone activities. These findings help us understand
strategies for bacterial survival under these conditions.

Key words: STEC; Proteomic analysis; Phosphate acetyltransferase;
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INTRODUCTION

Shiga toxin-producing Escherichia coli (STEC) are characterized by the ability to
produce Stx1 and/or Stx2 toxins as their main virulence factor. These toxins belong to the
Shiga-toxin (Stx) family, and act by inhibiting protein synthesis in eukaryotic cells leading
to necrosis and cell death. STEC are an important cause of outbreaks and sporadic cases of
bloody diarrhea (hemorrhagic colitis), non-bloody diarrhea and hemolytic uremic syndrome
worldwide. STEC belonging to serotype O157:H7 are most important in North America, Ja-
pan and part of Europe, whereas other STEC serotypes can also cause disease and are more
prominent in other countries (Kaper et al., 2004; Croxen and Finlay, 2010).

The infection strategy of pathogenic bacteria aims to efficiently proliferate in the in-
fected host and to spread into new hosts. To achieve this goal, pathogens are equipped with
basic sets of pathogenicity and fitness, including metabolic factors that allow optimal adapta-
tion to the cellular, immunological, and metabolic characteristics of the infected niches. The
genes encoding virulence factors enable the pathogens to occupy specific habitats in the host
and to survive in these often hostile environments. The metabolic genes enable the pathogens
to utilize nutrients provided by the colonized niche (Fuchs et al., 2012). For intestinal patho-
gens such as STEC, once ingested by a host they must successfully colonize the host intestinal
mucosa to cause disease. These pathogenic strains of E. coli have acquired metabolic and viru-
lence genes that enable them not only to compete successfully with the indigenous microbiota
of the intestine but also to occupy new niches (Miranda et al., 2004; Fabich et al., 2008; Fuchs
et al., 2012). To survive in the human gastrointestinal tract, microorganisms must respond to
several environmental extreme conditions such as pH variations, low oxygen levels, nutrient
limitation, elevated osmolarity and exposure to bile, all of which constitute potential impedi-
ments to survival. Bile is a digestive secretion that plays a major role in the emulsification and
solubilization of lipids. It is also a bactericidal agent that has the ability to affect the phospho-
lipids and proteins of cell membranes and disrupt cellular homeostasis (Begley et al., 2005).
Bile is composed of a multitude of components, including proteins, ions, pigments, cholesterol
and various bile salts. Of these components, bile salts have been shown to provide protection
against pathogenic bacteria. Therefore, the ability of pathogens to tolerate bile is important for
their survival and colonization of the intestine. It is becoming increasingly obvious that bile is
used by enteric pathogens as an environmental signal to establish location and can influence
the regulation of virulence genes. It is likely that some of the gene products involved in bile
tolerance contribute to survival and colonization of the intestinal tract and thus function as
virulence factors (Begley et al., 2005).

Proteomic analysis has become increasingly important, allowing global analysis of
protein expression patterns and providing a better understanding of physiological changes re-
lated to various genetic and/or environmental conditions (Li et al., 2004; Sanchez et al., 2005;
Weber et al., 2006; Xia et al., 2008).
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In this study, we analyzed the cellular proteome of STEC M03 grown in the presence
and absence of the bile salt sodium deoxycholate (DOC) and identified the proteins differen-
tially expressed in its presence.

MATERIAL AND METHODS
Bacterial strain

STEC strain M03 was originally isolated at Parana State, Brazil, from feces of a child
with uncomplicated diarrhea. STEC MO3 produces Shiga-toxin type 1 (Stx1) and belongs to
serotype O69:H11 (De Toni et al., 2009).

