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ABSTRACT

Shigella is unique among enteric pathogens, as it invades colonic epithelia through the basolateral
pole. Therefore, it has evolved the ability to breach the intestinal epithelial barrier to deploy an
arsenal of effector proteins, which permits bacterial invasion and leads to a severe inflammatory
response. However, the mechanisms used by Shigella to regulate epithelial barrier permeability
remain unknown. To address this question, we used both an intestinal polarized model and a
human ex-vivo model to further characterize the early events of host-bacteria interactions. Our
results showed that secreted Serine Protease A (SepA), which belongs to the serine protease
autotransporter of Enterobacteriaceae family, is responsible for critically disrupting the intestinal
epithelial barrier. Such disruption facilitates bacterial transit to the basolateral pole of the
epithelium, ultimately fostering the hallmarks of the disease pathology. SepA was found to cause a
decrease in active LIM Kinase 1 (LIMK1) levels, a negative inhibitor of actin-remodeling proteins,
namely cofilin. Correspondingly, we observed increased activation of cofilin, a major actin-
polymerization factor known to control opening of tight junctions at the epithelial barrier.
Furthermore, we resolved the crystal structure of SepA to elucidate its role on actin-dynamics and
barrier disruption. The serine protease activity of SepA was found to be required for the regulatory
effects on LIMK1 and cofilin, resulting in the disruption of the epithelial barrier during infection.
Altogether, we demonstrate that SepA is indispensable for barrier disruption, ultimately facilitating
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Shigella transit to the basolateral pole where it effectively invades the epithelium.

Introduction

Shigella spp. are Gram-negative enteric bacilli belong-
ing to the Enterobacteriaceae family. Infection of the
human colonic mucosa by Shigella results in an acute
inflammatory disease characterized by abdominal
cramps, fever, and severe diarrhea, often containing
blood and mucus. Shigella ssp. is one of the leading
etiological agents of diarrhea worldwide, causing
80-165 million cases and up to 600,000 deaths per
year.' Particularly, S. flexneri and S. sonnei are respon-
sible for endemic shigellosis, also known as bacillary
dysentery, in impoverished regions of the world where
this disease remains a major cause of mortality among
children under 5 y old.?

Shigella is a host-specific pathogen with a distinctive
mode of pathogenesis that involves invasion of colonic
epithelial cells through their basolateral pole.” During
infection, colonic epithelial cell invasion is orchestrated
by proteins encoded in a 31-kb region of the 220-kb vir-
ulence plasmid,*” including: 1) proteins necessary to
assemble a type III secretion system (T3SS); 2) translo-
cators (IpaB and IpaC) and effectors (IpaD, IpgBl,
IpgD and IcsB with their exclusive chaperones) secreted
throughout the T3SS; and 3) 2 transcriptional activators
(VirB and MxiE).*” However, the mechanism by which
Shigella relocates from the luminal (apical) to the sero-
sal (basolateral) pole of the colonic epithelium is poorly
understood. Traditionally, the translocation event has
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been attributed to uptake and transport by M cells.®
S. flexneri is also capable of altering apical protein com-
plexes, allowing them to cross the paracellular space to
reach the basolateral pole, an event that also decreases
barrier function.”'® Apical protein complexes in the
intestinal epithelium are composed of tight junction
proteins that establish the boundary between the apical
and basolateral poles of the epithelium, while maintain-
ing cell polarity. The opening of the epithelium barrier
is tightly regulated by several mechanisms, including
actin dynamics. Specifically, cofilin promotes opening
of the tight junction proteins by severing actin
filaments, which result in increased barrier permeabil-
ity.!""* Cofilin is a ubiquitous actin-binding protein
that controls the depolymerization of actin filaments by
severing ‘aged’ monomers at the barbed end of the fila-
ments.'> Members of the LIM kinase family (LIMKs),
namely LIMK1 and 2 are responsible to regulated cofi-
lin activation.'>'® Phosphorylation of cofilin by LIMKs
inhibits its actin binding, severing, and depolymerizing
activities. Actin dynamics via cofilin/LIMK activation
during epithelial disruption, cell division, motility, and
morphogenesis have been extensively studied'>'*'®>

The pathogenicity of Shigella is largely due to its abil-
ity to invade epithelial cells basolaterally. Using polar-
ized intestinal epithelial monolayers, we have previously
shown that S. flexneri interfaces at the apical pole of the
epithelium, physiologically mimicking what happens in
the intestine after bacterial digestion and its subsequent
transition through the paracellular space to reach and
invade the basolateral epithelial pole.” SepA is the major
protein secreted by S. flexneri in culture’' and is also
highly secreted during infection.”>** To date, no physi-
ologically relevant substrates are known for SepA.**
Given that SepA has been reported to play a role S. flex-
neri tissue invasion,”' the aim of this study was to
examine the role of Shigella SepA in epithelial disrup-
tion via cofilin/LIMK activation.

SepA is encoded outside the mxi-spa locus on the
220-kb virulence plasmid. It belongs to the serine prote-
ase autotransporters of Enterobacteriaceae (SPATEs)
family, which has been implicated in a myriad of
pathogenic functions, including bacterial invasion, colo-
nization, promotion of inflammation, and disease sever-
ity.”>* Members of this family share a common
structural organization, characterized by an N-terminal
sec-dependent signal peptide, followed by a “passenger
domain” (the functional, secreted part of the protein),

and a C-terminal pB-barrel referred to as the
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‘translocator” domain. The signal sequence is required
for sec-dependent translocation of the nascent protein
across the bacterial inner membrane, whereas the
C-terminal B-barrel domain is necessary for the translo-
cation of the passenger domain through the outer
membrane. Together, these comprise the Type V secre-
tion system. SepA has been associated with bacterial vir-
ulence not just in Shigella infections, but also in
infections with Enteroaggregative Escherichia coli that
also harbor this gene,*** thereby highlighting the
potential role of SepA in bacterial invasion.

