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Abstract: Adhesive-invasive E. coli have been suggested to be associated with the development of
Crohn’s disease (CD). It is assumed that they can provoke the onset of the inflammatory process as
a result of the invasion of intestinal epithelial cells, and then, due to survival inside macrophages,
stimulate chronic inflammation and the development of granuloma. In previous reports, we have
shown that passage of the CD isolate ZvL2 on minimal medium M9 supplemented with sodium
propionate (PA) as a carbon source stimulates, and with glucose - inhibits the adherent-invasive
properties and the ability to survive in macrophages. This effect was reversible and not observed
for the laboratory strain K12 MG1655. We were able to compare the isogenic strain AIEC in two
phenotypes - virulent (ZvL2-PA) and non-virulent (ZvL2-GLU). We showed that, unlike ZvL2-
GLU, the ZvL2-PA activates the production of ROS and cytokines when interacting with
neutrophils. The laboratory strain does not cause a similar effect. Differences in neutrophil NADH-
oxidase activation and ( potential for ZvL2-GLU and ZvL2-PA are associated with changes in the
abundance of membrane proteins. Using differential 2D electrophoresis and LC-MS, we identified
membrane proteins that may be associated with the activation of the virulence properties of the CD
isolate ZvL2.

Keywords: Crohn’s disease; Crohn’s disease-associated adherent-invasive Escherichia coli (AIEC);
propionic acid; neutrophiles; membrane proteins; 2D electrophoresis; LC-MS analysis

1. Introduction

Adhesive-invasive Escherichia coli (AIEC) were first isolated from the ileal mucosa of a patient
with Crohn’s disease (CD) which is a severe chronic immune-mediated granulomatous inflammatory
disease of the gastrointestinal tract. It turned out that they are able to successfully penetrate the mucin
layer, overcome the epithelial barrier, and also survive and multiply inside macrophages [1,2].
Bacteria with such properties were assigned to a special group of pathobiont adhesive-invasive E. coli
[3-5]. AIEC activity is accompanied by the release of pro-inflammatory cytokines [6], i.e. surviving
and multiplying inside macrophages, they enhance the inflammatory process. The role of AIEC in
the onset or chronicity of CD is not well-defined. However, it has been proposed that these bacteria
could trigger the onset of the inflammatory process as a result of the invasion of intestinal epithelial
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cells, and then, due to their survival within macrophages, they could stimulate chronic inflammation
and granuloma development [2].

As soon as A. Darfeuille-Michaud et al. identified the AIEC pathotype in 2004 [2], the search for
unique genes that could explain this phenotype began. In 2010, the first AIEC genomes were
sequenced and since then, many comparative genomic studies have been carried out in an attempt to
elucidate the characteristics of the AIEC genome and identify a genetic biomarker [7,8]. However, no
gene or gene sequence has yet been identified that is unique to the AIEC pathotype. Only those genes
that were more abundant in AIEC strains compared to non-invasive E. coli strains were identified.
Among them are genes associated with capsule formation, propanediol utilization, pili components,
and iron retention [9-14]. An analysis of single nucleotide polymorphisms (SNPs) in AIEC genomes
was also performed. However, specific SNPs for the AIEC pathotype have not been identified. It is
suggested that changes in the sequence of the three genes fimH, chiA, and ompA may be associated
with the virulence properties of AIEC [15-17]. The mechanisms that are responsible for the ability to
attach and penetrate into epithelial cells, as well as to survive and replicate in macrophages are still
poorly understood. AIEC do not have genetic invasive determinants characteristic of enteroinvasive,
enteropathogenic or enterotoxigenic E. coli [1,18]. Only a few virulence factors have been identified.
Among them the flagellum and type I pili, chitinase ChiA, outer membrane porins OmpA and
OmpW (they are involved in adhesion-invasion) [19-21], as well as the ibeA gene, which plays a role
in the interaction between epithelial cells and macrophages, and also promotes colonization of mouse
intestine [22].

Pathogens use a variety of mechanisms, including the induction of inflammation, the direct or
indirect destruction of commensal species, and the use of alternative carbon sources to survive
[23,24]. AIEC are shown to be able to utilize ethanolamine and propanediol, which are formed during
the catabolism of phospholipids, fucose or rhamnose, propionate and other metabolites [21,25,26].
Metabolic plasticity is thought to allow AIEC to act as an opportunistic pathogen in conditions of
intestinal inflammation. We have previously shown that passage of AIEC from a CD patient (CD
isolate) on M9 minimal medium supplemented with sodium propionate (PA) as a carbon source leads
to a strong increase, and passage on M9 medium supplemented with glucose, on the contrary, leads
to a significant decrease in adhesive-invasive properties and ability to survive in macrophages [21].
We were able to compare the isogenic CD isolate in two states: virulent with high adhesive-invasive
activity and ability to survive in macrophages, and non-virulent, when these properties are lost. In
contrast to the CD isolate, passage of the laboratory strain K12 MG1655 on the M9 medium
supplemented with PA did not cause a similar effect.

Neutrophils are detected in inflamed colon in Crohn’s disease and percentage of neutrophils
correlated with endoscopic score [27]. Both increase in neutrophil carcinoembryonic antigen-related
cell adhesion molecule 6 CD66b (in mucosa) and CD64 (in blood) were registered with disease
aggravation. CD66b (CEACAMS) has been reported to participate in neutrophil adhesion [28]. AIEC
are known to bind to CEACAMS via the FimH protein, which is a component of type I pili [15]. CD64
is the high affinity Fc receptor for IgG and its expression on circulating neutrophils might increase
during any infectious process [29]. Recruitment of neutrophils is necessary for killing of invading
pathogens via release of granule contents, phagocytosis with respiratory burst and generation of
extracellular traps. In this work, we performed a comparative analysis of the production of reactive
oxygen species and cytokines by neutrophils during their interaction with virulent and non-virulent
phenotypes of the CD isolate ZvL2 (ZvL2-PA and ZvL2-GLU, respectively). Membrane proteins are
the first to interact with innate immune cells. Therefore, we performed a comparative proteomic
analysis of membrane fractions isolated from ZvL2-PA and ZvL2-GLU using 2D-DIGE and LC-MS.
The laboratory strain K12 MG1655 was used as a control.
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2. Results

2.1. Kinetics of ROS Production by Isolated Human Blood Neutrophils upon Activation by a CD Isolate
ZvL2 and a Laboratory Strain MG1655 without and in the Presence of Autologous Serum

Preliminary cellular cultures of CD isolate ZvL2 and laboratory strain K12 MG1655 were
obtained and subjected to five passages in M9 medium supplemented with PA (ZvL2-PA and
MG1655-PA) or glucose (ZvL2-GLU and MG1655-GLU). The activation of isolated neutrophils was
assessed using lucigenin-dependent chemiluminescence (Luc-CL), which is sensitive to superoxide
anions. Figure 1 shows typical time curves of the Luc-CL response of neutrophils stimulated with
cells of virulent (ZvL2-PA) and non-virulent (ZvL2-GLU) phenotypes. Experiments were conducted
both in the absence and presence of 2% autologous serum. Without serum addition, both ZvL2-PA
and ZvL2-GLU exhibited low capacity to induce neutrophil activation. The amplitude and total
luminescence values of Luc-CL in response to the addition of CD isolate passaged in glucose were
8.9 + 1.9 V and 1538 + 130 V, respectively, approximately twice as high compared to those of the
isolate passaged in PA (5.0 £ 1.1 V and 598 = 72 V, respectively). When autologous serum was added
to isolated neutrophils, the amplitude and total luminescence values of the Luc-CL response
significantly increased. For ZvL2-PA, they reached 64.6 + 6.8 V and 7880 + 133 V, respectively,
whereas for ZvL2-GLU, these values were significantly lower, averaging 19.1 + 8.7 V and 4689 + 614
V. As a control, similar experiments were conducted for the laboratory strain K12 MG1655 (Figure 1,
B). In this case, we also observed weak activation of isolated neutrophils without serum addition
(amplitude and total luminescence values in response to MG1655 cells passaged in glucose (MG1655-
GLU) and PA (MG1655-PA) were 8.4 +1.3 V; 343 +37 V and 8.4 £ 0.67 V; 187 £ 14 V, respectively). In
the presence of 2% autologous serum, the amplitude and total luminescence values increased and
reached 33.8 £ 8.6 V and 5280 + 450 V for MG1655-GLU activation, and 30.6 +4.0 V and 5689 + 1050 V
for MG1655-PA activation. The results indicate that interactions between bacteria and neutrophils
occur even in the absence of serum; however, opsonization of bacteria enhanced the activation of
NADH-oxidase. The mean values of amplitude and total luminescence observed for MG1655 did not
depend on the carbon source used for culture growth. In the case of the CD isolate, these values were
three times higher for ZvL.2-PA compared to ZvL2-GLU. These data are consistent with our previous
results, which showed that the virulence properties of ZvL2-PA, namely adhesive-invasive potential
and survival in macrophages, were significantly increased, whereas they were low in ZvL2-GLU [21].
The outer membrane of Gram-negative bacteria, such as E. coli, plays a central role in controlling
bacterial interactions with the external environment. One of the reasons for the significant differences
in neutrophil activation by ZvL2-PA and ZvL2-GLU cells, as well as between ZvL2-PA and MG1655-
PA cells, could be the structure of lipopolysaccharides (LPS) and changes in the repertoire and
abundance of outer membrane proteins, particularly receptors binding antibodies or complement
components.

d0i:10.20944/preprints202408.1083.v1
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Figure 1. Time-course of neutrophil Luc-enhanced CL response, stimulated with ZvL2-GLU, ZvL2-
PA (A), MG1655-Glc, MG1655-PA (B) or 0.15M NaCl in absence (a-c) or in the presence (d-f) of 2%
autologous serum. b, e - amplitude (Delta) and ¢, f - integral intensity (}.) of neutrophil CL Luc-
enhanced CL response. C - cytokines content (pg/ml) in medium after incubation of neutrophils with
E. coli. D -  -potential measured in cell culture ZvL2-GLU, ZvL2-PA and MG1655-GLU, MG1655-PA.
(* p<0.05 vs 0.15 M NaCl; *p<0.05 vs ZvL2-GLU according to Student’s (Mann-Whitney) test.

2.2. Production of Cytokines TNF-a, IL-6, IL-18 by Isolated Human Blood Neutrophils after Incubation with
CD Isolate ZvL2 and Laboratory Strain MG1655 In Vitro and C-Potential

To assess cytokine production, human blood neutrophils were incubated with ZvL2-PA and
ZvL2-GLU cells, as well as with MG1655-GLU and MG1655-PA cells (Figure 1, C). Cytokine
production in the extracellular medium was determined using ELISA. Interaction of neutrophils with
ZvL2-PA cells resulted in a 5-fold increase in IL-13 production and a 2-fold increase in TNF-a
production compared to ZvL2-GLU. In the case of MG1655-PA, IL-1{3 production increased 2-fold,
and TNF-a production increased 2.5-fold compared to MG1655-GLU. IL-6 production was
approximately the same for both the CD isolate and the laboratory strain. The difference in the
amount of cytokines produced by neutrophils when interacting with ZvL2 and MG1655 cells grown
in M9 medium with the addition of PA or glucose may be related to the restructuring of the outer cell
wall of bacteria, which occurs when switching from one carbon source to another. We also compared
the C-potential values measured in cells of both strains grown on PA and glucose. These values
differed significantly: bacteria grown on PA had more negative values than bacteria grown on
glucose (Figure 1, D).