Preparation of cellular proteins

STEC MO03 was grown overnight at 35°C in Luria-Bertani broth (LB). Cells were col-
lected by centrifugation at 4000 rpm, at 4°C for 5 min, and resuspended to an OD,, 0f 0.02
in 400 mL of the same medium supplemented or not with 2.5 mM DOC. After three hours of
incubation at 35°C, under stationary conditions, the cells were harvested by centrifugation at
800 x g at 4°C for 7 min and the pellet was washed three times with 30 mL of low-salt washing
sample buffer (3.0 mM KCl, 1.5 mM KH,PO,, 68 mM NaCl, 9.0 mM NaH,PO,) and once with
30 mL of resuspension buffer (10 mM Tris-HCI, pH 8.0, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
DTT). The pellet was then resuspended in a lysis solution (7 M urea, 2 M thiourea, 40 mM
DTT, 4% CHAPS (w/v), 2% Pharmalyte 3-10 (v/v), 1% proteases inhibitor (v/v)), and lysed
by 3 cycles of freeze/thawing. One microliter of the nuclease mix (GE Healthcare, Uppsala,
Sweden) was added for each 100 pL of lysis solution used, the mixture was then centrifuged at
10,000 g for 15 min at 4°C. The supernatant was stored at -20°C until use. Protein concentra-
tion was determined by the Bradford method using bovine serum albumin as standard. Four
independent experiments were performed, each one in duplicate.

2-D electrophoresis and data analysis

Protein isoelectric focusing was performed with 13 cm IPG strips and linear pH in the
range 4-7 in an Ettan IPGphor Isoelectric Focusing System (GE Healthcare). The strips were re-
hydrated with rehydration buffer (2 M thiourea, 7 M urea, 2% CHAPS, 0.05% DTT, 0.5% Phar-
malyte pH 3-10 and 0.002% bromophenol blue) containing 350 pg cell extract protein in a final
volume of 250 uL. Strips were rehydrated for 11 h at 20V, and then submitted to the isoelectric
focusing using the following conditions: 500 Vh; 800 Vh; 11300 Vh and 12000 Vh, for a total
of 17.5 kV. After this step, the strips were sequentially treated for 15 min with equilibration
buffer (75 mM Tris-HCI, pH 8.8, 6 M urea, 29.3% glycerol (v/v), 2% SDS (w/v) and 0.002%
bromophenol blue) containing 1% DTT (w/v), and then in equilibration buffer supplemented
with 3.5% iodoacetamide (w/v). The second dimension was performed in SDS- polyacrylamide
(12%) gel electrophoresis in a Hoefer SE 600 vertical electrophoresis system (GE Healthcare)
until the front reached the bottom of the gel, at 45 mA/gel, 11°C. The gels were stained over-
night with PhastGel Blue R (GE Healthcare). Spot detection and quantification were performed
with Image Master2D Platinum 5.0 (GE Healthcare) software. A protein was considered to be
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differentially expressed in the presence of DOC when the mean normalized spot volume varied
at least 1.7- fold relative to the control (absence of DOC) and P < 0.05 (Student r-test).

Protein digestion and mass spectrometry identification

Spots of protein differentially expressed were excised manually from the 2D gels and
destained twice in 400 puL 50% acetonitrile and 25 mM ammonium bicarbonate pH 8.0, for 30
min. The gel pieces were then immersed in 200 pL 100% acetonitrile for 5 min. The acetonitrile
was removed and the gel dried at room temperature. Protein digestion was performed with 20 ng/
uL sequencing grade trypsin (Promega, Madison, WI, USA) in 10% acetonitrile and 40 mM am-
monium bicarbonate pH 8.0, in a final volume of 10 uL and incubated overnight at 37°C (Wester-
meier and Naven, 2002). Aliquots of 1 pL of the digests were then mixed with a saturated solution
of a-cyano-4-hydroxycinnamic acid (in 50% acetonitrile, 0.1% (v/v) trifluoroacetic acid), spotted
onto the MALDI target and allowed to dry. Mass spectra were acquired using a MALDI-TOF-
MS/MS Autoflex spectrometer (Bruker Daltonics, Bremen, Germany) in a positive ion reflection/
delayed extraction mode with an accelerating voltage of 20 kV, delay time of 150 ns and acquisi-
tion mass range 800-3200 Da. External calibration was performed using the peptide calibration
standard II (Bruker Daltonics). Peak lists were created using Flex Analysis 3.0 (Bruker Dalton-
ics). Search parameters allowed for one missed tryptic cleavage site. The carbamidomethylation
of cysteine was set as fixed and oxidation of methionine as variable modification. Error tolerance
was 100 ppm for peptide mass fingerprint search, and for MS/MS ion search was 0.6 Da. MAS-
COT 2.2 (www.matrixscience.com) was used to identify proteins from peptide mass fingerprints,
and the searches were performed against the Swiss-Prot database. Protein identifications were
confirmed by analyzing the same spot from at least two different gels.

