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Abstract

Pathogens find diverse niches for survival inside host cells where replication occurs in a
relatively protected environment. Vibrio parahaemolyticus, a facultative intracellular
pathogen, uses its type 3 secretion system 2 (T3SS2) to invade and replicate inside
host cells. However, after extensive analysis, the T3SS2 pathogenicity island appeared
to lack a mechanism for egress of this bacterium from the invaded host cell. Using a
combination of cell biology, microbial genetics and lipid biochemistry, we found that
VPAO0226, a constitutively secreted lipase, is required for escape of Vibrio
parahaemolyticus from host cells. Remarkably, this lipase must be delivered into the
host cytoplasm where it preferentially uses fatty acids associated with innate immune
response (i.e. arachidonic acid, 20:4) to esterify cholesterol, weakening the plasma
membrane and allowing egress of the bacteria. This study reveals the resourcefulness
of microbes and the interplay between virulence systems to evolve an ingenious

scheme for survival and escape.

Impact Statement
Considering the course of a pathogen's evolution, there appears to be interplay between
secretion systems, providing unique, synergistic mechanisms to support a successful

lifestyle for possibly pathogenesis, symbiosis and/or parasitosis.
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Main Text

As intracellular pathogens acquire mechanisms to invade a host cell, correlating
mechanisms must also evolve for survival within the host and escape from the host. For
example, the facultative intracellular pathogen Vibrio parahaemolyticus (V. para.) is a
Gram-negative bacterium that resides in warm estuarine environments with some
strains acquiring virulence factors that can cause illness, even death in animals
including shrimp and humans (1). This pathogen can cause acute gastroenteritis due to
the consumption of contaminated, undercooked seafood and possibly septicemia when
infecting open wounds (1). V. para contains a number of virulence factors, including
hemolysins and two Type 3 Secretion Systems (T3SS1 and T3SS2) (2). Previous
studies have shown that the more ancient T3SS1 is associated with all strains of
V.para, whereas T3SS2, a more recent acquisition, correlates with clinical isolates and
disease in humans (2). To study the various virulence factors independently, deletions
in particular genes are created to unmask the activity of a specific virulence mechanism
(3). Herein, to study T3SS2, we utilize CAB2, a strain derived from the clinical isolate
RIMD2210633 that is deleted for hemolysins and the T3SS1 (4).

The T3SS2 found on a pathogenicity island encodes a needle-like apparatus and
effectors that mediate an invasive infection resulting in death of a host cell (5,6). T3SS2
translocates the effector VopC, a deamidase, to mediate membrane ruffling and uptake
of V. para. by nonphagocytic cells (4,6). Once inside, V. para. escapes from an acidified
endocytic compartment and proceeds to replicate in the cytoplasm of the host cell,
reaching counts of 200-300 bacteria per host cell (6). Other translocated effectors have
been shown to manipulate host cell signaling, including the acetyltransferase VopA that
blocks MAPK signaling and the actin assembly factor VopL that blocks production of
reactive oxygen species (7-10). V. para. ultimately escapes from this protective

replicative niche to infect other cells (6). In total, about a dozen T3SS2 effectors are
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94  thought to be delivered to the host cell, some with known molecular functions but with
95 exception of the aforementioned effectors, understudied for their role in bacterial
96 intracellular survival (3). After perusal of this pathogenicity island, there appeared to be
97 no obvious candidate effector that would mediate the escape of V. para. from the
98 endocytic compartment or the host cell.

99

100  Herein, we describe the identity of a lipase, VPA0226, which is necessary for egress of
101 V. para. from the host cells. However, VPA0226 is not secreted by the T3SS2, rather it
102  is constitutively secreted by type 2 secretion system. Using lipidomic studies we found
103  that, unlike other bacterial lipases, VPA0226, but not its catalytically inactive forms
104 (VPA0226-H/A or VPA0226-C/A), prefers to esterify cholesterol using host
105 polyunsaturated fatty acids (PUFA), specifically those implicated in immune signaling.
106  Esterification of cholesterol leads to a weakened plasma membrane that allows V. para
107 to escape. This study exemplifies the resourcefulness and adaptability of bacteria to
108  leverage existing mechanism to survive and escape from a host cell.

109

110  Results

111  The catalytic activity of VPA0226 is required for V. para egress from host cell.

112 Intracellular pathogens are known to use lipases to escape from membrane
113 compartments, such as Salmonella spp. that require the T3SS lipase Ssed to escape
114  from the Salmonella containing vacuole (11,12). Using Ssed as a probe in a
115 bioinformatic search of the V. para. genome, we identified a lipase (VPA0226) with
116  approximately 16% sequence identity and conservation of catalytic residues (Figure 1-
117  figure supplement 1A). Previously, in vitro studies demonstrated that VPA0226 has
118 lipase activity and structural studies on a related Vibrio vulnificus lipase revealed a
119 chloride dependent catalytic diad (13,14). However, analysis of VPA0226 reveals a
120  more classic catalytic triad of Ser-His-Asp (Figure 1-figure supplement 1B).