2.3. Comparative Proteomic Analysis of Membrane Fractions Isolated from the Cells of the CD Isolate ZvL2
and Laboratory Strain MG1655

Membrane-enriched fractions were isolated from the CD isolate and laboratory strain cells after
five passages in minimal M9 medium supplemented with glucose or PA. A comparative proteomic
analysis of these membrane fractions was performed using two independent methods: two-
dimensional electrophoresis (2D-DIGE) with differential staining and HPLC-mass spectrometry.
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2.3.1. 2D-DIGE

The results of 2D-DIGE are shown in Figures 2 and 3. Differentially expressed proteins and their
quantitative characteristics are presented in Figure 4. For the CD isolate ZvL2, 35 differentially
expressed proteins were reliably identified, while 24 were identified for the laboratory strain. Passage
of both the CD isolate ZvL2 and the laboratory strain MG1655 in minimal medium supplemented
with PA resulted in significant changes in the representation of membrane proteins compared to
growth on glucose. These changes were mostly similar for both strains. The abundance of porin
OmpW and one isoform of OmpF significantly increased, while the abundance of porin OmpX
decreased in both cases. It is known that the expression of the OmpX gene is associated with the
formation of a flagellar apparatus [30] and it decreases during starvation [31], when E. coli loses its
flagella as an energy-intensive complex. It is likely that under starvation conditions when growing
on PA, both isolates may shed their flagella. For both isolates, the levels of EntB and EntE proteins
involved in the biosynthesis of enterobactin, a siderophore that binds trivalent iron and maintains its
homeostasis in the cell, increase. PA induces an increase in one isoform and a decrease in another
isoform of the Fe-binding protein FepA, which binds ferrienterobactin and allows E. coli to extract
iron from the environment. PA also causes an increase in the number of proteins involved in LPS
synthesis. Common to both strains is the increase in mannose-1-phosphate guanylyltransferase
ManC and UTP--glucose-1-phosphate uridylyltransferase GalU. PA also induces an increase in the
abundance of transport proteins - outer membrane protein FadL (transport of long-chain fatty acids),
LamB (transport of maltose and maltooligosaccharides), glutamine ABC transporter ATP-binding
protein GInQ, and outer membrane protein TolC (forms an outer membrane channel necessary for
the functioning of several efflux systems). A common PA-induced protein in ZvL2-PA and MG1655-
PA is rod shape-determining protein MreB, an actin-like protein necessary for maintaining rod shape
and ensuring uniform peptidoglycan distribution, which is crucial for maintaining shape during
growth [32]. Alongside this, we observed a significant increase in the level of elongation factor EF-
Tu. Besides its canonical function, EF-Tu can be transported to the cell surface and participate in
interactions with membrane receptors and the extracellular matrix on eukaryotic cell surfaces.
Surface-localized EF-Tu has been shown to participate in adhesion to eukaryotic cells and bind
complement factors and plasminogen [33,34]. EF-Tu also interacts with MreB in E. coli [35]. Since it is
well known that eukaryotic EF-Tu (eEF1A) interacts with actin and influences cell shape, it has been
hypothesized that a similar function may exist in prokaryotes. Indeed, EF-Tu has been shown to
modulate MreB filament formation by binding MreB in a 1:1 ratio in B. subtilis and E. coli [36]. The
increase in MreB and EF-Tu levels during growth on minimal media with PA may be related to the
specific singularity of cell division under these growth conditions. PA induces a significant increase
in the levels of chaperones IbpA and IbpB in both ZvL2-PA and MG1655-PA, which protect against
irreversible protein aggregation during stress [37]. However, another interesting functional role of
IbpA has been identified. It plays a role in FtsZ localization and chromosome segregation during cell
division. Among the common PA-induced proteins in ZvL2-PA and MG1655-PA that increase two-
fold or more, we identified serine/threonine protein kinase YeaG, whose function and targets are not
well studied. For both isolates, the level of homocysteine methyltransferase MetE, involved in
methionine biosynthesis, decreases. Therefore, PA induces significant rearrangements in the
abundance of membrane proteins in both the CD isolate ZvL2 and the laboratory strain MG1655.
However, we were more interested in those proteins whose abundance changed only in the case of
Zv12, as these proteins may be associated with the formation of a virulent phenotype. We determined
that PA induces a decrease in the abundance of the bifunctional protein TrpGD, involved in the
biosynthesis of L-tryptophan, DNA protection during starvation protein Dps, and peptidoglycan-
associated lipoprotein Pal in the CD isolate ZvL2. The latter is part of the Tol-Pal system, a protein
complex of the outer membrane of Gram-negative bacteria that plays a role in the invagination of the
outer membrane during cell division and is necessary for maintaining the integrity of the outer
membrane. Disruption of the Tol-Pal complex leads to changes in the polar localization of
chemoreceptors, cell motility, and chemotaxis. It is suggested that the Tol-Pal complex restricts the
mobility of chemoreceptor clusters at cell poles and may be involved in regulatory mechanisms that
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coordinate cell division and chemosensory mechanism segregation [38]. Among the proteins whose
abundance increases, we identified two enzymes involved in the biosynthesis of the 8-carbon sugar
component of lipopolysaccharides - 2-dehydro-3-deoxyphosphooctonate aldolase KdsA and
arabinose 5-phosphate isomerase KdsD. 3-deoxy-D-manno-octulosonic acid (KDO) connects lipid A
with the oligosaccharide chain and plays an important role in forming the barrier function and
stability of the outer membrane [39]. It is known that the loss of LPS due to KDO deficiency
destabilizes the membrane structure, presumably causing significant disruptions in membrane
protein localization and cell division. Besides these two proteins, the most noticeable differences were
changes in the abundance of isoforms of porins OmpA.
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120 kDa OmpA
>~ AgnB.
BamA~, g MetE
b - PAB
e “
A7 P G
FepA all®
AwB, Tolc—t o G N [Toformsof  fluorescence
LamB, \ » OmpA intensity Cy¥CyS
i an‘ A FisA (Z¥L2-PA/
o AtpA o o
adl PP Angl OmpA 1 1014 132
]"‘ 3 o v ./\“XHK OmpA 2 227+030
? slxcls/" l:;n’&\ OmpA 3 003001
KdsA OmpA 4 0.07 =001
Omp:
v lnxn/’\(')\“:{,\ RO ManX 4 OmpA § 0514007
{ G ll“h“ OmpA 6 11132 145
S )1. ) N . LN OmpA 7 2872037
i OmpA GInQ ey L
OmpA 9 040005
OmpA 10 1102014

P
OmpW Pl

OmpX”" /‘3.\ .'\n,,\ OmpA

TbpB
10 kDa TopA

Figure 2. A - comparative proteomic analysis of membrane fractions of CD isolate ZvL2 grown on
glucose (GLU) and propionate (PA) for 5 passages revealed by differential 2D gel electrophoresis (pH
range 3,5-10). Membrane proteins isolated from ZvL2-PA are stained with green cyanine, membrane
proteins isolated from ZvL2-GLU are stained with red cyanine. Green spots on the 2D map
correspond to membrane proteins, the level of which increases by 2 or more times, and red spots -
decrease by 2 or more times when comparing isolates grown on PA relative to GLU. The cutoff score
for protein identification in the mascot engine was 44 (p<0.05). B - a fragment of a 2D map with the
location of spots corresponding to the OmpA. C - an increase or decrease in the level of OmpA
isoforms in the ZvL2 isolate grown on the M9 medium supplemented with PA or glycose.
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Figure 3. A - comparative proteomic analysis of membrane fractions of K12 MG1655 grown on glucose
(GLU) and propionate (PA) for 5 passages revealed by differential 2D gel electrophoresis (pH range
3,5-10). Membrane proteins isolated from MG1655-PA are stained with green cyanine, membrane
proteins isolated from MG1655-GLU are stained with red cyanine. Green spots on the 2D map
correspond to membrane proteins, the level of which increases by 2 or more times, and red spots -
decrease by 2 or more times when comparing isolates grown on PA relative to glucose. The cutoff
score for protein identification in the mascot engine was 44 (p<0.05). B - a fragment of a 2D map with
the location of spots corresponding to the OmpA. C - an increase or decrease in the level of OmpA
isoforms in the ZvL2 isolate grown on the M9 medium supplemented with PA or glycose.
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Figure 4. The functions of proteins, the abundance of which increases (right) or decreases (left) by
more than two times in ZvL2-PA and MG1655-PA compared to ZvL2-GLU and MG1655-GLU.

2.3.2. OmpA

One of the advantages of 2D electrophoresis is the identification of protein isoforms. The 2D
map shows that the OmpA protein is represented in the form of isoforms that differ not only in pl
value but also in molecular weight (Figure 2). Similar OmpA isoforms have been observed previously
[40,41]. It is suggested that the formation of isoforms may be related either to sample preparation for
2D electrophoresis or due to post-translational modifications (PTM), amino acid substitutions, or
deamidation. The molecular weight of OmpA in E. coli is 37428 Da, pl - 5.65, which corresponds to
spot No. 1 on the 2D map (Figure 2). Spots 2, 3, 4, and 5 are shifted to the acidic region. Spots 6-10 are
located lower and differ in molecular weight by approximately 5 kDa. It has been shown that the
electrophoretic mobility for fully denatured and native or partially denatured OmpA differs: OmpA
is considered denatured when it forms a band around 35 kDa and ,native” when it forms a band
around 30 kDa [42]. In our case, the apparent molecular mass of fully denatured OmpA is 37.4 kDa.
Spots 6-10 on the 2D map have an apparent molecular mass of about 32 kDa and, apparently,
represent partially denatured OmpA. The relative abundance of OmpA isoforms varies greatly when
comparing ZvL2-PA and ZvL2-GLU (Figure 2). PA induces an increase in the levels of some isoforms
(spots 1-2, 6-7) and a significant decrease in others (spots 3-5 and 9). A completely different picture is
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observed in the case of the laboratory strain MG1655. It is characterized by the absence of two
isoforms (spots 4 and 5) observed in ZvL2. PA causes a significant decrease in the levels of all OmpA
isoforms except spot 1 (Figure 3). The quantitative assessment of the change in OmpA isoform levels
for the CD isolate and the laboratory strain is shown in Figures 2 and 3. The porin OmpA is a
multifunctional protein that plays an important role in the pathogenesis process. The diversity of
OmpA isoforms may be associated with its numerous functions. One of the reasons for the formation
of isoforms is phosphorylation. Using 2D electrophoresis and staining with the Pro-Q Diamond dye
specific for phosphate groups, we analyzed phosphorylated proteins in the membrane fraction
isolated from ZvL2-PA cells (Figure 2D). The spots corresponding to isoforms 6-10 of the OmpA
protein are stained with Pro-Q Diamond, indicating that they all carry phosphate groups. The shift
of these spots to the acidic region may indicate that the number of phosphate groups increases from
spot 6 to spot 10.

Although OmpaA is a highly conserved protein, it has variable regions - four external loops
connecting the membrane (3-barrels of the N-terminal domain. These regions play a role in the
protein’s interaction with the external environment. It has been suggested that variations in the
sequences of certain genes (fimH, chiA, and ompA) may be associated with the virulent properties of
AIEC [10]. Previously, we conducted whole-genome sequencing of the CD isolate ZvL2 [8]. We
compared the amino acid sequences of OmpA from the laboratory strain K12 MG1655, the CD isolate
ZvL2, and the reference AIEC LE-82 (Figure 5). We identified two amino acid substitutions (SNPs) in
loop 4 (N176H and L186M) and two substitutions in the C-terminal domain (N228T and G276A) in
the CD isolate ZvL2 compared to the laboratory strain and LF-82. Unlike LF-82, the K12 and ZvL2
isolates have a four-amino acid insertion (GASF) in loop 3. It has been shown that such an insertion
is characteristic of invasive enterobacteria [43]. It cannot be excluded that the unique amino acid
substitutions in ZvL2 may contribute to the diversity of OmpA’s functional properties.

