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Vibrio parahaemolyticus is a gram-negative marine bacterium that causes
gastroenteritis associated with the consumption of contaminated shellfish. The emergence
of pandemic strains of V. parahaemolyticus has increased the need for characterization of
the virulence factors of this pathogen. Sequencing of the genome of a clinical isolate
revealed the presence of two type III secretion systems (T3SSs), one on each
chromosome. The T3SS on chromosome one (T3SS1) has been shown to be responsible
for cytotoxicity in HeLa cells, and it shares a high degree of homology to the T3SS of the

Yersinia spp.
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Our studies have shown that infection of HeLa cells with a strain of V.
parahaemolyticus capable of secreting only from T3SS1 indicated that T3SS1 mediates
several events during infection including the rapid induction of autophagy, cell rounding,
and finally lysis of the cell. Defining the T3SS1-mediated events of infection gives
insight into virulence mechanisms of V. parahaemolyticus that have not been well
characterized and provide a basis for the elucidation of the functions associated with
T3SS1 effectors.

One of the T3SS effectors, VopS, contains a Filamentation induced by cAMP
(Fic) domain that we have shown is critical for the function of this effector. Our studies
have found that VopS inhibits Rho GTPase signaling during infection by directly
modifying Rho, Rac, and Cdc42, preventing their interaction with downstream effectors.
These observations reveal a unique activity for VopS, which targets a pathway that is
critical in the cellular response to V. parahaemolyticus infection. In addition, they
provide insight into a novel post-translational modification that may expand our
knowledge of eukaryotic cell signaling.

Fic domains are found in proteins from several bacterial and eukaryotic species
and are recognized by their conserved motif, HPFX(D/E)GNGR. The presence of Fic
domains in higher eukaryotes suggested that this modification could be utilized in cell
signaling. Our preliminary studies indicated that AMPylation is utilized by eukaryotes.
We have shown that a Fic protein from humans, HYPE, possesses auto-AMPylation
activity, confirming our hypothesis that these domains are involved in AMPylation.
Ongoing and future studies seek to identify the substrates of HYPE activity and identify

other components involved in this new layer of eukaryotic cell signaling.
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CHAPTER ONE

Introduction and Literature Review

Vibrio parahaemolyticus, an emerging pathogen

In 1950, a severe outbreak of foodborne illness sickened 272 people and
resulted in 20 deaths in Osaka, Japan. Patients presented with gastroenteritis and
severe abdominal pain. Autopsies revealed extensive damage to the stomach and
other areas of the gastrointestinal tract. The source of the outbreak was traced to a
semi-dried fish called shirasu. Although samples of shirasu were heavily
contaminated with many species of bacteria, microbiologist Tsunesaburo Fujino
isolated two potential culprits by passage through mice. Of these, one was also
isolated from stool samples of infected patients and was deemed to be responsible
for the outbreak. Fujino named the newly identified pathogen Pasteurella
parahaemolytica (40). Several years later, it was discovered that this organism
was halophilic, which led to the reclassification of the organism to the genus
Vibrio (43).

V. parahaemolyticus is a gram-negative, rod-shaped bacterium commonly
found in marine and estuarine environments (24). Large populations of free-living
bacteria have been detected in water samples (7). However, V. parahaemolyticus
is also found associated with plankton, copepods, and crustaceans, which provide
a reservoir for this organism in the environment (7, 22, 46). V. parahaemolyticus
possesses two distinct kinds of flagellar systems. In liquid environments, V.

parahaemolyticus is highly motile through the use of a single polar flagellum



2
(48). Migration across semi-solid surfaces is accomplished by several lateral
flagella. This type of motility, called swarming, is thought to enable the bacteria
to attach to the surfaces of eukaryotic cells or shellfish and allows V.
parahaemolyticus to flourish in and adapt to changing environments (9, 84).
Outbreaks of V. parahaemolyticus are common in Southeast Asia, where
infection is a major health and economic issue. In Japan, infections with this
pathogen account for 20-30% of food poisoning cases (4). However, V.
parahaemolyticus has spread beyond the realm of Southeast Asia. Between 1996
and 1998, the number of cases of infection rose sharply worldwide, which is
likely due to the emergence of new pandemic strains, such as the O3:K6 strain,
which was isolated from 50-80% of patients in an outbreak in India during this
time (66). The O3:K6 strain has now spread throughout the world and has been
isolated off the coasts of Europe, Asia, North and South America, and Africa (24).
In the United States, the spread of V. parahaemolyticus has become an
increasingly important issue, as infections with this pathogen have become the
most frequent cause of Vibrio-associated gastroenteritis (55). It is estimated to be
responsible for about 5,000 cases of gastroenteritis each year in the United States,
though problems associated with V. parahaemolyticus infections are believed to
be largely underdiagnosed and may represent a larger health risk than is currently
appreciated (31). Samples of V. parahaemolyticus have been isolated from fish
farms and throughout all coastal regions of the United States (24, 64). The

incidence of infection is associated with water temperatures, with the highest



number of cases reported in summer months (24). The rise in ocean temperatures
due to global warming may enable the further spread of this bacterium, which has
now been found as far north as the coastal waters of Alaska and Canada (62).
Infection with V. parahaemolyticus typically results from consumption of
undercooked and contaminated shellfish and most commonly leads to
gastroenteritis characterized by acute diarrhea, abdominal cramps, nausea,
vomiting, and fever (64). In rare cases, V. parahaemolyticus infections that result
from contact of a wound with contaminated seawater or seafood can occasionally
lead to primary septicemia (64). Although infection is often self-limiting,
individuals who are immunocompromised or burdened with preexisting health
conditions such as liver disease or diabetes are at high risk for severe

complications that can result in death (64).

Virulence factors of V. parahaemolyticus

Although it often exists as a commensal organism in the environment, V.
parahaemolyticus maintains a number of virulence factors in the event of
infection of a human host. The most well-characterized virulence factors from
this bacterium are the thermostable direct hemolysin (TDH) and the thermostable-

related hemolysin (TRH). TDH is a reversible amyloid toxin that causes S -

hemolysis on Wagatsuma agar. This is known as the “Kanagawa phenomenon”

(KP) and is used as a classical means of identifying virulent strains of V.
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parahaemolyticus (33). However, there are KP- isolates of V. parahaemolyticus
that cause disease, so this is not a foolproof means of identification. TDH and
TRH are pore-forming toxins that are thought to alter ion flux in intestinal cells,
leading to diarrhea (41, 81). These toxins have been associated with activities
such as cytotoxicity, hemolysis, and enterotoxicity in several models of infection
(81).

TDH and TRH are most often associated with clinical isolates of V.
parahaemolyticus, with less than 5% of environmental isolates reported
possessing these toxins, suggesting their importance in disease and pathogenesis

(96). However, infection with Atdh and Atrh strains of V. parahaemolyticus

results in rapid and acute cell death in a tissue culture model, suggesting the
presence of additional virulence factors (56, 58, 76). The 2003 sequencing of the
V. parahaemolyticus genome provided a key insight into this cytotoxicity when it
revealed the presence of two type III secretion systems (T3SS) (60).
Subsequently, it was shown that the cell death observed during infection with a

A tdh strain is associated with the presence of a functional T3SS (76).

The Type I1I Secretion System

The T3SS is a structure employed by Gram-negative bacteria to deliver
proteins, called effectors, directly into the cytosol of host cells during infection
(Figure 1) (35). The first 20-30 amino acids of effectors are thought to contain a

secretion signal that targets the protein to its specific T3SS. These sequences are
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not cleaved upon secretion and so far no general sequence characteristics of a
secretion signal have been identified (34). Upon initiation of secretion, effectors
are unfolded and secreted in an ATP-dependent manner through a needle-like
apparatus that spans the inner and outer membranes of the bacteria and serves as a
channel to deliver effectors directly into the host cell cytosol (35). Secretion of
effectors requires translocator proteins that are thought to insert into the target cell
membrane and form a pore in the membrane of the host cell (34).

Effectors are held quiescent inside the pathogen through lack of an
activator or substrate that is present only in the eukaryotic target cell or through
the presence of an accessory protein called a chaperone (72, 91). Many, but not
all, bacterial effectors are associated with chaperones, which are classified by
their low molecular weight, acidic pl, and a predicted amphipathic helix near their
C-terminal end (75, 94). They most often bind to a 50-100 amino acid region that
follows the secretion signal. Along with keeping effectors quiescent, chaperones
are also proposed to maintain effectors in a semi-unfolded, globular state that

facilitates rapid unfolding once secretion has been initiated (34).



Host cell
\
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Figure 1. The Type III Secretion System

Electron microscopy images (shown in inset) served as the basis for this
schematic of a T3SS. The needle complex is made up of a base with several ring
structures that span the inner and outer membranes. A needle-like filament,
through which effectors are secreted into the cytosol of the host is shown in green.
Inside the bacteria, some effectors (purple) are bound to chaperones (blue) until
they are ready to be secreted. Adapted from (86).



Activities of Type III Effector Proteins

Although T3SS machinery is often conserved among gram-negative
pathogens, the effectors from each system differ widely in their mechanism of
action. However, these effectors, like viral oncoproteins, are commonly
characterized as potent factors that often mimic or capture an endogenous
eukaryotic activity (72). They target a wide variety of eukaryotic pathways such
as those involved in the innate immune response, regulation of host cell
architecture, and initiation of cell death (68).

Bacteria utilize type III effectors to avoid clearance by the immune
system, escape and spread from the host, or establish a replicative niche inside the
cell. One family of effectors, the YopJ family of acetyltransferases, targets the
MAPK and NFkB signaling pathways, whose inhibition results in a dampened
innate immune response during infection (65, 73, 89). Another common target of
bacterial effector proteins are Rho guanosine triphosphatases (GTPases), which
regulate the actin cytoskeleton (described below). Inhibition of Rho GTPase
signaling by the Yersinia effector YopE leads to disruption of the actin
cytoskeleton, preventing phagocytic elimination of the bacteria (93). Conversely,
the Salmonella effector SopE activates Rho GTPases, hijacking the actin
cytoskeleton and promoting uptake of this intracellular bacteria (39).

Many other effectors are associated with activation of various cell death
pathways (described below). The Pseudomonas aeruginosa effector ExoS

contributes to the activation of apoptosis, a noninflammatory type of cell death
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that requires the activation of caspases (88). Still other effectors target the
autophagy pathway, which is a pathway through which cells respond to stress
such as nutrient deprivation or infection by sequestration of cytoplasmic contents
into double-membraned vesicles that are delivered to the lysosome for
degradation (54, 88). To avoid clearance by autophagy, the pathogen Shigella
flexneri secretes an effector protein called IcsB that masks recognition of the
bacterial outer membrane protein, VirG, by the autophagy protein, Atg5 (69).
Each pathogen uses its own combination of type III effectors to efficiently attack
and evade a host during infection. Regardless of the activity of type III effectors,
the utilization of various mechanisms to modulate eukaryotic cell signaling shifts

the balance for survival in favor of the invading pathogen.

Features of cell death pathways

Pathogens have been shown to activate a variety of host cell death
pathways upon infection. Bacteria may induce death of cells required for immune
defense to enable their persistence inside a host. Alternatively, the activation of
cell death could allow for the escape and dissemination of the invading bacteria
(99). The most commonly described cell death pathways include apoptosis,
autophagy, necrosis/oncosis, and pyroptosis. The outcome of the activation of
each of the pathways is the death of cells, but the process through which this

occurs is different for each. Although some characteristics are shared among
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these pathways, each possesses distinct morphological features that are used to
distinguish one from the other (Figure 2).

Apoptosis is a noninflammatory type of programmed cell death. It is
regulated by a family of proteases called caspases that target and cleave specific
proteins resulting in the morphological features of apoptosis (14). Cells
undergoing apoptosis exhibit morphologies such as nuclear and cytoplasmic
condensation, chromatin cleavage, and cellular blebbing (Figure 2). Remaining
condensed cells and cellular fragments are taken up and disposed by phagocytes
(47).

Autophagy is a highly regulated process that involves the sequestration of
cytoplasmic contents in double-membraned vesicles, called autophagosomes,
which are delivered to lysosomes for degradation (54). This pathway is a common
target of bacteria and viruses due to its important association as a host defense
pathway involved in both innate and adaptive immunity (74). Autophagic cell
death is noninflammatory and cells undergoing this process exhibit morphological
features such as vacuolization into double-membraned autophagosomes (18)
(Figure 2).

Necrosis (or oncosis) is thought of as a passive form of cell death that is
unregulated. The process of necrosis, leads to depletion of energy stores and
increased membrane permeability, which ultimately results in the death of a cell

(59). Unlike apoptosis and autophagy, necrotic cell death is proinflammatory.
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Morphological characteristics of necrosis include cellular and organelle swelling
and membrane blebbing (59) (Figure 2).

A recently identified type of programmed cell death was termed
pyroptosis (29). The hallmark of pyroptosis is that it is dependent upon caspase-
1, a caspase not involved in apoptosis. The process of pyroptotic cell death is
proinflammatory and leads to membrane breakdown and release of inflammatory
cytokines (29) (Figure 2). Previous studies have shown that pyroptosis is activated
by infection with bacteria such as Salmonella and Shigella (15, 82). Bacterial
infection often leads to cytotoxicity that can be further characterized by the type
of cell death activated during infection. The ability to distinguish between these
cell death pathways using their distinct sets of morphological and molecular
markers gives critical insight into the targets and pathways that bacteria

manipulate during infection.
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Figure 2. Morphological features of various pathways of cell death.

Upon death-inducing stimuli, cells respond by activating a cell death pathway.
Apoptosis is characterized by activation of caspases, which leads to
morphological changes such as nuclear and cytoplasmic condensation. During
autophagy, cytoplasmic contents are sequestered in autophagic vacuoles that are
degraded by lysosomes. The morphological features of necrosis (oncosis) are cell
and organelle swelling, followed by the release of proinflammatory contents upon
cell death. Pyroptosis is characterized by activation of caspase-1 that results in
the processing and release of inflammatory cytokines. In addition to these, there
are likely other cell death pathways that remain undiscovered. Figure adapted
from (29).
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Cytotoxicity of V. parahaemolyticus T3SS1
Sequencing of the genome of the RIMD2210633 strain of V.
parahaemolyticus revealed the presence of two T3SSs. The first T3SS (T3SS1) is
encoded on the larger chromosome 1, and the other T3SS (T3SS2) is found on a
pathogenicity island on the smaller chromosome 2. T3SS2 is found only in
clinical isolates of V. parahaemolyticus and is associated with fluid accumulation
and enterotoxicity in a rabbit ileal loop model of infection (77). However, mutant
strains that are unable to secrete proteins from T3SS2 are cytotoxic to cells,
suggesting a role for T3SS1 in virulence (56, 76). Genotyping has shown that all
isolates of V. parahaemolyticus harbor T3SS1, which resembles the T3SS of
Yersinia spp. in structure and organization, although there is no similarity
between their predicted effectors (60, 77) (Figure 3).

A hypothetical region of genes in the T3SS1 gene cluster that is not found
in Yersinia spp. is predicted to encode a small number of effectors and their
associated chaperones (Figure 3). These effectors, which are encoded by vp1680,
vp1683, and vp1686, are named Vibrio outer protein Q (VopQ), VopR, and VopS,
respectively and have no homology to any proteins of known function. Like
previously discovered effectors, they were initially identified by their association
with a chaperone (75). Previous studies have shown that VopQ and VopS are
secreted in a T3SS1-dependent manner, and they are thought to play a role in
cytotoxicity (71). However, the mechanism through which each of these effectors

contributes to cytotoxicity is unknown.



13

Vibrio parahaemolyticus RIMD2210633 chromosome |

30354933 353574 33363744 338238 29746960 63
)

Yop ler ysc %5 {‘5' K ysc vir yse ler

syeN - tved yopN vxsC

vop ver vse vse vse vir

D :B.H. V' GR. D IX

K OP QRSTU L E’J{I:KI-SGF D: € B.A F({I)

Hypothetical i

-—
-
-
—— ~
-
-
—
g

<">>:><:'<?EK <3

VP1676 VPI1677 VP1678 VPI1679 VP1680 \P1682 VP1683 VP1684\ VP1686 VP1687

| VP1681 | VP1685 |

VopQ VopR VopS

Figure 3. The T3SS1 gene cluster.

The organization of the T3SS1 gene cluster in V. parahaemolyticus (top) is
similar to that of Yersinia spp. (bottom), with the exception of 13 genes that are
oriented in the opposite direction (represented by crossed red lines). The numbers
above the T3SS1 genes show the percent identity at the amino acid level of the
corresponding Yersinia T3SS proteins. A region of hypothetical genes not found
in Yersinia spp. is underlined. (B) A close-up of the T3SS1 hypothetical region of
genes shows the association of the genes encoding predicted effector proteins
(vp1680, vp1683, and vpl686) with their corresponding chaperones (vpl682,
vp1684, and vp1687). Protein names of each effector are shown in red. Figure
adapted from (71, 77).
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The Vibrio T3SS1 effector, VopS
VopS is an effector protein that is secreted from V. parahaemolyticus in a
T3SS1-dependent manner (71). This protein has no homology to any proteins of
known function, though a filamentation induced by cAMP (Fic) domain is located
in the C-terminus. Although the exact function of this domain is unknown, at
least one function is thought to be the regulation of cell division through folate
synthesis in Escherichia coli (50, 90). A BLAST search reveals that Fic domains
are widely distributed through all domains of life, and members of this family are
present in many species of bacteria and higher eukaryotes (5). Each domain is
recognized by a conserved motif, HPFX(D/E)GNGR. Structures of bacterial Fic
domains have been solved, which revealed that these domains are mostly alpha
helical in nature, and the residues in the conserved motif are in a loop region that
may provide the basis for polar interactions (23) (Figure 4A). A (-hairpin near
the Fic motif of one structure is bound to a peptide, placing it within Van der
Waals contact of the motif histidine, suggesting that the Fic motif could represent

an active site in these proteins (25) (Figure 4B).
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Figure 4. Structures of bacterial Fic domains

(A) Ribbon diagram (modeled from PDB# 2f6s) depicting Helicobacter pylori Fic
domain structure. Conserved Fic domain secondary structure elements are
colored from N to C-terminus in rainbow. Additional secondary structural
elements are white. The Fic motif is colored black, with conserved polar residue
side chains represented as sticks. Fic motif sidechains E and N provide polar
interactions (magenta dashed lines) with phosphate (ball and stick representation).
(B) Ribbon diagram (modeled from PDB# 2qc0) depicting the Shewanella
oneidensis Fic domain structure. Secondary structure elements and Fic motif
residues are depicted and colored as in A, with some non-conserved elements
omitted. A B-hairpin binds a peptide near the Fic motif His.