Results
Role of SepA in epithelial barrier disruption

To assess the role of SepA in tissue invasion, we used
our well-established monolayer model of polarized
intestinal cells* to study apical and basolateral S. flex-
neri infection. When the apical epithelial pole was
infected with S. flexneri, the ability to invade epithelial
monolayers depended on SepA. Monolayers infected
with a AsepA strain showed significantly reduced rates
of bacterial invasion (43.67 £ 5.33%) compared with
epithelial monolayers infected with wild-type strain
(Fig. 1A). The avirulent, non-invasive S. flexneri
BS103 strain yielded lower rates of bacterial invasion
(12.67 £ 3.13%) compared with epithelial monolayers
infected with wild-type strain. Transformation with
pZK15, an inducible plasmid containing the sepA
gene,”' complemented the AsepA strain and reestab-
lished the ability to invade polarized monolayers
through the apical pole, yielding values similar to epi-
thelial monolayers infected with wild-type strain.
Interestingly, transformation of the BS103 strain with
pZK15 did not improve the ability to invade epithelial
cells (9.0 £ 0.5%), suggesting that SepA is necessary
but not sufficient to cause bacterial invasion. However,
when directly infecting the basolateral pole, thus
bypassing the boundaries imposed by the epithelial
barrier, SepA was not required for S. flexneri invasion.
Compared to wild-type strains, AsepA strains did not
exhibit a significant decrease in bacterial invasion
through the basolateral pole (Fig. 1B). However, infec-
tion with the BS103 strain showed an impaired inva-
sion capacity that did not improve with SepA
complementation (BS103+pZK15).

To begin to test the hypothesis that SepA compro-
mises intestinal barrier integrity from the apical pole,
we examined the loss of epithelial barrier function by
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Figure 1. SepA facilitates bacterial invasion by opening the epithelial barrier. Bacterial invasion was assessed by infecting polarized epi-
thelial cell monolayers either at the apical (A) or basolateral (B) poles with the following S. flexneri strains: wild-type (black), an avirulent,
non-invasive BS103 (light gray), AsepA (light blue), AsepA+pZK15 (dark blue), and BS103+pZK15 (dark gray). Data are expressed as
colony-forming units (CFU) per monolayer ( = SEM) compared with wild-type. Requlation of TEER after stimulation with S. flexneri
strains was also evaluated after infecting the apical (C) or basolateral (D) poles with the same strains used above. TEER values are
expressed as percentage of change compared with initial values. The data are expressed as means £ SEM of triplicate samples for all

conditions tested.

measuring the transepithelial electrical resistance
(TEER).” Apical infection of polarized intestinal
monolayers with wild-type S. flexneri resulted in a sig-
nificant decrease in TEER, reaching levels at which the
barrier would likely be permeable to large molecules™
after 4 hours of infection (Fig. 1C). Conversely, infec-
tion with the AsepA strain did not affect intestinal
permeability and resulted in TEER values similar to
infection with the avirulent, non-invasive BS103
strain. Infection with the AsepA+pZK15 and
BS103+pZK15 complemented strains altered barrier
integrity and decreased TEER. Similar results were
observed when the epithelial cell monolayers were
infected basolaterally (Fig. 1D).

Effect of SepA on actin dynamic circuits in barrier
disruption

Based on evidence supporting that cofilin function on
actin dynamics is implicated in increased paracellular

permeability of human colonic epithelial cell

monolayers,3 ! we used an ex-vivo 3D culture model
(SMI-100) to examine the interplay between SepA and
cofilin activation in a more physiologically relevant
setting.’® Apical infection with wild-type S. flexneri
affected the columnar architecture of the SMI-100
villi, which was accompanied by the disruption of F-
actin organization (Fig. 2A, top panel). Moreover,
infection triggered apical accumulation of cofilin, spe-
cifically at the site of bacterial contact (Fig. 2A, middle
panel), with a 5.5-fold overall increase in apical cofilin
expression compared with non-infected SMI-100
(Fig. 2B). In contrast, infection with the AsepA strain
did not disrupt the epithelial barrier and, similar to
BS103-infected or mock-treated SMI-100, no effect
was observed on the columnar architecture or F-actin
organization. Cofilin expression levels were compara-
ble between SMI-100 infected with AsepA or BS103
strains.  Infection  with  the complemented
AsepA+pZK15 strain restored the ability to disrupt
the villi architecture and resulted in increased cofilin
expression at the apical pole. Furthermore, we
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Figure 2. SepA regulates proteins involved in actin dynamics. (A) Z-section confocal microscopy (20X magnification) of the SMI-100 3D
intestinal model after apical infection with the following S. flexneri strains: wild-type, BS103, AsepA, AsepA+pZK15, and mock-treated.
The top panel shows the F-actin architecture (phalloidin in purple) of the SMI-100; white squares highlight sections showing where the
differences in the columnar architecture of the epithelium are more noticeable after infection. The middle panel shows bacteria (in red)
and cofilin expression (in green) on infected SMI-100; white arrows point at desquamated cells at the apical pole of the epithelium
exhibiting high cofilin expression. The bottom panel shows the merged figures with the cell nuclei (in blue). (B) Intensity of cofilin
expression after infection of the SMI-100 with the S. flexneri strains described above was estimated using Photoshop CS4. Values are
expressed as percent of cofilin intensity compared with intensity in cells infected with wild-type S. flexneri. Values represent the mean
+ SEM of 3 separate experiments. (C) Western blot analysis of coflin, p-cofilin, LIMKT and LIMK2 expression on epithelial cell monolayers

apically-infected with S. flexneri strains.

observed that S. flexneri SepA-bearing strains caused
lesions on the intestinal barrier characterized by epi-
thelial desquamation, which is the shedding of cells
from the villi tips (Fig. 2A bottom panel), and that
cofilin was highly expressed in desquamated cells
(Fig. 2A).