Consensus MKKTAIAIAVALAGFATVAQAAPKDNTWYTGAKLGWSQYHDTGFIPNNGPTHENQLGAGAFGGYQVNPYV

p ZVL2 MKKTAIAIAVALAGFATVAQAAPKDNTWYTGAKLGWSQYHDTGFIPNNGPTHENQLGAGAFGGYQVNPYV 70
» MG1655 MKKTAIAIAVALAGFATVAQAAPKDNTWYTGAKLGWSQYHDTGFIPNNGPTHENQLGAGAFGGYQVNPYV 70
p LF82 MKKTAIAIAVALAGFATVAQAAPKDNTWYTGAKLGWSQYHDTGFINNNGPTHENQLGAGAFGGYQVNPYV 70

Consensus GFEMGYDWLGRMPYKGDNINGAYKAQGVQLTAKLGYPITDDLDIYTRLGGMVWRADTKANVPGGASFKDH

> ZVL2 GFEMGYDWLGRMPYKGDNINGAYKAQGVQLTAKLGYPITDDLDIYTRLGGMVWRADTKANVPGGASFKDH 140
> MG1655 GFEMGYDWLGRMPYKGDNINGAYKAQGVQLTAKLGYPITDDLDIYTRLGGMVWRADTKANVPGGASFKDH 140
p LF82 GFEMGYDWLGRMPYKGSVENGAYKAQGVQLTAKLGYPITDDLDVYTRLGGMVWRADTKSNFDG----KNH 136

Consensus DTGVSPVFAGGVEYAITPEIATRLEYQWTNNIGDAHTIGTRPDNGMLSLGVSYRFGQGEAAPVVAPAPAP

P ZVL2 DTGVSPVFAGGVEYAITPEIATRLEYQWTNNIGDANTIGTRPDNGLLSLGVSYRFGQGEAAPVVAPAPAP 210
P MG1655 DTGVSPVFAGGVEYAITPEIATRLEYQWTNNIGDAHTIGTRPDNGMLSLGVSYRFGQGEAAPVVAPAPAP 210
» LF82 DTGVSPVFAGGVEYAITPEIATRLEYQWTNNIGDAHTIGTRPDNGMLSLGVSYRFGQGEAAPVVAPAPAP 206

Consensus APEVQTKHFTLKSDVLFTFNKATLKPEGQAALDQLYSQLSNLDPKDGSVVVLGYTDRIGSDAYNQALSER

» ZVL2 APEVQTKHFTLKSDVLFNFNKATLKPEGQAALDQLYSQLSNLDPKDGSVVVLGYTDRIGSDAYNQGLSER 280
p MG1655 APEVQTKHFTLKSDVLFTFNKATLKPEGQAALDQLYSQLSNLDPKDGSVVVLGYTDRIGSDAYNQALSER 280
p LF82 APEVQTKHFTLKSDVLFTFNKATLKPEGQAALDQLYSQLSNLDPKDGSVVVLGYTDRIGSDAYNQALSER 276

Consensus RAQSVVDYLISKGIPADKISARGMGESNPVTGNTCDNVKQRAALIDCLAPDRRVEIEVKGIKDVVTQPQA
» ZVL2 RAQSVVDYLISKGIPADKISARGMGESNPVTGNTCDNVKQRAALIDCLAPDRRVEIEVKGIKDVVTQPQA 350
» MG1655 RAQSVVDYLISKGIPADKISARGMGESNPVTGNTCDNVKQRAALIDCLAPDRRVEIEVKGIKDVVTQPQA 350

p LF82 RAQSVVDYLISKGIPADKISARGMGESNPVTGNTCDNVKQRAALIDCLAPDRRVEIEVKGIKDVVTQPQA 346
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Figure 5. Comparative analysis of amino acid sequences of the OmpA protein of CD ZvL2 isolate,
laboratory strain K12 MG1655, and reference strain AIEC LF-82.

2.3.3. Shotgun LC-MC Analysis

A comparative LC-MS analysis of membrane fractions corroborated and extended the data
obtained through 2D-DIGE, indicating that PA induces significant changes in the abundance of
membrane proteins. We identified 382 differentially expressed proteins for the CD isolate ZvL2 and
284 for K12 MG1655 with a cutoff of FC=1 and p-value=0.05 when comparing membrane fraction
proteomes isolated from E. coli grown in M9 medium supplemented with PA versus glucose (Figure
6, Table S1). Among these, 81 proteins exhibited increased abundance, and 28 proteins showed
decreased abundance when the isolates were grown in medium with PA compared to glucose,
common to both isolates (Figure 6, C).
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Figure 6. Vulcano plots indicating the number of differentially expressed proteins in CD isolates ZvL2
(A) and laboratory strain MG1655 (C), grown on M9 medium supplemented with sodium propionate
(PA) relative to glucose. C, Venn diagrams showing the number of common and unique differentially
expressed proteins for each isolate.

Figure 7 presents the functional groups of differentially expressed proteins. Transcription
factors, lipoproteins, transporter proteins, and subunits of the NADH-dehydrogenase-cytochrome
bo3 complex (NDC) were most notable among the upregulated proteins for both isolates. NDC
facilitates the oxidation of NADH produced by the tricarboxylic acid cycle (TCA), generating a proton
gradient for ATP synthesis (we also observed increased abundance of ATP synthase subunits for both
isolates). This complex is crucial for maintaining a specific NADH/NAD+ ratio in the cell. An increase
in reduced equivalents inactivates the TCA cycle, while an accumulation of oxidized equivalents
activates it. NDC mediates the metabolic flux switch in bacteria. When PA is used as a carbon source,
the TCA cycle is activated because the methyl citrate cycle of PA utilization produces pyruvate, which
is further metabolized in the TCA cycle. Increased NDC components are associated with the
metabolic switch to PA utilization in E. coli. Amino acid biosynthesis enzymes, transporter proteins,
and proteins involved in translation were most prominent among the down-regulated proteins in
both isolates. We previously demonstrated that E. coli cells grow significantly slower in M9 medium
with PA compared to glucose. The reduction the abundance of these proteins is associated with the
slowed growth of our isolates in PA-containing medium. Lipid metabolism proteins and proteins
related to the transport and biosynthesis of LPS were identified among the upregulated proteins for
the CD isolate ZvL2, distinguishing it from the laboratory strain. Amino acid biosynthesis enzymes
were among the down-regulated proteins. For the laboratory strain, a large number of ribosomal
proteins were found among the down-regulated proteins, which were not detected in the CD isolate.

We were interested in tracking changes common to both strains and those specific to the CD
isolate but not observed in the laboratory strain. We identified several main directions in protein
abundance changes when the isolates were grown in PA medium compared to glucose.
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Figure 7. The functions of proteins, the abundance of which increases (right, red) or decreases (left,
blue) in ZvL2-PA compared to ZvL2-GLU (A) and MG1655-PA compared to MG1655-GLU (B).

2.3.3.1. PA Upregulates Envelope Stress Proteins in Both Strains

We noted that both strains exhibit an increase in envelope stress-related proteins when cultured
in PA medium compared to glucose (Figure 8, A). We observed increased abundance of sensor
lipoproteins within two-component systems. Among them is the OmpR protein, a member of the
EnvZ/OmpR two-component regulatory system involved in osmoregulation. It is known to regulate
the expression of outer membrane proteins OmpF and OmpC in response to changes in medium
osmolarity. The total amount of OmpF and OmpC in E. coli cells remains relatively constant, but their
levels are regulated in response to environmental stimuli [44]. Additionally, OmpR is known to
regulate a broad range of genes, including the major flagellar regulon flhDC in E. coli [45], the
csgDEFG operon, and curli fimbriae production [46—48]. The lipoprotein NIpE was also included.
NIpE is known to be a universal envelope sensor that uses its structure, localization, and interactions
with other envelope proteins to initiate adaptation to various signals [49]. Its C-terminal domain is
involved in environmental sensing, while the N-terminal domain interacts with the sensor kinase
CpxA, activating the Cpx regulatory pathway. NIpE also regulates the interplay between two crucial
envelope biogenesis processes: lipoprotein sorting and protein folding [50]. We also found that PA
induces an increase in a-trehalose-phosphate synthase OtsA and sodium/proline symporter PutP
levels, which are associated with cellular responses to osmotic stress. Thus, PA activates two-
component sensor regulatory systems related to osmotic stress in both strains. Among envelope
stress-related proteins, we found that only in the case of ZvL2-PA does the abundance of the PhoP
protein, a member of the PhoP/PhoQ two-component regulatory system (involved in adaptation to
low Mg2+ environments, control of acid resistance genes, and antimicrobial peptide resistance), the
sensor histidine kinase KdpD (part of the KdpE/KdpD two-component regulatory system responsible
for osmotic stress response, K+ limitation, and reduced cell turgor), and the mechanosensitive
channel protein MscL increase. PhoPQ controls the transport of cardiolipin to the outer membrane,
with elevated levels found in bacteria under stress, particularly osmotic pressure [51,52]. We found
increased levels of two cardiolipin biosynthesis enzymes, cardiolipin synthases (ClsB and ClsC), in
ZvL2-PA.


https://doi.org/10.20944/preprints202408.1083.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 August 2024 d0i:10.20944/preprints202408.1083.v1

12

LPS

l 3 C 3
EptC |

GlcC : &

1 RfalL 1

WaaF
I 2 : vabJ I 2
i WecF -3

LpxK

A

Envelope stress b B Transcription factors

MscL

WaaQ

LpxC

| KdpD Galu

LptE

LpxM

PhoQ

LptG

LptA
PutP

LpxA

LptB

NIpE MilaA

GalF
LptD

YejM

YfhG

fAalv4

N
<

=
N

Iz
GS9LOW
GS9LOW
GS9LOW

Figure 8. Differentially expressed envelope stress proteins (A), transcription factors (B) and LPS
transport and LPS biosynthesis proteins (C) in ZvL2-PA compared to ZvL2-GLU and MG1655-PA
compared to MG1655-GLU. White boxes are the proteins with non-significant changes.

2.3.3.2. PA-Induced Changes in Regulator Protein Abundance Differ between CD Isolate and
Laboratory Strain

We identified several regulatory proteins that were upregulated in ZvL2-PA (Figure 8, B). These
include the Rcs signaling system component, outer membrane sensor lipoprotein RcsF. The Rcs
signaling system regulates the transcription of numerous genes, including those involved in colanic
acid synthesis, biofilm formation, cell division, and outer membrane protein synthesis [53]. RcsF is
exported to the outer membrane, presumably through the Lol system [54]. Another regulator protein
is ArcA, a member of the ArcB/ArcA two-component regulatory system. Recent data on ArcAB
function under aerobic conditions challenge its canonical role as a strictly anaerobic global regulator.
Besides its role, ArcAB connects the electron transport chain with gene expression and is essential for
bacterial resistance to reactive oxygen species under aerobic conditions, possibly due to its impact on
bacterial metabolism. ArcA regulates gene expression and helps control levels of glutathione, NADH,
intracellular ROS, and the pyruvate dehydrogenase complex, thereby modulating the cell’s redox
potential [55]. ArcA modulates bacterial adaptive responses to stress within phagocytes and regulates
porin gene expression in response to stress factors during infection. It controls at least 100 operons
involved in the TCA cycle and energy metabolism [56,57].

Both isolates show increased abundance of the global transcription regulator Cra, which plays a
crucial role in carbon metabolism regulation, the regulator MtfA involved in the modulation of the
glucose-phosphotransferase system, and the cysteine regulon genes regulator CysB. Cra activates the
transcription of genes encoding enzymes in the TCA, glyoxylate shunt, and gluconeogenesis, and
represses genes involved in sugar catabolism, which is consistent with the switch to PA growth. In
MG1655-PA, we observed increased level of GlcC, the transcriptional activator of the glcDEFGB
operon associated with glycolate utilization. In ZvL2-PA, the levels of transcription factors Crl and
MIrA, which activate the csgBAC operon and the master regulator of biofilm formation, part of the
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curli biosynthesis signaling cascade, were increased. Additionally, only in ZvL2-PA did we observe
an increase in the TreR repressor of the treBC operon. This increase is linked to trehalose regulation
in response to high osmolarity. Under high osmolarity, trehalose synthesis increases as a protective
mechanism, while trehalose-6-phosphate transport and its conversion to glucose and glucose-6-
phosphate, regulated by treBC genes, decrease. The increased abundance of the TreR repressor of
these two genes is related to regulation in response to high osmolarity.