Previous reports suggested that VopS induces apoptosis in macrophages
during infection (12). Deletion of this effector in a strain of V. parahaemolyticus
that is functional for secretion only from T3SS1 results in a mutant strain of
bacteria that no longer induces apoptosis in macrophages, as measured by
Annexin V staining. In the same study, it was reported that VopS interacts with
the p65 subunit of NFkB using yeast two-hybrid analysis. Furthermore, gel shifts

of the NFkB binding site of the TNF-a promoter using nuclear extracts of
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infected cells indicated that nuclear extracts from cells infected with wild-type
bacteria showed no NFkB DNA binding, whereas AvopS-infected nuclear extracts
showed binding activity to the TNFa promoter. The authors proposed that VopS
induces apoptosis during infection through the mislocalization of p65, thereby
preventing this transcriptional regulator from interacting with its cognate
promoters and activating pro-survival pathways. This study was limited in that no
evidence for interaction of p65 and VopS was presented beyond yeast two-hybrid.
In addition, changes in expression of NFkB regulated genes due to the presence or
absence of VopS during infection were never addressed. In short, while
identifying a potential target of VopS, this study did not clearly define the activity
of this effector.

Another study has implicated VopS in the inhibition of Rho GTPases
during infection (19). Caselli and colleagues found that during infection with a
strain of V. parahaemolyticus capable of secreting only from T3SS1, Rho
GTPases were no longer activated after one hour of infection. This effect was
attributed to VopS, as Rho GTPases remained active throughout the course of
infection with a AvopS mutant strain. Complementation of the mutant restored
the GTPase inhibiting effect. However, complementation with VopS lacking its
Fic domain did not restore activity, indicating that this domain is important for
GTPase inhibition. The authors found that total levels of Rho GTPases remained
unchanged during infection, indicating that the stability of these proteins was not

affected. While these results clearly associated VopS with the disruption of the
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actin cytoskeleton through inhibition of Rho GTPases, many important questions
remained unanswered, including the precise identity of the target for VopS and

the molecular mechanism this effector employs to inhibit host cell signaling.

Rho GTPases, biological molecular switches

The Rho family of GTPases are members of the Ras superfamily of small
G proteins. The most well characterized members of this family are RhoA, Racl,
and Cdc42 (42). Rho GTPases act as molecular switches that cycle between an
inactive GDP-bound state and an active GTP-bound state. This activity is
controlled by a group of proteins that include guanine nucleotide exchange factors
(GEFs), GTPase activating proteins (GAPs), and guanine nucleotide dissociation
inhibitors (GDIs). GEFs catalyze the exchange GDP for GTP, which causes a
conformational change in the GTPase to activate and allow it to interact with its
downstream effectors (83). GAPs catalyze the intrinsic hydrolysis of GTP to
GDP, returning the GTPases to its inactive confirmation (11). GDIs bind to Rho
GTPases in their GDP bound state, blocking spontaneous dissociation of GDP

from the GTPase (70) (Figure 5).
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Figure 5. The GTPase cycle.

Rho GTPases act as molecular switches that cycle between an inactive GDP-
bound conformation and an active GTP-bound confirmation. Their activity is
regulated by many different GEFs, GAPs, and GDIs. Once in their active
confirmation, GTPases are able to initiate a response by binding to downstream
effector proteins. Adapted from (42).
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In the active GTP-bound state, Rho GTPases regulate many essential
processes inside the cell such as activation of the NFkB and MAPK pathways,
cell migration, cell-cell adhesion, cell polarization, and maintenance of cell shape
(42). The most well characterized function of Rho GTPases is regulation of the
actin cytoskeleton. Activation of Rho, Rac, or Cdc42 mediates the
polymerization and organization of actin. Each Rho GTPase directs the formation
of distinct actin structures. Rho activation leads to stress fiber formation, while
Rac and Cdc42 form cellular protrusions of lamellipodia, and filopodia,
respectively, at the plasma membrane (42). Because of their involvement in so
many cellular processes, Rho GTPases are a common target for activation or
inhibition by pathogens. Activation of Rho GTPases can promote uptake on
intracellular bacteria, while inhibition can lead to a depolymerization of actin that

results in collapse of the actin cytoskeleton, cell rounding, and detachment (8).

Aims of this study

The main aim of this thesis project is to elucidate the activity of the V.
parahaemolyticus effector VopS and characterize its contribution to T3SS1-
dependent cytotoxicity during V. parahaemolyticus infection. The cytotoxic
effects caused by T3SS1 during infection were thought to occur by apoptosis.
However, apoptosis is a quiet and controlled form of cell death while V.
parahaemolyticus infection results in a rapid cytotoxicity uncharacteristic of

apoptosis. Thus, many aspects regarding the precise mechanism of T3SS1-
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mediated cell death, and the role of T3SS1 effectors in this process, remain
incompletely characterized.

The T3SS1 effector, VopS, has been implicated in multiple events during
infection. VopS was first suggested to induce apoptosis of macrophages through
the inhibition of the NFkB pathway. Additionally, VopS was correlated with the
inhibition of Rho GTPases. While both of these pathways are common targets of
type III secreted effector proteins, the molecular mechanism of VopS and its
precise targets remained completely unknown. Determining the function of this
effector will further our limited understanding of the virulence factors of V.
parahaemolyticus and provide insight into the pathogenic mechanisms of this
important emerging pathogen. Furthermore, bacterial effector proteins often
mimic or capture an endogenous eukaryotic activity. Therefore, defining the
activities of bacterial effectors may uncover critical points in the regulation of
eukaryotic pathways, which raises the exciting possibility for new insight into

eukaryotic cell signaling.



CHAPTER TWO
Materials & Methods

Cell culture

HeLa cells were cultured in DMEM (Invitrogen) with 10% cosmic calf
serum (HyClone). RAW 264.7 macrophages were cultured in DMEM with 10%
FBS (HyClone) and 10 mM L-glutamine. The GFP-LC3—stable HeLa cell line
was generously provided by Anthony Orvedahl from the laboratory of Beth
Levine (UT Southwestern). GFP-LC3 HeLas were cultured in DMEM with 10%
FBS (HyClone) and nonessential amino acids (Invitrogen). All cell lines are

maintained at 37°C in 5% CO,.

Bacterial growth conditions

All bacterial strains used in these studies are listed in Table 1. The V.
parahaemolyticus POR1, POR2, and POR3 strains were a generous gift of
Takeshi Honda and Tetsuya lida (Osaka University, Japan). These strains were
maintained on LB plus 3% NaCl (MLB) at 30°C. The Yersinia
pseudotuberculosis YP126 strain was obtained from Jim Bliska (SUNY, Stony
Brook, NY). This strain was cultured on LB at 26°C. The POR3AvopS strain was
grown in MLB and the POR3AvopS + VopS strain was grown in MLB

supplemented with 20pg/ml of tetracycline to maintain the plasmid.

21
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T3SS-inducing conditions
T3SS1 of V. parahaemolyticus was induced by growing cultures in LB
plus 3% NaCl (MLB) overnight at 30°C, then diluting the cultures 1:15 into fresh
MLB plus 10 mM sodium oxalate and 10 mM MgCl,. Cultures were grown at
37°C for 3 h before infection. To induce the T3SS of YP126, cultures were grown
overnight in LB at 26°C. Before infection, the bacteria were diluted 1:50 into LB
plus 20 mM sodium oxalate and 20 mM MgCl,. Cultures were incubated with

shaking at 26°C for two hours and then shifted to 37°C for one hour (63).

Infections

HeLa cells or RAW 264.7 macrophages were plated at 0.1 x 10° or 0.5 x
10° cells/ml, respectively, in 6-well tissue culture dishes unless otherwise noted
one day before infection. For microscopy, cells were plated onto sterile glass
coverslips. V. parahaemolyticus and Y. pseudotuberculosis were added to the cells
at a multiplicity of infection (MOI) of 10 and 100, respectively. Cell monolayers

and bacteria were centrifuged at 500 x g for 5 min at the onset of each infection.

Transfections

For transfection experiments, HeLa cells were plated on coverslips at a
density of 0.2 x 10° cells in 6-well dishes one day before transfection. Cells were
transfected using Fugene HD (Roche) transfection agent with 0.5 pg of pSFFV-

eGFP and 0.1 pg of pcDNA3-VopS, pcDNA3-VopS-H287A, pcDNA3-VopS-
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H348A, pcDNA3-VopS-R356A, pcDNA3-VopSA30, or pcDNA3-VopSA30-
H348A. For transfection of GFP-HYPE fusion, cells were transfected using
Fugene HD with 0.5 pg of pSFFV-eGFP, pSFFV-HYPE-eGFP, pSFFV-
HYPEA47-eGFP, or pSFFV-HYPEA99-eGFP. Empty vector was added to each
transfection for a total of 2 ug of DNA/well. Eighteen hours after transfection,

cells were fixed and stained as described below.

Preparation of Samples for Microscopy

HeLa or RAW 264.7 macrophage cell lines plated on glass coverslips
were fixed at the indicated time points in 3.2% paraformaldehyde in 1x PBS for
10 min and permeabilized in 0.1% Triton X-100 in 1x PBS for 5 min at room
temperature. Cells were stained for actin with rhodamine-phalloidin (Molecular
Probes) and DNA with Hoechst (Sigma) in 1% BSA and 1x PBS for 20 min at
room temperature followed by two washes in 1X PBS. Slides were mounted in

10% glycerol plus N-propyl gallate and sealed with clear nail polish.

Visualization of Samples Using Confocal Microscopy
Samples were visualized with a Zeiss LSM 510 scanning confocal
microscope. Images were converted by using Image] software and Adobe

Photoshop.
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Caspase 3/7 Activation in Infected Cells
Raw 264.7 macrophages were plated on 100mm dishes at a density of 1 x
10° cell/ml. The following day, cells were left untreated, infected with POR3 or
YP126 for 2.5 h, or treated with 1 uM staurosporine (Sigma). After 2.5 h, media
was removed and cells were collected in 5 ml of PBS-EDTA and spun at 500 x g
for 10 minutes at 4°C. Cells were resuspended in 300 pl of hypotonic cell lysis
buffer (25 mM HEPES (pH 7.5), 5 mM MgCl,, 5 mM EDTA, 5 mM DTT, 2 mM
PMSF, 10 pg/ml Pepstatin A, 10 pg/ml Leupeptin) and lysed by freeze/thaw for
four cycles. Lysate were spun at 16,000 x g for 20 minutes at 4°C. Protein
concentration of cleared lysate was measured by Bradford assay (Biorad).
Caspase 3/7 activity of 40 pg of protein was measured by the Caspase-Glo assay
(Promega), a luminescent assay that measures caspase 3/7 activity by the
production of luciferase. Each sample was measured in triplicate according to the

manufacturer’s instructions. Results are expressed as relative luciferase units.

PolyADP Ribose Polymerase (PARP) Cleavage Assay

RAW 264.7 macrophages were infected for 1, 2, and 2.5 h with POR3 or
YP126 or treated with 1 pM staurosporine for 4 h. Cells were lysed at the
indicated time points in PARP sample buffer (62.5 mM Tris-HCI (pH 6.8), 6 M
urea, 2% SDS, 5% f-mercaptoethanol, 10% glycerol, and 0.00125% bromophenol

blue). Samples were sonicated for 15 s, separated by SDS/PAGE, and
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immunoblotted with anti-PARP antibody (Cell Signaling) and anti-aldolase

antibody (Santa Cruz Biotechnology) to confirm equal loading.

Measurement of LDH Release During POR3 Infection

RAW264.7 macrophages plated at a density of 2 x 10° cells/ml in 24 well
dishes. The following day cells were washed once in PBS and DMEM without
serum was added back to each well. Cells were infected in triplicate with POR3
as described over a 4-h time course. Cells were left untreated, infected with
YP126 as described, or treated with 1 pM staurosporine in triplicate as controls.
Where indicated, the PI3 kinase inhibitor wortmannin (Sigma) was used at 10
uM. At each time point, 125 pl of media was removed in triplicate from each
sample and added to a 96-well plate. The plate was spun at 1,000 rpm for 5
minutes and 100 pl of media was removed from each well and put into a new 96-
well plate. This plate was stored at 4°C for the course of the infection. LDH
release was measured with a Cytotoxicity Detection kit (Takara) according to the
manufacturer’s instructions. Results are expressed as cytotoxicity calculated as

percent of total lysis of cells lysed in 1% of Triton X-100.

Electron Microscopy
HeLa cells were infected with POR3 as described. After 2 h of infection,
cells were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer,

followed by 1% osmium tetroxide in 0.1 M sodium cacodylate buffer. After
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solvent dehydration, centrifuged pellets of cells were embedded in epoxy resin
(EMBED 812, Electron Microscopy Sciences) and polymerized at 60°C. Ultrathin
sections were cut at a nominal thickness of 80 nm, picked up on copper grids, and
stained with uranyl acetate and lead citrate. Sections were examined at 120 kV
with a Tecnai G2 Spirit transmission electron microscope (FEI Company), and

images were recorded on a Gatan USC1000 2k CCD camera.

Visualization of GFP-LC3 Punctae Formation

GFP-LC3 HeLa cells were left untreated or infected in the presence or
absence of wortmannin (10 pM) for the indicated time points. As a positive
control, cells were starved to induce autophagy by incubation of cells in Hank's
balanced salt solution (Invitrogen) in the presence of protease inhibitors (10 pg/ml
pepstatin A and 10 pg/ml E64-d (Sigma)). For visualization of punctae
formation, samples were fixed and stained with Hoechst as described above and

punctae were visualized by confocal microscopy.

Monitoring Conversion of LC3-I to LC3-I1

GFP-LC3 HeLas were treated as described for visualization of punctae
formation. At each time point, samples were harvested for analysis via western
blot by the addition of 200 ul of SDS sample buffer. Samples were probed with

anti-LC3 antibody (Novus) or anti-GFP antibody (Invitrogen). Relative LC3-II
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accumulation was determined by quantitation of band intensity using Imagel

software and calculating the ratio of LC3-II to LC3-I.

Deletion of VopS in POR3 strain

The POR3AvopS deletion strain was constructed using a method adapted
from Datsenko and Wanner (26). VopS and 1kb of upstream and downstream
sequence was cloned into the pSP72 vector between two Pstl restriction sites.
This vector was digested with Pstl and ligated into a suicide plasmid, pLafR
(kindly provided by Dr. Linda McCarter).

The VopS coding sequence was replaced with a chloramphenicol (Cm)
resistance cassette from the pKD3 plasmid. This cassette was amplified by PCR
with primers containing 50 bp of sequence flanking vopS. The pLafR plasmid
containing Vop$S with 1000 bp of flanking sequence (Tet") was transformed into
E. coli harboring the lamda red plasmid (Amp®). The PCR amplified Cm cassette
was electroporated into this strain and transformants were selected by growth on
LB with Tet and Cm (10 pg/ml and 25 pg/ml, respectively). After recombination,
plates were incubated at 37°C to rid the strain of the temperature sensitive lambda
red plasmid. Colonies were screened to verify Tet and Cm resistance and Amp
sensitivity. Plasmid DNA of potential positives was prepared and recombination
of the Cm cassette was confirmed by sequencing.

The pLafR plasmid containing the resistance cassette in place of VopS

was conjugated into POR3 and transconjugants were selected on minimal media
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containing 20ug/ml tetracycline (Tet) and 3% NaCl. After passage three times to
allow for allelic exchange of the Cm cassette for VopS, the pLafR plasmid was
eliminated by conjugation of an incompatible plasmid, pH1JI (gentamicin, Gen").
Positive deletion strains (GenR, CmR, Tets) were confirmed by PCR and
sequencing. The deletion strain was cured of the pHI1JI plasmid by successive

passage on media without gentamicin at 37°C.

Reconstitution of VopS in POR3 strain

The POR3AvopS deletion strain was reconstituted using pLafR encoding
vopS and 1000bp of upstream sequence to include its endogenous promoter.
pLafR-VopS was conjugated into POR3AvopS and transconjugants were selected
with 20pg/ml tetracycline. Reconstitution was confirmed by an in vitro secretion

assay.

In vitro Type III Secretion Assay

Overnights of POR3, POR3AvopS, and POR3AvopS+VopS were diluted
1:15 in MLB media supplemented with 10mM sodium oxalate and 10mM MgCl,
and cells were grown at 37°C for 3 hours. Cell culture supernatants from 1 OD
equivalent of POR3, POR3AvopS, and POR3AvopS+VopS were filtered through a
0.22 pm filter (Millipore) and proteins were precipitated with 10% trichloroacetic
acid overnight at 4°C. Precipitated proteins were spun down for 15 minutes at

14,000 rpm at 4°C. Pellets were washed twice in acetone and air dried on the
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benchtop. Pellets were resuspended in 50 pl of SDS sample buffer and boiled for
5 minutes. Samples were separated on an SDS-PAGE gel and immunoblotted

with anti-VopS (peptide antibody generated at UTSW Antibody Core).

Plasmid construction and site-directed mutagenesis

For a list of all of the constructs used in these studies and for details on
their construction or source, refer to Tables 2 and 3. The genes that were cloned
herein were amplified by PCR using Vent polymerase (New England Biolabs).
After amplification, gene products were digested with their respective enzyme
(NEB) and ligated into cut vectors using T4 DNA ligase (NEB). Ligations were
transformed into E. coli (DH5a, Invitrogen). Colonies were grown overnight in
the appropriate antibiotic and plasmid DNA was extracted using a miniprep kit
(Sigma). Plasmids were screened by digestion and positive clones were
confirmed by DNA sequence analysis.

Mutants of VopS and DA-Rac were generated using the Stratagene
QuikChangeTM site-directed mutagenesis kit, according to the manufacturer’s
instructions. Mutants were confirmed by DNA sequence analysis. Refer to Table

3 for details on primers used for mutagenesis.

Expression of VopS in yeast
The BY4741 strain of Saccharomyces cerevisiae was transformed with

pRS413 empty vector or pRS413 expressing VopS or VopS-H348A and grown on
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glucose media. Growth inhibition was assayed by picking one colony from the
glucose plate and restreaking the yeast onto galactose media to induce expression
from the galactose-inducible promoter of pRS413. To discriminate between
growth inhibition and cytotoxicity, yeast from the most heavily streaked area of
the galactose plate were restreaked onto glucose media. Under each condition,

growth of yeast was assayed after two days at 30°C.