121

122 To test whether VPA0226 plays a critical role in V. para’s intracellular lifecycle, we
123  performed a gentamicin protection assay, whereby cells are infected with the V. para

124  CAB2 strain for 2 hours to allow invasion of the host and then treated with gentamicin
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125  for the remainder of the infection to kill all extracellular, but not intracellular bacteria (6).
126 We observed that the V. para. CAB2 containing a functional T2SS2 can efficiently
127 invade, replicate (indicated by the increase in CFU counts), and escape from the host
128  cell (indicated by the after-peak decrease in CFU counts due to exposure of egressed
129  bacteria to gentamicin) (Figure 1A, black bars). By contrast, a CAB2 strain deleted for
130 vpa0226 (CAB2Avpa0226) results in cells that have increasing amounts of bacteria with
131  no significant decrease for up to 7 hours post gentamicin treatment (PGT), indicating
132 the inability of these bacteria to escape from an invaded cell (Figure 1A, green bars).
133

134  To test whether cell egress was attributed to VPAO0226’s catalytic activity, we
135 complemented the CAB2Avpa0226 with a wildtype copy of VPA0226
136  (CAB2Avpa0226+WT) or with a catalytically inactive copy of VPA0226
137 (CAB2Avpa0226+S/A). While in-trans complementation with a wildtype copy of
138 VPA0226 allowed for bacterial escape, the catalytically inactive form of VPA0226 did
139 not allow for egress of V. para from the host cell. (Figure 1B). Furthermore, the
140 decrease in number of lysed host cells, as well as the decreased number of egressed
141  mutant bacteria at 7 hours PGT in comparison to its parental strain is consistent with
142 these findings (Figure 1-figure supplement 1C and D, respectively). We next turned
143  to confocal microscopy and observed over the course of an infection (1, 3, 7 hours) that
144 all CAB2 strains escape from the endocytic vacuole and replicate in the cytoplasm
145 (Figure 1-figure supplement 1E and F). However, only CAB2 and
146 CAB2Avpa0226+WT, but not CAB2Avpa0226 and CAB2Avpa0226+S/A, escape from
147  the host cell after 7 hours PGT (Figure 1C and Figure 1-figure supplement 1F).
148 These results support the previous observation that, in the absence of VPA0226,
149  bacteria are unable to egress from its host cell.

150

151 VPAO0226 is secreted by the type 2 secretion system

152  We speculated that VPA0226 is translocated as a T3SS effector, as it appears that
153  VPA0226 is essential for V. para’s egress from the host cell when the bacterium uses a
154 T3SS2-dependent mechanism to invade such cell (4). To test this hypothesis, we
155 followed the secretion of VPA0226 from various V. para strains, including CAB2,

5
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156  CAB2Avpa0226, CAB3 (a strain that only contains the T3SS1), and CAB4 (a strain that
157 contains neither T3SS1 nor T3SS2). To our surprise, with the exception of the
158 CAB2Avpa0226 strain, we observed VPA0226 to be constitutively secreted from all of
159 these V. para strains (Figure 1-figure supplement 2A). Further bioinformatic analysis
160 using SignalP5.0 revealed that VPA0226 contained a signal peptide at its N-terminus
161 similar to those found for enzymes that are secreted out of the type 2 secretion system
162  (15) (Figure 1-figure supplement 2B). To test whether VPA0226 is secreted through
163  this system, we assayed the following strains for VPA0226 secretion: CABZ2;
164 CAB2Avpa0226; a CAB2 strain deleted for EpsD (an essential type 2 secretion system
165 outer membrane component), CAB2AepsD; and the EpsD complemented strain
166 CAB2AepsD+EpsD. We observed that VPA0226 is secreted by CAB2 and
167 CAB2AepsD+EpsD, but not by CAB2Avpa0226 or CAB2AepsD, thereby demonstrating
168  that VPAO226 is secreted by the type 2 secretion system (Figure 1D, Figure 1-figure
169 supplement 2C).

170

171 Intracellular VPA0226 associates with and disrupts membranes of invaded cells.
172 Since VPA0226 is predicted to be a lipase that hydrolyses fatty acids of phospholipids
173 and can transfer fatty acids to cholesterol, we speculated that VPA0226 would be
174  associated with a host membrane. We expected VPA0226 would associate with the
175 plasma membrane as it appears to be involved in bacterial egress from the host cell
176  through this membrane. To test this hypothesis, we transiently transfected VPA0226
177  tagged with GFP (VPA0226-GFP) into HelLA cells and observed that cells expressing
178  VPA0226-GFP died within 24 hours (data not shown); however, at an earlier time point
179 (14 hours), the transfected cells were viable. Somewhat perplexing, VPA0226-GFP
180 was not localized to the plasma membrane but to an intracellular membrane
181 compartment (Figure 2A). To assess which compartment this might be, we co-stained
182 transfected cells with markers for a number of intracellular compartments, including
183 early endosomes using EEA1, late endosomes/lysosomes using Lamp-1, endoplasmic
184  reticulum using calnexin and mitochondria using Acetyl-CoA acetyl transferase (ACAT1)
185 and COXIV (Figure 2, Figure 2-figure supplement 1A,B,C,D). The only markers co-
186  staining with VPA0226 were ACAT1 and COXIV, indicating that VPA0226 associates

6
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187  with the mitochondria (Figure 2A, figure 2-figure supplement 1D). In addition, while
188  mitochondria of cells mock-transfected or transfected with the catalytically inactive
189 VPA0226 (VPA0226-H/A) show normal cell morphology, cells transfected with the
190 wildtype VPA0226 display fragmented mitochondria (Figure 2A, figure 2-figure
191 supplement 1D).

192

193  The changes in morphology of the mitochondria also occurred during infection, as host
194 cells invaded with the CAB2 strain revealed similar fragmented mitochondria at
195 approximately 2 hours PGT (Figure 2B, Figure 2-figure supplement 1E,F). Cells that
196 do not contain bacteria appear to have normal mitochondria (Figure 2B, Figure 2 -
197 figure supplement 1E,F). In addition, cells infected with CAB2Avpa0226 strain exhibit
198 normal mitochondrial morphology throughout the infection (Figure 2B-figure
199 supplement 1E). Consistent with the transfection studies, mitochondrial fragmentation
200 was dependent on the intact catalytic activity of VPA0226 (Figure 2B, figure
201 supplement 1E,F). As we only saw changes in mitochondria when VPA0226 is
202 provided by an intracellular source (invaded or transfected cells), we conclude that
203  VPA0226 must be supplied intracellularly to cause changes in the mitochondria.