2.3.3.3. PA Upregulates LPS Proteins only in the CD Isolate

LPS biosynthesis, transport and modification were the critical trend in the proteome change
when switching the carbon source from glucose to PA. Switching to PA leads to an increase in the
abundance of proteins involved in these processes, mostly in ZvL2-PA, whereas in MG1655-PA their
abundance remains unchanged or decreases. (Figure 8, C). These include LPS biosynthesis enzymes
(LpxACM, GalFU) and LPS transport proteins to the outer membrane (LptABDEG). The outer
membrane of many gram-negative bacteria, such as E. coli, S. enterica, S. typhimurium, and K.
pneumonige, modifies its LPS with additional functional groups such as fatty acyl chains,
phosphoethanolamine, 4-amino-4-deoxy-L-arabinose, and glycosyl groups to enhance resistance to
antimicrobial peptides [58]. The ArnA protein was identified among the unique proteins in the ZvL2-
PA. It catalyzes the transfer of 4-amino-4-deoxy-L-arabinose from UDP to undecaprenyl phosphate.
The modified arabinose binds to lipid A, allowing E. coli to exhibit resistance to polymyxin and
cationic antimicrobial peptides [59]. It is known that PhoPQ (whose level also increases in ZvL2-PA)
binds to the promoter of the arnB gene and directly regulates the biosynthesis of 4-amino-4-deoxy-1-
arabinose, its covalent binding to lipid A on the inner membrane, and its transport to the outer leaflet
of the outer membrane [60]. However, in both isolates, the level of phosphoethanolamine transferase
EptC, which catalyzes the attachment of the phosphoethanolamine fragment to the
lipopolysaccharide core of the outer membrane and thus plays a role in lipid A modification,
decreases. In the case of ZvL2-PA, we observed an increase in the abundance of the MlaA protein. It
is involved in the ATP-dependent transport of mislocalized lipids from the outer leaflet (OM) to the
inner leaflet (IM) [61]. The inner membrane protein YejM, with five predicted transmembrane
domains, is another protein whose level increases in the ZvL2-PA. YejM plays a crucial role in
maintaining LpxC levels and thus regulates the optimal phospholipid/LPS ratio in the outer
membrane, which is vital for cell survival. It has been shown that the deletion of the five predicted
transmembrane domains of YejM is lethal for gram-negative bacteria [62]. In E. coli YejMPD knockout
strains, the synthesis and delivery of cardiolipin, necessary for the outer membrane structure, are
disrupted. Knockout strains are characterized by increased membrane permeability and activation of
PhoPQ two-component system genes, and such cells do not survive inside host cells.

2.3.3.4. Outer Membrane Proteins

The PA-induced increase in the abundance of outer membrane proteins OmpkF, SlyB, TolC, LoiP,
and NIpE is observed for both strains (Figure 9, A). The abundance of outer membrane proteins
OmpA, Blc, and LolB increases in the PA medium in the ZvL2-PA and decreases or remains
unchanged in the MG1655-PA. Lipocalin Blc is involved in the transport of lipids necessary for
maintaining membranes under stress conditions. LolB plays a critical role in the incorporation of
lipoproteins into the outer membrane after they are released by the LolA protein.
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Figure 9. Differentially expressed outer membrane proteins (A), transport proteins (B) and iron
retention proteins (C) in ZvL2-PA compared to ZvL2-GLU and MG1655-PA compared to MG1655-
GLU. White boxes are the proteins with non-significant changes.

2.3.3.5. Transport and Iron Retention Proteins

An increase in the abundance of amino acid transport proteins, as well as the pyruvate/proton
symporter CstA and the nucleoside transporter Tsx, is observed for both MG1655-PA and ZvL2-PA.
Activation of amino acid transport under the growth conditions of isolates in minimal medium
supplemented with PA may be due to starvation compared to growth on glucose (Figure 9, B). An
increase in the level of proteins related to iron transport and retention is observed for both isolates
during growth in minimal medium with PA. Among them are ferrienterobactin transporters
FepABD, ferrichrome porin FhuA, catecholate siderophore receptor CirA, enterobactin synthetase
component EntB, and enterobactin esterase Fes (Figure 9, C).

3. Discussion

Previously, we isolated E. coli strains from biopsies and the lumen of patients with Crohn’s
disease capable of attaching to and invading eukaryotic cells, surviving, and replicating within
macrophages. We showed that if such isolates were passaged in minimal medium M9 with PA, they
significantly increased these virulent properties. If they were passaged in minimal medium with
glucose, they lost them [21]. This phenotypic switch effect was reversible and was not observed for
the laboratory strain E. coli MG1655. We hypothesized that comparing the virulent (ZvL2-PA) and
non-virulent (ZvL2-GLU) phenotypes of the CD isolate and using the laboratory strain as a control
would allow us to identify factors responsible for the formation of the virulent phenotype. In this
study, we showed that the intensity of the respiratory burst of neutrophils, assessed by the
production of superoxide anion radical, increased when interacting with ZvL2-PA neutrophils,
unlike ZvL2-GLU and the laboratory strain. We also found that neutrophil activation required
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opsonization of the bacteria, and ROS production activity increased significantly in the presence of
serum. The high intensity of singlet oxygen release by neutrophils is accompanied by active oxygen
consumption and can lead to local hypoxia and increased expression of the hypoxia factor HIF-1
alpha. Experiments with transgenic mice capable of expressing CEACAMS6 showed that AIEC (unlike
E. coli K12) induces increased expression of HIF-1 alpha, which is accompanied by enhanced
CEACAMSG expression. In turn, the interaction of AIEC with CEACAMS6 through FimH (an adhesin
located at the tip of type 1 pili) promotes successful colonization and invasive capability of AIEC [63].
In our earlier work, we showed that AIEC can evade neutrophil action by binding mucin and thus
shielding molecular epitopes that activate neutrophils [34]. At the same time, neutrophil-induced
microenvironmental hypoxia and HIF stabilization may promote CEACAM expression by epithelial
cells and AIEC adhesion through CEACAMS6-FimH interaction. Differences in NADPH oxidase
activation and C-potential for ZvL2-GLU and ZvL2-PA indicate changes in the envelope cell,
including changes in the composition and structure of LPS, as well as the abundance of membrane
proteins. In this study, we focused on changes in the proteomes of enriched membrane fractions
isolated from laboratory strain and CD isolate cells grown in minimal medium with glucose or PA.
Comparative proteomic analysis showed that PA causes significant changes in the abundance of
membrane proteins in both strains. Both strains experience envelope stress. Both 2D electrophoresis
and LC-MS analysis revealed a considerable number of differentially expressed proteins common to
the CD isolate and the laboratory strain. In both cases, PA increases the level of sensory proteins in
two-component systems (EnvZ/OmpR), a-trehalose phosphate synthase OstA, and sodium/proline
symporter PutP, associated with cellular response to osmotic stress. The level of the universal
envelope sensor NIpE, which interacts with other proteins to adapt to various external signals, also
increases. Only in ZvL2-PA did we find an increase in the abundance of the RcsF receptor, which
triggers the Rcs regulatory system, one of the main two-component systems protecting cells from
envelope stress. The outer membrane protein assembly complex BAM assembles a complex of porins
(OmpA, OmpC, and OmpF) with the RcsF receptor. As a result of stress and perturbations in LPS,
the Omp-ResF complex breaks down, releasing ResF, which triggers Res signaling [64]. Konovalova
et al. showed that the electrostatic charge interaction between LPS and RcsF plays an important role
in sensing external signals [65]. It has also been shown that Rcs activation results in mucoid (resulting
from colanic acid production) and non-motile (inhibition of flhDC flagellar operon genes) E. coli cells
[66]. Activation of rcs signaling in ZvL2-PA can lead to colanic acid production, which can be a
protective mechanism under stress and survival conditions in the host. Additionally, only in the CD
isolate did we find increased abundance of PhoP. It has been shown for S. Typhimurium that PhoPQ
regulates the activity of genes encoding proteins and enzymes that function to increase OM-lipid
hydrophobicity, property that prevent cationic antimicrobial peptides from binding and inserting
into the membrane to ultimately kill the microbe [67,68]. The PhoPQ regulators coordinate chemical
remodeling of lipopolysaccharides, alterations in the levels of OM proteins, and palmitoylation of
lipid A and phosphatidylglycerols within the OM outer leaflet.

Switching the carbon source from glucose to PA entails changes in cellular metabolism, which
is always associated with disruption of the NAD+/NADH balance and changes in the cell’s redox
state. An increase in the level of ArcA (the ArcB/ArcA regulatory system), which controls these
processes, was observed only in the case of ZvL2-PA [69].

A particularly interesting group of proteins for us were those involved in LPS synthesis,
transport, and modification. We observed an increase in these proteins in ZvL2-PA and a decrease in
MG1655-PA. This was the most pronounced difference in membrane proteomes between the CD
isolate and the laboratory strain. LPS is a major outer membrane component, serving as a barrier
against antimicrobial agents and a key virulence factor [70]. The properties of LPS depend on its
chemical nature, acetylation, phosphorylation, and various modifications of lipid A (such as
phosphoethanolamine, 4-amino-4-deoxy-L-arabinose, hexosamines, etc.). Among the unique
proteins in ZvL2-PA, we identified ArnA, which catalyzes the transfer of 4-amino-4-deoxy-L-
arabinose from UDP to undecaprenyl phosphate, participating in lipid A modification. Propionyl-
CoA, formed during the methylcitrate cycle when PA is utilized, might also participate in outer
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membrane modifications, providing protection against the toxic excess of propionyl-CoA [71]. The
increase in the level of LPS biosynthesis enzymes, LPS transporters and some factors that promote
LPS modification leads to the conclusion that changes in the LPS structure are important for the
formation of the virulent phenotype of ZvL2. These may be associated with either an increase in LPS
mass or modifications of lipid A or polysaccharide chains. Activation of Rcs signaling and PhoP/Q in
ZvL2-PA may be directly related to these changes. They may be an additional stimulus that provides
protection to the CB isolate under stress conditions.

Another interesting group of changing proteins are porins. Increased level of porin OmpF were
characteristic of both strains, regulated in response to environmental stimuli, particularly by the
EnvZ/OmpR system in response to osmolarity changes. However, we found differences between the
CD isolate and the laboratory strain regarding the most abundant porin in E. coli, OmpA. Using 2D
electrophoresis, we found that OmpA forms multiple isoforms, possibly related to phosphorylation.
Comparing proteomic 2D maps of ZvL2 and MG1655, we found that PA decreases most OmpA
isoforms in MG1655-PA, while ZvL2-PA shows a different pattern: some isoforms decrease while
others increase significantly (Figure 2). OmpA is the main protein of the outer membrane of E. coli
and is highly conserved among a wide range of Gram-negative bacteria. In addition to its main
function, OmpA is involved in the structuring and stability of the outer membrane of bacteria under
stress [72]. In the work with the reference CD isolate LF82, it was shown that OmpA binds to the
Gp96 protein, which leads to invasion of E. coli into epithelial cells [16]. It also blocks complement
activation by binding to C4-binding protein [73], induces the anti-apoptotic factor Bclxl in
macrophages, preventing apoptosis [74], and plays a role in biofilm formation in E. coli [75]. OmpA
is a major target for neutrophil elastase (NE). E. coli secretes large amounts of OmpA to bind NE
during neutrophil interaction, avoiding damage [76,77]. OmpA’s multifunctionality might be due to
post-translational modifications like phosphorylation. In our proteome analysis, PA significantly
increased the abundance of serine/threonine protein kinase YeaG, whose functions and targets are
not well studied. YeaG’s association with the membrane fraction suggests it might phosphorylate
membrane proteins, including OmpA. YeaG is known to regulate metabolic fluxes during the
transition from glucose to alternative carbon sources like malate [78]. Isocitrate lyase AceA was
identified as a YeaG substrate, phosphorylated only in the presence of malate. In our case, YeaG may
play a similar role in switching the growth of our isolates from glucose to PA as a carbon source.
Another post-translational modification of OmpA under growth with PA could be propionylation of
lysine. Propionyl-CoA, formed during PA utilization, is a source of protein post-translational
modifications, with a broad range of substrates identified in E. coli, potentially regulating metabolic
processes [79]. We also identified two SNPs in OmpA’s variable loop 4 (N176H and L186M) and two
substitutions in the C-terminal domain (N228T and G276A), which might be functionally significant
and adaptation in host.