Yeast Two-Hybrid analysis of VopS binding to chaperone

Various constructs of VopS were clones into the bait plasmid pLexAde,
creating a fusion protein with the DNA binding domain of E. coli LexA. This
plasmid contains the 7RP/ gene so that yeast containing pLexAde are able to
grow in media lacking tryptophan. The VopS chaperone, VP1687, was cloned
into pVP16 that contains the VP16 activation domain. This plasmid contains an
SV40 large T antigen nuclear localization sequence in frame with the coding
region of VP16 and the LEU?2 gene that allows the yeast to grow in the absence of
leucine. Both plasmids were transformed into to L40 strain of yeast (genotype
Mato  his3A200  trpl-901  leu2-3,112  ade?  LYS2::lexAop),HIS3
URA3::(lexAop)s-lacZ GAL4) and transformants were selected on media lacking
leucine and tryptophan (- LW). The L40 strain contains an integrated HIS3
reporter that is under the control of four LexA operators. Association of the bait
with the VP16 activation domain activates transcription of the HIS3 gene so that

the yeast are able to grow on media lacking histidine (- WHULK). One colony
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from each transformation was streaked onto YCD-WHULK media, and growth on

this media was assayed after three days at 30°C.

Protein expression and purification

pGex-KG-PAK-PBD (kindly provided by Dr. Neal Alto), pGex-Tev-
VopSA30, pGex-Tev-VopSA30-H348A, pET28a-DA-Rac (RacV12), pET28a-
DA-Rac-T35A, pET28a-Racl, and pET28a-RhoA and pGex-KG-Cdc42 (both
kindly provided by Dr. Paul Sternweis) were transformed into Rosetta (DE3) cells
(Novagen). Single colonies were grown to an OD of 0.6-0.8 and induced with 0.4
mM IPTG for 8-12 hours at room temperature. Cells were harvested and lysed in
PBS (pH 8), 1% Triton X-100, 0.1% p-mercaptoethanol (Bio-Rad), and 1 mM
phenylmethylsulphonyl fluoride (PMSF, Sigma) using an Emulsiflex C-5 cell
homogenizer (Avastin).

His-tagged proteins (DA-Rac, DA-Rac-T35A, Racl, RhoA, Ran, Rab5a,
RasV12, and Arf) were purified using Ni*" affinity purification (Qiagen). GST-
tagged proteins (VopSA30, VopSA30-HA, Cdc42, PAK-PBD, and HYPEA47)
were purified using glutathione agarose beads (Sigma) and standard GST
purification protocol. The GST tag of VopSA30 and VopSA30-H348A was
cleaved by Tev protease overnight at 4°C. Purified protein was separated from
the GST tag over a Superdex 75 gel filtration column using a Pharmacia AKTA
FPLC. The GST tag of Cdc42 was cleaved for 3 hours at room temperature using

Thrombin CleanCleave kit (Sigma) according to the manufacturer’s instructions.
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Cleaved Cdc42 was run over a GST column to remove GST. Recombinant His-
DA-Rac was sent for mass spectrometric analysis either as a soluble sample
(Total MS) or by cutting out bands from a Coomassie Brilliant Blue (Biorad)

stained SDS-PAGE gel (LC-MS/MS).

GTPase activation assay in infected cells

HeLa cells were seeded onto 150 mm dishes. Once cells were 80-90%
confluent, cells were infected with POR3, POR3AvopS, or POR3AvopS + VopS at
an MOI of 10 for the indicated time points. At each time point, cells were washed
once in PBS and samples were collected by scraping into Mg®" lysis buffer
(50mM Tris HCI pH 7.5, 10mM MgCl12, 500mM NacCl, 1% Triton X-100) and
immediately snap frozen in liquid nitrogen. Once all samples were collected,
samples were incubated at 4°C with agitation for 15 minutes and genomic DNA
was sheared by passing the lysates 4-5 times through a 26-gauge needle. Lysates
were cleared by centrifugation at 14,000 rpm for 10 minutes at 4°C. The
supernatant was removed and added to a new tube. Concentration of lysate was
determined by Bradford assay (Bio-Rac) and 500ug of cleared lysate was added
to 30ug of GST-PAK PBD on glutathione agarose beads in Mg*" lysis buffer.
Active Cdc42 was pulled down for one hour at 4°C after which the beads were
spun down and washed three times in Mg*" lysis buffer followed by the addition
of 50 pul of SDS sample buffer. As a control, 50 pg of protein from lysate was

added to SDS sample buffer to a total volume of 100 pl. Samples of pulldowns
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and total cell lysates were separated on SDS-PAGE and immunoblotted with anti-
Cdc42 (Cell Signaling). As a loading control, total cell lysates were also

immunoblotted with anti-B-actin (Sigma).

GST-pulldown assays

Proteins that were tested in GST-pulldown assays were in vitro translated
using the TNT T7 Quick Coupled Transcription/Translation System (Promega)
according to the manufacturer’s instructions and radiolabeled with *>S-Met
(Perkin Elmer). GST-pulldowns were performed with 5 pg of purified GST-
labeled proteins on beads and 4 pl of in vitro translated protein in GST pulldown
buffer (20 mM HEPES pH 7.4, 50 mM NacCl, 0.1% Triton X-100) in a volume of
100 pl. Samples were rotated for one hour at 4°C and then washed three times in
750 pl of GST pulldown buffer. SDS sample buffer was added and samples were
boiled for 5 minutes, separated by SDS-PAGE and visualized by autoradiography.
In some cases S-radiolabeled proteins were pre-incubated at 30°C with the
indicated amounts of VopSA30 or VopSA30-H348A for the indicated time before

being pulled down with purified GST-PAK PBD.

GTP Loading Assays
Recombinant DA-Rac expressed alone or coexpressed with VopS was

loaded with GTPy[*’S] (Sigma), a radiolabeled, non-hydrolyzable form of GTP.
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DA-Rac (0.8 pg) purified from each condition was incubated in GTP loading
buffer (50 mM Tris-HCI pH 7.5, 7.5 mM EDTA) containing 50 uM of cold
GTPyS (Sigma) mixed 1:10 with radioactive GTPg[**S] for 15 minutes at 30°C.
GTP loading was stabilized with the addition of 50 mM MgCl,. GTP-loaded
samples were added to nitrocellulose filters (Whatman) and washed three times in
ice-cold buffer containing 20 mM HEPES pH 7.4 and 5 mM MgCl,. Samples
were done in triplicate and counts were measured on a scintillation counter for
one minute per sample.

In some GST pulldowns, in vitro translated Rho GTPases were loaded
with cold GTPyS to facilitate binding. In these samples, 4 ul of in vitro translated
protein was loaded with 100 pM of cold GTPyS at 30°C in GTP loading buffer for
10 minutes. Loading was stabilized with the addition of 30 mM of MgCl,. The

entire volume of sample was added to the GST pulldown.

Mass spectrometry

Samples were desalted with C4 Ziptip from Millipore (Billerica, MA). The
eluted protein samples were made into a solution that contains 50% acetonitrile
and 1% formic acid. The Proxeon nano-tips (Denmark) were used to infuse the
samples into a QStar XL Q-TOF mass spectrometer (Applied Biosystems,
Framingham, MA). Spectra were acquired with mass range m/z 500-2000. The
molecular weights of proteins were calculated with the Baysesian Protein

Reconstruct tool of the Analyst QS1.1 software.
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Tandem Mass Spectrometry

Ten micrograms of each sample were fractionated by 1D-SDS PAGE and
the slices of DA-Rac were treated with DTT and iodoacetamide and were digested
with AspN. Samples from the digests were analyzed by nano-LC/MS/MS using a
system in which a Dionex LC-Packings HPLC (Sunnyvale, CA) was coupled with
a QStar XL mass spectrometer (Applied Biosystems, Framingham, MA). Peptides
were first desalted on a 300 pm x 5 mm PepMap C18 trap column with 0.1%
formic acid in HPLC grade water at a flow rate of 30 ul/min. After desalting for 5
min, peptides were washed onto a LC-Packings 75um x 15cm C18 nano column
(3 micron, 100A) at a flow rate of 250 nl/min. The composition of mobile phase
A is 95:5 water:acetonitrile with 0.2% formic acid. Peptides were eluted with
mobile phase B (90% acetonitrile, 0.2% formic acid), increased non-linearly from
3% to 90% in 45 min and maintained at 90% for 10 min. The total run time was
74 min. Mass ranges for the MS survey scan and MS/MS were m/z 300-2000 and
m/z 50-2000, respectively. The scan time for MS and MS/MS were 1.0 s and 6.0
s, respectively. The top three multiply charged ions with MS peak intensity
greater than 30 counts/scan were chosen for MS/MS fragmentation with a

precursor ion dynamic exclusion of 60 s.

In vitro AMPylation assay

For the AMPylation assays using purified recombinant protein, 1 pg of the
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Rho GTPase was incubated with 0.6 pg of VopSA30 or VopSA30-H348A for 10
minutes at 30°C in 20 mM HEPES buffer containing 300 uM ATP and **P-a-ATP
(2uCi) (Perkin Elmer). Total reaction volume was 20 ul and the final
concentration of Rho GTPase was 2 uM and VopS was 40 nM. Rho, Rac and
Cdc42 were pre-loaded with GTPgS (Sigma) by incubating in GTP loading buffer
(50 mM Tris-HCI pH 7.5, 7.5 mM EDTA) containing 100 uM GTPyS for 15
minutes at 30°C. GTP loading was stabilized with the addition of 50 mM MgCl,
and 1 pg of GTP-loaded protein was used in each sample. The AMPylation
reaction was stopped by the addition of SDS sample buffer. Samples were boiled
for 5 minutes, separated by SDS-PAGE, and visualized by autoradiography.

For AMPylation of S100 lysates, 160 pg of lysate was left untreated or
boiled for 4 minutes to denature proteins. Lysates were incubated in buffer
containing 50 mM Tris-HCI pH 7.5, 20 uM cold ATP, 100 mM NaCl, 0.1 mM
EGTA, 2 mM dithiothreitol, 0.01% Brij 35 and 2 mM MnCl, with **P-o-labeled
ATP in the presence or absence of VopSA30 (10 ng), A-phosphatase (400 units,
New England Biolabs), or GST-HYPEA47 (100 ng) for 30 minutes at 30°C. Total
reaction volume was 30 pl. A-phosphatase was added in the last five minutes of
incubation. Where indicated, RNase A (Roche) was added at the beginning of the
reaction at a final concentration of 0.1 mg/ml. The AMPylation reaction was
stopped by the addition of SDS sample buffer. Samples were boiled for 5

minutes, separated by SDS-PAGE, and visualized by autoradiography.
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In vitro kinase assay
S100 HeLa cell lysates (160ug) were left untreated or boiled for 4 minutes
to denature proteins. Lysates were incubated in buffer containing 20mM HEPES,
pH 7.4, 20 uM cold ATP, and 10mM MgCl, with **P-y-labeled ATP in the
presence or absence of VopSA30 (10 ng) or A-phosphatase (400 units, New
England Biolabs) and 2mM MnCl, for 30 minutes at 30°C. A-phosphatase was
added in the last five minutes of incubation. The kinase reaction was stopped by
the addition of SDS sample buffer. Samples were boiled for 5 minutes, separated

by SDS-PAGE, and visualized by autoradiography.

Lysate preparation for in vitro assays

Lysates were prepared based on a previously described protocol. Briefly,
HeLa cells for S100 lysates were grown to 90-100% confluency and harvested
using PBS + ImM EDTA. Cells were lysed with an equal volume of HTX lysis
buffer (10 mM HEPES, pH 7.4, 10 mM MgCl,, I mM MnCl,, 0.5% Triton X-
100, 0.1 mM EGTA) containing a protease inhibitor cocktail tablet (Roche) by
incubating on ice for 20 minutes. Membrane-free S100 lysates were obtained by
performing three consecutive centrifugation steps at 800, 10,000 and 100,000 x g

and stored at -80°C at a concentration of 10mg/ml.
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In vitro AMPylation assay using Biotinylated ATP
Recombinant his-tagged Rac (1 pg) was incubated in the presence or
absence of VopSA30 (10 ng) with Biotin-11-ATP (Perkin Elmer). Biotin-11-ATP
was diluted to a 10X stock at a concentration of 100 uM in 20 mM HEPES, pH
7.5. The reactions proceeded for 15 minutes at 30°C. Reaction were stopped by
the addition of 20 ul of SDS sample buffer and boiled for 5 minutes and 15 pl
were loaded onto an SDS-PAGE gel. After transfer, the membrane was blocked
overnight at 4°C in TTBS containing 5% BSA. The membrane was then
incubated with Avidin-HRP (eBioscience) at 1:1000 for 1 h at room temperature

and developed in ECL plus (GE Healthcare).
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Strain Description Source
E. coli DH5a F 080d/acZ AM15 A (lacZYA- Invitrogen
argF)U169 deoR
recAl endAl hsdR17(rK- mK+)
phoA supE44 1- thi-
1 gyr496 relAl
E. coli BL21(DE3) F ompT hsdSB(rB—, mB-) gal Novagen
dem (DE3)
E. coli Rosetta (DE3) F ompT hsdSg(rs" mg’) gal dem Novagen
(DE3) pRARE (Cam®)
E. coli BW26434 A(araD-araB)567, A(lacA- (26)
lacZ)514(::kan), laclp-
4000(lacI?), A", rpoS396(Am),
rph-1, A(rhaD-rhaB)568,
hsdR514
V. parahaemolyticus RIMD2210633 AtdhA, AtdhS (76)
PORI1
POR2 POR1 Avpl662 (77)
POR3 PORI1 Avpal355 (77)
POR3AvopS POR3 AvopS This study
POR3AvopS + VopS POR3 AvopS, pLafR VopS This study
YP126 Wild type Y. pseudotuberculosis, (16)

YPHI(pYV")




Table 2. Plasmids used in this study.
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Plasmid Description Source

pcDNA3 Mammalian expression Invitrogen
vector; CMV promoter; Amp"

pSFFV Mammalian expression P.G. Reddy and S.
vector, pcDNA3 backbone Greenberg,
with SFFV promoter, Amp" unpublished data

pRS413-gal Yeast expression; has gal4 Yong Wang, UTSW
promoter cloned between Sacl
and Xbal of MCS, Amp"

pLexAde Yeast two-hybrid bait vector; (92)
contains E. coli LexA DNA-
binding domain; encodes
TRP1

pVP16 Yeast two-hybrid vector; (92)
contains VP16 activation
domain; encodes LEU2

pGexTev GST-tag expression vector (21); gift of Yuh Min
(pGex4T3) with Tev protease Chook, UTSW
cleavage site between GST
and MCS; Amp"

pET28a N-terminal His-tag expression Novagen
vector; Kan®

pSP72 Cloning vector; Amp" Promega

pLafR Broad host range cosmid (32)
cloning vector; low-copy;
Tet"

pDK3 Template for Cm cassette (26)

pH1JI Incompatible plasmid with (10)
pLafR; Gen"

pcDNA3-VopS-flag Contains 1.1 kB BamHI-Xhol This study
fragment with C-terminal flag
tag; Amp"

pcDNA3-VopS-H287A | pcDNA3-VopSA30 with This study
H287A mutation; Amp"

pcDNA3-VopS-H348A | pcDNA3-VopSA30 with This study
H348A mutation; Amp"

pcDNA3-VopS-R356A | pcDNA3-VopSA30 with This study
R356A mutation; Amp"

pcDNA3-VopSA30 Contains 1.0 kB BamHI-Xhol This study
fragment; Amp"

pcDNA3-VopSA30- pcDNA3-VopSA30 with This study
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H348A H348A mutation; Amp"

pSFFV-eGFP Contains Notl-Apal eGFP Dara Burdette,
fragment; Amp" UTSW

pSFFV-HYPE-eGFP C-terminal fusion of eGFP to This study
HindIII-Notl fragment of
HYPE; Amp"

pSFFV-HYPEA47-eGFP | C-terminal fusion of eGFP to This study
HindIII-Notl fragment of
HYPEA47; Amp"

pSFFV-HYPEA99-eGFP | C-terminal fusion of eGFP to This study
HindIII-Notl fragment of
HYPEA99; Amp"

pRS413-VopS Contains 1.1 kB BamHI- This study
EcoRI VopS fragment with C-
terminal flag tag; Amp"

pRS413-VopS-H348A pRS413-VopS with H348A This study
mutation; Amp"

pLexAde-VopS Contains 1.1 kB EcoRI-Sall This study
Vop$ fragment; Amp"

pLexAde-VopSAFic Contains 750 bp EcoRI-Sall This study
VopS fragments encoding aa
1-254; Amp"

pLexAde-VopS-Fic Contains 400 bp EcoRI-Sall This study
VopS fragment encoding aa
255-387; Amp"

pLexAde-VopS-H348A | pLexAde-VopS with H348A This study
mutation; Amp"

pVP16-1687 Contains 430 bp BamHI-Notl This study
VP1687 fragment; Amp"

pGexTev-VopSA30 Contains 1 kB BamHI-Xhol This study
VopSA30 fragment with N-
terminal GST tag; Amp"

pGexTev-VopSA30- pGexTev-VopSA30 with This study

H348A H348A mutation; Amp"

pGexTev-HYPEA47 Contains 1.2 kB BamHI-NotI This study

fragment of HYPE; Amp"

pGexKG-PAK-PBD

Contains Cdc42/Rac binding
domain (aa 65-136); Amp"

Gift of N. Alto

(UTSW)

pGexKG-Cdc42

N-terminal GST-tagged
Cdc42; Amp"

(UTSW)

Gift of P. Sternweis

pET28a-Rac

Contains 0.6 kB BamHI-Xhol
Rac fragment with N-terminal
His tag; Kan®

This study
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pET28a-RacV12 (DA- Contains 0.6 kB BamHI-Xhol This study
Rac) RacV12 fragment with N-

terminal His tag; Kan®
pET28a-RacV12-T35A | pET28a-RacV12 with T35A This study

mutation; Kan®

pET28a-RhoA Contains N-terminal His tag Gift of N. Alto
fusion to RhoA; Kan® (UTSW)

pET15b-Ran Contains N-terminal His tag Gift of YM Chook
fusion to Ran; AmpR (UTSW)

pET28a-Rab5a

Contains N-terminal His tag
fusion to Rab5a; Kan®

Alicia Farmer, Orth
lab rotation student

pET28a-RasV12

Contains N-terminal His tag
fusion to RasV12; Kan®

Alicia Farmer, Orth
lab rotation student

pET28a-Arf Contains N-terminal His tag Alicia Farmer, Orth
fusion to Arf; Kan® lab rotation student
pSP72-VopS 3.1 kB PstI-Pstl fragment This study
containing VopS plus 1 kB of
upstream and downstream
sequence; AmpR
pLafR-VopS Contains 3.1 kB PstI-Pstl This study

fragment from pSP72-VopS;
Tet"