204

205

206 V. para-initiated apoptosis is not required for bacterial cell egress

207 Based on these studies, we made the supposition that disrupting lipids in the
208 mitochondrial membrane causes fragmentation of this membrane and compromises the
209 integrity of this compartment resulting in cytochrome C release and the initiation of
210 apoptosis. However, the initiation of these events would not support a mechanism for
211  egress of V. para from the host cell as apoptosis does not result in lysis or release of
212 intracellular contents. Instead, if VPA0226 would compromise the cellular membranes
213 by esterifying cholesterol, the integrity of all membranes would be compromised,
214 including the plasma membrane, thereby allowing the escape of V. para. from host
215  cells.

216
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217 To address these hypotheses, we analyzed apoptotic signaling in host cells during
218 infection. Since mitochondria are fragmented at 2 hours PGT, we tested whether
219  Cytochrome C, an initiator of apoptosis, is released from the mitochondria at some point
220  after this. Consistent with this idea, we observed the release of Cytochrome C into the
221  cytoplasm in CAB2 and CAB2Avpa0226+WT infected cells, but not CAB2Avpa0226 and
222  CAB2Avpa0226+S/A infected cells (Figure 2-figure supplement 2A,B) by 5 hours
223 PGT.

224

225 Based on the observations that Cytochrome C is released, we expected to observe
226 downstream indicators of apoptosis, such as fragmented DNA. Indeed, we observed
227  positive TUNEL staining in CAB2 and CAB2Avpa0226+WT infected cells but not in
228 CAB2Avpa0226 and CAB2Avpa0226+S/A infected cells after 5 hours PGT (Figure 2-
229 figure supplement C,D). Interestingly, while treatment of cells with an inhibitor of
230 apoptosis Z-VAD-FMK did inhibit apoptosis in staurosporine treated cells, Z-VAD-FMK
231 did not alter the progression of V. para-mediated invasion or the survival and escape of
232 the CAB2 strains from the host cells (Figure 2-figure supplement E,F). Based on this
233  observation, we propose that VPA0226-mediated fragmented mitochondria leads to the
234 initiation of apoptosis. However, death by apoptosis is not a mechanism used for cell
235  lysis because V.para escapes from the host cell 5 hours PGT whether or not apoptotic
236  processes are active or inhibited (Figure 2-figure supplement E).

237

238 VPAO0226 esterifies cholesterol using host polyunsaturated fatty acids

239  To address how VPA0226-mediated fragmentation of the mitochondria was occurring,
240 we analyzed the lipase activity of VPA0226 and its impact on host cellular lipids during
241 the course of infection. Previously, it was shown that lipases similar to VPA0226 can
242  esterify cholesterol by the transfer of an acyl group from an acyl-containing lipid to
243  cholesterol thereby converting free cholesterol to a cholesteryl ester (16,17). It should
244  be noted that only the lipase activity, but not the transferase activity, has been observed
245  previously for Vibrio lipases (14,18). To confirm lipase activity of VPA0226, we tested
246 this enzyme with the EnzChek® Phospholipase A2 (PLA2) Assay Kit (Invitrogen).
247  Purified wildtype VPA0226 but not the catalytically inactive VPA0226- S/A mutant

8
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248 resulted in a concentration dependent increase in fluorescence from a PLA2 specific
249  fluorogenic substrate (BODIPY PC-A2) (Figure 3-figure supplement 1A). We next
250 assessed whether VPA0226 can directly modify cholesterol by incubating purified
251 secreted wildtype or catalytically dead VPA0226- S/A with liposomes containing lipid
252  mixtures of cardiolipin and cholesterol, followed by lipid extraction and thin layer
253  chromatography. We observed that the wildtype but not the catalytically inactive
254  VPA0226-S/A mutant facilitated the esterification of cholesterol (Figure 3-figure
255 supplement 1B).

256

257  We next asked whether the expression of VPA0226 would change the global profile of
258 esterified cholesterol in cells. To test whether VPA0226 alters lipids in cells, we
259 transfected Hela cells with an empty vector, wildtype VPA0226 and the catalytically
260 inactive VPA0226-H/A mutant. At 14 hours post transfection (the same time point we
261 observe changes in mitochondria (Figure 3A)), cells were harvested, total lipids were
262 extracted and analyzed by thin layer chromatography (19). We observed a clear
263  difference in the migration pattern of total lipids from VPA0226 WT transfected cells
264  compared to those transfected with empty vector and the inactive VPA0226-H/A mutant.
265 (Figure 3, Figure 3-figure supplement 3C). Based on these results we hypothesize
266 that in vivo VPA0226 uses lipids to esterify cholesterol, resulting in changes in host cell
267 ~membranes in the wildtype but not catalytically inactive VPA0226-H/A transfected cell.
268  Because cellular membrane integrity is compromised when the levels of free cholesterol
269 are reduced (20,21), these VPA0226-mediated changes are predicted to compromise
270  the integrity of all host cell membranes, including the plasma membrane.

271

272  To assess which fatty acids are being used to esterify cholesterol, we performed
273  lipidomic analysis of cells transfected for 14 hours with empty vector, VPA0226 and the
274  catalytically inactive VPA0226-H/A. Since cardiolipin is a lipid found exclusively in
275 mitochondria and bacterial outer membranes and VPA0226, a constitutively secreted
276 lipase is localized to mitochondria, this enzyme might favor using fatty acids from
277  cardiolipin (18:1,18:2,18:3) as a resource to esterify cholesterol. However, the levels of

278  cholesteryl esters (CE) with cardiolipin fatty acids did not change significantly over the
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279  three samples (Figure 3B). Rather, the cholesteryl esters that did dramatically change
280 in the presence of wildtype VPA0226 included CE(20:3), CE(20:4), CE(20:5) and
281 CE(22:6). Interestingly, these fatty acids are ones implicated with innate immune
282  signaling, with the most notable being arachidonic acid (20:4) (22).