Thus, the difference between virulent ZvL2-PA and non-virulent ZvL.2-GLU may be related to
the activation of Rcs and PhoP/Q signaling, which promote the formation of defense mechanisms
that leads to the formation of biofilms, capsules. PA also induces changes in the composition and/or
modification of LPS. Specific OmpA isoforms might play a role in forming the virulent ZvL2-PA
phenotype and participate in neutrophil NADH oxidase activation.

Conclusions

Unlike the laboratory strain K12 MG1655, the virulent phenotype of the CD isolate ZvL2-PA
activates the production of ROS and cytokines when interacting with neutrophils, while the non-
virulent phenotype ZvL2-GLU does not cause such an effect. The activation of neutrophils requires
opsonization of the bacteria, and the activity of ROS production significantly increases in the presence
of serum. Differences in NADPH oxidase activation and C-potential for ZvL2-GLU and ZvL2-PA may
be associated with the activation of Rcs and PhoP/Q signaling pathways, which promote the
formation of protective mechanisms, leading to the formation of biofilms, capsules, and changes in
the composition and/or modification of LPS. Certain isoforms of OmpA may play a role in the
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formation of the virulent phenotype of ZvL2-PA and participate in the activation of NADPH oxidase
in neutrophils.

4. Materials and Methods
4.1. Cell Cultures

E. coli isolate ZvL2 (CD isolate ZvL2) was obtained by an endoscopicsurgery of a patient with
Crohn’s disease at The Loginov Moscow Clinical Scientific Center. Sample collection was carried out
in accordance with the requirements of the local Ethic Committee based on the informed consent of
the patient. CD isolate ZvL2 was sequenced by our group [8] and identified that it belongs to
phylogroup A. CD isolate ZvL2 and laboratory strain K-12 MG1655 and were cultivated on M9
medium supplemented with of 50 mM glucose (ZvL2-GLU and MG1655-GLU) or 20 mM sodium
propionate (ZvL2-PA and MG1655-PA) at 37°C and 180 rpm. Growth curve was monitored using OD
at 600 nm. Cultures in early logarithmic phase were used for experiments.

4.2. Luc-CL and Cytokines

Luc-CL was measured with use of luminometer Lum1200 (DiSoft, Moscow) in 0.5mL of Krebs-
Ringer solution (pH 7.4) with 0.1MM lucigenin (Luc-CL), 2% of autologous blood serum or without
serum as indicated in text, neutrophils 0.5-0.7x106 cells mL-' and E. coli with final concentration 2.5*108
CFU/ml. Spontaneous CL was measured before E. coli addition, then the bacterial sample was added
and CL was registered until maximum values were reached; the CL amplitude (V) was calculated as
difference between maximum and spontaneous values; the integral CL values were also calculated.
0.15M NaCl was added instead of bacteria to blank control probes. Supernatants obtained after the
interaction of E. coli strains with neutrophils were used to measure the content of cytokines. The assay
of TNF-alpha, IL-6 and IL-lbeta was carried out using commercial test systems for
ELISA (“Cytokine”, Russia) according to the manufacturer’s instructions.

4.3. C-Potential Measurement

The cell culture was grown to the middle of the logarithmic phase. The cell culture was diluted
mQ to 107 to 108 CFU ml-1 cell count before measurement. The C-potentials of bacteria was measured
using Zetasizer (Nano ZS, Malvern, UK).

4.4. Isolation of Membrane Fraction

The cells of the CD isolate and laboratory strain K12 MG1655 were centrifuged for 5 min at 4°C,
5000 g. The cell pellets were resuspended in 2 mL of 10 mM Tris (pH 8.0) and 20 uL of lysozyme
(stock 10 mg/ml) and were incubated at 4°C for 2 min. An equal volume (2 mL) of 0.3 mM EDTA was
added dropwise, constantly stirring on a magnetic stirrer (Biosan, Latvia) on ice. 4 uL of protease
inhibitors, and 4 uL of 1M DTT were added and incubated at 4°C for 30 min. Then OD at 450 nm was
measured. The cells were disrupted with an ultrasonic disintegrator (Branson, USA) until the OD
value at 450 nm has decreased to approximately 50% of its original value. The unbroken cells were
removed by centrifugation for 20 min at 4°C, 3000 g. The supernatant was collected to
ultracentrifugation for 90 min at 4°C, 100,000 g in a 31 Optima L-90K ultracentrifuge (Beckman
Coulter Inc., USA), the pellets were resuspended in 1 ml of 10 mM Tris (pH 8.0) with 0.25 M sucrose
and ultracentrifuged in the same conditions.

4.5. 2D-DIGE

2D-DIGE was performed using the method we described earlier [21]. Before electrophoresis
membrane fractions was resuspended in a 40 mM Tris-HCl buffer (pH 9,5) with 8 M urea, 2 M
thiourea, 4% CHAPS, 2% (w/v) NP-40, 2% Ampholytes (pH 4-6 and pH 3,5-10). Protein concentration
in the supernatant was measured by the Bradford method using Quick Start Bradford dye (BioRad).
The sample proteins were labeled with Cy3 (green) or Cy5 (red) CyDye DIGE Fluor minimal dyes
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(Lumiprob, Russia) according to the manufacturer’s instruction (400 pmol for 50 ug protein). After
electrophoresis, the gel was scanned on the scanner TyphoonTrio (Amersham) at a laser wavelength
of 532 nm (green fluorescence) and 633 nm (red fluorescence). Protein spot quantitation was
performed using PDQest 8.0 software. Then the gels were stained with silver as described in [80].

4.6. Tryptic Digestion and Protein Identification

The protein spots (gel pieces) were excised and washed with a mixing solution containing 15
mM tetrathionate and 50 mM potassium ferrocyanide to remove silver. Then the gel pieces were
washed in mQ water and were dried in 100% acetonitrile. 3 ul of trypsin solution (40 mM ammonium
bicarbonate, 10% acetonitrile, 40 nM trypsin) was added to gel pieces and their incubation for 30 min
on ice and then for 16 hours at 37°C was performed. To the gel pieces were added 6 ul of 0.5% v/v
TFA in mQ and incubated in an ultrasonic bath for 10 minutes and then for 1 hour at room
temperature. Mass spectrometric analysis was performed on an Ultraflex Il MALDI-ToF-ToF (Bruker
Daltonics). For MALDI mass spectrometry analysis of tryptic peptides from 2D gel, 20 mg/ml of 2,5-
Dihydroxybezoic Acid (2,5-DHB) in 50% water/acetonitrile and 0.1% TFA was used. MALDI-TOF
spectra were acquired using Ultraflex II MALDI-TOF (Bruker, Billerica, MA) for positive ions in
reflectron mode over the range 800-4000Da. Each spectrum was accumulated using 2000 laser shots
(Nd-YAG, 100 Hz, A=355nm). The peak list was filtered to remove trypsin and human keratin masses
that often were observed due to some degree of contamination. The searches in MASCOT (version
2.5.1, Matrix Science Ltd., London, UK) (80 ppm accuracy between experimental and theoretical
values) were performed with carbamidomethylation of the cysteine residues as fixed modification
and the oxidation of methionines - as variable. Proteins were identified against the protein UniProt
database of reference proteome for the K12 E. coli
(https://www.uniprot.org/proteomes/UP000000625). The identification cutoff was 44 (p<0.05).

4.7. Fluorescent Staining of Phosphorylated Proteins

Two-dimension gel electrophoresis (2D-DIGE) of membrane proteins of ZVL2 strain were
performed as described above. All actions were carried out on an orbital shaker. The gels were fixed
in 50% methanol and 10% acetic acid for 30 minutes and then washed with water 3 times for 15
minutes. The gels were stained with Pro-Q® Diamond Stain (Invitrogen) for 2 hours. Dye was
stopped in 20% acetonitrile and 50mM sodium acetate (pH 4) 3 times for 30 min. The gels were
washed ultrapure water 2 times for 5 min. Poststaining images of the gels were obtained by scanning
the gels with scanner TyphoonTrio (Amersham) at 550/580 nm.

4.8. Free-Gel Digestion of Protein of Membrane Fractions

10 pL of 10% surfactant RapiGest (Waters) was added to the pellets of membrane fraction. After
incubation at 4°C for 30 min, the samples were resuspended in 100 uL of 100 mM Tris-HCI buffer
(pH 8.5) containing 0.1% RapiGest. After incubation for 20 min, samples were centrifuged at 14,000
g at 4°C for 10. The supernatant was collected, and the protein concentration was measured using a
BCA Assay Kit (Sigma). Disulfide bonds were reduced in the supernatant containing 200 g of total
protein by the addition of Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) (Sigma) to a final
concentration of 5 mM, and the reaction was incubated at 37°C for 60 min. To alkylate-free cysteines,
chloroacetamide (BioRad) was added to a final concentration of 30 mM and the solution was placed
at room temperature (RT) in the dark for 30 min. Trypsin (Trypsin Gold, Mass Spectrometry Grade,
Promega) to achieve a final trypsin: protein ratio of 1:50 (w/w) was added, and samples were
incubated at 37°C overnight. To stop trypsinolysis and to degrade the acid-labile RapiGest,
trifluoroacetic acid (TFA) was added to a final concentration of 0.5% (v/v) (the pH should be less than
2.0), and the samples were incubated at 37 °C for 45 min. Further, the samples were centrifuged at
14,000 g for 10 min to remove RapiGest. The peptide extract was desalted using a Discovery DSC-18
tube (Supelco) according to the manufacturer’s protocol. Peptides were eluted with 1 mL of 75%
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acetonitrile (ACN) solution containing 0.1% TFA, dried in a SpeedVac (Labconco), and resuspended
in a 3% ACN solution containing 0.1% TFA to a final concentration of 5 pug/uL.

4.9. LC-MS Analysis

The LC-MS analysis of proteome samples was performed using Orbitrap Q Exactive HF-X
(Thermo Fisher Scientific, Waltham, MA) mass spectrometer. For ionization, a nano-electrospray
(nano-ESI) source was used in conjunction with high-pressure nanoflow chromatography UPLC
Ultimate 3000 (Thermo Fisher Scientific, Waltham, MA). The lab-made reverse-phase column (ID
100mm with length 500mm of fused silica TSP100375 (Molex, Lisle, IL) was packed with phase
Kinetex C18, 2.4 um (Phenomenex, Torrance, CA) using pressure injection cell (Next Advance, Troy,
NY). During HPLC run it was thermostatically controlled at 60°C. Samples were loaded in buffer A
(0.1% Formic acid) and eluted with a linear (90 min) gradient of 3 to 55% buffer B (0.1% Formic acid,
80% Acetonitrile) at a flow rate of 220 nl/min. Mass spectrometric data were stored during automatic
switching between MS1 scans and up to 12 MS/MS scans (TopN method). The target AGC value for
MS1 scanning was set to 3x10e6 in the range 390-1400 m/z with a maximum ion injection time of 45
ms and resolution of 60000. The precursor ions were isolated at a window width of 2.0 m/z and then
were fragmented by high-energy dissociation with a normalized collision energy of 30 eV. MS/MS
scans were saved with a resolution of 30000 at 400 m/z and AGC of 10e5 for target ions with a
maximum ion injection time of 50 ms. The obtained proteomic data were upload in PRIDE (project
accession: PXD054715, project DOI: 10.6019/PXD054715).