Using our in vitro model of a polarized intestinal
epithelial cell monolayer, we further investigated if .
flexneri infection affected active (non-phosphorylated)
vs. inactive (phosphorylated, or p-cofilin) cofilin lev-
els. Epithelial monolayers infected apically with wild-
type S. flexneri strains showed a significant decrease in
p-cofilin, but total cofilin protein levels remained
unchanged suggesting SepA control over cofilin acti-
vation but not over protein expression (Fig. 2C). Api-
cal infection with the AsepA strain did not cause a
decrease in p-cofilin levels, with similar levels com-
pared with mock-treated monolayers or those infected
with the avirulent, non-invasive S. flexneri BS103

strain (Fig. 2C). Complementation of the AsepA strain
with the SepA inducible plasmid (AsepA+pZK15),
reestablished the ability to dramatically reduce p-cofi-
lin levels post-infection.

Our results support that SepA has a role in disrupt-
ing the cytoskeletal architecture of the intestinal epi-
thelium by promoting cofilin activation upon S.
flexneri infection. However, we did not find evidence
supporting that SepA directly targets cofilin (Fig. S1).
Since activation of cofilin is tightly regulated by mem-
bers of the LIM kinase family (LIMKSs), specifically
LIMK1 and LIMK2,'"> we investigated the possibility
that SepA could regulate LIMK1 or LIMK2 activation
during S. flexneri infection. Figure 2C shows that api-
cal infection with wild-type S. flexneri caused a dra-
matic decrease in LIMKI1 expression. Infection with
AsepA strain or the avirulent, non-invasive BS103
strain did not affect LIMK1 expression, with protein
expression levels comparable to those observed in
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mock-treated monolayers. Apical infection with the
complemented AsepA+pZK15 strain caused a
decrease in LIMK1 protein expression comparable to
cells infected with wild-type S. flexneri (Fig. 2C). We
observed SepA-dependent down regulation of p-cofi-
lin and LIMK]1 after basolateral infection with any S.
flexneri strain, including the BS103 strain comple-
mented with the sepA plasmid (BS103+pZK15)
(Fig. S2). Although these results suggest that SepA tar-
gets LIMKI1, we did not observe proteolysis when
incubating recombinant human LIMKI with active
SepA isolated from bacterial supernatants (Fig. S3).
No difference was observed in LIMK2 expression in
cells infected with any of the S. flexneri strains or the
mock-treated cells.

Functional consequence of epithelial disruption
by SepA

Enterocyte invasion is a crucial step in Shigella patho-
genesis, which is consistent with the observation that
Shigella reaching the underlying lamina propria
evokes an intense inflammatory response.’”> Using a
transwell assay, we examined whether SepA disrup-
tion of the epithelial barrier was a key requirement for
neutrophil transmigration. As expected, apical infec-
tion of intestinal monolayers with wild-type S. flexneri
elicited a marked migration of neutrophils across the
monolayer in the basolateral-to-apical direction
(Fig. 3A and B). Apical infection with the AsepA
strain did not stimulate polymorphonuclear leukocyte
(PMN) transepithelial migration, with a 55.60 =+
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7.16% reduction compared with cells infected with the
wild-type strain (Fig. 3A). Similar responses were
observed when infecting monolayers with the aviru-
lent, non-invasive BS103 strain or the BS103+pZK15
complemented strain with a 53.11 4 7.03% and 38.13
+ 3.99% reduction in PMN transepithelial migration,
respectively. However, apical infection with the
AsepA+pZK15 complemented strain restored the
ability to induce PMN transepithelial migration to lev-
els comparable to infection with wild-type S. flexneri.
When applying Shigella directly to the basolateral pole
of the epithelium, SepA function on the barrier is not
sufficient to impede PMN migration. Specifically,
infection with the AsepA strain induced PMN transe-
pithelial migration to the same extent as infection
with wild-type or the complemented AsepA+pZK15
strain (Fig. 3B). Infection with the non-invasive BS103
strain showed reduced PMN transepithelial migration
even when complemented with the inducible SepA
plasmid (BS103+pZK15; Fig. 3B).

Structural basis of SepA protein function

To better understand the role of SepA, we resolved
the crystal structure of the SepA passenger domain
by X-ray diffraction to identify features that could
help explain its functional activity (PDB ID: 5]J44).
As shown in Figure 4A, the SepA gene encodes a
bipartite autotransporter protein consisting of an N-
terminal signal peptide, a 110 kDa passenger domain,
and a 30 kDa C-terminal transmembrane S-domain.
The SepA passenger domain is the most abundant
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Figure 3. SepA facilitates neutrophil infiltration when S. flexneri infects the apical pole. Polarized epithelial cell monolayers were infected
either at the (A) apical or (B) basolateral pole with the following S. flexneri strains: wild-type (black), an avirulent, non-invasive BS103
(light gray), AsepA (light blue), AsepA+pZK15 (dark blue), and BS1034pZK15 (dark gray). The data are expressed as means + SEM of

triplicate samples for all conditions tested.
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Figure 4. Crystal structure of the SepA passenger domain. (A) Linear schematic representation of the SepA gene. The first 56 residues
indicate a signal sequence (black), which directs SepA for secretion. Residues 1-1033 comprise the passenger domain. SD1 contains the
serine protease domain (blue, residues 1-256), followed by a B-helix with insertions (yellow, residues 257-1003) including SD2 (green,
residues 481-560), SD3 (cyan, residues 611-628), SD4 (red, residues 667-699), SD5 (gray, residues 782-794), and SD6 (magenta, resi-
dues 834-856). The C-terminal transmembrane S-domain (orange, residues 1034-1310) folds into a pore from which the passenger
domain is secreted. (B) Space-filling representation of the passenger domain using the same color scheme as in the schematic represen-
tation of SepA in A. Length and width dimensions are indicated. The Ser’''-His3-Asp'® catalytic triad is highlighted and shown as a
stick representation. (C) Ribbon diagram representation of the passenger domain. (D) Top view of the passenger domain. For simplicity,
residues 257-480 were omitted. Representative sub-domains stem from the corners of the g-helix. (E) Amino acid stacking interactions
(Thr-Ser, Ser-Ser, and Asp-Asn; residue numbers are given in Figure S2). (F) Hydrophobic amino acid stacking on the interior of the