283

284 Increase in esterified cholesterol compromises the integrity of the plasma
285 ~membrane.

286  We speculated that the dramatic increase in esterified cholesterol that correlated with
287  the fragmented mitochondrial membranes would compromise the integrity of all cellular
288 membranes, including the plasma membrane. To assess whether there was a decrease
289 in free cholesterol, we tested whether the cellular sensor for free cholesterol, SREBP,
290  was activated in cells transfected with VPA0226 (23). Hela cells were transfected for 14
291  hours with empty vector, VPA0226 or the catalytically inactive VPA0226H/A and gPCR
292 analysis was performed assessing genes that are targets of SREBP transcriptional
293  activity. We observed all three genes, HMGCR, HMGCS and DHCR24, were
294  upregulated in cells expressing VPA0226, but not in cells with the empty vector or the
295  catalytically inactive VPA0226H/A (Figure 4A). These data support the proposal that
296  cholesterol levels are being compromised in cells expressing VPA0226.

297

298 Next, we asked whether cells subjected to VPA0226 activity might be more fragile when
299  subjected to mechanical stress, in this case we used osmotic stress. HelLa cells were
300 transfected for 14 hours with empty vector, VPA0226 or the catalytically inactive
301 VPAO0226-H/A and then treated with water containing propidium iodide to assess their
302  susceptibility to hypotonic stress. We observed that cells expressing VPA0226, but not
303 in cells with the empty vector or the catalytically inactive VPA0226-H/A, lysed more
304 readily as indicated by an increase in fluorescence (Figure 4B).

305

306 Finally, to further assess the integrity of the plasma membrane during infection, HelLa
307 cells were infected with CAB2 strains and tested for permeability using Sytox, a stain
308 that is only permeable to damaged membranes. We observe that cells infected with
309 either CAB2 or CAB2Avpa0226+WT, but not with CAB2Avpa0226 and

10
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310 CAB2Avpa0226+S/A, take up the Sytox stain at 5 hours PGT, indicating that their
311 membranes have been compromised (Figure 4C). Furthermore, only cells that are
312 invaded with V. para take up the sytox stain, consistent with the observation that only
313  the invaded cells with an internal source of VPA0226 have compromised membranes.
314

315

316 Discussion

317 Intracellular bacteria must find mechanisms to invade, survive and escape the host cell.
318 Previously, the mechanism of entry for V. para was discovered to be mediated by the
319 deamidase activity of VopC (4). Further studies uncovered mechanisms used by V. para
320 to attenuate signaling pathways inside the infected cell, by effectors such as VopA and
321 VopL (3,9). Many other mechanisms remain to be elucidated for V. para’s defense
322 against the host. Herein, we find that the escape route for V. para mediated host cell
323 invasion is dependent on the Type 2 secreted lipase VPA0226 that compromises the
324 integrity of the plasma membrane by using polyunsaturated fatty acids to esterify
325 cholesterol in the infected cell. For this pathogen, VPA0226 provides an essential
326 activity for the virulence of the T3SS2 pathogenicity island by providing a convenient
327 mechanism for escape. When dissecting the activity mediated by VPA0226, we are
328 struck by its many unconventional and somewhat perplexing properties, including its
329  secretion, enzymology and biology.

330

331 VPAO0226 is secreted, not by the T3SS2, but by the type 2 secretion system. These
332 findings make it very clear that, although we attribute V. para virulence to T3SS2, this
333 bacterial pathogen uses many tools outside of this pathogenicity island for a successful
334 infection. Other tools would include external host signaling factors, such as bile salts for
335  activation of the system and adhesion proteins used to attach to host cells (24,25).

336

337 VPA0226 appears to be constitutively secreted from V. para by the type 2 secretion
338 system, as we saw no accumulation of VPA0226 inside V. para cells, indicating that, as
339 it is synthesized it is secreted (Figure1 - Figure supplement-2). Additionally, when

340 media is collected from log-phase V. para cultures, we are able to purify VPA0226 from

11
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341 the culture medium. We propose that VPA0226 is constitutively secreted by intracellular
342  bacteria during infection because we only observe changes in the mitochondria, release
343  of cytochrome C, TUNEL positive cells and sytox membrane permeability in host cells
344 that are invaded with V. para expressing wild type VPA0226. Therefore, VPA0226
345 targets host cell machinery from within the host cell and not from the outside.

346

347  With regards to its localization, we observe transfected VPA0226 localized to the
348 mitochondria and during invasion of V. para and transfection of VPA0226, the
349 mitochondria are fragmented. Neighboring cells that are not invaded or transfected
350 appear to have mitochondria with a normal phenotype. Although we have been unable
351 to detect VPA0226 during an infection, we propose using Koch’s molecular postulate
352 that the wildtype but not the catalytically inactive VPA0226 causes the fragmented
353  mitochondrial phenotype (26). As VPA0226 does not appear to encode a mitochondrial
354 localization domain, how and why it localizes specifically to the mitochondria is unclear.
355

356  Secreted phospholipases have been associated with many virulence activities, including
357 mucus degradation, hemolysis and phagosome escape (27). These enzymes have
358 broad substrate specificity and can work both as lipases and acyl transferases.
359 Homologues of VPA0226 in Vibrio species such as vhhA in V. harveyi, VVPIpA in V.
360 vulnificus, and phlA in V. mimicus, are implicated in virulence but have only been shown
361 to possess the lipase activity (28-30). Recombinant VvhA from Vibrio vulnificus was
362  shown to induce NF-kB-dependent mitochondrial cell death mediated by the production
363  of lipid raft-dependent ROS (31). Another structural homologue lec / VC_A0218 in V.
364 cholerae with lipase activity is implicated in escape from the infected amoeba (18). In
365 addition, a genetically non-homologous but functionally similar TgLCAT, lecithin:
366 cholesterol acyltransferase encoded by a protozoan parasite Toxoplasma gondii is also
367 implicated in host cell egress (32).