RESULTS AND DISCUSSION

Bile resistance is an essential characteristic of enteric bacteria that allows their surviv-
al in the intestinal environment (Begley et al., 2005; Merritt and Donaldson, 2009). Bile salts
penetrate the E. coli outer membrane through OmpF porin (Thanassi et al., 1997), and are able
to cause membrane perturbations, oxidative stress, and DNA damage (Bernstein et al., 1999;
Begley et al., 2005; Merritt and Donaldson, 2009). It was found that in response to bile E.
coli is able to actively pump out bile salts through the efflux system AcrAB, thus limiting the
toxic action of these compounds (Thanassi et al., 1997). In the diarrheagenic strains of E. coli,
enteropathogenic E. coli (EPEC) and atypical enteropathogenic E. coli (aEPEC) bile salt stress
resulted in an increase in adhesion of bacteria to human epithelial cells (de Jesus et al., 2005;
Torres et al., 2007). Microarray analysis of STEC 0157:H7 indicated that the presence of bile
salts resulted in protective alterations of the outer membrane, downregulating the expression
of OmpF porin, through which bile pass into the periplasm of E. coli, and upregulating the
efflux pump AcrA-AcrB, thereby limiting the toxic effects on the bacteria. Other responses,
which do not appear to be required for resistance to bile itself, were also observed. Among
them, the upregulation of genes whose products are responsible for lipid A modification con-
ferring bacterial resistance to several cationic antimicrobial peptides, suggesting that bile may
be acting as an environmental signal which triggers outer membrane modifications for resis-
tance to defensins, part of the innate immune system in the small intestine (Kus et al., 2011).
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It has been proposed that bile serves as an environmental signal that triggers the ex-
pression of adaptive responses, including expression of colonization and virulence genes in
enteric bacteria permitting successful transit through the intestine (Prouty and Gunn, 2000;
Begley et al., 2005; Merritt and Donaldson, 2009; Kus et al., 2011).

In the present work, the response of STEC M03 to the presence of the bile salt DOC was
analyzed by 2D electrophoresis. Approximately 340 protein spots were detected in the 2D gels
prepared with the cellular extracts of STEC MO03 in both tested conditions (absence and presence
of DOC); representative maps are shown in Figure 1. No protein exclusively expressed in the
presence of DOC was detected. However, five proteins had their expression affected by DOC
and three of them were identified, with two being downregulated (Table 1, Figure 1).

Figure 1. 2-D electrophoresis of protein cellular extract of STEC M03 grown in the presence (A) and absence (B)
of 2.5 mM sodium deoxycholate. Numbers in circles indicate the proteins differentially expressed in the presence
of DOC.

Table 1. Peptide mass fingerprint matching of proteins differentially expressed by STEC M03 grown in the
presence of 2.5 mM DOC.

Spot No.*  Protein ID Accession  Strain with MW/pl MW/pl  Peptide Sequence Score¢  Fold-  MS¢ Fragmentation®
No.? greater score  experimental theoretical search/ coverage change'
(kDa) (kDa)*  match® (%)

Proteins downregulated in the presence of 2.5 mM sodium deoxycholate

585 Glycerol gi 71159372 E. coli O6 38/5.06 39/4.81 - 2 27 3.90 MS2 LGEYLKPLAER
dehydrogenase

75 Phosphate gi 71152910  E. coli K-12 73/5.65 77/5.28  25/10 17 93 1.85 MS/MS2  DAEVVLVEGLV
acetyltransferase PTR

Protein upregulated in the presence of 2.5 mM sodium deoxycholate

1234 Elongation i 68053541 E. coli 43/516 43530 28/11 36 19 170 MS
factor Tu O157:H7

*Spot number refers to the proteins labeled in Figure 1; *accession number in the NCBI database; ‘informed by

MASCOT/Swiss-Prot database; ‘number of searched and matched peptides; score obtained in matching by the

MASCOT software; ‘change in abundance of protein spots compared to the control; ¢indicate if the proteins were

identified by MS or MS? mode; "peptide fragment identified by MS? mode.