B-helix as seen through residues 700-900.

protein released into the extracellular milieu and has
been found in large amounts in S. flexneri culture
media®' (Fig. S4A). A single-step purification strat-
egy using size exclusion chromatography was used to
purify SepA from conditioned culture medium
(Fig. S4B). The elution volume was consistent with
SepA being monomeric. Multi-angle light scattering
(MALS = 99 kDa + 0.3%) further confirmed that
SepA was a monomer. We obtained SepA crystals
that diffracted at a 2.9 A resolution. Molecular
replacement with the pathogenic E. coli hemoglobin
protease (Hpb, PBD: 1WXR) was used as a search
model to obtain initial phase information. Clear omit
electron density was observed for most of the pro-
tein, with the C-terminal cap region after residue 800
only becoming clear after several cycles of manual
rebuilding and refinement. The final model includes
residues 1-1006 with no gaps or breaks, but C-termi-
nal residues 1007-1033 were not observed. Data col-
lection and refinement statistics are presented in
Table S1.

The central feature of the SepA passenger domain is
a continuous 24-turn S-helix extending from residues
257-1033 (Fig. 4B and C; in yellow). Each turn is
formed by 3 short B-strands, which interact with
B-strands in neighboring turns, giving rise to
extended B-sheets arranged in a slinky-like triangular
tube (Fig. 4D). The structure is stabilized by extensive
hydrogen bonding that connects the winding net-
works of parallel B-strands by a repetitive pattern of
stacked serine, threonine, aspartic acid, and asparagine
residues in discrete parts on the S-helix (Figs. 4E and
S5A), and by stacked aliphatic and aromatic hydro-
phobic amino acid side chains in the interior of the
B-helix (Fig. 4F). Both ends of the S-helix are sealed
with B-hairpin caps (Fig. S5A). The B-helix is deco-
rated with 6 subdomains (SD1-SD6, Fig. 4C), each
inserted into a single loop of the B-helix. The most
prominent subdomains are SD1 (256 residues, in
blue) and SD2 (80 residues in green). The SD3, SD4,
SD5, and SD6 subdomains lack extensive secondary
structure or folded cores, and are substantially smaller
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than SD1 and SD2. SD3 and SD4 (cyan and red) make
contact with the underside of SD1 and appear to func-
tion as the anchor points on which the protease rests
upon the B-helix. SD5 and SD6 (gray and magenta),
which are short loops variably present among SPATEs
family members, extend from the S-helix core just
below SD3 and SD4. SDI1, SD3, and SD4 (but not
SD2, SD5, and SD6) are common to all SPATEs family
members whose structures have been determined to
date (Fig. S6).

SD1 adopts a serine protease fold with a canonical
catalytic Ser*''-His"®-Asp'®® triad near the protein
surface, adjacent to an apparent S1 side-chain binding
specificity pocket (Fig. 5A). The overall fold of this
domain is similar to those observed in other serine
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Figure 5. SepA SD1. (A) Surface representation (in gray) of the active site catalytic triad (Ser?''-His’3-Asp'®). The location of the putative
SD1 specificity pocket is indicated by an asterisk. (B) Protease cleavage assay with the wild-type SepA protein (black), S211A (dotted
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hydrolysis activity to background levels (Fig. 5B). To
test whether SepA protease activity was required for
disruption of intestinal epithelial monolayers, we eval-
uated the ability of the S211A strain to modulate bar-
rier permeability using TEER. Similar to the AsepA
strain, the S211A strain lost the ability to disrupt the
epithelial monolayer (Fig. 5C) and showed a signifi-
cant decrease in bacterial invasion (Fig. 5D). Finally,
we determined the effect of S211A infection on
LIMKI modulation. Infection with S211A did not
decrease LIMK1 protein levels when compared with
infection with the wild-type or the AsepA+pZK15
complemented strains (Fig. 5E). These results show
that the ability to cause barrier disruption relies on S.
flexneri SepA protease activity on actin regulators,
which may ultimately facilitate the paracellular pas-
sage of Shigella to the basolateral epithelial pole.

SD2 lies opposite of SD1 on the B-helix (Fig. 6A),
branching from one corner of the -helix and forming
a discrete a+B domain with a central 3-stranded,
anti-parallel B-sheet. This central fold is characteristic
of small subdomains present in certain chitinases and
chitin deacetylases. Among these, structural similarity
was greatest for the carbohydrate-binding module
families 5 and 12, as defined by the glyco-database
(www.cazy.org) (Fig. 6B). The residues conserved
across carbohydrate-binding module families 5 and 12
(Fig. 6C) also are found in SepA SD2, primarily in the
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SD2 in any bacterial passenger domain. To test
whether SD2 was required for SepA-dependent viru-
lence, we substituted the sequence encoding the entire
SD2 domain (residues 482-555) with one encoding a
single glycine residue on the sepA gene in the pZK15
plasmid. We then proceeded to transform this plas-
mid, referred to as ASD2, into AsepA strain. Similar
to the protease-inactive SepA variant (S211A), SepA
ASD2 was efficiently secreted from recombinant S.
flexneri. SepA ASD2 also retained wild-type thermal
stability and protease activity (Fig. S7C). Moreover,
we found that SD2 was not required to modulate epi-
thelial barrier permeability nor for bacterial invasion,
with values comparable to those observed in wild-type
and AsepA+pZK15 S. flexneri strains (Fig. S7D and
E). Thus, in our in vitro model, SD2 does not seem to
be essential for barrier function disruption or for the
invasiveness observed in SepA-harboring strains.