Abbreviations: Amp, ampicillin; Kan, kanamycin; Tet, tetracycline; Cm,
chloramphenicol; Gen, gentamicin; aa, amino acids




Table 3. List of primers

43

Primer

Sequence

VopS sequencing primer-5’

5’-CAC GCC GCT GAG CTG AGC-3

VopS sequencing primer-3’

5’-AGC GTT GAT GAT CCA AGC-3°

VopS—5’ BamHI

5’-ATCG GGATCC ATG ATC AGT
TTT GGA AAT GTG-3

VopS—5’ EcoRI

5’-GTAC GAATTC ATG ATC AGT
TTT GGA AAT GTG AG-3’

VopS-Fic—S5’ EcoRI

5’-GTAC GAATTC ATG TCA AAA
GGG AAC GAT GCG G-3°

VopS—3’ Sall

5’-GTAC GTCGAC TTA TTT GAT
ACCTGT AAG GCT AT-3’

VopSAFic—3’ Sall

5’-GTAC GTCGAC GTT TGA AGC
GTT GAT GAT CC-3°

VopS—3’ Xhol (no stop codon)

5’-ATGC CTCGAG TTT GAT ACC
GTG AAC GCT AT-3’

VopSA30—5’ BamHI

CAGT GGATCC GGT AAG GAA
TAT ACG ATC AAT G-¥°

VopS—3’ Xhol (w/stop codon)

5’-CAGT CTCGAG TTA TTT GAT
ACC GTG AAG GCT-3°

VopS—3’ EcoRI (w/Flag tag)

5’-ATCG GAATTC TTA CTT GTC
ATC GTC GTC CTT GTA GTC TTT
GAT ACC GTG AAG GCT AT-3’

VopS H348A mutagenesis primer-For

5’-GCT GGT GTG ATT GGT TAT
GCC GGC TTT ACC GAT GGC AAC
GGA CGC-3

VopS H348A mutagenesis primer-Rev

5’-GCG TCC GTT GCC ATC GGT
AAA GCC GGC ATA ACC AAT
CAC ACC AGC-3°

VopS H287A mutagenesis primer-For

5’-ATG GAC AAC CTA AAA GAG
TTG GCT GCT CGT TTG GTA CCA
AAT GTA-3’

VopS H287A mutagenesis primer-Rev

5’-TAC ATT TGG TAC CAA ACG
AGC AGC CAA CTCTTT TAG GTT
GTC CAT-¥

VopS R356A mutagenesis primer-For

5’-GGC TTT ACC GAT GGC AAC
GGA GCC ATG GGG CGC ATG CTIT
TAT GCC-3’

VopS R356A mutagenesis primer-Rev

5’-GGC ATA AAG CAT GCG CCC
CAT GGC TCC GTT GCC ATC GGT
AAA GCC-3°

VopS (pre 1000 bp)—5’ Pstl

5’-ATGC CTGCAG GAC GAA CGT
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CGT CTT AGA C-3

VopS (post 1000 bp)—3’ Pstl

5’-ATGC CTGCAG AGA TTT TTC
AAATTG CCG AGC-3°

VopS (pre 50 bp)—5’ primer for
amplification of Cm® cassette

5’-GCG CGC CAG TGA TGG ATG
CTA ACC AAT TCT CTA CAT TAA
GGG TGT AAA TC GTG TAG GCT
GGA GCT GCT TCG-3’

VopS (post 50 bp)—3’ primer for
amplification of Cm® cassette

5’-AAC ATA CAA ATA CCA ACA
CCG AAA ATC ACT GAGTTATTT
CGT GCG CTA AG CAT ATG AAT
ATC CTC CTT AG-3’

VP1687—5’ BamHI

5’-ATCG GGATCC TC ATG GCT
AAT GGA TTT ATT ACC-3’

VP1687—3’ Notl (w/ stop codon)

5’-ATCGATCG GCGGCCGC TTA
CAC CCT TAA TGT AGA GAA-¥

Racl—5’ BamHI

5’-ATCG GGATCC ATG CAG GCC
ATC AAG TGT GTG-3°

Racl—3’ Xhol

5’-ACTG CTCGAG TTA CAA CAG
CAGGCATTT TC-3

Racl T35A mutagenesis primer-For

5’-CCT GGA GAA TAT ATC CCT
GCT GTC TTT GAC AAT TAT TCT
GCC-3°

Racl T35A mutagenesis primer-Rev

5’-GGC AGA ATA ATT GTC AAA
GAC AGC AGG GAT ATATTC TCC
AGG-3°

HYPE sequencing primer-5’

5’-GAC AGC AAA GTG AAG AAG
GTC-3°

HYPE sequencing primer-3’

5’-CGT GTT GAT GTA CTT CAT
GGC-3°

HYPE—S5’ HindIII

5’-ACTG AAGCTT ATG ATG CTC
ATA CCA ATG GC-3°

HYPEA47—5’ BamHI

5’-ACTC GGATCC GAG GAG CAG
TGCTTG GC-3’

HYPEA47—5’ HindIII

5’-ACTG AAGCTT ATG GAG GAG
CAGTGCTTG GC-3

HYPEA99—5’ HindIII

5’-ACTG AAGCTT ATG CCA GCG
GGT AAG TTG GAA G-3°

HYPE—3’NotI (no stop codon)

5’-CTAGCTAG GCGGCCGC GGG
CTT CAC AGG AAG CG-¥’

HYPE—3’Xhol

5’-ACTG CTCGAG TTA GGG CTT
CAC AGG AAG




CHAPTER THREE
T3SS1 of V. parahaemolyticus induces a rapid and multifaceted
host cell death

INTRODUCTION

Genome sequencing of a clinical isolate of V. parahaemolyticus revealed
the presence of two T3SSs (60). One of these systems, encoded on chromosome
2, is located within a pathogenicity island and is found only in clinical isolates of
V. parahaemolyticus. ~ The T3SS encoded on chromosome 1, T3SSI1, is
homologous to the T3SS of Yersinia spp, with the exception of a hypothetical
region of genes that is predicted to encode type III effector proteins and their
associated chaperones (77).

Previous studies have shown that T3SS2 is associated with enterotoxicity
using a rabbit ileal loop model of infection (77). However, infection of HeLa
cells with a strain that contains only a functional T3SS1 results in cytotoxicity,
suggesting a role for T3SS1 in virulence (56, 77). One study linked T3SSI
cytotoxicity to the induction of apoptosis, which was measured by Annexin V
staining and DNA fragmentation analysis (71). However, these studies lacked
positive apoptotic controls and the results depicting the inflammatory release of
cellular contents contradicted a major characteristic of apoptosis, a
noninflammatory type of cell death. Additionally, DNA fragmentation is a
characteristic of several types of cell death, including apoptosis, pyroptosis, and in
some cases of necrosis (29). Although they cytotoxic effects of T3SS1 during

infection are apparent, the mechanism of cell death is not well established.
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Our studies reveal that T3SS1 induces several separate but parallel events

during V. parahaemolyticus infection. First, we observe both microscopically and
biochemically that T3SS1 mediates acute activation of autophagy in the cell.
Second, we observe T3SS1- dependent manipulation of the actin cytoskeleton that
results in cell rounding. Last, the events of infection culminate with lysis of the
cell within four hours of infection. These studies highlight a novel paradigm of
infection whereby T3SS1 causes a series of events that result in the

proinflammatory death of an infected host cell.

RESULTS
V. parahaemolyticus induces T3SS1-dependent cytotoxicity in multiple cell types.
To develop a better understanding of the mechanism of cell death induced
by V. parahaemolyticus, we infected two cell types, HeLa cells and RAW 264.7
macrophages, with several V. parahaemolyticus strains, designated POR1, POR2,
and POR3. The parental PORI1 strain possesses both T3SSs but lacks genes
encoding TDH and TRH. Two isogenic strains derived from the PORI1 strain were
used to dissect the phenotype caused by each T3SS. The POR2 strain contains a
functional mutation in T3SS2, rendering it incapable of secreting effectors from
this system. POR3 harbors a functional mutation in T3SS1, making it incapable
of secreting from T3SS1 (76) (Figure 6A).
Infection with the PORI1 strain induces cell rounding and cytotoxicity in

both HeLa cells and RAW 264.7 macrophages (Figure 6B). The strain lacking a
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functional T3SS1 (POR2) is unable to induce cell death upon infection, but
obvious changes in the actin cytoskeleton are observed (56) (Figure 6B). Infection
with a strain lacking a functional T3SS2 (POR3) induces a cytotoxic phenotype

similar to that seen in POR1-infected cells (Figure 6B, respectively).

A POR1 POR2 POR3

T3SS1 T3SS2 T3SS1 T3SS2 T3SS1 T3SS2

B Uninfected POR1 POR2 POR3

Figure 6. V. parahaemolyticus-induced cytotoxicity is dependent upon
T3SS1.

(A) Schematic showing the functionality of T3SSs from the V. parahaemolyticus
strains POR1, POR2, and POR3. (B) HeLa cells or RAW 264.7 macrophages
were infected at and MOI of 10 with POR1, POR2, or POR3 for 3 hours and
compared to mock infected cells. Nuclei and actin were stained with Hoescht
(blue) and rhodamine-phalloidin (red), respectively and cells were visualized by
confocal microscopy.

HelLa

RAW 264.7
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Some T3SSs can be induced in vitro prior to infection by growing the
bacteria at a higher temperature and under decreased calcium concentration.
These conditions are similar to those used for inducing the T3SS of Yersinia spp.
(98). To further confirm that these cytotoxic effects were the result of a T3SS, we
induced secretion of T3SS1 in vitro prior to infection. Infection of HeLa cells or
RAW macrophages with POR3 grown under T3SS-inducing conditions results in
an acceleration of the T3SS1-dependent cytotoxic phenotype in which cells are
rounded as early as one hour after infection, with only cell fragments observed at
three hours after infection (Figure 7). Infection with the uninduced POR3 strain
slows the death process, allowing observation of the T3SS1-induced cell death
over an extended interval. Under these infection conditions, cells begin to round
about two hours after infection and are almost completely dead by four hours post
infection (Figure 7). These data support the hypothesis that cytotoxicity is a result
of infection with T3SS1. In addition, T3SS1-mediated cell death is rapid,

occurring within three hours of infection in multiple types of cells.
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Figure 7. POR3 infection under T3S-inducing conditions accelerates T3SS1-
dependent cytotoxicity.

(A) HeLa cells were infected with POR3 grown under T3S-inducing conditions
(POR3 Induced) or with POR3 grown overnight at 30°C (POR3 Uninduced) and
compared with the uninfected control. Cells were infected for the indicated time
point. At each time point, cells were fixed and stained with Hoechst to visualize
nuclei (blue) and rhodamine-phalloidin to visualize actin (red). (B) RAW 264.7
macrophages were infected and visualized as described for HeLa cells in A. Scale
bar = 10um.
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T3SS1-induced cytotoxicity is independent of caspase activation.

Previous studies have observed that T3SS1-mediated cell death occurs by
apoptosis (12, 71). We also observed that cells infected with the POR3 strain
exhibit morphology consistent with apoptotic death, including cell rounding and
nuclear shrinkage (88) (Figure 8). This phenotype resembles that seen for cells
infected with a wild-type strain of Yersinia pseudotuberculosis (YP126), a
pathogen that has been well-characterized as inducing apoptosis in infected cells

(63) (Figure 8).
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Figure 8. POR3 infection induces a rapid cytotoxicity in HeLa cells that
resembles Yersinia-induced cytotoxicity.

POR3 and YP126 grown in T3S-inducing conditions were used to infect HeLa
cells for the indicated time points. Cells were uninfected (Mock) or were infected
with induced POR3 or with YP126. Cells were visualized using confocal

microscopy using rhodamine phalloidin to stain actin (red) and Hoechst to stain
nuclei (blue). (Scale bar represents 10 um.)
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To test whether V. parahaemolyticus induces cell death by apoptosis, we
assayed POR3-infected RAW 264.7 macrophages for the activation of caspases.
We observed that caspase activity is elevated in cells infected with YP126 or
treated with staurosporine, a nonselective protein kinase inhibitor that initiates
apoptosis in cells (Figure 9A). However, POR3-infected macrophages do not
show any evidence of caspase 3/7 activation (Fig. 9A). In addition, polyADP
ribose polymerase (PARP), a downstream target of caspase 3, is cleaved in both
staurosporine-treated cells and Yersinia-infected cells (Figure 9B, lanes 7-9 and
10-12, respectively) but not in POR3-infected cells (Figure 9B, lanes 4-6). Based
on these observations, we conclude that POR3-induced cytotoxicity 1is

independent of apoptotic machinery.
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Figure 9. T3SS1-dependent cytotoxicity is not caused by apoptosis.

(A) RAW 264.7 macrophages were infected with POR3 for 2.5 h. Cells were
treated with 1 uM staurosporine (Stauro) or infected with YP126 as positive
controls. After infection, cells were lysed and normalized for protein content.
Caspase 3/7 activation was measured by luminescence with the Caspase-Glo
assay. (B) RAW 264.7 macrophages were treated identically as described in A
(uninfected, lanes 1-3; POR3, lanes 4-6; Stauro, lanes 7-9; or YP126, lanes 10—
12). Cells were lysed at the indicated time points and immunoblotted with anti-
PARP antibody or anti-aldolase antibody to confirm equal loading.
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POR3-induced cell death is proinflammatory.

While apoptosis is a noninflammatory type of cell death, other forms of
cytotoxicity, such as necrosis, are proinflammatory (28). Having ruled out
apoptosis as the strategy of T3SS-mediated cell death, we analyzed whether
POR3 infection was proinflammatory by measuring the release of cellular
contents. In this experiment, the release of the cytoplasmic enzyme lactate
dehydrogenase (LDH) is measured by colorimetric assay. During infection of
macrophages with the POR3 strain, we observed elevated levels of cytoplasmic
LDH released into the media, indicating that the integrity of the host-cell
membrane is compromised (Figure 10). Consistent with our microscopic
observations over a time-course of infection, the T3SS-induced POR3 strain
caused LDH release faster than the uninduced POR3 strain (Figure 10, at 2 and 3
h, respectively). As expected, cells in which apoptotic death was induced by
Yersinia infection or staurosporine treatment exhibited no increase in LDH release
over the course of infection or treatment (Figure 10). In total, these results
support the hypothesis that V. parahaemolyticus T3SS1-mediated cell death is not
caused by apoptosis and that this cytotoxicity is proinflammatory, promoting the

lysis of cells within three hours of infection.
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Figure 10. POR3 infection is proinflammatory.

Cytotoxicity of RAW 264.7 macrophages was measured by LDH release. Cells
were infected over a time course with POR3 grown in T3S-inducing conditions
(POR3I, closed triangle) or in noninducing conditions (POR3U, open square).
Cells were left uninfected (closed circle), infected with YP126 (x) or treated with
1uM staurosporine (open circle) as controls. Cytotoxicity was calculated as a
percent of total lysis of cells that were lysed in Triton X-100.
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V. parahaemolyticus infection rapidly induces T3SS1-dependent autophagy.

To examine the potential role of the autophagy pathway in T3SSI-
dependent cytotoxicity, we monitored a marker of autophagic vesicle formation,
microtubule-associated protein 1 light chain 3 (LC3), using microscopic and
biochemical indicators (44). Induction of autophagy results in incorporation of
LC3 into autophagic vesicles, such that when LC3 is fused to green fluorescent
protein (GFP), it will form punctae that can be viewed by fluorescence
microscopy (44).

For these experiments, we obtained a HeLa cell line that stably expresses
GFP-LC3. As a positive control, cells were starved in the presence of protease
inhibitors to activate autophagy. Over the course of three hours, GFP-LC3
punctae accumulated slowly in starved cells to levels above those in untreated
cells (Figure 11A, G-I and A—C, respectively). By contrast, we observed that the
formation of autophagic vesicles in POR3-infected cells was rapid, occurring
within one hour after infection and increasing dramatically over the next two
hours (Figure 11A, D-F). To confirm that cells infected with the POR3 strain
were inducing autophagy, the infected cells were analyzed by electron
microscopy. POR3-infected cells contained multiple autophagic vesicles
characterized by double or multiple membranes that had engulfed cytoplasm,

organelles, membranes, and smaller vesicles (Figure 11B).
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Figure 11. V. parahaemolyticus induces autophagy.

(A) GFP-LC3 HeLa cells were plated on coverslips and left uninfected, infected
with POR3, or starved with protease inhibitors (Starved + PI) for 1, 2, and 3 h.
Samples were prepared for microscopy at 1-h time points and stained with
Hoechst to visualize nuclei (blue). Scale bar = 10 um. (B-E) HeLa cells were
infected with POR3, harvested 2h after infection, and processed for electron
microscopy. Arrows designate early autophagosomes. (Scale bars = 0.5 pm in B
and C and 0.2 pm in D and E.)
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To further test T3SS1-dependent activation of autophagy, we used a
biochemical indicator for autophagy that monitors a posttranslational modification
of LC3. Cytosolic LC3 (LC3-I) is targeted to newly forming autophagosomes by
lipidation with phosphatidylethanolamine via an ubiquitin-like conjugation
system, which results in the formation of membrane-associated LC3 (LC3-II) (45,
87). LC3-II migrates more rapidly during SDS/PAGE, allowing its formation to
be easily monitored as a marker of autophagy induction.

In a cell line stably expressing GFP-LC3, LC3-II accumulates slowly
during amino acid starvation in the presence of lysosomal protease inhibitors
(Figure 12A, lanes 7-9, and 10B). In cells infected with the uninduced POR3
strain, GFP-LC3-II accumulates rapidly within one hour and continues to be the
dominant form throughout the course of infection (Figure 12A, lanes 4-6, and
12B). These studies parallel the timing of our microscopic observations of
punctae formation (Figure 11A) and autophagic vesicle accumulation (Figure

11B).
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Figure 12. Biochemical observation of POR3-induced autophagy.