One of the proteins downregulated corresponds to glycerol dehydrogenase GldA (EC
1.1.1.6) which has broad substrate specificity (Tang et al., 1979; Kelley and Dekker, 1985; Sub-
edi et al., 2008). In E. coli GIdA expression in stationary phase is higher than during logarith-
mic phase of growth, and full expression is achieved in the presence of hydroxyacetone under
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stationary-phase growth (Truniger and Boos, 1994). However, the role of this enzyme is not
clearly established (Tang et al., 1979; Truniger and Boos, 1994). On basis on the affinity and
specificity of the enzyme towards dihydroxyacetone (DHA) at physiological pH, and the sensi-
tivity of a g/ld4 mutant to this compound, it was recently proposed that the primary role of E. coli
GIdA is to regulate the intracellular level of dihydroxyacetone, a toxic metabolite, by converting
it to glycerol (Subedi et al., 2008). However, a key role for GIdA in fermentative glycerol dis-
similation was recently described in E. coli. In this pathway, GldA is responsible for the conver-
sion of glycerol to DHA, which is sequentially transformed by dihydroxyacetone kinase, to the
glycolytic intermediate DHA-phosphate. Additionally, GIdA is also involved in the synthesis of
1,2-propanediol from hydroxyacetone, providing a means of consuming excess reducing equiva-
lents during cell growth, maintaining redox-balanced conditions (Gonzalez et al., 2008).

In addition to a role in metabolism, a function in virulence has also been suggested for
proteins with glycerol dehydrogenase activity. In E. coli K1, a cause of neonatal meningitis,
it was suggested that CglD, a protein that shares high homology with GIdA and has glycerol
dehydrogenase activity, is involved in virulence, where it is associated with induction of the
inflammatory response and severe damage to the host (Zhang et al., 2009).

In Salmonella enterica serovar Typhimurium, there are two putative glycerol dehydro-
genase genes, gldA coding for GldA, and another called glhA4, coding for a glycerol dehydro-
genase hypothetical or alternative GlhA. Glycerol dehydrogenase activity is required for full
expression of 4il4, a regulator of Salmonella pathogenicity island 1 (SPI-1), which is required
for invasion of epithelial cells of the intestine. In gldA4 and glhA mutants, hil4 expression is ap-
proximately 80 and 110%, respectively, compared to the wild-type strain. For the double mutant,
hilA expression was approximately 60% of that of the parent strain, suggesting that these two
genes are redundant for activation of £ilA4 and that either one is required for %ilA full expression
(Nakayama and Watanabe, 2006). Furthermore, in the presence of bile, there is a marked de-
crease in transcription of SPI-1 genes (Prouty and Gunn, 2000; Prouty et al., 2004; Hernandez et
al., 2012), suggesting that Salmonella uses bile as an environmental signal to repress its invasive
capacity in the intestine lumen where bile concentrations are high, but that after the penetration
of the mucus layer and association with intestinal cells, when bile concentrations are decreased,
invasion may then be initiated (Prouty and Gunn, 2000; Begley et al., 2005).

Although the physiological role of GIdA is uncertain, this enzyme is associated with
STEC MO3 response to DOC. We speculate that in addition to a role in glycerol metabolism,
GIdA may also be associated with virulence in strain M03.