Discussion

Shigella spp. is one of the leading etiological agents of
diarrhea worldwide, and is unique among enteric
pathogens, as it invades colonic epithelium from the
basolateral pole. Here, we report that a protein
secreted by Shigella, namely SepA, is essential for dis-
ruption of epithelial barrier integrity during infection.
SepA has been previously associated with virulence
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Figure 6. SepA SD2. (A) SD2 highlighted in a ribbon representation of SepA. (B) Side-by-side comparison of minimal SepA SD2 (residues
491-541, green) with chitinase C, a carbohydrate-binding module 5 family member from S. griseus (residues 32-79, blue), and chitin
deacetylase, a carbohydrate-binding module family 12 member from V. parahaemolyticus (residues 333-379, orange). Overlay of the 3
truncated proteins and superimposition of conserved residues from the protein alignment onto SepA. (C) CLUSTALW alignment of the 3
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Enteroaggregative Escherichia coli infections causing
severe diarrhea and illness in children in Mali.*® In
this study, we show the structural basis of SepA pro-
tein function and the mechanism of action of SepA
during S. flexneri infection.

Using a polarized intestinal monolayer mimick-
ing what occurs in vivo during infection, we dem-
onstrate that SepA is crucial for S. flexneri invasion
of intestinal cells only when the bacteria faces the
apical pole of the epithelium. Conversely, a previ-
ous report failed to observe differences in bacterial
invasion when infecting intestinal cells monolayers
with AsepA.”’ This discrepancy is likely to be
explained based on the differences of the model
used: Benjelloun-Touimi et al. performed experi-
ments on non-confluent HeLa cells while our
experiments were performed in fully confluent,
polarized colon cell lines (T84 and HCTS8). Our
observations suggest that the functioning of SepA
might be dependent on spatial and temporal events
during infection (i.e. at early stages of infection
when bacteria encounter the apical pole of the epi-
thelial barrier).>'°

Supporting this hypothesis, we found that SepA is
responsible for disruption of the polarized epithelial
barrier during Shigella infection. Prior studies attrib-
uted the barrier dysfunction during in vitro Shigella
infection to the translocation of PMN from the baso-
lateral pole to the apical pole where bacteria reside.'
Moreover, the same group of investigators showed
that such barrier dysfunction was accompanied by an
increase in Shigella virulence.** Since then, we have
demonstrated that in the absence of PMN, Shigella
itself can cause barrier dysfunction,9 and for the first
time we now report that SepA plays a critical role in
this phenomenon. The fact that the same barrier
defects are achieved by infecting either basolaterally or
apically suggest that SepA might engage an ubiquitous
receptor and/or target an unique protein that is evenly
distributed throughout the epithelial cells. It is also
possible that SepA targets a variety of receptors and/
or proteins depending on where the bacteria resides,
or that targets of SepA are diverse and can be found
both at the apical or basolateral poles of the epithe-
lium. Supporting the later, another class II SPATEs
called Pic -also found in Shigella- has been shown to
target an array of proteins during infection.***>*’
However, more studies are needed to elucidate these
possibilities.

Noteworthy, transepithelial migration of PMN to
the site of infection driven by epithelial release of IL-8
has been shown to contribute to massive epithelial
damage during S. flexneri infection.® Here, we
showed that the PMN transepithelial migration
induced during apical infection is contingent on bacte-
rial invasion, which in turn is dependent on SepA dis-
ruption of the epithelial barrier. Strains lacking SepA,
which are unable to cause barrier disruption and bac-
teria invasion from the apical pole, exhibited a
reduced ability to trigger PMN transepithelial migra-
tion. However, when directly infecting the basolateral
pole of the epithelium, SepA function on the barrier
was not sufficient to deter PMN transepithelial migra-
tion, confirming a temporal-spatial requirement of
SepA during S. flexneri infection. Although the effects
of SepA on bacterial invasion and PMN transepithelial
migration during infection are indirect (via epithelial
permeability), SepA activity is still fundamental for S.
flexneri pathogenesis.

Our results of the 3D reconstructed epithelial tissue
model are consistent with prior observations® that
demonstrate SepA-dependent morphological altera-
tions in the intestinal epithelium. Particularly, we
observed lesions on the intestinal epithelium largely
characterized by cell desquamation, as well as a
marked disruption of the columnar architecture- a
hallmark of shigellosis. Mechanistically, we further
discovered that SepA orchestrates the apical accumu-
lation of cofilin during S. flexneri infection. As above
mentioned, cofilin plays a fundamental role in actin-
dynamics.”*" Cofilin can be activated at the plasma
membrane by hydrolysis of PtdIns(4,5) P,, which
sequesters the actin-binding residues of cofilin. In the
cytosol, cofilin is activated by either high pH levels or
by de-phosphorylation of the actin-binding residues.*
Here, we observed that following S. flexneri infection
there was a SepA-dependent increase in cofilin activa-
tion (a.k.a. dephosphorylation) in the cytosol. Such
dephosphorylation is essential for the actin-severing
and -depolymerization activity of this protein.*"**