(A) GFP-LC3 HeLa cells were left uninfected (lanes 1-3), infected with V.
parahaemolyticus POR3 (lanes 4-6), or starved with protease inhibitors (Starved
+ PI) (lanes 7-9) for 1, 2, and 3 h. Samples were immunoblotted using anti-LC3
and anti- 3 -actin antibodies. (B) Relative LC3-II accumulation was determined as

described in Materials and Methods. The data are the means £ SD from three
independent experiments.
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To test whether autophagy induction is dependent only on T3SS1, we
infected HeLa cells stably expressing GFP-LC3 with various T3SS mutants of V.
parahaemolyticus. Consistent with our hypothesis, only the strains containing a
functional T3SS1 (POR1 and POR3) induce conversion of LC3-I to LC3-II,
whereas a T3SS1-negative strain (POR2) does not (Figure 13). Our microscopic
and biochemical studies support the hypothesis that infection with V.
parahaemolyticus induces acute and rapid autophagy before the release of cellular
contents, because the accumulation of GFP-LC3 punctae (Figure 11A) and the
conversion of LC3-I to LC3-II (Figure 12) precede the release of LDH (Figure 10,

POR3U).
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Figure 13. Induction of autophagy is T3SS1-dependent.

HeLa cells were left uninfected (lane 1), or infected with V. parahaemolyticus
POR1 (lane 2), POR2 (lane 3), or POR3 (lane 4) for 2 h. Samples were
immunoblotted with anti-LC3 antibody and probed with anti-aldolase antibody to
confirm equal loading.
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Inhibitors of PI3 kinase prevent T3SS1-induced autophagy but not cell death.

An early step in the autophagy pathway involves the activation of
phosphatidylinositol 3-kinases (PI3 kinases), and treatment of starved cells with
PI3 kinase inhibitors prevents autophagy (78). To test whether V.
parahaemolyticus induces autophagy using known cellular mechanisms, we
treated infected cells with the PI3 kinase inhibitor wortmannin (80). Treatment of
POR3-infected cells with wortmannin inhibits autophagy, as indicated by a
dramatic reduction of GFP-LC3 punctae (Figure 14A). Coincident with the
decrease in punctae, we observe a decrease in LC3-II accumulation (Figure 14B,
compare lanes 2 and 5, and 14C). Based on these studies, we suspect that acute
T3SS1-induced activation of autophagy occurs proximal to, or at the point of,

activation of PI3 kinases.
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Figure 14. Inhibitors of PI3 kinase prevent V. parahaemolyticus—induced
autophagy.

(A) GFP-LC3 HelLa cells were untreated or infected with POR3 in the absence
(POR3) or presence (POR3 + Wortmannin) of 10 pM wortmannin for 2h. Cells
were visualized using confocal microscopy. (Scale bar = 10 um.) (B) GFP-LC3
HeLa cells were uninfected (M, lanes 1 and 4), infected with V. parahaemolyticus
POR3 (3, lanes 2 and 5), or starved with protease inhibitors (S, lanes 3 and 6) in
the absence (lanes 1-3) or presence (lanes 4—6) of 10 uM wortmannin for 2 h.
Samples were immunoblotted with anti-GFP and anti- 8 -actin antibodies. (C)
Relative LC3-II accumulation was determined as described in Materials and
Methods. The data are the means + SD from five independent experiments. *, P <
0.05; ** P < 0.01; ns, not significant by two-way ANOVA, Bonferroni posttest.
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However, we observed that treatment with this PI3 kinase inhibitor did not

rescue infected cells from death, as measured by LDH release assay over the
course of infection (Figure 15). We hypothesize that this is due to the activities of
type III secreted effectors involved in the disruption of other signaling pathways
during infection that lead to cell death. For example, effectors that directly cause

cell rounding and lysis may not be susceptible to this chemical inhibitor (Figure

14A and 15).
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Figure 15. Autophagy inhibition does not prevent POR3-induced
cytotoxicity.

Cytotoxicity of uninfected (squares), starved (circles), or POR3-infected
(triangles) HeLa cells in the absence (closed symbols) or presence of 10 pM
wortmannin (open symbols) was measured over time by LDH release assay.
Cytotoxicity was calculated as a percent of total lysis of cells that were lysed in
Triton X-100.
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DISCUSSION

Pathogens use a wide variety of mechanisms to exploit a host cell during
infection. In these studies, we have shown that an extracellular pathogen
orchestrates a series of events via a T3SS that culminate in the efficient demise of
a host cell. Upon infection, we observed T3SS1-mediated activation of
autophagy, both microscopically and biochemically. We then observed a dramatic
rounding of the host cell, most likely caused by changes in the cytoskeleton of the
infected cell. These events are culminated by the lysis of the host cell two to three
hours after infection.

Previously, V. parahaemolyticus was reported to kill infected cells by
inducing apoptosis (71). Ono and colleagues observed positive Annexin V
staining and DNA fragmentation, common markers of apoptosis, in V.
parahaemolyticus-infected cells after three hours of infection and concluded that
cells were dying due to apoptosis. However, using the same strains and
conditions, we observed cell lysis via LDH release between two and three hours
post-infection. In contrast to this, we observed no LDH release during the
activation of apoptosis caused by Y. pseudotuberculosis infection or treatment
with staurosporine. The cell permeability that occurs during T3SS1-mediated
infection could allow Annexin V to access and stain internal phosphatidylserine,
thus labeling nonapoptotic cells as apoptotic, which could suggest a possible
misinterpretation of results in previous experiments. Consistent with the

hypothesis that these infected cells are not dying by apoptosis, we did not observe
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activation of caspases or cleavage of the caspase substrate PARP, common
markers of apoptosis, during V. parahaemolyticus infection.

Rather than induction of apoptosis, we observed the rapid activation of the
autophagy pathway. Using common microscopic methods to monitor the
induction of autophagy, we observed the incorporation of GFP-LC3 into
autophagosomes within one hour of POR3 infection. Consistent with this, our
biochemical studies confirm that within two hours of infection with POR3, we
observe conversion of LC3-I to LC3-II that occurs upon association of LC3 with
the membranes of newly forming phagosomes. These events are specifically
mediated by T3SS1, as infection with a strain of V. parahaemolyticus lacking a
functional T3SS1 (POR2) does not induce the conversion of LC3-I to LC3-II.
These results indicate that T3SS1-induced autophagy is robust and rapid when
compared to the slower time-course of autophagy activation in our positive
control (starved cells).

We investigated the possibility that the induction of autophagy during
infection contributed to the lysis of cells that was observed two to three hours
after infection. Inhibition of autophagy with the PI3 kinase inhibitor wortmannin
prevented the formation of GFP-LC3 punctae and conversion of LC3-I to LC3-II
during POR3 infection. However, we observed no change in LDH release in the
presence of wortmannin, indicating that the induction of autophagy and the lysis
of cells were regulated separately. Our studies reveal an interesting paradigm

wherein an extracellular pathogen induces a series of separate but parallel events
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during infection, including the rapid induction of autophagy, rounding and
detachment of the host cell, and release of cellular contents. While each of these
events may be sufficient to cause cytotoxicity on its own, redundant mechanisms
such as these ensure the efficacy of infection. This could explain why
cytotoxicity still occurred in cells in which autophagy was inhibited during
infection. It is likely that the repertoire of T3SS1 effectors coordinately mediated
each of these events. Defining the events that occur during V. parahaemolyticus
infection have provided a starting point for exploring the various molecular
targets of T3SS1 effectors, which may provide further insight into this

multifaceted host cell death.



CHAPTER FOUR
AMPylation of Rho GTPases by the T3SS1 effector, VopS

INTRODUCTION

T3SS1 of V. parahaemolyticus is homologous to the T3SS of Yersinia
spp., except for a group of hypothetical genes that are not found in Yersinia (77)
(Figure 3). This region of genes is predicted to encode type III effector proteins
based on their association with chaperones (75). One of these effectors, VopS, is
predicted to be a 387 amino acid protein with no homology to any proteins of
known function. A Fic domain is located at its C-terminus. While the function of
this domain is unclear, the Fic domain is genetically correlated with the regulation
of cell division in E. coli (50, 90). Fic domains are identified by a conserved
motif, HPFX(D/E)GNGR.

A previous study implicated VopS in the inhibition of the NFkB pathway
(12). This study showed that the N-terminus of VopS binds to the p65 subunit of
NFxB through yeast two-hybrid interaction. Furthermore, NFkB, a transcription
factor, no longer binds to its cognate promoter in the presence of nuclear extracts
from cells infected with wild-type V. parahaemolyticus. Deletion of vopS from
this strain restores NFkB promoter binding. The authors speculate that inhibition
of the NFkB pathway at this step will prevent activation of pro-survival genes
during infection, thus leading to the induction of T3SS1-induced apoptosis in

target cells.

67
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In a later study, Casselli and colleagues connected VopS with the
inhibition of Rho GTPases that occurred during infection with V.
parahaemolyticus (19). The authors genetically correlated the presence of VopS
in a V. parahaemolyticus strain with the inhibition of Rho GTPases, as a vopS
mutant strain no longer prevented activation of Rho, Rac, or Cdc42 during
infection. However, no target or mechanism of inhibition by VopS was revealed
by these studies.

It was interesting to speculate that VopS was involved in the manipulation
of Rho GTPases. This pathway is a common target of bacterial pathogens
because of its importance during infection. For instance, the exoenzyme C3 from
Clostridium botulinum directly modifies Rho by ADP-ribosylation, thereby
preventing the GTPase from binding to its downstream effectors (3). Yersinia
spp. prevent internalization during infection using the T3SS effector, YopE. This
effector exhibits unregulated GAP activity towards Rho, Rac, and Cdc42, keeping
Rho GTPases in the inactive GDP bound state (93). Lastly, the Yersinia effector
YpkA contains a domain that mimics GDI activity and prevents nucleotide
exchange in Rac and Rho. Alternatively, the Salmonella T3SS effector SopE
activates Rho GTPases by exhibiting GEF activity, hijacking the actin
cytoskeleton to promote uptake of this intracellular bacteria (39). These bacterial
pathogens provide many examples of how VopS could inhibit Rho GTPases: by a
direct inhibitory modification of Rho GTPases, by mimicking eukaryotic GAP

activity, or by acting as a GDI.
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Though studies have associated VopS with various activities during
infection, the molecular mechanism of this effector remained unknown. Herein,
we elucidate the activity of the T3SSI effector VopS by molecular and
biochemical means. First, we observe that VopS is necessary for the efficient
killing of host cells during infection and sufficient to cause cytotoxicity on its
own. Next, we demonstrate that the Fic domain is critical for the cytotoxic
activity displayed by this protein. Lastly, we show that VopS inhibits Rho
GTPase signaling by AMPylation of Rho, Rac, and Cdc42, preventing their
interaction with downstream effectors. These observations reveal a unique
activity for VopS, which targets a pathway that is critical in the response to V.
parahaemolyticus infection. In addition, they provide insight into a novel post-
translational modification that may expand our knowledge of eukaryotic cell

signaling.

RESULTS
The N-terminus of VopS is required for chaperone binding.

The T3SS effector VopS is secreted specifically from T3SS1 of V.
parahaemolyticus (71). Our lab initially identified VopS and other T3SS1
effectors by their association with a chaperone. Chaperones most often bind to
the first 100 amino acids of a type III secreted effector (34). We decided to test

the ability of various constructs of VopS to bind to its chaperone, VP1687, by
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yeast two-hybrid analysis. The interaction of the Yersinia effector YoplJ with its
substrate MEKK was used as a positive control and yeast transformed with lamin
and empty vector served as a negative control. While yeast transformed with
plasmids containing VopS or various mutants and VP1687 are able to grow on
media lacking leucine and tryptophan (-LW), only yeast transformed with wild-
type VopS, VopSAFic, or VopS-H348A and VP1687 are able to grow on media
lacking histidine (-WHULK), which indicates a positive interaction by yeast two-
hybrid analysis (Figure 16). The results show that the N-terminus of VopS is
required for binding for its chaperone, as a VopS construct consisting of only the

C-terminal Fic domain is unable to interact with VP1687.

VopS-H348A/
VP1687

(-) control

VopS-Fic/
VP1687

VopS/
VP1687

VopSAFic/
VP1687

Figure 16. Interaction of VopS with its chaperone, VP1687.

Yeast were cotransformed with pLexAde-VopS or various mutants and pVP16-
VP1687 and transformants were grown on media lacking leucine and tryptophan
(-LW). Positive interactions by yeast two-hybrid analysis are indicated by the
ability of the yeast to grow on media lacking histidine (-WHULK). A known
interaction between YopJ and MEKK was used as a positive control while yeast
transformed with pLexAde-Lamin and pVP16 empty vector was used as a
negative control.
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VopS is necessary for efficient killing of host cells.

Infection of HeLa cells with the V. parahaemolyticus POR3 strain, which
contains a functional T3SS1 and inactivating mutations for both TDHs and T3SS2
results in cell rounding by 2 h after infection and cells that are completely
rounded and dying after 3 h (Figure 17A). However, cell rounding is delayed
upon infection with a POR3AvopS strain and does not occur until 3 h post-
infection, at which point the cells are rounded and coming off of the plate (Figure
17A). We speculate that the eventual rounding is due to the activities of at least
one other type III effector from T3SS1. The vopS knockout was complemented
by expression of vopS under the control of its endogenous promoter on the pLafR
plasmid. Complementation was confirmed by in vitro secretion assays with the
POR3, POR3AvopS, and POR3AvopS + VopS strains (Figure 17B). As expected,
infection with the complemented strain restores cell rounding after two hours of

infection (Figure 17A).
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Figure 17. VopS contributes to cell rounding during infection.

(A) HeLa cells infected with POR3, POR3AvopS (AvopS), and
POR3AvopS+VopS (AvopS+VopS) were analyzed over a time course of infection.
Cells were stained with Hoechst to visualize nuclei (blue) and rhodamine-
phalloidin to visualize the actin cytoskeleton (red). Scale bar represents 10um.
(B) In wvitro secretion assay of POR3, POR3AvopS (AvopS), and
POR3AvopS+VopS (AvopS+VopS) strains. Bacteria were induced for type III
secretion and cell culture supernatants were collected. Proteins were TCA
precipitated, separated by SDS-PAGE and immunoblotted with an antibody to
VopS.



73
VopS is sufficient to cause cytotoxicity
T3SS1 is predicted to harbor several effector proteins. For this reason,
attributing an activity to VopS during infection can be challenging. To dissect the
function of VopS from other T3SS1 effectors, we transfected HeLa cells with a
mammalian expression vector, pcDNA3, encoding a wild-type or one of several
mutant versions of VopS and observed cells by confocal microscopy. Expression
of full-length VopS induced a severely rounded phenotype in transfected HeLa
cells when compared to the vector transfected control (Figure 18A). We mutated
several residues in VopS that are conserved among Fic domains to an alanine and
tested the activity of these mutants in transfection. Transfection of VopS-H287A
or VopS-R356A caused rounding of HeLa cells similar to wild-type VopS (Figure
18A). However, mutation of the conserved histidine in the Fic motif to an alanine
(VopS-H348A) completely abrogated the VopS-mediated cell rounding,
indicating that this residue is critical for the activity of this effector (Figure 18A).
Type III secreted effector proteins often contain a secretion signal
sequence that is located within the first 15 amino acids of the N-terminus (85).
We sought to determine whether this signal sequence was required for the activity
of VopS. We observed that transfection of VopSA30, a mutant deleted for the
putative signal sequence, caused rounding of HeLa cells similar to full-length
VopS (Figure 18B). As expected, mutation of the conserved Fic motif histidine in
this construct (VopSA30-H348A) abrogated the actin disruption observed with

VopSA30 (Figure 18B). Thus, VopS is sufficient to cause cell rounding and
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cytotoxicity. This activity is independent of its signal sequence but requires a
wild-type Fic domain. Additionally, these results indicate that VopS is cytotoxic
to transfected HeLa cells in the absence of stimulation of the NFkB pathway,

suggesting that it has targets other than p65 as previously proposed.
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Figure 18. Transfection of VopS causes cell rounding and cytotoxicity.

(A) HeLa cells were transfected with pSFFV-eGFP and pcDNA3 empty vector,
pcDNA3-VopS or VopS point mutants. (B) Transfection of HeLas with empty
vector or pcDNA3-VopSA30 or pcDNA3-VopSA30-H348A.  Cells were
visualized with confocal microscopy for green fluorescent protein (green) to
identify transfected cells and Hoechst stain to identify nuclei (blue). Scale bar
represents 10 um.
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VopS targets an evolutionarily conserved pathway
Type III secreted effector proteins often target evolutionarily conserved
mechanisms (97). To investigate whether VopsS is targeting such a pathway, we
expressed wild-type VopS or the VopS-H348A mutant under a galactose-
inducible promoter in yeast. Initially, yeast cells harboring empty vector, VopS,
or VopS-H348A on a plasmid were plated onto glucose, and each of these strains
were able to grow on glucose-containing plates (Figure 19A). When yeast were
plated onto galactose-containing media, thereby inducing expression of VopS,
cells are no longer able to grow (Figure 19B). As expected, yeast expressing
empty vector or VopS-H348A are able to grow on galactose media (Figure 19B).
To test if VopS is just causing a growth arrest or actually eliciting cytotoxicity in
yeast, we replated yeast from the most heavily streaked areas of the galactose
plates onto media containing glucose to shut off expression of VopS. Under this
condition, we showed that yeast expressing VopS are unable to recover and grow,
indicating that VopS is killing yeast (Figure 19C). These observations indicate
that VopS is targeting a pathway that is evolutionarily conserved between yeast
and mammals. Furthermore, it is interesting to note that there is no homologue
for p65 in yeast, supporting the hypothesis that VopS is targeting something

besides the NFkB pathway.
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Figure 19. Expression of VopS is cytotoxic to yeast.

(A) A yeast expression plasmid, pRS413, was used to express VopS under a
galactose-inducible promoter. Yeast were transformed with vector alone, pRS13-
VopS, or pRS413-VopS-H348A and grown on media containing glucose. (B)
Colonies were streaked onto galactose-containing media to induce expression of
VopS or VopS-H348A. (C) After being plated onto galactose, yeast were picked
from the most heavily streaked area and replated onto glucose media.

