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Abstract

Enteropathogenic E. coli (EPEC) infection is a major cause of infantile diarrhea in the developing
world. Using a type-three secretion system, bacterial effector proteins are transferred to the host
cell cytosol where they affect multiple physiological functions, ultimately leading to diarrheal
disease. Disruption of intestinal epithelial cell tight junctions is a major consequence of EPEC
infection and is mediated by multiple effector proteins, among them EspG1 and its homologue
EspG2. EspG1/G2 contribute to loss of barrier function via an undefined mechanism that may be
linked to their disruption of microtubule networks. Recently new investigations have identified
additional roles for EspG. Sequestration of active ADP-ribosylating factor (ARF) proteins and
promotion of p21-activated kinase (PAK) activity as well as inhibition of Golgi-mediated protein
secretion have all been linked to EspG. In this review, we examine the functions of EspG1/G2 and
discuss potential mechanisms of EspG-mediated tight junction disruption.
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Introduction

Enteropathogenic Escherichia coli (EPEC) infection is a major cause of diarrhea in the
developing world. Infants are primarily affected by this pathogen and may experience
repeated infections.1:2 This leads to prolonged intervals during early childhood development
without the benefit of micronutrients, sufficient glucose, and other nutritive factors absorbed
via the intestine.3 EPEC belongs to a family of related attaching and effacing (A/E)
pathogens, including enterohemorrhagic E. coli (EHEC) and the murine pathogen
Citrobacter rodentium. A/E pathogens use a type-three secretion system(TTSS) to transfer
bacterial effector proteins into host epithelial cells via a needle-like structure.*=8 This
“molecular syringe” spans the bacterial and host cell membranes and delivers the effectors
directly into the host cytosol, working in concert with multiple chaperone proteins.
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EPEC houses a 35-kb pathogenicity island called the locus of enterocyte effacement
(LEE).”8 Commensal E. coli lack this chromosomally encoded region. Some bacterial
effector proteins are encoded within the LEE, while others are non-LEE encoded (Nle).
EPEC effectors have multiple deleterious effects on host cells.®10 EPEC-induced diarrhea is
largely attributable to inhibition of absorption by targeting the Na*/H* exchanger (NHE3),
the Na*/glucose cotransporter (SGLT1), as well as the anion exchanger downregulated-in-
adenoma (DRA) in human small intestinal epithelium.11-1> The EPEC effector EPEC-
secreted protein F (EspF) inhibits NHE3 and SGLT1 activity, while EspG is responsible for
decreasing the activity of DRA. In addition to the effects on intestinal transporters, multiple
effectors, including EspF, MAP, NleA, and EspG, contribute to disruption of intestinal
epithelial tight junctions (TJ), which enhances the diarrhea phenotype by preventing the
formation of ion concentration gradients across the epithelium (Fig. 1).16-18

Epithelial TJs are disrupted in multiple disease states underscoring the importance of
maintaining epithelial barriers. Intestinal barrier defects were first described over 25 years
ago in patients with Crohn’s disease, and since then have been linked to TNF-induced
expression of myosin light chain kinase MLCK and caveolin-dependent endocytosis of
occludin.19.20-23 |nterleukin-13 (IL-13)-induced upregulation of claudin-2 has been
identified as the primary cause of barrier dysfunction in ulcerative colitis.24-26 The intestine
is not the only location where barrier defects cause severe clinical consequences. The blood—
testis barrier (BTB) is partially maintained via TJs. Differential expression and
mislocalization of TJ proteins has been correlated with increased BTB permeability leading
to increased levels of anti-sperm antibody, a possible factor in male infertility.2”=30 In lung
epithelial tissues, environmental factors may decrease expression of TJ proteins and play a
role in the development of asthma.31-33

In general, tight junction maintenance, disruption, and assembly can be regulated at the
transcriptional level, by post-translational protein modification, phosphorylation for
example, and by protein half-life. Endocytosis mechanisms involving cytoskeletal changes
also play a role in TJ regulation.