4.10. Protein Identification, Quantification, and Comparative Proteomic Profiling

The Nextflow pipeline QuatMS (10.5281/zenodo.7754148) with the DDA-LFQ analysis method
was used to process mass spectrometric proteomic data — quantification and identification of
proteins. A file with protein sequences for the collected and annotated genomes of MG1655 and ZvL.2
Escherichia coli strains was taken as a protein database. The R programming language and the
functionality of the MSstats library were used for postprocessing the file with intensities, detected
peptides — normalization and statistical analysis.

4.11. Data Processing and Statistical Analysis

Calculations and statistical processing of the results were performed using Excel, Origin?

and Statistica 12.0 programs. The results are presented as Mean + SD, where Mean is arithmetic
mean, SD is standard deviation. Statistical significance of differences between groups was
assessed using Student’s t-test for independent variables and Mann—-Whitney test. A difference
was considered significant at p < 0.05.

Conclusions

Unlike the laboratory strain K12 MG1655, the virulent phenotype of the CD isolate ZvL2-PA
activates the production of ROS and cytokines when interacting with neutrophils, while the non-
virulent phenotype ZvL2-GLU does not cause such an effect. To activate neutrophils, bacterial
opsonization is necessary, the activity of ROS production increases significantly in the presence of
serum. Differences in the activation of NADH-oxidase of neutrophils and the C potential for ZvL2-
GLU and ZvL2-PA are associated with a change in the abundance of membrane proteins, primarily
proteins involved in the biosynthesis and transport of LPS. It is assumed that certain isoforms of
OmpA porin may play a role in the formation of the virulent ZvL2-PA phenotype.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.

Acknowledgments: This research was funded by a grant from the Russian Science Foundation (project No. 23-
45-10026).


https://doi.org/10.20944/preprints202408.1083.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 August 2024 d0i:10.20944/preprints202408.1083.v1

20

Author Contributions: All authors have made direct experimental and/or intellectual contribution to the work,
and have read and approved the final version. OP designed the research, proteomic analysis, wrote the
manuscript; MG cultivation of the cell cultures, 2D electrophoresis, mass-spectrometric analysis; EM interaction
E. coli with neutrophils, ELISA; AL membrane fraction isolation; KS analyzed the data; SK LC-MS analysis; IS
MALDI mass-spectrometry analysis; AG analyzed the mass-spectrometry data, text editing; OP edited the
manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boudeau J., Glasser A. L., Masseret E., Joly B., Darfeuille-Michaud A. Invasive ability of Escherichia coli
strains isolated from ileal mucosa in Crohn’s disease. Infect Immun. 1999; 67(9):4499-509. doi:
10.1128/1A1.67.9.4499-4509.1999.

2. Darfeuille-Michaud A., Boudeau J., Bulois P., Neut C., Glasser A.L., Barnic, N., Bringer M. A., Swidsinski,
A., Beaugerie, L., Colombel, ].F. High prevalence of adherent-invasive Escherichia coli associated with ileal
mucosa in Crohn’s disease. Gastroenterology. 2004; 127:412-421. doi: 10.1053/j.gastro.2004.04.061.

3. Nash].H, Villegas A., Kropinski A.M., Aguilar-Valenzuela R., Konczy P., Mascarenhas M., et al. Genome
sequence of adherent-invasive Escherichia coliand comparative genomic analysis with other E.
coli pathotypes. BMC Genomics. 2010; 11:667. doi: 10.1186/1471-2164-11-667.

4. Schippa S., Iebba V., Totino V., Santangelo F,. Lepanto M., Alessandri C., Nuti F., Viola F., Di Nardo G.,
Cucchiara S., Longhi C., Conte M. P. A potential role of Escherichia coli pathobionts in the pathogenesis of
pediatric inflammatory bowel disease. Can | Microbiol. 2012; 58(4): 426-32. doi: 10.1139/w2012-007.

5. Conte M. P., Longhi C., Marazzato M., Conte A. L., Aleandri M., Lepanto M. S., Zagaglia C., Nicoletti M.,
Aloi M., Totino V., Palamara A. T., Schippa, S. Adherent-invasive Escherichia coli (AIEC) in pediatric
Crohn’s disease patients: phenotypic and genetic pathogenic features. BMC Res Notes. 2014; 7:748. doi:
10.1186/1756-0500-7-748.

6.  Hornef M. Pathogens, commensal symbionts, and pathobionts: discovery and functional effects on the host.
Ilar J. 2015; 56:159-62. doi: 10.1093/ilar/ilv007.

7. Camprubi-Font C., Martinez-Medina M. Why the discovery of adherent-invasive Escherichia coli
molecular markers is so challenging? World | Biol Chem. 2020; 11:1-13. doi: 10.4331/wjbc.v11.i1.1.

8. Rakitina D.V., Manolov A.l, Kanygina A.V., Garushyants S.K., Baikova ].P., Alexeev D.G., Ladygina V.G,,
Kostryukova E.S., Larin A.K., Semashko T.A., Karpova LY., Babenko V.V,, Ismagilova R.K., Malanin S.Y.,
Gelfand M.S,, Ilina E.N., Gorodnichev R.B., Lisitsyna E.S., Aleshkin G.I., Scherbakov P.L., Khalif L.L.,
Shapina M.V., Maev L.V,, Andreev D.N., Govorun V.M. Genome analysis of E. coli isolated from Crohn’s
disease patients. BMC Genomics. 2017;18(1):544. doi: 10.1186/s12864-017-3917-x.

9.  Martinez-Medina M., Barnich N., Wieler L.H., Ewers C. Adherent-Invasive Escherichia coli Phenotype
Displayed by Intestinal Pathogenic E. coli Strains from Cats, Dogs, and Swine. Appl Environ Microbiol. 2011;
77:5813-5817. doi: 10.1128/AEM.02614-10.

10. Camprubi-Font C., Ewers C., Lopez-Siles M., Martinez-Medina M. Genetic and Phenotypic Features to
Screen for Putative Adherent-Invasive Escherichia coli. Front Microbiol. 2019; 10:108. doi:
10.3389/fmicb.2019.00108.

11.  Vazeille E., Chassaing B., Buisson A., Dubois A., de Vallée A,, Billard E., Neut C., Bommelaer G., Colombel
J.E., Barnich N., Darfeuille-Michaud A., Bringer M.A. GipA Factor Supports Colonization of Peyer’s Patches
by Crohn’s Disease-associated Escherichia Coli. Inflamm Bowel Dis. 2016, 22, 68-81. doi:
10.1097/MIB.0000000000000609.

12. DoganB., Belcher-Timme H.F., Dogan E.L, Jiang Z.D., DuPont H.L., Snyder N., Yang S., Chandler B., Scherl
E.J., Simpson K.W. Evaluation of Escherichia coli pathotypes associated with irritable bowel syndrome.
FEMS Microbiol Lett. 2018; 365. doi: 10.1093/femsle/fny249.

13. Céspedes S., Saitz W., Del Canto F., De la Fuente M., Quera R., Hermoso M., Munoz R., Ginard D.,
Khorrami S., Girén J., Assar R., Rossell6-Mora R., Vidal R.M. Genetic Diversity and Virulence Determinants

of Escherichia coli Strains Isolated from Patients with Crohn’s Disease in Spain and Chile. Front Microbiol.
2017; 8:639. doi: 10.3389/fmicb.2017.00639.

14. Dogan B., Suzuki H., Herlekar D., Sartor RB., Campbell B.]J., Roberts C.L., Stewart K., Scherl E.J., Araz Y.,
Bitar P.P., Lefébure T., Chandler B., Schukken Y.H., Stanhope M.]J., Simpson K.W. Inflammation-



https://pubmed.ncbi.nlm.nih.gov/?term=Masseret+E&cauthor_id=10456892
https://pubmed.ncbi.nlm.nih.gov/?term=Joly+B&cauthor_id=10456892
https://pubmed.ncbi.nlm.nih.gov/?term=Darfeuille-Michaud+A&cauthor_id=10456892
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schippa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Iebba%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Totino%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Santangelo%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lepanto%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alessandri%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nuti%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Viola%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Di%20Nardo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cucchiara%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Longhi%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Conte%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=22439600
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schippa+SCan+J+Microbiol+2012%3B58%3A426%E2%80%9332.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Conte%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Longhi%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Marazzato%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Conte%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aleandri%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lepanto%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zagaglia%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nicoletti%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aloi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Totino%20V%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Palamara%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schippa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25338542
https://www.ncbi.nlm.nih.gov/pubmed/?term=Conte+MP+BMC+Res+Notes+2014%3B7%3A748.
https://pubmed.ncbi.nlm.nih.gov/28724357/
https://pubmed.ncbi.nlm.nih.gov/28724357/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barnich%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21705530
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wieler%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=21705530
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3165260/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3165260/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3165260/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3165260/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3165260/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3165260/
https://pubmed.ncbi.nlm.nih.gov/30299475/
https://pubmed.ncbi.nlm.nih.gov/28596755/
https://pubmed.ncbi.nlm.nih.gov/28596755/
https://doi.org/10.20944/preprints202408.1083.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 August 2024 d0i:10.20944/preprints202408.1083.v1

21

associated adherent-invasive Escherichia coli are enriched in pathways for use of propanediol and iron and
M-cell translocation. Inflamm Bowel Dis. 2014; 20:1919-1932. doi: 10.1097/MIB.0000000000000183.

15. Barnich N., Carvalho F.A., Glasser A.L., Darcha C., Jantschef, P., Allez M., Peeters H., Bommelaer G.,
Desreumaux P., Colombel ].F., Darfeuille-Michaud A. CEACAMS acts as a receptor for adherent-invasive
E. coli, supporting ileal mucosa colonization in Crohn disease. | Clin Invest. 2007; 117(6):1566-74. doi:
10.1172/JCI30504.

16. Rolhion N., Barnich Nicolas., Bringer M.-A., Glasser A.-L., Ranc J., Hébuterne X., Hofman P., Darfeuille-
Michaud A. Abnormally expressed ER stress response chaperone Gp96 in CD favours adherent-invasive
Escherichia coli invasion. Gut. 2010; 9(10):1355-1362. doi: 10.1136/gut.2010.207456.

17. Low D.,_Tran H. T,._Lee In-Ah.,, Dreux N., Reinecker H.-C., Darfeuille-Michaud A., Barnich N.,
Mizoguchi E. Chitin-binding domains of Escherichia coli ChiA mediate interactions with intestinal
epithelial cells in mice with colitis. Gastroenterology. 2013; 145(3):602-12. doi: 10.1053/j.gastro.2013.05.017.

18. Martinez-Medina M., Garcia-Gil L.J. Escherichia coli in chronic inflammatory bowel diseases: An update

on adherent invasive Escherichia coli pathogenicity. World ]. Gastrointest. Pathophysiol. 2014; 5:213.
doi: 10.4291/wjgp.v5.i3.213

19. Barnich N., Boudeau J., Claret L., Darfeuille-Michaud A. Regulatory and functional co-operation of flagella
and type 1 pili in adhesive and invasive abilities of AIEC strain LF82 isolated from a patient with Crohn’s
disease. Mol. Microbiol. 2003; 48:781-794. doi: 10.1046/j.1365-2958.2003.03468.x.