VopS inhibits Rho GTPase activation

One clue into the activity of VopS comes from evidence that Rho GTPase
signaling is inhibited during V. parahaemolyticus infection (19). Casselli and
colleagues found that Rho GTPases were inactivated after 1 h of infection with V.
parahaemolyticus, and this activity was correlated with the presence or absence in
VopS in the infecting strain. To support and extend their findings, we looked at
the activation state of Cdc42 during infection with several strains of V.

parahaemolyticus. For this experiment, we infected HeLa cells with the POR3,
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POR3AvopS, or POR3AvopS + VopS strains over a 4 h time course. At each time
point, the presence of active GTP-bound Cdc42 was assessed by the ability of
Cdc42 to interact with a glutathione S-transferase (GST) fusion of the binding
domain of its downstream effector, p2l-activated kinase 3 (GST-PAK-PBD).
After 1 h of infection of HeLa cells with the POR3 strain, we observed the
presence of active Cdc42 (Figure 20, lane 2). Beyond 1 h of infection, the
presence of VopS in the POR3 strain was consistent with inactivation of Cdc42,
as the population of active GTP-bound Cdc42 was no longer observed (Figure 20,
lanes 3-5). In cells infected with a VopS deletion strain (POR3AvopS), levels of
Cdc42 in the active GTP-bound state persisted, but all Cdc42 was eventually
inactivated by 4 h, suggesting the presence of another factor contributing to the
destabilization of Rho GTPases (Figure 20, lanes 6-9). Reconstitution of the
POR3AvopS strain with wild-type VopS (POR3AvopS + VopS) restored the loss
of active Cdc42 one hour after infection, similar to the POR3 strain (Figure 20,
lanes 10-13). During infection with all three strains, the total level of Cdc42 was
reduced at later time points of infection, likely due to the lysis of cells that occurs

within three hours of infection.
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Figure 20. Rho GTPase inhibition is delayed in cells infected with
POR3AvopS.

HeLa cells were left uninfected (U) or infected with POR3, POR3AvopS (AvopS),
or POR3AvopS+VopS (AvopS+VopS) for 4 hours. At each time point, cells were
assayed for active GTP-bound Cdc42 by means of GST-PAK PBD pulldown
assays followed by immunoblot analysis with antibodies to Cdc42. Western blot
for -actin was used as a loading control.
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VopS binds to active GTP-bound Rac
To begin to understand how VopS inhibits Rho GTPase signaling, we
tested whether VopS could interact with Rho GTPases. For this experiment, we
produced recombinant GST-tagged VopSA30 and VopSA30-H348A that lacks the
largely hydrophobic secretion signal sequence and tested the ability of each to
bind **S-radiolabeled Rac (*>S-Rac) using GST pulldown assays. Although *°S-
Rac did not interact with GST-VopSA30, it did interact with GST-VopSA30-
H348A (Figure 21, lanes 4 and 5). In addition, GTP loading of the *°S-Rac
increased the amount of *°S-Rac that interacted with recombinant VopSA30-
H348A (Figure 21, lane 9). This is reminiscent of the conformation-dependent
interaction of GTP-bound Rac with its downstream effector p21-activated kinase
(PAK) (13). As expected, upon loading of *’S-Rac with GTP, more >°S-Rac
interacted with GST-PAK PBD (Figure 21, compare lanes 3 and 7). Many type
IIT effectors use a catalytic mechanism to alter eukaryotic signaling pathways, and
in some cases the catalytically inactive form of the effector can act as a substrate
trap (1). These results indicate that the VopSA30-H348A mutant might act as a
trap by binding its substrate, the active GTP-bound Rac, but failing to release a

product.
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Figure 21. VopsS interacts with the Rho GTPase Rac.

GST pulldown of in vitro translated **S-Rac and GTP-y-S—loaded **S-Rac with
GST (G), GST-PAK PBD (P), GST-VopSA30 (S), or GST-VopSA30-H348A
(H/A). Samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and analyzed by autoradiography. Input (I) corresponds to 5% of material
in pulldown.

VopS inhibits in vitro binding of Rac to its downstream effector, PAK

To further analyze the possibility that GTP-bound Rho GTPases might be
substrates for VopS, we produced the **S-radiolabeled constitutively active form
of Rac (*°’S-DA-Rac). We pre-incubated **S-DA-Rac with 25 pmol of purified
recombinant VopSA30 or VopSA30-H348A and then tested whether exposure to
VopS would abolish the ability of *>S-DA-Rac to interact with its downstream
effector, GST-PAK PBD. Surprisingly, *>S-DA-Rac that was pre-incubated with
VopSA30 was unable to interact with GST-PAK PBD, while **S-DA-Rac pre-
incubated with the mutant VopSA30-H348A retained the ability to bind to GST-
PAK PBD (Figure 22A), indicating that VopS directly targets Rho GTPases in

such a way as to prevent binding to downstream signaling partners.
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To test if VopS was utilizing an enzymatic activity, we pre-incubated *°S-
DA-Rac with serial 10-fold dilutions of purified recombinant VopSA30 (125 to
0.125 pmol) for 15 min and tested whether **S-DA-Rac could bind to GST-PAK
PBD (Figure 22B). Pre-incubation of »S-DA-Rac with as little as 1.25 pmol of
VopSA30 prevented the binding of **>S-DA-Rac to GST-PAK PBD (Figure 22B).
As expected, the incubation of **S-DA-Rac with decreasing amounts of
VopSA30-H348A had no effect on the ability of DA-Rac to bind to GST-PAK
PBD (Figure 22B). Next, we pre-incubated **S-DA-Rac with a limiting amount of
VopSA30 (0.25 pmol) over the course of one hour. By forty minutes, *°S-DA-Rac
no longer interacted with GST-PAK PBD (Figure 22C). Based on the
concentration and time dependence of this activity, we hypothesize that VopS
uses an enzymatic activity to inhibit the interaction of Rho GTPases with their

respective downstream signaling partners.
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Figure 22. VopS inhibits in vitro binding of the Rho GTPase Rac to its
downstream effector PAK.

(A) In vitro translated *>S-DA-Rac was pre-incubated with VopSA30 or
VopSA30-H348A for 15 minutes, followed by a GST pulldown with GST-PAK
PBD. (B) In vitro translated >*S-DA-Rac was pre-incubated with decreasing
concentrations of VopSA30 or VopSA30-H348A (125 to 0.125 pmol) for 15
minutes or left untreated (U), followed by a GST pulldown with GST-PAK PBD
or GST alone (G). (C) In vitro translated *°S-DA-Rac was pre-incubated over
time with 0.25 pmol of VopSA30 or VopSA30-H348A, followed by a pulldown
assay with GST-PAK PBD. Samples were separated by SDS-PAGE and analyzed
by autoradiography. Inputs (I) correspond to 5% of material in pulldown.
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VopS directly modifies Rho GTPases with adenosine 5 -monophosphate
So far, our results indicate that the interaction of VopS with Rho GTPases
prevents them from binding to their downstream effectors. Additionally, we
hypothesized that the inhibitory activity VopS exerts on Rho GTPases is catalytic,
rather than stoichiometric, suggesting that VopS directly modifies Rho GTPases.
In order to test this, we used a bacterial expression system in which His-tagged
DA-Rac was expressed alone (DA-Rac) or in the presence of GST-tagged
VopSA30 (DA-Rac/VopS). His-DA-Rac from both of these conditions was
purified by nickel affinity chromatography and run on an SDS-PAGE to check for
protein expression (Figure 23A). We observed no difference in the mobility of
His-DA Rac that had been expressed alone or in the presence of GST-VopSA30.
To further assess whether DA-Rac was altered by co-expression with
VopS, we measured the mass of recombinant DA-Rac and DA-Rac/VopS by mass
spectrometry. Total mass spectrometry analysis revealed that, although DA-Rac
had the expected molecular weight, DA-Rac/VopS had an increase in molecular
weight of 329 daltons (Figure 23, compare B and C). As expected, DA-Rac co-
expressed with the mutant VopS did not show an increase in molecular weight
(data not shown). The increase of 329 daltons is consistent with the mass of
adenosine 5'-monophosphate (AMP), indicating that VopS modified Rho

GTPases by the addition of a single AMP molecule.
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Figure 23. DA-Rac co-expressed with VopS has mass increase of 329 daltons.
(A) DA-Rac was expressed in the presence or absence of GST-VopSA30. His-
DA-Rac was purified by nickel affinity chromatography. Purified protein
samples were separated by SDS-PAGE and Coomassie stained to visualize
protein. (B) Major peaks found for DA-Rac, 24904, 24946, 24981, 25022 Da,
respectively (with = 2 Da instrumentation error). (C) Major peaks found for DA-

Rac/VopS, 25233, 25275, 25310, and 25352 Da, have a 329 Da mass increase
when compared to major peaks found for DA-Rac.

Rho GTPases are modified on threonine 35 in the switch I region

To identify where this putative covalent modification occurred on Rac, we
analyzed tryptic and AspN peptides using liquid chromatography followed by
tandem mass spectrometry (LC-MS/MS). When the samples were digested with
AspN, peptide A [amino acids 11 to 37, mass-to-charge ratio (m/z) = 1488.7
when z = 2] was observed for DA-Rac (Figure 24A). For DA-Rac/VopS, only the
modified form of peptide A was observed [amino acids 11 to 37, with a mass
increase of 329.1 daltons, m/z = 1653.3 when z = 2], indicating that all of the DA-
Rac coexpressed with VopS was modified with AMP (Figure 24B). Further
analysis indicated that Peptide A contained a covalent modification of 329 daltons
on threonine 35 (Figure 24C), a highly conserved residue located in the effector
loop of the switch I region of Rho GTPases (1, 38) (Figure 24D). Thus, VopS
modifies the Rho GTPases with AMP, which prevents Rho GTPases from binding
to downstream signaling partners by steric hindrance.

The switch I region of Rho GTPases plays a role in GTP, Mg®', and

effector binding (38). To confirm that VopS was not inhibiting Rho GTPases by
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preventing their activation, we looked at the ability of DA-Rac to bind GTP. For
this experiment, DA-Rac and DA-Rac/VopS were loaded with **S-radiolabeled
GTP-y-S, a nonhydrolyzable form of GTP. The amount of GTP loaded was then
measured by filter binding assay. Both forms of recombinant DA-Rac retained
the ability to be loaded with GTP, eliminating the possibility that VopS modifies
the Rho family of proteins to prevent GTP binding (Figure 24E). Thus, we
hypothesize that VopS modifies Rho GTPases with AMP, which prevents their

interaction with downstream signaling partners through steric hindrance.



88

2 DA-Rac DA-Rac
Q
A S 5000 miz 1488.7 5000 miz 1653.3
‘S 4000 4000
2
£
~ 3000 3000
©
[0
o
o 2000 2000
E]
2
2 1000 1000
<
o - - - d s 0 - -
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (min) Time (min)
2 DA-Rac/NopS DA-Rac/NopS
Q
B < 2000 miz 1488.7 2000 m/z 1653.3
.‘Z"
$ 1500 1500
£
x
3 1000 1000
o
[0
E]
S 500 500
Qo
< L
0 . . ; ; N . 0 . .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (min) Time (min)
100 ya18
4453
DVAVGKTCLLISYTTNAFPGEYIPT(amp)VF
2
2 [b8-DVAV]
g . 4472
< 3-18 *
® y343,1 [69-DVAV] y4+329
& 50 b2 560.3 7923
o b6 [p11.pva
g 1 215 2 A
3 166.1 b3 y
[] 10-DVA
o 286.1 e v
b1l .
1170.7 b13
’ 1b1727 14207 15?21148 o g
: . : 1807.9 19550
| [ t | 75 \ ] \ \
o AN - ! aaule Ll Y . N al
200 400 600 800 1000 1200 1400 1600 1800 2000
m/z
450000
400000 |
350000
EQOOOOO-
RhoA & 250000 |
Racl £ 200000 |
Cdc4?2 8 150000 |
Switch I
100000
50000 |

DA-Rac DA-Rac/VopS



&9

Figure 24. DA-Rac/VopS is covalently modified on threonine 35.

A and B) Extracted ion chromatogram (XIC) of the wild-type peptide A (m/z =
1488.7) and the modified peptide A (m/z = 1653.3) for DA-Rac (A) and DA-
Rac/VopS (B). The XIC indicates the intensity of the ion as a function of time
during the LC-MS/MS process. (C) Electrospray ionization MS/MS spectra of
modified peptide A. The b and y ions are marked on the MS/MS spectra. lons
corresponding to products of internal fragmentation are marked in brackets.
Compared to the MS/MS of the wild-type peptide A (data not shown), two forms
of mass shift were detected, either with a mass decrease of 18 daltons or with a
mass increase of 329 daltons. Ions with a mass shift are marked with an asterisk.
The mass shift started with y3, indicating that the modification site is Thr*>. A
further cut of peptide A with AspN resulted in an ion corresponding to peptide B
(amino acids 32 to 37) with a mass increase of 329 daltons, and the MS/MS
spectrum of modified peptide B further confirmed that Thr’ is the modification
site. (D) Alignment of the effector loop region corresponding to residues 32 to 50
of RhoA and 30 to 48 of Racl and Cdc42. Conserved residues are shown in red
and the switch I region is underlined. The asterisk denotes the AMPylated Thr
residue. (E) **S- GTPyS loading of DA-Rac and DA-Rac/VopS. Purified proteins
were loaded with radiolabeled GTPyS and subjected to a filter-binding assay.
Samples were done in triplicate and counts were measured for one minute per
sample on a scintillation counter. The data are the means £ SD from three
independent experiments.

VopS uses ATP as a substrate for modification

To test directly whether VopS functions as an enzyme to modify Rho
GTPases, we developed an in vitro labeling assay using radiolabeled adenosine
triphosphate (ATP). The design of this assay was similar to a kinase assay, except
that *’P-a-ATP rather than **P-y-ATP is used as a substrate. Incubation of
purified recombinant VopSA30 with recombinant DA-Rac and *’P-o—labeled
ATP resulted in VopS-dependent modification of DA-Rac (Figure 25, lane 2).
Mutation of the modified threonine residue to alanine (DA-Rac-T35A) abolished

VopSA30-dependent modification of DA-Rac, confirming that the AMP
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modification is specific for Thr35 (Figure 25, lane3). As expected, DA-Rac
incubated with VopS-H348A was not modified (Figure 25, lanes 4-6). These

results indicate that VopS utilizes ATP as a substrate to modify Rho GTPases.

VopS + + + - - -

VopS-H348A - - - + + +
DARac - + - - + -
DA-Rac-T35A - - + — — 4+
o-2P-ATP + + + + + + KkDa
—60
—35
2P-AMP-DA-Rac » - —25
—18

Figure 25. VopS uses ATP to directly modify DA-Rac with AMP.

In vitro assay in which recombinant VopSA30 or VopSA30-H348A were
incubated with or without recombinant DA-Rac or DA-Rac-T35A in the presence
of **P-a—labeled ATP. Samples were separated by SDS-PAGE and analyzed by

autoradiography.
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In vitro AMPylation of the Rho family of GTPases by VopS
The most well characterized members of the Rho GTPase family are Rho,
Rac, and Cdc42. While these proteins are fairly similar, some differences in their
structures may affect the ability of VopS to utilize each as a substrate for
modification. To confirm that VopS modifies other members of the Rho GTPase
family, we repeated the in vitro labeling assay using Rho, Rac, and Cdc42 as
substrates. We observed no modification when Rho, Rac, and Cdc42 were
incubated with **P-a-ATP alone (Figure 26, lanes 1-3). However, in the presence
of VopS, all of the GTPases were modified with AMP (Figure 26, lanes 4-6). As
expected, none of the GTPases were modified by VopS-H348A (Figure 26, lanes
7-9). Thus, VopS modifies Rho GTPases with AMP. We now refer to this activity
as AMPylation and the enzyme as an AMPylator. VopS uses the posttranslational
modification of AMPylation to block the effector binding site on the switch I
region of the GTPase, thereby hindering signaling between Rho GTPases and

their downstream effectors.
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Figure 26. VopS directly modifies Rho, Rac, and Cdc42.
Recombinant VopSA30 or VopSA30-H348A was incubated with GTP-Rho, GTP-
Rac, or GTP-Cdc42 in the presence of *P-o-labeled ATP. Samples were
separated by SDS-PAGE and analyzed by autoradiography.

VopS specifically modifies Rho GTPases.

We tested the ability of VopS to AMPylate other members of the Ras
superfamily, including Ran, Rab5a, RasV12, and Arf. Each of these proteins
represents a well-characterized member of each of the subfamilies of the Ras
superfamily (95). VopS modifies a threonine in the effector-binding loop of Rho
GTPases. This threonine is highly conserved among Rho GTPases and other
members of the Ras superfamily (Figure 27A). An in vitro AMPylation assay
with VopSA30 using purified recombinant proteins of the Ras superfamily as
substrates shows that only Rac, which was used as a positive control for
AMPylation, was labeled with **P-0-AMP (Figure 27B, lane 4 and 27C, lanes 7

and 11). No other proteins, including Ran, Rab5a, RasV12, and Arf were
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modified by VopSA30 (Figure 27B, lane 2 and 27C, lanes 2, 5, and 9). These
results indicate that VopS specifically modifies the Rho GTPase subfamily of the
Ras superfamily. This is likely due to the ability of VopS to recognize Rho
GTPases as substrates, as much of the effector-binding domain of members of the

Ras superfamily is not conserved.

A Racl 22 SYTTNAFPGEYIPTVFDNYSAN 43 voos _Rf—”_ BEQ
RhoA 24 VFSKDQFPEVYVPTVFENYVAD 45 VSHA - - 4
Cdc42 22 SYTTNKFPSEYVPTVFDNYAVT 43 KDa
Arfl 36 KLKLGEIVT-TIPTIGENVE-T 55 82—

Rab5A 39 RFVKGQFHEFQESTIGAAFLTQ 60 64—
Ran 29 RHLTGEFEKKYVATLGVEVHPL 50 49-
H-Ras 22 QLIQNHFVDEYDPTIEDSYRKQ 43 37-
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Figure 27. AMPylation of the Ras superfamily by VopS.