TJs are highly dynamic structures that undergo continual maintenance through a process that
requires actin.34-36 Cells transfected to stably express fluorescent-tagged occludin,
claudin-1, and ZO-1 were treated with the actin-perturbing drug latrunculin A and imaged
and transepithelial electrical resistance (TER) was measured simultaneously in real time.
Actin depolymerization induced the relocalization of TJ proteins to the cytosol with a
corresponding drop in TER, suggesting that actin is required for TJ maintenance. Evidence
suggests that microtubules also contribute to TJ maintenance as their disruption by
nocodazole impedes significantly the movement of occludin-containing vesi-cles.3” Real-
time tracking of GFP-occludin revealed that the fraction of mobile cytosolic occludin was
significantly reduced in the presence of nocodazole. Colchicine, an inhibitor of microtubule
assembly, also disrupts epithelial cell barrier function although it is not clear if this is due to
the mislocalization of TJ proteins or another mechanism.38

These studies indicate that cytoskeletal components play an important role in TJ
homeostasis, making EPEC effectors that interfere with the cytoskeleton of high interest
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with regard to their effects on TJs. The EPEC effector EspG1 and its homologue EspG2
have previously been demonstrated to disrupt microtubules. Recent investigations have
identified another role for EspG, that of a GTPase pathway regulator with potential
downstream effects on the actin cytoskeleton and on inhibition of vesicle trafficking. Effects
of EspG on the Golgi apparatus include the inhibition of protein secretion and possible
interference with proper membrane trafficking. Although these studies did not specifically
investigate how the various roles ascribed to EspG impact TJs, several mechanisms can be
envisioned. In this review, we examine the current literature regarding the identified
activities of EspG and discuss the potential mechanisms of EspG-mediated TJ disruption.

EPEC infection disrupts TJ structure and function

EPEC infection has been demonstrated to perturb TJs in both in vitro and in vivo models.
Simonovic et al. demonstrated that EPEC infection of intestinal epithelial cells (IEC) shifts
occludin localization from the plasma membrane to an intracellular compartment.3° There
was a strong correlation between decreased occludin phosphorylation and movement into
the cytosol. There was also a corresponding drop in TER, suggesting interdependence of TJ
structure and barrier function. Both the structural and functional alterations normalized
following eradication of infection with gentamicin, highlighting the restorative nature of
TJs. Infection of IEC with an EPEC mutant lacking the effector EspF reduced the shift in
occludin localization and the decrease in TER. Claudin-1 and ZO-1 localization are also
altered in EPEC-infected IEC.40

Occludin localization and TER are similarly affected in the mouse model of EPEC
infection.1 After one day of EPEC infection, ileal, and colonic tissues exhibited substantial
relocalization of occludin to the cytosol as well as a significant drop in TER. Neither of
these phenomena was observed following infection with an EspF mutant. In contrast to
studies done in IEC, ZO-1 localization was not altered in the infected murine intestine.41 In
a separate study, claudin-1 was shown to move from the membrane to the cytosol as well.#2

EPEC infection also induces a number of transcriptional and post-translational changes that
are important for pathogenesis.39:43-46

EspG plays arole in host colonization and disrupts intestinal epithelial TJ

function

While EspF and MAP have been implicated in disruption of TJs, ESpG has also been shown
to contribute to loss of TJ function. 16-18 In EPEC, EspG1 is LEE-encoded and its homolog
EspG2 is encoded in the espC pathogenicity island.1847-49 EspG1 was first described as a
type-three secreted homolog of the Shigella flexneri effector VirA harboring 21% identity
and 40% similarity.#” EspG is also highly conserved across other attaching and effacing
pathogens, namely EHEC O157:H7 and the murine pathogen Citrobacter rodentium. EspG2
is 42% identical and 62% similar to EspG and 20% identical and 38% similar to VirA.47
Functionally, EspG1 can complement an S. flexneri VirA mutant.#’ An EPEC EspG1/G2
double mutant can be complemented by EspG1, EspG2, or VirA, indicating a high level of
functional conservation.18:°0 Structurally EspG and VirA are similar. Both contain a
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centrally placed six-stranded sheet, a four-stranded sheet forming the amino terminal
domain, and both also contain a helical domain.>1:52