We further found that the significant increase in
activate cofilin was accompanied by a decrease in
LIMKI1 expression, a protein known to negatively reg-
ulate cofilin by phosphorylation of its Ser’ residue.
Thus, our results indicate that SepA plays a role in
actin dynamics during infection by orchestrating the
activation of cofilin via LIMK1 downregulation. Acti-
vation of cofilin has been shown to increase epithelial



permeability by redistributing actin and tight junction
proteins.'>'> Moreover, loss of LIMK1 and constitu-
tive expression of cofilin has been shown to affect cell
adhesion and compaction in the differentiating cell
layers of psoriatic patients.*’ In these patients, cofilin
activation was associated with inflamed skin lesions
where epithelial desquamation is abundant.*’ In light
of these reports, we believe that the accumulation of
cofilin observed in cells shedding from the infected
SMI-100 also support the loss of cell adhesion pro-
moting intestinal lesions upon S. flexneri infection. It
is also possible that at the plasma membrane, addi-
tional activation of cofilin might be important to dis-
rupt the epithelial barrier during Shigella infection. In
this regard, recent reports have shown that actin foci
associated with Shigella infection require signaling,
which is dependent on PtdIns(4,5) P,.** We therefore
speculate that hydrolysis of PtdIns(4,5) P, by phos-
pholipase C could release unphosphorylated cofilin at
the plasma membrane.

We further determined the structure of SepA to
gain insight into the function of this molecule during
S. flexneri infection. SepA is composed of a long
B-helix domain with grafted subdomains in a radial
fashion. Formation of similar S-helix structures in
other SPATEs family members have been hypothe-
sized for assisting in the ATP-independent transloca-
tion of the passenger domain across the bacterial cell
outer membrane.*”*” Like other members of the
class-II SPATEs family, SepA contains a SD2 that has
structural homology to chitinase/chitin binding
domain-containing proteins, but whether these
domains actually bind carbohydrates remains
unknown. Given the role of chitinase-like molecules
in bacterial adhesion, invasion, and consequent
inflammation in the colon, we posit that SD2 could
function in assisting SepA recognition of its receptor/
target on the cell surface of colonic cells. However,
complete deletion of SD2 neither impacts the proteo-
Iytic activity of SepA nor the ability of S. flexneri to
decrease TEER or to invade epithelial cells. Further
experimentation, is required to more precisely address
the potential role of the SD2 on virulence.

Among the other subdomains, a serine protease
catalytic domain (or SD1) is found in all SPATEs
members. Protease substrates are known for some
SPATEs family members. For example, E. coli O157:
H7 EspP cleaves the complement factors C3/C3b and
C5 presumably as part of an immune evasion
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strategy*® and pathogenic E. coli Hpb cleaves hemo-
globin presumably as a source of iron for bacterial
metabolism.*” We found that mutation of the SD1
active site nucleophile (S211A) was essential for
SepA’s proteolytic activity and its ability to disrupt the
epithelial barrier, consequently hindering S. flexneri
invasion. Epithelial permeability, LIMK1 downregula-
tion, and bacterial invasion are all abolished when
infecting with the S211A strain at the apical pole. Both
LIMKI1 and cofilin can be regulated by proteolysis,”>!
and both are downstream of protease-activated cell
surface receptors,5 254 pbut additional studies are
required to determine whether SepA SD1 acts through
these pathways. Finally, we found that obliteration of
the proteolytic activity did not prevent the secretion of
the SepA passenger domain, suggesting that an addi-
tional protein is responsible for the cleavage of the
linker region, as seen in other SPATEs.*’

In conclusion, we propose a mechanism of action
for SepA (Fig. 7) in which at early stages of infection,
S. flexneri secretes SepA to the extracellular milieu
where it interacts with the apical pole of the intestinal
epithelium. Whether SepA is internalized, binds to a
receptor, or cleaves proteins at the surface of the cell
remains uncertain. Regardless, our study shows that
the serine protease activity of SepA causes downregu-
lation of LIMKI1, resulting in increased cofilin activa-
tion. Active cofilin then prompts depolymerization
and severing of actin, ultimately disrupting the epithe-
lium barrier. As shown by our group, a permissive
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Figure 7. Schematic model of the function of SepA during S.
flexneri infection.
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epithelial barrier allows bacteria to breach basolateral
pole of the epithelium.” Once at the basolateral pole,
Shigella deploys the entire T3SS artillery for intracellu-
lar invasion,” evoking massive PMN infiltration and
inflammation.® In sum, we report the fundamental
role of SepA in spatial and temporal events leading to
S. flexneri pathogenesis.

Materials and methods
Bacterial strains

A total of 10 S. flexneri strains were used in this study
(Table S2). Bacterial cells were transformed with
pmCherry or GFP (pKC561) fluorescent plasmids that
were kindly provided by the Leong Lab.”> Both AsepA
and AsepA+pZK15 strains were obtained from the
Maurelli laboratory.*' The serine protease inactive SepA
(S211A) was created by the substitution the sequence
encoding the serine active site nucleophile at position
211 to sequence encoding an alanine on the sepA gene
in the pZK15 plasmid, which was used for complemen-
tation. The AsepA strain that was transformed with the
pZK15 plasmid carrying the S211A mutation were
referred to as the S211A strain. For the generation of
ASD2, the sequence encoding the putative carbohy-
drate-binding domain (residues 482-555) on the
pZK15 plasmid was replaced by a sequence encoding a
single glycine using overlapping PCR. The AsepA strain
that was transformed with the pZK15 plasmid carrying
the SD2 deletion was referred to as the ASD2 strain.