368

369 Using bioinformatics and clustering analysis, we find that VPA0226 is in a clan of
370 enzymes containing invariant catalytic Ser, Gly, Asn and His residues which are
371 referred to as GDSL-like lipases (33) (Figure 1-figure supplement 1C). VPA0226 and

12
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372  homologs from other Vibrio species, together with the Salmonella phospholipase
373  effector Ssed, are located in a mostly bacterial subfamily, closely related to plant and
374  fungal GDSL lipases and only remotely related to animal GDSL lipases, e.g. human
375 Phospholipase B1 (Figure 3-figure supplement 1D). Based on this conservation, we
376  predict that the presence of VPA0226 in the V. para genome predated the acquisition of
377 the T3SS2 pathogenicity island (2). From an evolutionary standpoint, it is interesting
378 (and resourceful on the part of a bacterial pathogen) that this enzyme subsequently
379 became an essential factor for escape of the invading V. para.. Interestingly, the
380 bacterial-plant-fungal GDSL lipase subfamily includes a large plant group of
381 extracellular lipases (e.g. more than 100 different proteins in Arabidopsis), many of
382 which are involved in regulation of defense against bacterial and fungal pathogens.
383  Fungal members of the subfamily are found in most fungal lineages, including several
384 pathogenic, but excluding yeast-like ones. Majority of this subfamily members are
385 predicted to be secreted by possessing a classical signal peptide while a number of
386 bacterial members additionally possess the autotransporter “translocator” domains
387 (PMID: 21616712). This may suggest an alternative, speculative evolutionary scenario
388  for this subfamily, involving horizontal gene transfers between pathogens and hosts.

389  Our work confirms previous observations demonstrating that VPA0226 has lipase
390 activity (Figure3 - Figure supplement-2a) (14). We went on to show both in vitro and in
391 vivo VPA0226 can function as an acyl transferase. Interestingly, VPA0226 appears to
392 act like a phospholipase A2 (PLA2) because using lipidomics, we observe that
393  VPA0226 specifically transfers an acyl group from position 2 from the glycerol backbone
394 of a phospholipid to cholesterol (34). The products from this reaction are esterified
395 cholesterol and lysophospholipids, both of which destabilize membranes (35). The
396 esterified cholesterol produced by VPA0226 are quite selective PUFAs, including 20:3,
397 20:4 (arachidonic acid) and 20:5 and 22:6 (fish oil lipids). This result was quite
398  surprising for two reasons: first, the GDSL-like lipase from bacteria have been shown to
399 use fatty acids (such as cardiolipin) as substrates as these are associated with bacteria;
400 second, although eukaryotes produce cardiolipin, the substrate of choice for VPA0226

401  was clearly to use the aforementioned PUFAs to esterify cholesterol. Interestingly, these
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402 PUFAs (arachidonic acid and fish oil lipids) are implicated with immune signaling
403  (22,36).

404

405  From a biological perspective, we observe a well-timed, orchestrated escape of V. para
406 from the host cell. VPA0226 is secreted into the host cytosol, localizing to the
407  mitochondria and esterifying cholesterol over the course of about 5-6 hrs. During that
408 time, V. para reaches a density of about 300 bacteria/invaded cell and, due to
409 mechanical stress, egresses from the host cell. We observe that V. para uniquely
410 utilizes two independent secretion systems to support its intracellular lifestyle. From the
411 perspective of virulence, V. para appears to have utilized existing resources to evolve
412 an efficient mechanism for invasion, propagation and escape. We speculate,
413  considering the time pathogens have to evolve, that there is actually more interplay
414  between secretion systems, providing unique, synergistic mechanisms to support a
415 successful lifestyle of possibly pathogenicity, symbiosis and/or parasitosis.
416

417  Materials and Methods

418 Bacterial strains and culture conditions

419 The V. parahaemolyticus CAB2 strain was derived from POR1 (clinical isolate
420 RIMD2210633 lacking TDH toxins), the latter being a generous gift from Drs. Tetsuya
421 lida and Takeshi Honda (4,37). The CAB2 strain was made by deleting the gene
422  encoding the transcriptional factor ExsA, which regulates the activation of the T3SS1
423  (4,38). CAB2 was grown in Luria-Bertani (LB) medium, supplemented with NaCl to a
424  final concentration of 3% (w/v), at 30 °C. When necessary, the medium was
425  supplemented with 50 pg/mL spectinomycin (to select for growth of CAB2-GFP
426  strains(39)) or 250 yg/mL kanamycin.

427

428  Antibodies

429  Antibodies were purchased from following companies. Rabbit polyclonal anti LAMP-1 —
430  Abcam, mouse polyclonal anti-EEA1 and mouse monoclonal anti Cytochrome C — BD
431  Biosciences, rabbit monoclonal anti COXIV and rabbit monoclonal anti calnexin — Cell

432  Signaling Technologies, rabbit polyclonal anti ACAT1 — Genetex. Secondary antibodies
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433  Alexa Fluor 647/568 goat anti-mouse/rabbit were obtained from Life Technologies, and
434  Alexa Fluor 555 goat anti-mouse from Invitrogen. The antibody against VPA0226 was
435  custom-made by Thermo Scientific.