Relatively few studies have investigated the in vivo function of EspG, but in a rabbit model
of infection, deletion of espG from rabbit EPEC greatly reduced colonization compared to
wild type. A study performed in mice demonstrated similar findings.#”-53 While neither
study examined TJ structure or function in vivo, reduced colonization suggests that EspG
plays an important role in EPEC pathogenesis.

EspG also contributes to loss of TJ function during EPEC infection. Tomson et al. reported
that infection of either T84 or Caco-2 IEC with AespG1/G2 attenuated the drop in TER,
compared to wild-type EPEC.18 Five hours after infection with wild-type EPEC, TER
dropped approximately 70%, while infection with AespG1/G2 reduced TER by only 30%.
Complementation of the mutant with espG restored the reduction in TER to levels
comparable to wild type. A separate study reported the decrease in TER to be comparable
between wild type and AespG1/G2 although the different results are possibly attributable to
the use of a nonintestinal cell line.>* While ectopic expression of EspG1 in Madin-Darby
canine kidney epithelial cells in the absence of other EPEC effectors failed to decrease TER,
para-cellular permeability to 4 kDa dextran was increased significantly, indicating that EspG
may have an impact on the mechanisms that regulate the selective permeability of TJs.>4
The phenotypes attributable to EspG are specific as this effector was shown to play no role
in induction of the inflammatory cascade or pedestal formation.18:5°

EspG disrupts microtubule networks

EspG was first identified as a homolog of the Shigella flexneri effector VirA.47 VirA
disrupts microtubule networks and extensive literature has been published regarding a
similar function for EspG1/G2 (Fig. 2).47:56 It was first established that IEC microtubule
networks were absent under attached EPEC microcolonies and that this phenomenon was
dependent on a functional TTSS.48 Infection of IEC with various EPEC mutants identified
EspG1/G2 as the relevant effector proteins. EspG1 was also spatially associated with
microtubule loss as tagged bacterial protein localized directly under microcolonies in areas
devoid of microtubules.*8

A separate study examined the state of microtubules during EPEC infection of IEC revealing
extensive loss of microtubule networks at five hours after wild-type infection but no change
in cells infected with AespG1.18 Eradication of infection with gentamicin allowed for
recovery of microtubules, which was dependent on new protein synthesis as treatment with
cycloheximide blocked microtubule formation. This finding is consistent with the reported
degradation of a-tubulin by EspG.18

Transient expression of EspG in mammalian cells, which allows for assessment of EspG
effects in the absence of other bacterial effectors, confirmed that this protein alone is
sufficient to depolymerize microtubules in the absence of other EPEC effectors.18
Furthermore, gel overlay assays using purified His-tagged EHEC EspG demonstrated that it
complexes directly with tubulin heterodimers in the absence of additional cofactors.53 The
same study used a bacterial two-hybrid assay to determine that EspG binds directly to the a-
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tubulin subunit. In another reductionist system, purified EspG depolymerized microtubules
in solution, underscoring the effect of this protein on the cytoskeleton.®’

While the role of microtubules in TJ maintenance has been only superficially investigated,
two studies suggest that these structures are required for TJ homeostasis. Subramanian et al.
transiently expressed GFP-occludin in epithelial cells and tracked its movement.37
Individual vesicle tracks were aligned and the distance traveled was measured over time.
Approximately 75 £10% of vesicles traveled >6 pm/min. Microtubule disruption with
nocodazole reduced the percentage of mobile vesicles to 13%. Although this study did not
examine directionality, it suggests that occludin traffics on microtubules, supporting the
speculation that EspG-mediated microtubule disruption impedes the movement of TJ
proteins.