Bacterial cultures were maintained at —80°C in 20%
glycerol stocks. Bacteria were streaked onto Tryptic Soy
Agar with 0.2% of Red Congo and plates were incu-
bated at 37°C for 12-18 hrs. For infections, one colony
was selected from the fresh plate and was incubated
overnight in Tryptic Soy Broth, with antibiotics (Ampi-
cillin [100 mg/mL] or Chloramphenicol [20 mg/mL)
and IPTG when required. The next morning, the bacte-
rial cells were diluted 1:100 in fresh Tryptic Soy Broth
and incubated for 2 '/, hrs, using antibiotics and IPTG
when required. Subsequently, the bacteria were pre-
pared by washing 2X with Hank’s balance salt solution
or HBBS+ (Thermo Fisher Scientific, 14025092) and
re-suspended in the same buffer.

Tissue culture

For all of the experiments, we used an in vitro model
of a polarized intestinal epithelial cell monolayer, as

described previously by us.>>*® Briefly, human intesti-
nal epithelial cells (T84 or HCT8) were maintained in
Dubelcco’s Modified Eagle’s medium/F-12 supple-
mented with HEPES (15 mM; pH 7.5) and 10% fetal
bovine serum. To obtain polarized monolayers, cells
were grown in 24 mm (used for PMN transepithelial
migration, invasion and barrier function assays) or
75 mm (used for protein lysate collection) collagen-
coated permeable polycarbonate filters or trans-wells
(Corning, CLS3413-48EA). Cells were incubated at
37°C with 5% CO,. Monolayers were used when cellu-
lar confluence and differentiation was achieved, usu-
ally after 7-8 d of inoculation. All tissue culture
reagents were obtained from Invitrogen.

Invasion assays

After equilibration with HBSS+ for 20-30 mins at
37°C, epithelial cell monolayers were apically- or
basolaterally-infected to estimate the percentage of
bacterial invasion compared with wild-type infection
as described previously.” Briefly, after 1 ', hrs of
infection, the monolayers were washed and placed in
warm plates with 1 ml of HBSS+ and Gentamicin
(50 ug/mL). In parallel, 150 ul of HBSS+ with the
same concentration of Gentamicin was also applied to
the apical pole of the epithelial cell monolayers and
incubated for 3 hrs. After this incubation, the cells
were washed and the epithelial cell monolayers were
lysed by incubating in Triton X (1%) for 1 hr. A serial
dilution of each infected epithelial cell monolayer was
made to determine the colony forming units (CFU)
per condition. Similarly, a serial dilution from the bac-
teria inoculum used to infect the monolayers was
made. CFU per condition were standardized by divid-
ing the CFU obtained from the monolayers by the
CFU obtained from the bacteria used for infection.
Results were normalized by values obtained with wild-
type infection, which represented the maximum value
(100%) of bacterial invasion.

Transepithelial electrical resistance (TEER)
measurements

To determine currents, transepithelial potentials, and
resistance, a commercially available voltage clamp
(Bioengineering Dept., University of Iowa) was used.
Through the use of Ohm’s law (PD (mV)/100 mAecm®
= Resistance), tissue resistance and transepithelial
current can be determined. Intestinal cell monolayers



were equilibrated with HBSS+ for 20-30 mins. Subse-
quently, monolayers were infected apically with S.
flexneri strains and resistance was measured every
30 mins during infection as described previously.’

Protein lysate collection and western blots

For protein harvest, the monolayers (HCT8 or T-84)
were apically- or basolaterally-infected at a multiplicity
of infection (MOI) of 100 for 1 hr. Following infection,
cells were washed and harvested on ice in a lysis buffer
containing the following: 1% Triton X-100, 100 mM
NaCl, 10 mM HEPES, 2 mM EDTA, 4 mM NazVO,,
40 mM NaF, 200 mM PMSF, and a protease inhibitor
cocktail (Roche, 11836153001). Lysates were centri-
fuged at 14,000 rpm at 4°C for 30 mins and the super-
natants containing the cytosol-associated proteins were
collected. Proteins were electrophoresed on a 4-20%
precast polyacrylamide gel (BioRad, 4561093) and
transferred to nitrocellulose membranes.

The following antibodies were used: Total cofilin
(Abcam, ab42824), p-cofilin (Santa Cruz BioTechnol-
ogies, sc-271923), LIMKI1 (Santa Cruz BioTechnolo-
gies, sc-28370), and LIMK 2 (Abcam, ab9766). The
antibodies were used according to the manufacturer’s
specifications. The polyclonal antibody against SepA
was kindly obtained from the Dr. James Nataro labo-
ratory. HRP-labeled secondary antibodies (Invitrogen,
A27036 and A28177) and enhanced chemolumines-
cence (Thermo Fisher, 34580) were used to detect the
protein bands. Buffer-treated monolayers
included as controls. All experiments were performed
at least 3 times.

were

Epilntestinal tissue model (SMI-100)

The tissue models were developed at MatTek and
kindly provided for this study. The SMI-100 tissue
models have been developed to serve as an efficient
human model system for microbial interaction stud-
ies. Briefly, human intestinal stem cells are grown at
the air liquid interface on fibroblasts and endothelial
cells on a permeable filter support that allows the
study of apical epithelial infections. This tissue model
includes enterocytes, Paneth cells, M cells, tuft cells,
and intestinal stem cells in a highly differentiated,
polarized epithelium (more at: http://mattek.com/epi
Intestinal/datasheet). The SMI-100 are stratified,
thereby exhibiting structured columnar-shaped basal
cells, villi-like structure, brush borders, and functional
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tight junctions. SMI-100 were maintained in DMEM
for 1-2 d. Following equilibration, SMI-100 were
infected with fluorescent S. flexneri strains (at ODggq
= 0.1, Table S2) for 4 hrs at 37°C. Four hours was suf-
ficient to observe bacterial invasion of epithelial cells
in our initial optimization experiments (data not
shown).