436

437  Deletion of vpa0226 and epsD from CAB2 strain

438 For in-frame deletion of vpa0226 (GeneBank sequence accession number

439 NC _004605.1), the nucleotide sequences 1kb upstream and downstream of the gene

440 were cloned into pDM4, a Cm" Ori6RK suicide plasmid (4). Primers used were 5’
441 GATCGTCGACATCAAATTGAATGCACTATGATC 3 and 5
442 GATCACTAGTAAAGAAGACCCCTTTATTGATTC 3’ for amplification of 1kb upstream
443 region, and 5 GATCACTAGTCTAGCGAGCACATAAAAAGC 3 and 5
444  GATCAGATCTTCCGGGGTGGTAAATGCTT 3 for 1kb downstream region. 1kb
445  sequences were then inserted between Sall and Spel sites (upstream region) or Spel
446  and Bglll (downstream region) sites of the plasmid multiple cloning site. For the deletion
447  of epsD, the primers used were 5° GATCGTCGACATCAAATTGAATGCACTATGATC 3’
448 and 5 GATCACTAGTAAAGAAGACCCCTTTATTGATTC 3’ for amplification of 1kb
449  upstream region, and 5 GATCACTAGTCTAGCGAGCACATAAAAAGC 3’ and 5
450 GATCAGATCTTCCGGGGTGGTAAATGCTT 3’ for 1kb downstream region. 1kb
451 sequences were then inserted between Sall and Spel sites (upstream region) or Spel
452  and Bglll (downstream region) sites of the plasmid multiple cloning site. The resulting
453  construct was inserted into CAB2 via conjugation by S17-1 (Apir) Escherichia coli.
454  Transconjugants were selected for on minimal marine medium (MMM) agar containing
455 25 pg/mL chloramphenicol. Subsequent bacterial growth on MMM agar containing 15%
456  (wl/v) allowed for counter selection and curing of sacB-containing pDM4. Deletion was
457  confirmed by PCR and sequencing analysis.

458

459  Complementation of CAB2Avpa0226 and CAB2AepsD

460  For reconstitution of CAB2Avpa0226, the sequence coding for vpa0226 was amplified
461 using primers 5 GATCCTGCAGATGCTTAAAATTAAACTGCCT 3 and 5 GATA
462 GAATTCTTACTTATCGTCGTCATCCTTGTAATC 3 and then cloned into the

463  pBAD/Myc-His vector (Invitrogen, resistance changed from ampicillin to kanamycin)
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464  between Pstl and EcoRlI sites. For reconstitution of CAB2AepsD full length EpsD along
465  with 1.2kb upstream region was amplified using primers 5
466 ATCGGAGCTCAGAACACTACGCTATCTAATCACTG 3 and 5
467 ATCGGGTACCGTTCTTTTCCATTTGATCGAT 3’ and cloned into Sacl and KpNI sites
468 of pBAD/Myc-His vector. The resulting construct was inserted into CAB2Avpa0226 or

469  CAB2AepsD via triparental conjugation using E. coli DH5a (pRK2073). Transconjugants
470  were selected for on MMM agar containing 250 yg/mL kanamycin. Reconstitution was
471  confirmed by PCR. Empty pBAD plasmid (without vpa0226/epsD gene insertion) was
472  introduced to CAB2 and or CAB2AepsD strains for consistency in bacterial strain
473  manipulation. Expression of vpa0226 was induced by bacterial culturing in the presence
474  of 0.02% arabinose to activate pBAD’s araC promoter and EpsD was expressed
475  through its native promoter. For the expression of catalytically inactive VPA0226, a
476  serine residue at position number 153 was modified to alanine through site directed
477  mutagenesis using VPA0226pBAD/Myc-His vector as a template and primers 3’
478 CCAACGTGAGCCACTGCGGAACAGACTATGTCCG 5’ and 5
479 GGTTGCACTCGGTGACGCCTTGTCTGATACAGGC 3'. The resulting construct was
480 inserted into CAB2Avpa0226 as detailed above.

481

482 T3SS2 and T2SS expression and secretion assay

483  For the expression and secretion of T3SS2, overnight grown V. para. strains in MLB at
484  30°C were diluted to OD600 of 0.3 in LB supplemented with 0.05% bile salts and grown
485 at 37°C for 3h , as previously described (40). For the expression fraction, bacterial
486  cultures of OD600 of 0.5 were pelleted and resuspended in 2x Laemmli buffer. For the
487  secretion fraction, bacterial culture supernatants were filtered with a 0.22micron filter
488 and precipitated with deoxycholate (150 pg/ml) and trichloroacetic acid (7% v/v).
489  Precipitated proteins were pelleted, washed twice with acetone and then resuspended
490 in 2x Laemmli buffer. Expression and secretion levels were detected by western blot
491 analysis. Total protein load was assessed by staining the nitrocellulose membrane with
492  coomassie blue or Ponceau. For T2SS expression and secretion, the same protocol
493  was used except that the cultures were grown at 30°C in MLB without the addition of
494  Dbile salts.
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495
496 Lactate dehydrogenase (LDH) cytotoxicity assay

497  Hela cells were plated in triplicate in a 24-well tissue culture plate at 7 x 10* cells per
498  well and grown for 16-18h. Overnight grown bacterial cultures in MLB at 30°C were
499  diluted to OD600 of 0.3 in MLB supplemented with 0.05% bile salts and grown at 37°C
500 for 90 min to induce T3SS2. Induced V. para. cultures were then used to infect HelLa
501 cells at MOI 10. Immediately after the addition of bacteria to HelLa cells plates were
502  centrifuged for 5 min at 1000 rpm to synchronize infection. Gentamicin was added to
503 Hela cells at 100 pg /ml after 2h of infection. Seven hours post PGT, 200 pL of media
504 from each well was transferred to a 96 well plate and centrifuged at 1000 rpm for 5 min,
505 then 100 pL of this supernatant was used to evaluate LDH release into the culture
506 medium as a measure of host cells lysis using a colorimetric cytotoxicity detection kit
507 (Takara Bio) according to manufacturer’s instructions. HelLa cells treated with 1% Triton
508 X-100 for 10 min at the end of gentamicin treatment were used as positive control and
509 cell lysis was expressed as a % of Triton treated cell lysis.