Calcium chelation studies investigated the requirement for microtubules in TJ
disassembly.>8 Chelation of calcium from epithelial monolayers rapidly disrupts TJs, driving
TJ proteins into the cytosol. Microtubule disruption by nocodazole prevented the
mislocalization of TJ proteins following calcium chelation in two different intestinal
epithelial cell lines; (B-catenin, occludin, and ZO-1 all remained junction-associated even
after 60 min of chelation. Cells harboring intact microtubule networks, however, exhibited
an increase in cytosolic TJ proteins. While this study investigated only the movement of TJ
proteins from the plasma membrane to the cytosol, it supports the theory that microtubules
participate in the movement of TJ proteins. We speculate that EspG-mediated microtubule
disruption may interfere with TJ protein movement, thus preventing TJ restoration and
contributing to EPEC-induced barrier loss.

Additional data link EspG-induced microtubule disruption to remodeling of the actin
cytoskeleton. A microtubule-bound RhoA-specific guanine nucleotide exchange factor,
GEF-H1, was shown to be released and activated following infection with wild-type EPEC,
but not after infection with an EspG1/G2 mutant.>” This suggests that EspG1/G2-induced
microtubule depolymerization activates GEF-H1 and induces the ensuing downstream
effects on the actin cytoskeleton.>*>7 As predicted, RhoA was found to be active after wild-
type EPEC infection, but not after infection with an EspG1/G2 mutant.>* RhoA mediates its
downstream effects via Rho-associated kinase (ROCK). ROCK phosphorylates multiple
targets including the myosin phosphatase target subunit (MYPT1) of myosin light chain
phosphatase.?9-%2 Phosphorylation of MYPT1 inactivates the phosphatase resulting in
increased phospho-rylated myosin light chain (MLC). MLC activity is regulated by the
opposing actions of MLCK and MYPTL1. EPEC induces phosphorylation of MLC causing
contraction of the perijunctional acto-myosin ring and a decrease in TER, which is
attenuated by inhibition of MLCK_.39:63-66 The mechanism by which MLCK is activated by
EPEC is not fully defined however. We speculate that EspG-mediated microtubule
disruption may lead to GEF-H1 release, Rho/ROCK activation and inhibition of MYPTL1.
Inhibition of MYPT1 combined with activation of MLCK might contribute to greatly
increased levels of phospho-MLC and ensuing TJ disruption.

We note here that one study used transient trans-fection of GFP-GEF-H1 to investigate its
association with microtubules.>” This raises the possibility that protein overexpression is
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responsible for the association with microtubules and that endogenous GEF-H1 is not as
strongly associated with microtubules, as a separate study showed that native GEF-H1 is
associated with TJs and not microtubules in polarized epithelia.8” If indeed GEF-H1 is not
associated with microtubules, EspG-mediated microtubule disruption may affect the TJ
simply by preventing the trafficking of TJ proteins.3” TJ homeostasis requires the correct
targeting of recycled and newly synthesized proteins to these structures. Interruption of TJ
protein delivery could have substantial effects on both TJ structure and function. Further
work is needed to clarify the effect of EspG-mediated microtubule disruption on the TJ.

EspG acts as a regulator of GTPase signaling

Two recent investigations revealed previously unrecognized activities for EspG. Selyunin et
al. demonstrated that EHEC EspG binds to both and p21-activated kinase (PAK) proteins.>2
Structural analysis of crystallized EspG in complex with ARF6 revealed that upon binding,
ARF6 adopts a conformation nearly identical to that of the protein in its active GTP-bound
state. In GST-pulldown assays, EspG selectively bound to GTP-loaded ARF1 and ARF6. In
the GDP-bound (inactive) conformation, the EspG—binding region of ARF is inaccessible to
EspG. The EspG-AREF interaction also blocked the access of GTPase activating proteins
(GAPs), thus preventing hydrolysis of the ARF-GTP vy -phosphate and disrupting the normal
guanine nucleotide cycle. These data suggest that EspG preferentially binds and sequesters
ARF proteins in the active GTP-bound conformation. An EspG ARF-binding mutant had no
effect on GAP activity, indicating the specificity of EspG’s stearic hindrance.