Confocal microscopy

Infected and mock-treated SMI-100 were fixed with
4% formaldehyde in 5% sucrose DPBS for 1 hr. Cells
were then permeabilized with 0.5% Triton-X100 (in
DPBS) for 10 mins at 37°C. Then, the primary cofilin
antibody was added (Abcam, ab42824) and incubated
for 1 hr. Subsequently, the following secondary anti-
bodies were added: Alexa Fluor® 488 or Alexa Fluor®
594 (Thermo Fisher Scientific, A-11034 or R37119,
respectively) followed by conjugated phalloidin Alexa
Fluor® 647 (Thermo Fisher Scientific, A22287). Imag-
ing was performed using a Nikon A1R-Al confocal
microscope. Image acquisition was performed with
NIS-Elements imaging software (Nikon) followed by
analyses using Volocity (Perkin Elmer). Densitometry
was analyzed by Photoshop CS4 and presented as a
relative intensity compared with infection with wild-
type S. flexneri. Images of at least 3 experiments were
included in the analysis.

PMN transepithelial migration

Polymorphonuclear leukocytes (PMNs) were isolated
from whole blood obtained from normal healthy
human volunteers by venipuncture. Whole blood was
anti-coagulated with acid citrate/dextrose.”” The PMN
transepithelial migration assays were performed as
described previously.” Briefly, following apical or
basolateral infection of epithelial cell monolayers with
the S. flexneri strains, 1 x 10° of freshly isolated
PMNs were added to the basolateral pole and incu-
bated for 3 hrs at 37°C. PMNs that migrated across
the model epithelium were quantified by detecting the
neutrophil-specific azurophil granule marker myelo-
peroxidase (MPO), as described previously.”®

Statistical analysis

Data are shown as means + standard error of the
mean (SEM). All statistical analyses were performed
using Prism v6 software. The 2-tailed unpaired
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student’s t-test was used to calculate significant
differences between treatment conditions. Asterisks
are used to denote p-values: ™ <0.01; ™ <0.001; and
T <0.0001.

SepA isolation and crystallization

S. flexneri containing the inducible pZK15 plasmid,*'
which encodes the full-length SepA, were grown in
Tryptic Soy Broth at 37°C with shaking (200 RPM) to
an ODgq of 0.6. Subsequently, bacteria were induced
with IPTG (0.5 mM) for 6-8 hrs at 30°C with shaking.
The supernatant was collected, filtered (0.22 pum fil-
ter), and concentrated 1000-fold by centrifugation on
a Centricon®70 plus filter unit (Millipore, MA). The
concentrated supernatant was then loaded onto a
HiLoad 16/60 Superdex 200 gel filtration column (GE
healthcare, MA) that was pre-equilibrated with PBS.
Peak fractions of the passenger domain were concen-
trated to 10 mg/ml and entered into crystallization tri-
als using the sitting drop vapor diffusion technique.

The best, initial SepA crystals diffracted to 5A with
synchrotron radiation and were grown by mixing 1l
of SepA with 1ul of 10% PEG 8K and 20% ethylene
glycol 0.IMES/IMID pH 6.5 (condition D2 from the
Morpheus Crystallization screen)® at room tempera-
ture. Improved crystals were rapidly found by using
an iterative process described previously, which
involved mixing Morpheus condition D2 with other
sparse matrix crystallization screens in 96-well for-
mat.*® These Triangular crystals of maximum dimen-
sions 0.1 x 0.2 x 0.2 mm were grown by mixing 85%
(v/v) of Morpheus condition D2 with 15% (v/v) of
Crystal Screen I (Hampton Research, HR2-910-06)
condition 23, which specifically contained 0.1M
HEPES pH 7.5, 0.2M MgCl2, and 30% PEG 400. Crys-
tals appeared after 1 day and were flash-frozen directly
from the mother liquor. SepA had a 2.9A maximum
diffraction and was in the P3,21 space group with unit
cell dimensions a = b = 143.52 A and ¢ = 269.25 A,
with 2 molcules in the asymmetric unit.

Data collection, processing and structure
determination

High-resolution X-ray diffraction data sets were
recorded at the LRL-CAT 31-ID beamline Advanced
Photon Source (APS) in Chicago. Images were proc-
essed using Mosflm version 7.1.1. and scaled with
SCALA from the CCP4 suite.®’ A pruned search

model was prepared by aligning the SepA amino acid
sequence with the E. coli hemoglobin protease
sequence,” PDB accession code: 1WXR, before
analysis with the SCULPTOR program.®’ Initial
phases were obtained by molecular replacement using
PHASER.>***  Phases improved  using
RESOLVE® with 2-fold non-crystallographic symme-
try real-space averaging. Composite omit maps®> and
prime-and-switch maps were used to build the model.

were

The initial model was built using AutoBuild®® and
improved by cycles of manual building and refinement
using COOT®” and PHENIX REFINE,*® respectively.
Of the 2 SepA molecules present in the asymmetric
unit (Figure S2B), molecule A displayed stronger elec-
tron density overall compared with molecule B. Resi-
dues 885-1006 in molecule B were particularly
difficult to build due to weak electron density. There-
fore, residues in this region have markedly higher B-
factor values than the rest of the protein.

In the unit cell, the molecules pack in an unusual
fashion giving rise to a helical arrangement where one
of the molecules in the asymmetric unit contributes to
one helix and the other to the other helix, with the 2
helices interlocking (Fig. S2C). To determine if SepA
is a monomeric molecule, multi-angle light scattering
with size exclusion chromatography analysis was per-
formed using a Dawn Heleos-II instrument equili-
brated with PBS and operated according to the
manufacturer’s instructions. DALI® was used for
identification of structural similarity with other
proteins.

Enzymatic assays

To test the proteolytic activity of the wild-type, S211A,
and ASD2 SepA, we used a reported substrate for this
protein, a p-Nitroanilide peptide (Suc-Ala-Ala-Pro-
Phe-pNA), as described previously (28).
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