510

511 Gentamicin protection assay

512 Bacteria were added to triplicate wells of HelLa cell monolayers for infection as
513 described in LDH assay. All infections were carried out at a MOI of 10. Gentamicin was
514 added at 100ug/mL to each well after 2h of infection to kill extracellular bacteria. At each
515 indicated time point, monolayers of HelLa cells were washed with PBS and cells were
516 lysed by incubation with PBS containing 0.5% Triton X-100 for 10 min at room
517 temperature with agitation. Serial dilutions of lysates were plated on MMM plates and
518 incubated at 30 °C overnight for subsequent CFU enumeration. Z-VAD-FMK (EMD
519 Millipore) was added to HelLa cells at the beginning of infection at 50uM where
520 indicated. Z-VAD-FMK at this concentration prevented apoptotic cell-death induced by
521  1.2uM staurosporine (Abcam).

522

523  Immunofluorescence and confocal microscopy

524  Hela cells were seeded onto 6-well plates containing sterile coverslips at a density of

525  7x10* cel/mL. Following infections with V. para. strains and indicated gentamicin
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526  treatment times, cells were washed with PBS and fixed in 3.2% (v/v) para-formaldehyde
527 for 10 min at room temperature. Fixed cells were washed in PBS and permeabilized
528  with either 0.5% Triton X-100 in PBS (EEA1) or 0.5% saponin in PBS (LAMP1) for 4
529  min at room temperature(6). For calnexin, ACAT1, COXIV and Cyto C, fixed cells were
530 permeabilized with ice cold methanol for 10 min at -20°C. After washing with PBS,
531 Dblocking was performed with either 1% BSA (EEA1), 1%BSA with 0.1% saponin
532 (LAMP1) or 5% normal goat serum with 0.3% Triton X-100 (calnexin, ACAT1, COXIV
533 and Cyto C) for 30 minutes at room temperature. Primary and secondary antibodies
534  were diluted in PBS containing either 0.5% BSA and 0.25% Tween 20 (EEA1), 0.5%
535 BSA and 0.25% saponin (LAMP1) or 1% BSA and 0.3% Triton X-100 at appropriate
536  dilutions and incubated serially for 1h at room temperature. Between each antibody
537 incubation, coverslips were washed three times with PBS or PBS containing 0.1%
538 saponin (LAMP1) for 5 min each wash. Nuclei and actin cytoskeleton were stained with
539  Hoechst (Sigma) and rhodamine-phalloidin (Molecular Probes), respectively. For Sytox
540 orange (Thermo Fisher Scientific) staining, cells were incubated with 0.5 uM Sytox
541 orange for 15 min following infections with V. para. strains and gentamicin treatment.
542  TUNEL staining was performed using DeadEnd fluorometric TUNEL system (Promega)
543 according to manufacturer’s instructions. Briefly, HelLa cells following infections and
544  gentamicin treatment were fixed with 3.2% paraformaldehyde for 10 min at room
545  temperature and permeabilized using 0.2% triton x 100 in PBS for 5 min at room
546 temperature. Cells were then incubated with equilibration buffer for 10 min at room
547  temperature followed by incubation with rTdT nucleotide mix at 37°C for 1h and nuclear
548 staining with Hoechst. All imaging was performed on a Zeiss LSM 800 confocal
549  microscope and images were converted using ImagedJ (NIH).

550

551 Mammalian expression constructs + transfection

552  For mammalian cell expression, full length VPA0226 was amplified using primers 3’
553 GATC AGATCT ATGATGAAAAAAACAATCACACTA 5 and 5 GATA GAATTC G
554 GAAACGGTACTCGGCTAAGTTGTT 3 and cloned in frame with GFP into the
555  expression vector sfGFP-N1 (41) (Addgene) between Bglll and EcoRI sites for the
556  expression of C terminally tagged VPA0226. Generating a catalytically inactive S153A
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557  for this construct however, did not result in successful mammalian cell expression
558 through transfection. Therefore, a second catalytically inactive C terminally tagged
559 VPA0226 construct was then generated by subjecting the full-length plasmid to site
560 directed mutagenesis to change a single amino acid residue histidine at 393 position to
561 alanine using the primers 3
562 TGAGTTGCTGTTGTTGGAGCCGTGACATCCCAGAACAC 5’ and 5
563 GTGTTCTGGGATGTCACGGCTCCAACAACAGCAACTCA 3. For mammalian cell
564 transfections HelLa or HEK293T cells were plated in 6-well plates containing sterile
565 coverslips at 7x10* cell/ml or 2.5x10° cell/ml respectively and grown for 24h. Transient
566 transfections were carried out for 16-20h with either 500 ng of construct DNA + 500 ng
567 of pSFFV as filler using FugeneHD (Promega) or 1 ug of construct DNA using Polyjet
568  transfection reagent (Fisher Scientific) according to manufacturer’s instructions.