20. Carvalho F.A., Barnich N., Sauvanet P., Darcha C., Gelot A., Darfeuille-Michaud A. Crohn’s disease-
associated Escherichia coli LF82 aggravates colitis in injured mouse colon via signaling by
flagellin. Inflamm. Bowel Dis. 2008; 14:1051-1060. doi: 10.1002/ibd.20423.

21. Pobeguts O.V., Ladygina V.G., Evsyutina D.V., Eremeev A.V., Zubov A.l., Matyushkina D.S., Scherbakov
P.L., Rakitina D.V., Fisunov G.Y. Propionate Induces Virulent Properties of Crohn’s Disease-
Associated Escherichia coli. Front Microbiol. 2020; 11:1460. doi: 10.3389/fmicb.2020.01460.

22. Cieza R.J., HuJ., Ross B.N., Sbrana E., Torres A.G. The IbeA invasin of adherent-invasive Escherichia coli
mediates nteraction with intestinal epithelia and macrophages. Infect. Immun. 2015; 83:1904-1918.
doi: 10.1128/TAI1.03003-14.

23. Stecher B. The Roles of Inflammation, Nutrient Availability and the Commensal Microbiota in Enteric
Pathogen Infection. Microbiol Spectr. 2015; 3: 1-17. doi: 10.1128/microbiolspec. MBP-0008-2014

24. Staib L., Fuchs T.M. From food to cell: nutrient exploitation strategies of enteropathogens. Microbiology.
2014; 160:1020-1039. doi: 10.1099/mic.0.078105-0.

25. Ferreyra]. A., Ng K. M., Sonnenburg J. L. The enteric two-step: nutritional strategies of bacterial pathogens
within the gut. Cell Microbiol. 2014; 16(7):993-1003.doi: 10.1111/cmi.12300.

26. Ormsby M. J.,, Logan M., Johnson S. A., McIntosh A., Fallata G., Papadopoulou R., Papachristou E., Hold
G.L., HansenR,, jaz U. Z., Russell R. K., Gerasimidis K., Wall D.M. Inflammation associated ethanolamine
facilitates infection by Crohn’s disease-linked adherent-invasive Escherichia coli. EBioMedicine. 2019; 43:325-
332. doi.org/10.1016/j.ebiom.2019.03.071.

27. Therrien A., Chapuy L., Bsat M., Rubio M., Bernard G., Arslanian E., Orlicka K., Weber A., Panzini B.P.,
Dorais J., Bernard E.J., Soucy G., Bouin M., Sarfati M. Recruitment of activated neutrophils correlates with
disease severity in adult Crohn’s disease. Clin Exp Immunol. 2019; 195(2):251-264. doi: 10.1111/cei.13226.

28. Kuroki M., Abe H., Imakiirei T., Liao S., Uchida H., Yamauchi Y., Oikawa S., Kuroki M. Identification and
comparison of residues critical for cell-adhesion activities of two neutrophil CD66 antigens, CEACAMS6
and CEACAMS. | Leukoc Biol. 2001; 70(4):543-50.

29. Hoffmann J.J. Neutrophil CD64: a diagnostic marker for infection and sepsis. Clin Chem Lab Med. 2009;
47(8):903-16. doi: 10.1515/CCLM.2009.224.

30. YangJ-N., Wang C., Guo C., Peng X-X., Lee H. Outer membrane proteome and its regulatory network in

response to changes in glucose concentration in Escherichia coli. Mol Biosist. 2011; 7(11):3087-93. doi:
10.1039/c1mb05193h.

31. Hirakawa H., Suzue K., Takita A., Kamitani W., Tomita H. The role of OmpX, an outer membrane protein,
in virulence and flagellar expression in uropathogenic Escherichia coli. Infect the Immune. 2021; 17: 89(6):
€00721-20. doi: 10.1128/TAI.00721-20.

32. van Teeffelen S., Wang S., Furchtgott L., Huang K.C., Wingreen N.S., Shaevitz ].W., Gitai Z. The bacterial
actin MreB rotates, and rotation depends on cell-wall assembly. PNAS U.S.A. 2011; 108:15822-15827. doi:
10.1073/pnas.1108999108.


https://pubmed.ncbi.nlm.nih.gov/?term=Low+D&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Low+D&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Tran+HT&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Tran+HT&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Lee+IA&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Reinecker+HC&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Reinecker+HC&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Darfeuille-Michaud+A&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/?term=Barnich+N&cauthor_id=23684751
https://pubmed.ncbi.nlm.nih.gov/32733408/
https://pubmed.ncbi.nlm.nih.gov/32733408/
https://pubmed.ncbi.nlm.nih.gov/32733408/
https://pubmed.ncbi.nlm.nih.gov/32733408/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stecher%20B%5BAuthor%5D&cauthor=true&cauthor_uid=26185088
https://www.ncbi.nlm.nih.gov/pubmed/26185088
https://www.ncbi.nlm.nih.gov/pubmed/?term=Staib%20L%5BAuthor%5D&cauthor=true&cauthor_uid=24705229
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fuchs%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=24705229
https://www.ncbi.nlm.nih.gov/pubmed/?term=Staib+L%2C++Microbiology+2014%3B160(6)%3A1020%E2%80%9339.
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ormsby%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Logan%20M%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Johnson%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=McIntosh%20A%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fallata%20G%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Papadopoulou%20R%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Papachristou%20E%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hold%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hold%20GL%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hansen%20R%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ijaz%20UZ%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Russell%20RK%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gerasimidis%20K%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wall%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=31036531
https://doi.org/10.20944/preprints202408.1083.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 August 2024 d0i:10.20944/preprints202408.1083.v1

22

33. Harvey K.L., Jarocki V.M., Charles I.G. and Djordjevic S.P. The Diverse Functional Roles of Elongation
Factor Tu (EF-Tu) in Microbial Pathogenesis. Front. Microbiol. 2019; 24:10:2351. doi:
10.3389/fmicb.2019.02351.

34. Mikhalchik E., Balabushevich N., Vakhrusheva T., Sokolov A., Baykova ]., Rakitina D., Scherbakov P.,
Gusev S., Gusev A., Kharaeva Z., Bukato J., Pobeguts O. Mucin adsorbed by E. coli can affect neutrophil
activation in vitro. FEBS Open Bio, 2020; 10(2):180-196 doi: 10.1002/2211-5463.12770.

35. Butland G., Peregrin-Alvarez J.M., Li J., Yang W., Yang X., Canadien V., et al. Interaction network
containing conserved and essential protein complexes in Escherichia coli. Nature. 2005; 433, 531-537. doi:
10.1038/nature 03239.

36. Defeu Soufo H. J., Reimold C., Breddermann H., Mannherz H. G., and Graumann P. L. Translation
elongation factor EF-Tu modulates filament formation of actin-like MreB protein in vitro. ]. Mol. Biol. 2015;
427:1715-1727. doi: 10.1016/j.jmb.2015.01.025.

37. Haslbeck M., Vierling E. A first line of stress defense: small heat shock proteins and their function in protein
homeostasis. | Mol Biol. 2015; 427(7):1537-48.  doi:10.1016/j.jmb.2015.02.002.

38. Santos T.M., Lin T.Y., Rajendran M., Anderson S.M., Weibel D.B. Polar localization of Escherichia coli
chemoreceptors requires an intact Tol-Pal complex. Mol. Microbiol. 2014; 92:985-1004. doi:
10.1111/mmi.12609.

39. Raetz C.R,, Purcell S., Meyer M.V., Qureshi N., Takayama K. Isolation and characterization of eight A
precursors from a 3-deoxy-D-manno-octylosonic acis-deficient mutant of Salmonella typhimurium. | Biol
Chem. 1985; 260 (30):16080-8.

40. Lai E-M.,, Nair U., Phadke N.D. and Maddock J.R. Proteomic screening and identification of differentially
distributed membrane proteins in Escherichia coli. Molecular Microbiology. 2004; 52(4):1029-1044.
doi:10.1111/j.1365-2958.2004.04040.x.

41. Liao C, Liang X., Yang F., Soupir M.L., Howe A.C., Thompson M.L., Jarboe L.R. Allelic Variation in Outer
Membrane Protein A and Its Influence on Attachment of Escherichia coli to Corn Stover. Front Microbiol.
2017; 8:708. doi: 10.3389/fmicb.2017.00708.

42. Zakharian E., Reusch R.N. Kinetics of folding of Escherichia coli OmpA from narrow to large pore
conformation in a planar bilayer. Biochemistry. 2005; 44(17):6701-7. doi: 10.1021/bi047278e.

43. GophnaU.,, Ideses D., Rosen R., Grundland A., Ron E.Z. OmpA of a septicemic Escherichia coli O78
secretion and convergent evolution. Int | Med Microbiol. 2004; 294(6):373-81. doi: 10.1016/j.ijmm.2004.08.004.

44. van Alphen W, Lugtenberg B, Influence of osmolarity of the growth medium on the outer membrane
protein pattern of Escherichia coli. ] Bacteriol. 1977; 131: 623-630.

45. Shin S, Park C, Modulation of flagellar expression in Escherichia coli by acetyl phosphate and the
osmoregulator OmpR. J. Bacteriol. 1995; 177:4696—4702. doi: 10.1128/jb.177.16.4696-4702.1995.

46. Gerstel U, Park C, Romling U, Complex regulation of csgD promoter activity by global regulatory proteins.
Molecular microbiology. 2003: 49: 639—-654. doi: 10.1046/j.1365-2958.2003.03594 ..

47. Prigent-Combaret C et al., Complex Regulatory Network Controls Initial Adhesion and Biofilm Formation
in Escherichia coli via Regulation of the csgD Gene. ]. Bacteriol. 2001; 183: 7213-7223. doi:
10.1128/]B.183.24.7213-7223.2001.

48. Vidal O., Longin R., Prigent-Combaret C., Dorel C., Hooreman M., Lejeune P. Isolation of an Escherichia

coli K-12 mutant strain able to form biofilms on inert surfaces: involvement of a new ompR allele that
increases curli expression. J. Bacteriol. 1998; 180:2442-2449. doi: 10.1128/]B.180.9.2442-2449.1998.

49. Cho T.H.C,, WangJ., Tracy L Raivio T.L. NIpE is an OmpA-associated outer membrane sensor of the Cpx
11 envelope stress response. bioRxiv preprint doi: https://doi.org/10.1101/2022.10.18.512811 2023.

50. Shimizu T., Ichimura K., Noda M. The Surface Sensor NIpE of Enterohemorrhagic Escherichia coli

Contributes to Regulation of the Type III Secretion System and Flagella by the Cpx Response to Adhesion.
Infect Immun. 2015; 84(2):537-49. doi: 10.1128/IA1.00881-15.

51. Dalebroux Z.D., Edrozo M.B., Pfuetzner R.A., Ressl S., Kulasekara B.R., Blanc M.-P., Miller S.I. Delivery of
cardiolipins to the Salmonella outer membrane is necessary for survival within host tissues and virulence.
Cell Host Microbe. 2015; 17(4):441-51. doi: 10.1016/j.chom.2015.03.003.

52. Haraga A., Ohlson M.B., Miller S.I. Salmonellae interplay with host cells. Nat Rev Microbiol. 2008; 6(1):53-
66. doi: 10.1038/nrmicro1788.