(A) Alignment of the core effector-binding domain of Rho GTPases and several
representative members of the subfamilies of the Ras superfamily. The highly
conserved modified threonine is depicted in red. Other areas of conservation are
depicted in blue. Residue numbers are shown on either side of the alignment. (B
and C) In vitro AMPylation assay in which VopSA30 or VopSA30-HA was
incubated with Ran, Rab5a, RasV12, or Arf as substrate in the presence of 2p_q-
ATP. Samples were separated by SDS-PAGE and analyzed by autoradiography.
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DISCUSSION

T3SS1 of V. parahaemolyticus induces a multifaceted cell death through
the induction of autophagy, disruption of the actin cytoskeleton, and lysis of the
cell. This study examined the contribution of one T3SS1 effector to these events.
we have shown that the effector VopS from T3SS1 is responsible for the actin
cytoskeletal rearrangement observed during infection. Our cell biology studies
show that VopS is necessary for the efficient killing of host cells, as cell rounding
is delayed in a vopS knockout. To look at the effects of VopS without the
background of other effectors, we undertook transfection studies of HeLa cells in
which we observed that transfection of this effector alone was sufficient to cause
cytotoxicity.  Additionally, expression of VopS in yeast resulted in the
cytotoxicity of cells, indicating that this effector was targeting an evolutionarily
conserved mechanism.

A previous study found that infection with V. parahaemolyticus resulted in
the inhibition of Rho GTPases (19). Microbial genetic studies with deletion
strains correlated the effector VopS this inhibition, albeit through an unknown
mechanism. We confirmed these studies by showing that deletion of VopS from
the POR3 strain delayed cell rounding and inactivation of Cdc42. However,
during infection with the POR3AvopS strain cell rounding and Rho GTPase
inactivation eventually occurred, implicating a redundant activity by another

effector from T3SS1.
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VopSA30 was unable to directly interact with the Rho GTPase Rac in a
GST pulldown assay. However, Rac interacted with the VopS point mutant
(VopSA30-H348A). Reminiscent of Rac-binding to its downstream signaling
targets such as PAK, GST-VopS-H348A interacted more strongly with the GTP-
bound form of Rac. Pre-incubation of VopSA30 with Rac renders the GTPase
unable to bind to its downstream effector PAK, indicating that the interaction of
VopS altered Rac in some way. Bacterial effectors are observed to have very
potent activities because only small amounts of protein are secreted by the T3SS,
and in many cases, the effectors are likely to utilize an enzymatic mechanism.
Thus, we confirmed the concentration and time dependence of the inhibitory
activity of VopS.

Our results indicated that VopS was modifying Rac in some way to
prevent activation or binding to downstream effectors. To identify this
modification, we expressed DA-Rac either alone or in the presence of VopSA30
in bacteria. Purified DA-Rac from each condition was analyzed by mass
spectrometry. Total mass spectrometry results revealed that DA-Rac that had
been coexpressed with VopSA30 had an increase in mass of 329 daltons that was
consistent with the mass of AMP. Further analysis by LC-MS/MS revealed that
this protein was modified with AMP on a threonine residue that is located in the
switch I region of Rac, a region that is important for coordination of Mg”>" and
GTP and effector binding (1, 38). Other bacterial toxins modify this highly

conserved residue. For example, the Clostridium difficile toxins A and B
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covalently modify Rho GTPases by glucosylation of the threonine, resulting in the
inability of Rho GTPases to interact with their downstream effectors (2). The
AMPylation of threonine 35 does not prevent Rac from binding to GTP. Based
on this and the localization of the modification on Rac, we hypothesized that the
VopS-mediated addition of a bulky AMP molecule to the effector-binding loop of
Rho GTPases prevents their interaction with downstream effectors through steric
hindrance. It remains to be shown whether VopS AMPylates Rho, Rac, and
Cdc42 and/or exhibits a preference during infection. However, previous results
support the hypothesis that VopS modifies all three Rho GTPases during infection
(19). Furthermore, the AMPylated threonine is highly conserved throughout Rho
GTPases, and all three GTPases were modified by VopS in an in vitro
AMPylation assay.

VopS inhibits a pathway that is a common target of many type III
effectors during infection. Bacterial effectors block signaling through Rho
GTPases for a variety of reasons, including inhibition of phagocytosis and
disruption of epithelial membranes. While the outcome of VopS-induced
inhibition of Rho GTPases may be similar, the mechanism of inhibition used by
VopS is novel, in that the post-translational modification of AMPylation has not
previously been seen in eukaryotic cells. However, the covalent addition of AMP
to the bacterial protein, glutamine synthetase, has been well documented (17, 20,
30). This modification is autocatalytic and helps regulate the enzymatic activity

of glutamine synthetase.
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The Fic domain is critical for the activity of VopS. Mutation of the Fic

motif histidine completely abrogated cell rounding seen during transfection. In
addition, mutation of this residue results in the inability of VopS to modify Rho
GTPases with AMP during in vitro assays. Because type III secreted effector
proteins often mimic an endogenous eukaryotic activity, it is tempting to suggest
that Fic domain-mediated AMPylation could be a modification utilized by
eukaryotes. In fact, Fic domain-containing proteins exist in several species of
higher eukaryotes (discussed in the next chapter). These studies have revealed the
molecular mechanism of the V. parahaemolyticus effector VopS. Furthermore,
the identification of a novel eukaryotic post-translational modification could lead

to the discovery of an uncharacterized component of cell signaling in eukaryotes.



CHAPTER FIVE
The search for eukaryotic AMPylation

INTRODUCTION AND RESULTS
AMPylation is an endogenous eukaryotic activity

We have uncovered the mechanism of a type III secreted effector from V.
parahaemolyticus that possesses a novel function, the AMPylation of Rho
GTPases. This post-translational modification has not previously been found in
eukaryotes. However, many characterized bacterial effector proteins act by
mimicking the activities of host cells to meet their specific needs (34, 61).
AMPylation could be a previously undiscovered modification in eukaryotic cells.

To investigate whether eukaryotes use this post-translational modification,
we tested eukaryotic cell lysates for AMPylation activity. We incubated S100
HeLa cell lysate containing cytosolic proteins with **P-y-labeled ATP or **P-a-
labeled ATP. Incubation with **P-y-labeled ATP predictably revealed many
phosphorylated protein substrates (Figure 28A, lane 1). This modification,
phosphorylation, was attenuated in the presence of a phosphatase (Figure 28A,
lane 4). To test whether the same type of experiment would reveal endogenous
AMPylated protein substrates, we incubated S100 lysate with **P-o—labeled ATP.
A number of radiolabeled proteins were observed that were insensitive to
phosphatase treatment (Figure 28A, lane 8). The addition of purified recombinant

VopSA30 to the reaction using **P-o—labeled ATP, but not **P-y—labeled ATP,
98
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specifically increased labeling at the predicted size of the Rho GTPases (Figure
28A, compare lanes 6 and 2). Consistent with this observation, phosphorylation
and AMPylation did not occur in the presence of denatured protein (Figure 28A,
lanes 3 and 7). Thus, eukaryotic proteins can use ATP to modify proteins by
AMPylation. A concern was raised that these bands could represent the
incorporation of ATP into RNA molecules. To address this, we co-incubated
S100 lysate with **P-0-ATP and RNase A to rid the lysate of any RNA present.
Much of the smearing disappears, indicating that radiolabeled RNA was present
on these gels (Figure 28B). However, several bands remain after the treatment of
RNase A, suggesting there is endogenous AMPylation of proteins in our cell

lysate.



A

Lysate + + - + + +
Lysate (boiled) - - + - - _
VopS - + - - -+ _
A-PPase — - - + - - +
2p.y-ATP + + + + - - _
¥P.g-ATP__ — = = - + + +
bl
1 2 3 4 5 6 8

Figure 28. Detection of endogenous eukaryotic AMPylation.
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(A) S100 HeLa cell lysates or boiled, denatured S100 HeLa cell lysates were
incubated with **P-y-ATP or **P-a-ATP in the presence or absence of VopSA30.
Samples in lanes 4 and 8 were treated with A-phosphatase (A-Ppase) in the last 5
minutes of incubation. (B) S100 HeLa cell lysate was incubated with **P-a-ATP
in the presence or absence of RNase A. Samples were separated by SDS-PAGE
and analyzed by autoradiography.
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A domain critical for AMPylation activity is present in higher eukaryotes
The bacterial effector VopS contains a C-terminal Fic domain, and
mutation of an invariant histidine residue within this domain led to the discovery
of the catalytic activity AMPylation. Fic domains are present in proteins from
several species of bacteria and higher eukaryotes. An alignment of several Fic
domain-containing proteins shows that all contain the conserved motif

(HPFx(D/E)GNGR) with no substitutions of the critical histidine (Figure 29).

V.parahaemolyticus 258 NDAENITSLLKEYAT (6) NMDNLKELHARLVPN-VERDY!
H.pylori 25 LDRQSLEKAKHLIQS (9) TIKGLQEIHRFLFEG (5) GKI
S.oneidensis 98 KEALRYRTALYQCFT (7) CVTTALEICSTIKS--VQMD
. sar 259 EEQNEVIGMHAAMKY (13) ISDVLEIHRRVLGY (6)GR
299 REHNEVIGMDAALRF (14) IDDILEMHRRVLGN (6) GRI

272 DEHNEILGMDLAMKY (13) IKDILELHRRVLGH (6)GE

91 KDKNEVKNYVDVLEY (11) EKIFLEIHRLTVKD (7) GNY}

. o ¢ S G SO S e s

GIIMLYATIAELRN (7) MNAEN: LHGIK--

ATWLDLLLKKE (10) DKAAMLSAMERS
LNILYLIDQ (16)HKQDMYRLLLNV
LLMNLILMOQA (10) QRSDMYHVLEAA
LLLNLIMMRS (10) TRAEMYASLHVA
LLMNTLLMRA (10) QRSKMYHFLKLA

GPNISGG-TLPSSIG-GEGMLKQH
DKNIAKG---NFRFA-NCLYLDLI

TTQVLVG---HHIPP-HPQDVEKQ
TTQVYVG---RFTPV-SPEYVMEQ

V.parahaemolyticus 322 IEGFLKENPVADKDLGKHLFAGVIGY|
H.pylori 93 LPRIESMPQON-NFNQIVEKYVEMNI
S.oneidensis 169 LSNWEAFLH (7) LIKMAMAHYQFEAT
. say 331 MQEFVQWLN (9) VEFAALAHYKLVYI
372 LKDIVDWLN (9) IERAAIAHYKLVL

343 MQRFERWLN (9) VNYAALAHYKLVHI

169 TRSLLEWLN (9) AIQAGIAHYEIARI TAIALSTLILTKR (16) DRQAMYSALADA

ss ( 0— O——— T 0—

Figure 29. Multiple sequence alignment of VopS with several representative

Fic sequences.

Fic sequences are labeled by species and colored by superkingdom: bacteria
(black), eukaryote (blue), and archaea (red). Residue positions are highlighted by
conservation: hydrophobic (yellow), small (gray), and polar (black). Residue
numbers are depicted to the left of the alignment, and omitted residues are in
parentheses. Observed secondary structure (SS) elements consistent in all Fic
domain structures are indicated below the alignment (cylinder for helix and arrow
for strand) and are colored from N to C terminus in rainbow succession. An
asterisk above the alignment marks the critical histidine for VopS activity.
Alignments refer to the following proteins in the order listed: VopS, Genelnfo
Identifier 88192876 (gi|88192876), gi|151567990, gi| 42794620, gi|l17544594,
gi|24582217, and gi|21228708.
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The human protein HYPE is a candidate AMPylator

BLAST searches and sequence alignments have led to the identification of
a candidate AMPylator called HYPE from humans based on the presence of a Fic
domain. Little is known about the function of HYPE, although it was identified in
a yeast two-hybrid screen with Huntingtin, a polyglutamine repeat protein that is
responsible for Huntington’s disease, (27). Other aspects of the domain
architecture of HYPE include the presence of an N-terminal tetratricopeptide
repeat (TPR), which are present in a variety of organisms and are likely involved
in protein-protein interactions (6). The repeats are followed by the C-terminal Fic
domain (Figure 30A). The protein localization program, PSORT, predicts the
likely subcellular localization of proteins based on known sorting signals (67).
PSORT analysis predicted that HYPE would be localized to the endoplasmic
reticulum (ER) or in the extracellular space. Furthermore, PSORT predicted that
HYPE has a transmembrane (TM) domain located in the first 50 amino acids of
the N-terminus (Figure 30A).

To study the localization of HYPE, we constructed various HYPE and
eGFP fusions (Figure 30B). When transfected into HeLa cells, the eGFP vector
control is distributed throughout the cell, in both the cytoplasm and the nucleus
(Figure 30C). In contrast, full-length GFP-HYPE is localized to the perinuclear
region and is excluded from the nucleus (Figure 30C). When cells are transfected
with GFP-HYPEAA47, a truncation mutant that lacks the predicted transmembrane

domain, HYPE aggregated into punctae that were located in the cytosol or
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possibly trapped in the ER. Transfection of a second truncation mutant that lacks
a hydrophobic stretch of amino acids after the transmembrane domain (GFP-
HYPEA99) shows a diffuse pattern throughout the cell, including the nucleus
(Figure 30C). These results support the hypothesis that HYPE contains a sorting

and/or retention signal in its first 100 amino acids.
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Figure 30. Domain architecture and cellular localization of HYPE.

(A) Schematic of the domain architecture of HYPE. The predicted TM domain is
shown is white, the TPR domain in light blue, and the Fic motif in dark blue.
Amino acids corresponding to each domain are listed underneath. (B) Schematic
of the C-terminal GFP fusions with various constructs of HYPE. (C) Transfection
of HeLa cells with GFP alone, HYPE-GFP, HYPEA47-GFP, or HYPEA99GFP.
Transfected cells are shown in green. Cells were stained with Hoechst to
visualize nuclei (blue) and rhodamine-phalloidin to visualize actin (red).
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AMPylation activity of HYPE
Our in vitro AMPylation assays with S100 HeLa cell lysate revealed the
presence of several putative AMPylated proteins. To test if any of these proteins
are a substrate for modification by HYPE, we expressed and purified recombinant
GST-HPYEA47 and incubated it with **P-a-ATP and S100 HeLa cell lysate. We
chose to use the A47 form of HYPE to aid in the purification of this protein, as the
transmembrane domain is largely hydrophobic and is unlikely to be important for
the enzymatic activity of HYPE. As a control in this experiment, we incubated
HeLa cell lysate with VopS, which caused specific labeling of Rho GTPases in
S100 lysate (Figure 31, lane 3). Upon the addition of HYPEA47, no increase in
labeling is seen in the bands when compared to the lysate alone control (Figure
31, compare lanes 1 and 2). However, we observed auto-AMPylation of
HYPEA47, indicating that the activity of this protein is intact (Figure 31, lane 4).
Interestingly, no auto-AMPylation occurs in the presence of S100 lysate,

suggesting that an inhibitor of AMPylation activity might be present in cell lysate.
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Figure 31. Activity of HYPE in S100 lysate.

In vitro AMPylation assay of S100 lysate alone (lane 1), in the presence of HYPE
(lane 3), or in the presence of VopS (lane 3). Auto-AMPylation activity of HYPE
was tested by the addition of **P-a-ATP to recombinant HYPE (lane 4).
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DISCUSSION

The identification of AMPylation by a bacterial effector, which often
mimic eukaryotic activities, suggested the intriguing possibility that such a
mechanism could occur as an undiscovered component of cell signaling.
Therefore, we initiated studies that examined AMPylation as an endogenous
eukaryotic process. The results provided here support the need for future studies
into this exciting new aspect of signal transduction in eukaryotes.

A simple in vitro AMPylation assay was used to look for the modification
of eukaryotic proteins. In this experiment, we observed the presence of several
radiolabeled bands that were insensitive to RNase A treatment in samples of S100
lysate that were incubated with **P-a-ATP. These bands represent potential
substrates of eukaryotic AMPylation. As of yet, the identities of the substrates are
unknown. However, future studies will address their identification through the
incorporation of tagged ATP substrates to aid in isolation.

The Fic domain is critical for AMPylation by VopS. Therefore we
undertook a bioinformatics approach to identify several Fic domain-containing
proteins in higher eukaryotes. Our analysis led to the identification of HYPE, a
human protein that contains an N-terminal TPR domain, which is a protein-
protein interaction domain that may be involved in substrate recognition, followed
by the C-terminal Fic domain. The PSORT program predicted that HYPE
localizes to the ER or be secreted to the extracellular space. Localization studies

utilizing fusions to GFP revealed that full-length HYPE is perinuclear, suggesting
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an association with an organelle such as the ER. Truncation of the predicted
transmembrane domain leads to localization of HYPE in punctae that surround
the nuclei. This could represent HYPE that is unable to be inserted into its
cognate membrane and is therefore trapped in vesicles. Further truncation of a
hydrophobic patch of HYPE results in a construct that is diffused throughout the
cell upon transfection. These preliminary studies on HYPE localization suggest
that HYPE contains a sorting or retention signal peptide between amino acids 47
and 99. Alternatively, the overexpression of a GFP fusion of HYPE could cause
aberrant localization of HYPE during transfection. Therefore, future studies will
look at the localization of endogenous HYPE using subcellular fractionation.

We hypothesized that HYPE was a good candidate for the AMPylation of
proteins in eukaryotic cells. To investigate this, recombinant HYPEA47 was
incubated in the presence of **P-a-ATP in the presence or absence of S100 HeLa
cell lysate containing cytosolic proteins. While incubation of recombinant protein
with **P-a-ATP indicated that HYPE has auto-AMPylation activity, there was no
increase in labeling of proteins upon the addition of HYPE to S100 lysate. This
may be due to the GST tag on HYPE preventing it from interacting with substrate.
Alternatively, the substrate for HYPE may be present in another fraction of cell
lysate, as there are only cytosolic, but no membrane, proteins in the S100 fraction.
This possibility is supported by our bioinformatics and GFP-fusion localization
data. Another reason for the lack of HYPE activity could be the presence of an

inhibitor of AMPylation in cell lysate. This idea is supported by the observation
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that the auto-AMPylation of HYPE decreases in the presence of cell lysate when
compared to HYPE alone.

Although no endogenous substrate for AMPylation has been identified, the
studies presented here are preliminary and much remains to be done. We have
shown that eukaryotic proteins can use ATP to modify proteins by AMPylation.
Although enzymes, such as the ubiquitin activating enzyme (E1), form AMP-
bound covalent enzyme intermediates to drive chemical ligation reactions (37),
AMP has not previously been shown to be used as a stable posttranslational
modification for a protein. Future studies into AMPylation in eukaryotic cells will
increase our understanding of the mechanism behind the modification and the role

it plays during signal transduction.