Phosphate acetyltransferase (Pta, EC 2.3.1.8), an enzyme involved in acetate dissimila-
tion, was also found to be downregulated in STEC MO3 in the presence of DOC. Acetate is pro-
duced from acetyl coenzyme A (CoA) in reactions catalyzed by Pta and acetate kinase (AckA). Pta
reversibly converts acetyl-CoA and inorganic phosphate to acetyl-phosphate and regenerates CoA,
while AckA reversibly converts acetyl-phosphate and ADP to acetate and ATP, coupling energy
metabolism with that of carbon and phosphorus. In E. coli, the levels of AckA and Pta, as well as
their enzymatic activity, vary in response to diverse environmental factors such as anaerobic con-
ditions (Wolfe, 2005). The downregulation of Pta in presence of DOC may be related to the role
of acetyl CoA, a key intermediate in the degradation and biosynthesis of lipids. Considering that
DOC may cause damage to the bacterial membrane (Begley et al., 2005), increased lipid synthesis
that depends on acetyl CoA may be involved. Therefore, the downregulation of Pta, reducing the
formation of acetyl phosphate, would increase the availability of acetyl CoA for lipid synthesis.
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The cell pellet obtained from STEC MO03 cultures grown in presence of DOC was
smaller than that from cultures in its absence (not shown). This effect may be related to the
downregulation of Pta since acetyl-phosphate, which is generated in a reaction catalyzed by
Pta, regulates various cellular processes such as cell division, nitrogen assimilation and os-
moregulation, besides flagellar biosynthesis and assembly, biofilm development, some stress
effectors and expression of outer membrane porins (Shin and Park, 1995; Pruss, 1998; Wolfe
et al., 2003; Wolfe, 2005). In addition, mutants for Pta or Pta and AckA grow more slowly
than wild type E. coli (Pruss, 1998; Wolfe et al., 2003). Acetyl phosphate also regulates the
biosynthesis of some virulence factors such as pili and capsule (Wolfe et al., 2003; Wolfe,
2005), and plays a role in the pathogenesis of some bacteria. A pta mutant of the urinary E. coli
CFTO073 showed the inability to colonize the mouse kidney (Anfora et al., 2008). In Salmo-
nella enterica Typhimurium a pta mutant was shown to be impaired in growth and attenuated
in BALB/c mice (Kim et al., 20006). In Vibrio cholerae, a pta mutant also had a growth defect,
did not produce the toxin co-regulated pilus, and also had reduced production of the cholera
toxin (Chiang and Mekalanos, 1998). It has been suggested that acetyl phosphate can serve as
a global signal in bacterial pathogenesis (Xu et al., 2010).

Considering that both, GldA and Pta have been associated with virulence in bacteria,
we speculate that these enzymes, in addition of their metabolic roles, may also participate in
the virulence of STEC M03.

The elongation factor Tu (EF-Tu, TufA) was found to be up-regulated by DOC in strain
MO3 (Figure 1, Table 1). This protein is part of the translation machinery transporting the amino-
acyl-tRNA to the ribosome. However, it has been shown that E. coli EF-Tu also has chaperone-
like activities in addition to its function in translation. EF-Tu interacts with unfolded and dena-
tured proteins and has been implicated in protein folding and renaturation when the bacteria are
submitted to different stresses, including heat shock and guanidine, which denature protein, and
the reducing agent dithiothreitol which disturbs the redox balance in the cytoplasm (Caldas et al.,
1998; Han et al., 2008). EF-Tu is also overexpressed in Bifidobacterium longum NCIMB 8809
after bile salt exposure (Sanchez et al., 2005). Furthermore, it was shown that EF-Tu exhibits
higher expression in E. coli cells isolated from the gastrointestinal tract than those isolated from
feces cultures of gnotobiotic mice, suggesting that passage through the intestine activates its ex-
pression (Alpert et al., 2009). EF-Tu overexpression may be a protective response of strain M03
to overcome cellular damage after DOC exposure, by acting as a chaperone.

To cause infection, pathogenic bacteria must obtain the nutrients necessary for growth
and survival from the infection site. Pathogenic bacteria respond to specific signals within host
microenvironments, and their proliferation requires specific metabolic pathways, and thus, it is of
fundamental importance to understand the bacterial physiology at the infection site (Brown et al.,
2008) to aid the development of new therapeutic strategies. Our results indicate that the bile salt
DOC affects the expression of at least three proteins in STEC MO03. The downregulation of Pta and
GIdA may be related to metabolic and virulence control in STEC M03 under this study condition,
while upregulation of EF-Tu is probably part of a general response to chemical stress. The specific
roles of these proteins in resistance to bile and pathogenicity of STEC will be further investigated.
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