53. Stout V. Regulation of capsule synthesis includes interactions of the ResC/ResB regulatory pair. Res
Microbiol. 1994; 145:389-392. doi: 10.1016/0923-2508(94)90086-8.



https://pubmed.ncbi.nlm.nih.gov/?term=Gophna+U&cauthor_id=15595387
https://pubmed.ncbi.nlm.nih.gov/?term=Ideses+D&cauthor_id=15595387
https://pubmed.ncbi.nlm.nih.gov/?term=Rosen+R&cauthor_id=15595387
https://pubmed.ncbi.nlm.nih.gov/?term=Grundland+A&cauthor_id=15595387
https://pubmed.ncbi.nlm.nih.gov/?term=Ron+EZ&cauthor_id=15595387
https://pubmed.ncbi.nlm.nih.gov/?term=Vidal+O&cauthor_id=9573197
https://pubmed.ncbi.nlm.nih.gov/?term=Longin+R&cauthor_id=9573197
https://pubmed.ncbi.nlm.nih.gov/?term=Prigent-Combaret+C&cauthor_id=9573197
https://pubmed.ncbi.nlm.nih.gov/?term=Dorel+C&cauthor_id=9573197
https://pubmed.ncbi.nlm.nih.gov/?term=Hooreman+M&cauthor_id=9573197
https://pubmed.ncbi.nlm.nih.gov/?term=Lejeune+P&cauthor_id=9573197
https://pubmed.ncbi.nlm.nih.gov/?term=Cho+THS&cauthor_id=37022159
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+J&cauthor_id=37022159
https://pubmed.ncbi.nlm.nih.gov/?term=Raivio+TL&cauthor_id=37022159
https://doi.org/10.1101/2022.10.18.512811%202023
https://pubmed.ncbi.nlm.nih.gov/?term=Dalebroux+ZD&cauthor_id=25856753
https://pubmed.ncbi.nlm.nih.gov/?term=Edrozo+MB&cauthor_id=25856753
https://pubmed.ncbi.nlm.nih.gov/?term=Pfuetzner+RA&cauthor_id=25856753
https://pubmed.ncbi.nlm.nih.gov/?term=Ressl+S&cauthor_id=25856753
https://pubmed.ncbi.nlm.nih.gov/?term=Kulasekara+BR&cauthor_id=25856753
https://pubmed.ncbi.nlm.nih.gov/?term=Blanc+MP&cauthor_id=25856753
https://pubmed.ncbi.nlm.nih.gov/?term=Miller+SI&cauthor_id=25856753
https://pubmed.ncbi.nlm.nih.gov/?term=Haraga+A&cauthor_id=18026123
https://pubmed.ncbi.nlm.nih.gov/?term=Ohlson+MB&cauthor_id=18026123
https://pubmed.ncbi.nlm.nih.gov/?term=Miller+SI&cauthor_id=18026123
https://doi.org/10.20944/preprints202408.1083.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 August 2024 d0i:10.20944/preprints202408.1083.v1

23

54. Castanie-Cornet M-P., Cam K., Jacq A. ResF is an outer membrane lipoprotein involved in the ResCDB
phosphorelay signaling pathway in Escherichia coli. ]. Bacteriol. 2006; 188:4264-70. doi: 10.1128/JB.00004-
06.

55.  Nystrom T., Larsson C., Gustafsson L. Bacterial defense against aging: role of the Escherichia coli ArcA
regulator in gene expression, readjusted energy flux and survival during stasis. Embo J. 1996; 15:3219-3228.

56. Liu X., De Wulf P. Probing the ArcA-P modulon of Escherichia coli by whole genome transcriptional
analysis and sequence recognition profiling. | Biol Chem. 2004; 279:12588-12597. doi:
10.1074/jbc.M313454200.

57. Loui C.,, Chang A.C,, Lu S. Role of the ArcAB two-component system in the resistance of Escherichia coli
to reactive oxygen stress. BMC Microbiol. 2009; 9:183. doi: 10.1186/1471-2180-9-183.

58. Valvano M.A. Remodelling of the Gram-negative bacterial Kdo2-lipid A and its functional implications.
Microbiology. 2022; 168(4). doi: 10.1099/mic.0.001159.

59. Panda G., Dash S. and Sahu S.K. Harnessing the Role of Bacterial Plasma Membrane Modifications for the
Development of Sustainable Membranotropic Phytotherapeutics. Membranes (Basel). 2022; 12(10): 914. doi:
10.3390/membranes12100914.

60. Kang K.N,, Klein D.R., Kazi M.I,, Guerin F., Cattoir V., Brodbelt J.S., Boll ].M. Colistin heteroresistance in
Enterobacter cloacae is regulated by PhoPQ-dependent 4-amino-4-deoxy-l-arabinose addition to lipid A.
Mol. Microbiol. 2019; 111:1604-1616. doi: 10.1111/mmi.14240.

61. MacRae M.R,, Puvanendran D., Haase M.A.B., Coudray N., Kolich L., Lam J., Baek M., Bhabha G., Ekiert
D.C. Protein-protein interactions in the Mla lipid transport system probed by computational structure
prediction and deep mutational scanning. | Biol Chem. 2023; 24:104744. doi: 10.1016/j.jbc.2023.104744.

62. De Lay N.R, Cronan J.E. Genetic interaction between the Escherichia coli AcpT phosphopantetheinyl
transferase and the YejM inner membrane protein. Genetics. 2008; 178:1327-1337. doi:
10.1534/genetics.107.081836.

63. Chervy M, Barnich N, Denizot J. Adherent-Invasive E. coli: Update on the Lifestyle of a Troublemaker in
Crohn’s Disease. Inf ] Mol Sci. 2020; 21(10):3734. doi: 10.3390/ijms21103734.

64. Cho S-H., Dekoninck K., Collet J-F. Envelope-Stress Sensing Mechanism of Rcs and Cpx Signaling
Pathways in Gram-Negative Bacteria. Journal of Microbiology. 2023; 61(3):317-329. doi: 10.1007/s12275-023-
00030-y.

65. Lach S.R., Kumar S., Kim S., Im W., Konovalova A. Conformational rearrangements in the sensory

RcsF/OMP complex mediate signal transduction across the bacterial cell envelope. PLOS Genetics. 2023;
19(1):e1010601. doi: 10.1371/journal.pgen.1010601.

66. _Francez-Charlot A., Laugel B. Van Gemert A. Dubarry N., Wiorowski F., Castanié-Cornet M-
P., Gutierrez C., Cam K. ResCDB His-Asp phosphorelay system negatively regulates the flhDC operon in
Escherichia coli. Mol Microbiol. 2003; 49(3):823-32. doi: 10.1046/j.1365-2958.2003.03601.x.

67. Dalebroux Z.D., Miller S.I. Salmonellae PhoPQ regulation of the outer membrane to resist innate immunity.
Curr Opin Microbiol. 2014; 17:106-13. doi: 10.1016/j.mib.2013.12.005.

68. Dalebroux ZD, Matamouros S, Whittington D, Bishop RE, Miller SI. PhoPQ regulates acidic
glvcerophospholipid content of the Salmonella Typhimurium outer membrane. Proc Natl Acad Sci U S A.
2014; 111(5):1963-8. doi: 10.1073/pnas.1316901111.

69. Nystrom T., Larsson C., Gustafsson L. Bacterial defense against aging: role of the Escherichia coli ArcA

regulator in gene expression, readjusted energy flux and survival during stasis. Embo J. 1996; 15:3219-3228.

70. Raetz C. R. H., Whitfield C. Lipopolysaccharide endotoxins. Annu. Rev. Biochem. 2002; 71:635-700.
10.1146/annurev.biochem.71.110601.135414.

71. Dolan S.K., WijayvaA., GeddisS.M., Spring D.R,, Silva-RochaR., Welch M. Loving the poison: the
methylcitrate cycle and bacterial pathogenesis. Microbiology. 2018;  164(3):251-259.  doi:
10.1099/mic.0.000604.

72.  Wang Y. The function of OmpA in Escherichia coli. Biochem Biophys Res Commun. 2002; 292(2):396-401. doi:
10.1006/bbrc.2002.6657.

73. Prasadarao N.V., Blom A.M., Villoutreix B.O., Linsangan L.S. A novel interaction of outer membrane

protein A with C4b binding protein mediates serum resistance of Escherichia coli K1. ] Immunol. 2002;
169(11):6352-60. doi: 10.4049/jimmunol.169.11.6352.


https://link.springer.com/article/10.1007/s12275-023-00030-y#auth-Seung_Hyun-Cho
https://link.springer.com/article/10.1007/s12275-023-00030-y#auth-Kilian-Dekoninck
https://link.springer.com/article/10.1007/s12275-023-00030-y#auth-Jean_Francois-Collet
https://link.springer.com/journal/12275
https://pubmed.ncbi.nlm.nih.gov/?term=Francez-Charlot+A&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/?term=Laugel+B&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/?term=Van+Gemert+A&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/?term=Dubarry+N&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/?term=Wiorowski+F&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/?term=Castani%C3%A9-Cornet+MP&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/?term=Gutierrez+C&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/?term=Cam+K&cauthor_id=12864862
https://pubmed.ncbi.nlm.nih.gov/24531506/
https://pubmed.ncbi.nlm.nih.gov/24449881/
https://pubmed.ncbi.nlm.nih.gov/24449881/
https://pubmed.ncbi.nlm.nih.gov/?term=Dolan+SK&cauthor_id=29458664
https://pubmed.ncbi.nlm.nih.gov/?term=Wijaya+A&cauthor_id=29458664
https://pubmed.ncbi.nlm.nih.gov/?term=Geddis+SM&cauthor_id=29458664
https://pubmed.ncbi.nlm.nih.gov/?term=Spring+DR&cauthor_id=29458664
https://pubmed.ncbi.nlm.nih.gov/?term=Silva-Rocha+R&cauthor_id=29458664
https://pubmed.ncbi.nlm.nih.gov/?term=Welch+M&cauthor_id=29458664
https://doi.org/10.20944/preprints202408.1083.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 August 2024 d0i:10.20944/preprints202408.1083.v1

24

74. Sukumaran SK. Selvaraj S.K. Prasadarao N.V. Inhibition of apoptosis by Escherichia coli K1 is
accompanied by increased expression of BcIXL and blockade of mitochondrial cytochrome c release in
macrophages. Infect Immun. 2004; 72(10):6012-22. doi: 10.1128/IA1.72.10.6012-6022.2004.

75. Orme R,, Douglas C.W.L, Rimmer S., Webb M. Proteomic analysis of Escherichia coli biofilms reveals the
overexpression of the outer membrane protein OmpA. Proteomics. 2006; 6(15):4269-77. doi:
10.1002/pmic.200600193.

76. Gophna U, Ideses D., Rosen R., Grundland A., Ron F.Z. OmpA of a septicemic Escherichia coli O78--
secretion and convergent evolution. Int | Med Microbiol. 2004; 294(6):373-81. doi: 10.1016/j.ijmm.2004.08.004.

77. Hellman J., Loiselle P.M., Tehan M.M., Allaire J.E., Boyle L.A., Kurnick J.T., Andrews D.M., Sik Kim K.,
Warren H.S. Outer membrane protein A, peptidoglycan-associated lipoprotein, and murein lipoprotein are
released by Escherichia coli bacteria into serum. Infect Immun. 2000; 68(5):2566-72. doi:
10.1128/IAI.68.5.2566-2572.2000.

78. Sultan A, Jers C., Ganief T.A., Shi L., Senissar M., Kehler J.B., Macek D. and Mijakovic I. Phosphoproteome
Study of Escherichia coli Devoid of Ser/Thr Kinase YeaG During the Metabolic Shift From Glucose to
Malate. Front Microbiol. 2021; 12: 657562. doi: 10.3389/fmicb.2021.657562.

79. TangH., Zhan Z., Zhang Y., Huang X. Propionylation of lysine, a new mechanism of short-chain fatty acids
affecting bacterial virulence. Am | Transl Res. 2022; 14(8):5773-5784. eCollection 2022.

80. Shevchenko A., Wilm M., Vorm O. and Mann M. Mass spectrometric sequencing of proteins silver-stained
polyacrylamide gels. Anal. Chem. 1996; 68, 850-858. doi: 10.1021/ac950914h.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.1021/ac950914h
https://doi.org/10.20944/preprints202408.1083.v1