CHAPTER SIX

Discussion and Future Directions

VIRULENCE MECHANISMS OF V. PARAHAEMOLYTICUS

More than fifty years ago, an unidentified pathogen sickened almost 300
people in the first of many outbreaks of gastroenteritis. Since then, V.
parahaemolyticus has emerged as an important public health issue in Southeast
Asia. Concerns that this pathogen is extending its reach even farther are
increasing as water temperatures rise due to global warming and new pandemic
strains emerge. It is clear that a better understanding of the virulence mechanisms
of V. parahaemolyticus is necessary. Until recently, TDH was the most well
characterized virulence factor of V. parahaemolyticus although strains lacking
TDH were still pathogenic (58, 76). This led to the idea that V. parahaemolyticus
possessed other virulence mechanisms. In 2003, the genome sequence of a
clinical isolate was published, and it revealed the presence of two T3SSs (60).
Since then, intense research has focused on characterizing these systems. Tissue
culture models of infection linked T3SSI1 to cytotoxicity, while a rabbit ileal loop
model showed that T3SS2 was responsible for enterotoxicity (77). Subsequent
studies have linked T3SS1-dependent cytotoxicity to the activation of apoptosis
and the presence of two T3SS1 effectors, though the mechanism of cell death was

not well established (12, 71).

110



111

In the studies presented herein, we elucidated the mechanism of T3SS1-
dependent cytotoxicity and defined the events that occurred during infection. In
addition, characterization of VopS, an effector protein from T3SS1, increased our
understanding of one of these events, the disruption of the actin cytoskeleton that
leads to cell rounding. Discovery of the mechanism of this effector has added to

the growing number of ways that bacteria use to usurp host defense mechanisms.

V. parahaemolyticus orchestrates a multifaceted host cell infection

Previous studies on the T3SSs of V. parahaemolyticus showed that T3SS1
elicited the cytotoxicity of host cells (77). Our studies have significantly
extended this description, and a multifaceted model of V. parahaemolyticus
infection has emerged that begins with the induction of autophagy, followed by
disruption of the actin cytoskeleton, and culminating in the lysis of the cell
(Figure 32). Unlike Yersinia infection, which causes induction of apoptosis, this
mechanism of cell death is proinflammatory. Lysis of the cell results in the
release of cytokines that attract innate immune cells such as macrophages.
However, our results show that V. parahaemolyticus causes death of multiple cell
types, including macrophages, so remaining undetected by the immune system

may be less important for this pathogen.
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Figure 32. V. parahaemolyticus induces a series of events that culminates in
the efficient death of host cells.

(A) V. parahaemolyticus utilizes a T3SS to inject effectors into a host cell during
infection. (B) This results in the rapid induction of autophagy and the formation
of autophagosomes. (C) Next, we observe rounding and shrinkage of the infected
host cell. (D) This is subsequently followed by cell lysis and release of cellular
contents. (E) We hypothesize that lysis will lead to the release of degraded
proteins that can be used by the bacteria for nutrients. (F) In addition, the release
of inflammatory contents will cause recruitment of innate immune cells, such as
macrophages. (QG) V. parahaemolyticus can also target and kill these immune
cells, thereby evading an innate immune response. Underlined letters represent
mechanisms that have been experimentally demonstrated herein. Letters with
question marks represent events that are hypothesized to occur as a result of these
mechanisms.

Our observation of the rapid induction of autophagy during V.
parahaemolyticus infection presents an interesting paradigm. The importance of
autophagy in cellular growth, differentiation, and development is without

question, yet its role in cellular death is still being defined. In contrast to
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apoptosis, which requires activation of caspases, autophagy is primarily a
caspase-independent process that requires a distinct set of autophagy genes (57).
Furthermore, some research suggests that these pathways are mutually exclusive
or that there is a balance between them. Thus, the decision between apoptosis and
autophagy is a critical step in determining cell fate and leads to the question of
why an extracellular pathogen such as V. parahaemolyticus would want to
activate the autophagic machinery.
The autophagy pathway plays roles in both innate and adaptive immunity
and as a result is a common target of bacteria and viruses (74). When playing a
protective role, autophagy defends against intracellular pathogens such as
Mycobacterium tuberculosis, Shigella spp., and many others (53). A host cell
often uses autophagy to prevent the cytoplasmic replication or invasion of
intracellular pathogens by engulfing the pathogens in autophagic vesicles and
targeting them to lysosomes (52). In addition, one study showed that autophagy
might provide defense against a secreted toxin from the noninvasive pathogen
Vibrio cholerae (36). However, pathogens have evolved ways to usurp this
pathway for their own benefit. For example, the intracellular pathogen Coxiella
burnettii creates a replicative niche within autophagosomes where it can multiply
and survive (49). During infection, Shigella flexneri disrupts phagocytosis and
escapes into the cytosol. The pathogen then avoids clearance by autophagy
through the type III secretion of an effector protein that prevents recruitment of a

protein necessary for autophagy (69).
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So why might V. parahaemolyticus induce autophagy at the accelerated
rate we observed during the initial stages of infection? One possibility is that V.
parahaemolyticus may be utilizing autophagy to gain access to essential nutrients.
By inducing this pathway, the bacteria force the host cell to do the work for them.
The end result is an increased pool of amino acids in a readily usable form. As a
gastrointestinal pathogen, these bacteria have evolved mechanisms to rapidly
access nutrients before being expelled from the host. In particular, infection with
V. parahaemolyticus is self-limiting in healthy individuals, thus stressing the need
for systems that allow rapid acquisition of essential nutrients.

Another intriguing possibility may be that V. parahaemolyticus is inducing
autophagy to avoid phagocytosis. In macrophages infected with V.
parahaemolyticus, we have observed that the bacteria are exclusively extracellular
(data not shown). During infection, the cellular machinery required for
phagocytosis, including membrane lipids, may be directed inside the cell due to
the acute activation of autophagy. We hypothesize that V. parahaemolyticus is
using T3SS1 to mediate several events during infection to capitalize on the release
of nutrients and to defend against phagocytosis by immune cells responding to

proinflammatory signals at the site of infection (Figure 32).

The V. parahaemolyticus effector VopS inhibits Rho GTPases
The T3SS1-mediated events that occur during V. parahaemolyticus

infection are a result of the secretion of several effectors from T3SS1. My studies
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have shown that one of these effectors, VopS, contributes to disruption of the
actin cytoskeleton through inhibition of Rho GTPases. Infection with the
POR3AvopS strain results in delayed cell rounding during infection, while
transfection of wild-type VopS is cytotoxic to HeLa cells. These results indicate
that VopS is both necessary and sufficient to cause the death of cells during
infection. Mutation of the histidine in the conserved Fic motif completely
abrogated the cytotoxic affects of VopS during infection, giving us our first clue
that this residue was critical for the activity of the effector.

A previous study linked the presence of VopS during infection with the
inactivation of Rho GTPases, although no mechanism for this inhibition was
established (19). We have extended these studies to define the molecular
mechanism of VopS. Binding studies indicated that VopS directly interacts with
the GTP-bound form of the Rho GTPase Rac. This interaction led to the inability
of Rac to bind to its downstream effector, PAK. Analysis of the concentration
and time-dependence of the VopS/Rac interaction suggested that it was an
enzymatic modification, rather than a competitive binding, by VopS that
prevented Rac from binding to PAK. Mass spectrometry analysis of Rac co-
expressed with VopS in bacteria revealed that Rac had an increase in mass of 329
daltons compared to Rac expressed alone. This mass shift was consistent with the
addition of AMP, which LC-MS/MS analysis showed was covalently bound to
Rac on threonine 35. This modification occurs in the switch I region of Rac that

is involved in the interaction of Rho GTPases to downstream effectors (1, 38).



116
VopS modification of the switch I region with AMP prevents the effectors from
binding to activated GTPases, thereby preventing actin assembly and resulting in
cell rounding. We now refer to this activity as AMPylation and the enzyme as an
AMPylator.

Both VopS and protein kinases use ATP to modify substrates, but the
phosphate attached to the substrate is distinct. Kinases use the y phosphate of
ATP to modify their substrates on tyrosine, threonine, and serine residues,
whereas VopS uses the a phosphate linked to adenosine to modify its substrate on
a threonine residue. This type of posttranslational modification on eukaryotic
proteins has not previously been observed. However, it has been observed for
glutamine synthetase (GS), a bacterial protein that is responsible for the synthesis
of glutamine from NH," and glutamate during nitrogen-limited growth (17). GS
is located in a key position of nitrogen metabolism and its activity is
autocatalytically regulated by modification with AMP. In nitrogen-rich
conditions, AMP modification downregulates GS activity, allowing recovery of
cellular stores of glutamate (51). In contrast to VopS-mediated AMPylation of
Rho GTPases, this covalent modification is reversible and occurs on a tyrosine
residue (17, 20). However, the discovery of additional AMPylators or substrates
for AMPylation will likely show that this modification also occurs on serine or
tyrosine residues.

VopS contains a C-terminal Fic domain, and mutation of an invariant

histidine residue within this domain led to the discovery of the catalytic activity of
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modifying proteins with AMP. Support for the enzymatic activity of VopS is
given by the crystal structures of other bacterial Fic domains. These structures
place the conserved polar residues of this motif within a cleft that could represent
an active site, with conserved side chains (from E and N) forming polar contacts

with a phosphate in one structure (23) (Figure 4). A [ hairpin located near the

motif binds peptide in another structure, placing a side chain of the peptide within
van der Waals contact of the motif histidine (25) (Figure 4). These structures help
to envision an active site for VopS that contains the conserved Fic motif with the
catalytic histidine residue positioned close enough to its substrate to carry out the
chemistry of the reaction.

The characterization of the molecular mechanism of VopS has revealed
that this effector targets an old pathway in a new way. Many pathogens such as
Salmonella spp., Yersinia spp., and Clostridium spp. inhibit the Rho GTPase
family (2). Breakdown of Rho GTPase signaling can result in disruption of the
actin cytoskeleton, leading to collapse of the epithelial barrier or prevention of
phagocytosis of the bacterium (2). VopS enzymatically modifies Rho GTPases in
the highly conserved switch I region with an AMP molecule, preventing their
interaction to downstream effectors through steric hindrance. This mechanism
could represent a novel function for the Fic domain, a previously uncharacterized

domain that is found in a wide variety of organisms.
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AMPylation--a novel component of eukaryotic cell signaling

The Fic domain, which contains a conserved HPFx(D/E)GNGR motif; is
critical for the AMPylation activity of VopS. The Fic motif is found in proteins
from organisms in all domains of life. Although there are no Fic domain-
containing proteins in fungi, there are examples in many species of higher
eukaryotes. The limited eukaryotic distribution of Fic resembles that of other
components of signal transduction machinery and might support a role for
AMPylation by eukaryotic Fic domains in signaling (79).

To address the possibility that AMPylation is an endogenous eukaryotic
activity, we developed an in vitro assay using >°P-a-ATP to radiolabel proteins.
Addition of S100 HeLa cell lysate to the in vitro assay showed several
radiolabeled bands representing AMPylated substrates. Addition of VopS to
lysate indicated specific labeling at the level of Rho GTPases, confirming that the
labeling of AMPylated proteins was possible using our in vitro assay. Our
preliminary studies with HYPE, a candidate AMPylator from humans, showed
that addition of HYPEA47 to lysate in an in vitro assay did not increase labeling
of any particular substrate. However, we did observe auto-AMPylation of this
protein, indicating that it was active and possessed AMPylation activity. This
result is further confirmation that Fic domains are responsible for AMPylation
activity.

The discovery of AMPylation of eukaryotic proteins reveals not only a

previously uncharacterized component of cell signaling, but also a novel use for
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ATP. This activity represents an ideal posttranslational modification in
eukaryotic cells because it (i) uses a highly abundant high-energy substrate, ATP;
(i1) results in the formation of a reversible phosphodiester bond; (iii) is bulky
enough to bind to an adaptor protein and be used in dynamic multidomain
signaling complexes; and (iv) alters the activity of the protein it modifies. The
identification of the substrates and enzymes involved in eukaryotic AMPylation
will undoubtedly add a new layer to the expanding complexity of our information

about cellular signal transduction.

FUTURE DIRECTIONS
Assess the contributions of other effectors to the multifaceted mechanism of
13SS1-mediated cell death

We have shown that V. parahaemolyticus induces multiple events during
infection, including cell rounding and the induction of autophagy.
Characterization of VopS showed how this T3SS1 effector leads to the inhibition
of Rho GTPases, which contributes to cell rounding. Currently, studies are
ongoing to determine the contributions of other T3SS1 effectors during infection.
Infections with knockout strains are being analyzed for the induction of
autophagy by microscopic and biochemical methods.  Additionally, the
cytotoxicity of knockout strains will be addressed through LDH release assays

and microscopy. Results with the AvopS knockout strain suggest that there may
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be some redundancy between the effectors in the inhibition of Rho GTPases. This
is not uncommon, as pathogens often use multiple mechanisms to disrupt the
same pathway to ensure inhibition takes place (68). This redundancy could be
addressed using transfection studies with individual or combinations of effectors
or by secretion of single effectors using a heterologous system such as the

Yersinia T3SS.

Examine the role of autophagy induction during V. parahaemolyticus infection
T3SS1-mediated infection causes the rapid induction of autophagy. We
hypothesize that extracellular bacteria such as V. parahaemolyticus may activate
this pathway to inhibit phagocytosis or to acquire nutrients in a readily usable
form. Studies have been initiated to address the inhibition of phagocytosis using
techniques such as electron microscopy of macrophages that were infected with V.
parahaemolyticus in the presence or absence of inhibitors of autophagy.
Comparison of the growth rates of V. parahaemolyticus during infection in the
presence or absence of the induction of autophagy may shed light on whether the
bacteria are acquiring nutrients during infection. Another experiment could
assess directly whether the bacteria are taking up nutrients from lysing cells by

the incorporation of radiolabeled amino acids into host proteins.

Does AMPylation of Rho, Rac, and Cdc42 occur during V. parahaemolyticus

infection?
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In vitro assays have shown that VopS mediates the AMPylation of Rho,

Rac, and Cdc42. However, these assays were carried out with purified
recombinant enzyme and substrate. The next step would be to show that VopS
AMPylates Rho GTPases during infection. We and others have indirectly shown
that VopS mediates this activity during infection by looking at the ability of Rho
GTPases to bind to downstream effectors in infected HeLa cells (19). These
results indicated that VopS disrupted the signaling of Rho, Rac, and Cdc42.
However, it remains to be shown if these Rho GTPases are modified with AMP
during infection. It is likely that VopS utilizes all three of these as substrates for
AMPylation, as they are highly conserved in the Switch I region where
AMPylation occurs. For this experiment, the modification Rho GTPases during
V. parahaemolyticus infection could be monitored with a labeled form of ATP,
such as **P-0-ATP, that is readily taken up by a cell. The incorporation of this
substrate into Rho GTPases would then be analyzed by pulldown and

autoradiography.

Examining the chemistry behind AMPylation

Experiments that tested the concentration and time dependence of VopS
supported the idea that this effector possessed an enzymatic activity. However,
these experiments did not definitively prove that VopS was an enzyme.

Discovery of the catalytic activity of VopS would give insight into the mechanism
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of AMPylation, a modification that has never been seen in eukaryotes or on a
threonine residue. A quantitative in vitro assay is currently being developed to
analyze the kinetics of this modification. This assay uses >°P-a-ATP to measure
the transfer of radioactive AMP to the substrate. In addition to enzymatic
analysis, crystal structure trials of VopS alone and in complex with Rac have been
initiated. A crystal structure of VopS would allow comparisons of this protein
with other Fic domain structures. In addition, a depiction of VopS in complex
with its substrate will provide further mechanistic insight into the chemistry of

AMPylation.

Identification of the enzymes and substrates of eukaryotic AMPylation
Preliminary studies indicate that AMPylation is an endogenous eukaryotic
activity. An in vitro AMPylation assay results in the presence of several
radiolabeled proteins. Identification of the eukaryotic substrates of AMPylation
may provide an idea what pathways are regulated by this mechanism.
Development of an antibody that recognizes an AMP modification will help in the
identification of these substrates. If this proves difficult, use of another form of
ATP, such as biotinylated ATP, will eliminate the need for radioactivity so that
substrates can be identified by mass spectrometry. Our preliminary results show
that this might be a viable option. An in vitro AMPylation assay using

biotinylated ATP with Rac and VopSA30 shows that Rac is labeled only in the
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presence of VopS (Figure 33). Future studies will test biotinylated ATP as a

substrate for eukaryotic AMPylation in HeLa cell lysate.

Rac + +
VopSA30 + -

Biotin-AMP-Races— -

Figure 33. Biotinylated ATP is a substrate for AMPylation.

In vitro assay in which recombinant Rac was incubated in the presence or absence
of recombinant VopSA30 and biotinylated ATP. Samples were separated by SDS-
PAGE and analyzed by western blot with avidin-HRP.
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BLAST searches and sequence alignments of Fic domain-containing
proteins have led to the identification of several possible candidate AMPylators in
higher eukaryotes. Studies have been initiated with the human Fic family protein,
HYPE. We have established that this protein has auto-AMPylation activity but
have not identified any substrates for this reaction. It is possible that we are
missing possible substrates for HYPE in our in vitro AMPylation assay because
we are using S100 HeLa cell lysate. This lysate contains only cytoplasmic
proteins and lacks membrane-associated and nuclear proteins. Therefore, the use
of other fractions of cell lysate may show an activity upon the addition of
recombinant HYPE. If this experiment yields no hits, detection of potential
HYPE interacting proteins using a yeast two-hybrid screen or GST pulldowns
should elicit appealing candidates for the substrates of AMPylation. A mutation
of the conserved Fic motif histidine in HYPE could be used to increase the chance
of “trapping” a substrate in these binding studies. Potential candidates could then
be confirmed as substrates using our in vitro assay with the point mutant as a

negative control for AMPylation activity.

Inhibition of AMPylation activity

Our results indicate that the auto-AMPylation activity of HYPE is
decreased upon the addition of S100 lysate.  This suggests that there is an
inhibitor of AMPylation present in the lysate. Furthermore, key components of

eukaryotic signaling machinery are often regulated by activities that have
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opposing effects, for example phosphorylation by kinases and subsequent
dephosporylation by phosphatases. Therefore, it is likely that a mechanism that
opposes AMPylation exists in eukaryotes. The AMPylation of proteins results in
the formation of a phosphodiester bond, and reversal of this modification is
possible through phosphodiesterase activity. Future studies will look at the
reversal of AMPylation by phosphodiesterases and will identify these enzymes,

which may play an important role in the regulation of AMPylation in eukaryotes.
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