ARF proteins are required for the recycling of vesicles to the plasma membrane and for
organization of vesicle trafficking.68-70 EspG was shown to localize to the Golgi apparatus
and disrupt Golgi stacks, suggesting that EspG interferes with vesicle trafficking. An EspG
ARF-binding mutant did not induce Golgi disruption. Interestingly, Golgi dispersal is a
well-established indicator of microtubule disruption, however in this study microinjection of
10 nM recombinant EspG into rat kidney cells did not disrupt microtubule networks. 7175
The absence of this phenotype may be due to differences in protocols, including the use of
different cell types (rat kidney versus IEC), microinjection versus infection or transfection
and/or the time points examined. Previous ectopic expression studies were performed using
either stable or transient transfection of espG and microtubules were examined at later time
points. Microtubules were not examined in cells transfected with espG in this publication,
only EspG microinjected cells.

Most interesting was the demonstration that, in contrast to the sequestration of active ARF
proteins by EspG, this effector protein also binds p21-activated kinase 2 (PAK2) and
promotes its activity. In the auto-inhibited homodimer conformation, the region of PAK that
interacts with EspG has three functions—it blocks substrate binding, it blocks the catalytic
site, and it stabilizes the homodimer structure. In the presence of EspG, PAK2 activity is
increased 7.6-fold, suggesting the reversal of these inhibitions. PAK and ARF proteins bind
EspG on adjacent nonoverlapping surfaces. In addition, PAK binding is entirely dependent
on the formation of the EspG-ARF complex as in the absence of ARF interaction, PAK2
fails to associate with EspG (Fig. 3). The PAK family of proteins transduce signals from the
Racl and Cdc42 GTPases, regulating cytoskeletal dynamics, and cell motility.”® Of note,

Ann N'Y Acad Sci. Author manuscript; available in PMC 2014 June 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Glotfelty and Hecht

Page 7

both Rac1 and CdC42 have also been determined to play a role in TJ disruption.””:78 By
linking GTPase inhibition and Rac1/Cdc42 signal trans-duction, EspG may serve as a
“catalytic scaffold” that permits EPEC to interfere with host cell processes in a specific
location within the cell, namely at the Golgi membranes. A separate study also reported that
EspG binds to the Rac/Cdc42-binding site of PAK1 leading to the conclusion that by
imitating a small GTPase, EspG permits EPEC to bypass host cell GTPases and enable
PAK-dependent actin remodeling regardless of the status of native Rac/Cdc42.51 In
summary, while the impact of EspG-PAK?1 binding on TJs is currently not known, these
studies identify cytoskeletal remodeling as a major function of EspG and suggest that this
effector plays multiple roles in EPEC pathogenesis.

Another role for EspG may be linked to its localization to the Golgi apparatus.>2 Ectopic
expression of EspG from EPEC, and EHEC, EspG2 from EPEC, and VirA from S. flexneri—
induced Golgi disruption. Expression of these proteins significantly inhibited Golgi-based
secretion as determined by the release of a reporter protein. Another EPEC effector, NleA,
also inhibits the secretory pathway by binding to SEC24 and inhibiting COPII anterograde
trafficking.”® Comparison of the activity levels of NleA to EspG from EPEC and EHEC,
EspG2 from EPEC, and VirA from S. flexneri revealed that all EspG and VirA inhibit
protein secretion to a significantly greater extent than NleA. A yeast two-hybrid screen
identified Golgi matrix protein GM130 as a binding partner for EPEC EspG. GM130 is a
Golgi-associated protein that interacts with vesicle docking protein p115 as well as Rabl
and syntaxin 5.89 The link between the EspG-GM130 interaction and EspG-mediated
interruption of protein transport is currently unclear. Transient expression of EHEC EspG in
this study was not observed to induce dramatic fragmentation of microtubules. Instead,
“thickening” of tubular structures was observed, as well as membrane ruffling, indicating
that EspG may have hitherto undefined effects on both microtubule and actin cytoskeletal
components.

Disruption of Golgi stacks, via binding to GM130 or sequestration of ARF proteins, may be
another mechanism by which EspG contributes to barrier dysfunction. As TJ proteins move
through the Golgi, they are glycosylated, and directed to specific cell membrane domains.8!
Disruption of the Golgi via a GM130-dependent mechanism or by sequestration of active
ARF may prevent newly synthesized TJ proteins from reaching the plasma membrane and
contributing to TJ reconstruction. The EPEC effector NIeA has already been shown to
contribute to disruption of TJ function mediated by inhibition of Golgi trafficking.’

These data open new avenues of investigation into the many potential roles of EspG1/G2 in
EPEC pathogenesis and provide new insight into how they may contribute to EPEC-induced
TJ disruption, potentially by disrupting microtubules, by as-yet undetermined mechanisms
related to vesicle trafficking or cytoskeletal remodeling or by blocking secretion of TJ
proteins.

Conclusion

Loss of TJ structure and function during EPEC infection is due to multiple effectors, each of
which may have myriad effects on the host cell. For example, EspF has been termed the
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bacterial “Swiss army knife” and has been shown to associate with mitochondria, promote
apoptosis, regulate host membrane interactions, promote invasion of host IEC and inhibit
macrophage uptake in addition to disrupting TJs.82-87 While microtubule disruption was
initially thought to be the sole function of EspG1/G2, new work uncovering inhibition of
vesicle trafficking, promotion of cytoskeletal remodeling and inhibition of Golgi secretion
as additional functions of these proteins paints a more complex picture. In the ongoing hunt
for therapeutic targets, EPEC effectors with broad scopes of capabilities invite further
investigation; disabling one potent effector with a large range of functions could lead to
greatly reduced physiological disturbance. The expanding repertoire of activities of
EspG1/G2 identified demonstrates that further investigation is needed to fully understand
their role in EPEC-induced loss of epithelial barrier function.
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Figure 1.
Mechanisms of EPEC-induced diarrhea. After attachment to epithelial cells, EPEC inject

effector proteins (red hexagons) into host cell cytosol. Several effectors mediate tight
junction disruption by driving occludin (shown in blue) dephosphorylation and localization
to the cytosol. Inhibition of the Na*/glucose cotransporter (SGLT1), the anion exchanger
downregulated-in-adenoma (DRA), and Na*/H* exchanger (NHE3) leads to an increase in
luminal sodium and chloride concentrations and ensuing net water loss.
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Figure2.
EspG disrupts microtubules via an unknown mechanism. EspG disrupts microtubules via an

unknown mechanism. EPEC EspG has been demonstrated to bind directly to a-tubulin. The
presence of EspG alone in the absence of other effectors induces depolymerization of
microtubules into tubulin subunits.
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Figure 3.
EspG regulates the GTPase cycle. (A) Active, GTP-bound ARF is membrane bound.

GTPase activating proteins (GAPs) stimulate GTP hydrolysis and release from the
membrane. Guanine nucleotide exchange factors (GEFs) catalyze the exchange of GDP for
GTP and the reactivation of ARF. EspG is unable to bind to inactive GDP-bound ARF and
preferentially binds GTP-bound ARF. PAK2 will not bind to EspG independently of ARF.
(B) The formation of the ARFgTp-ESpG complex renders GAPs unable to stimulate GTP
hydrolysis. (C) Once the ARFgTp-EspG complex has formed, PAK is able to bind EspG.
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