569

570  Lipidomics

571  For lipidomics analysis, transfections were carried out following a previously described
572 protocol (17). HelLa cells (3x10°) were plated and transfected with 2 pg of plasmids
573  encoding VPA0226-WT sf-GFPN1 or VPA0226-H/A sf-GFPN1 using Polyjet transfection
574 reagent according to manufacturer’s instructions. 14h post transfection cells were
575 washed 3 times with PBS and lipids were extracted from cell pellets following Bligh and
576  Dyer’s protocol using chloroform : methanol : 0.88% NaCl in 1:2:0.8 ratio (19). The
577  extracted lipids were dissolved in 15 pl of chloroform and processed for TLC analysis
578 using plastic backed silica gel 60F254 plates (Sigma) and a mobile phase system
579  containing petroleum ether: ethyl ether: acetic acid in 90:10:1 ratio. Lipid spots were
580 visualized by exposure to iodine vapor. Cholesterol, cardiolipin (1',3'-bis[1,2-dioleoyl-sn-
581  glycero-3-phospho]-glycerol), DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine)
582  (Avanti Polar Lipids) and cholesteryl ester (cholesterol oleate, Sigma) were spotted as
583  standards on the TLC plate.

584

585  Analysis of Lipids by LC-MS

586  All solvents were either HPLC or LC/MS grade and purchased from Sigma-Aldrich (St
587  Louis, MO, USA). All lipid extractions were performed in 16x100mm glass tubes with
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588 PTFE-lined caps (Fisher Scientific, Pittsburg, PA, USA). Glass Pasteur pipettes and
589  solvent-resistant plasticware pipette tips (Mettler-Toledo, Columbus, OH, USA) were
590 used to minimize leaching of polymers and plasticizers.

591 Samples were transferred to glass tubes for liquid-liquid extraction (LLE) by modified
592  Bligh/Dyer (42); 1mL each of dichloromethane, methanol, and water were added to the
593 glass tube containing the sample. The mixture was vortexed and centrifuged at 2671xg
594  for 5 min, resulting in two distinct liquid phases. The organic phase was collected to a
595 fresh glass tube with a Pasteur pipette and dried under Nj,. Samples were
596 resuspendend in hexane.

597 Lipids were analyzed by LC-MS/MS using a SCIEX QTRAP 6500 equipped with a
598 Shimadzu LC-30AD (Kyoto, Japan) HPLC system and a 150 x 2.1 mm, 5um Supelco
599  Ascentis silica column (Bellefonte, PA, USA). Samples were injected at a flow rate of
600 0.3 ml/min at 2.5% solvent B (methyl tert-butyl ether) and 97.5% Solvent A (hexane).
601  Solvent B is increased to 5% during 3 minutes and then to 60% over 6 minutes. Solvent
602 B is decreased to 0% during 30 seconds while Solvent C (90:10 (v/v) Isopropanol-
603  water) is set at 20% and increased to 40% during the following 11 minutes. Solvent C is
604 increased to 44% during 6 minutes and then to 60% during 50 seconds. The system
605 was held at 60% of solvent C during 1 minutes prior to re-equilibration at 2.5% of
606 solvent B for 5 minutes at a 1.2mL/min flow rate. Solvent D (95:5 (v/v) Acetonitrile-water
607  with 10mM Ammonium acetate) was infused post-column at 0.03ml/min. Column oven
608 temperature was set to 25°C. Data was acquired in positive and negative mode by
609 employing polarity switching during the analysis. Data were acquired using multiple
610 reaction monitoring (MRM) transition for the major, abundant lipid species from all lipid
611 classes. Electrospray ionization source parameters were, GS1 40, Cur 20, source
612 temperature 150 °C, declustering potential 60, and collision energy 25. GS1 and 2 were
613  zero-grade air while Cur and CAD gas was nitrogen. MRM transitions for cholesteryl
614  esters were analyzed using MultiQuant software (SCIEX).

615

616 VPAQ0226 protein purification

617  One 6mL culture each of CAB2Avpa0226 transformed with pBAD 6His::VPA0226 and
618 CAB2Avpa0226 transformed with pBAD 6His::VPA0226 S153A was grown shaking
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619  overnight at 30°C. Overnight cultures were each used to inoculate 500mL MLB, which
620  was grown shaking at 30°C for three hours to an OD600 = 0.85. Cultures were induced
621 in 0.1% arabinose 8-12 hours shaking at 30°C. Inductions were pelleted by
622  centrifugation at 4°C in a JA10 Beckman & Coulter and supernatant was collected.
623  6xHis-tagged VPA0226 and VPA0226 S153A were purified from the supernatant using
624  Ni2+ affinity purification.

625

626  Phospholipase 2 assay

627  Purified VPA0226 WT and VPA0226 S/A proteins were tested for phospholipase2
628 (PLAZ2) activity using EnzCheck phospholipase A2 assay kit according to manufacturer’'s

629 instructions. Briefly, 0, 0.1, 0.3 and 1 ug of protein was mixed with the proprietary
630 substrate BODIPY PC-A2 in a 100 pl reaction buffer of 50mM Tris-HCI, 100mM NaCl,
631 and 1mM CaCl,, pH 8.9 in a clear bottom, black 96-well plate and incubated at RT for
632 30 min, protected from light. Fluorescence was measured using a Clariostar plus plate
633 reader with excitation/emission wavelengths at 460/515. PLA2 from bee venom
634  provided in the kit was used as a positive control.

635

636 Liposome assay

637 Large unilamellar vesicle liposomes containing 50 pyMol each of cholesterol:cardiolipin
638  (1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol) or 50 pMol each of
639 cholesterol:DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) (Avanti Polar Lipids)
640 were prepared as described previously (43). Briefly, dried lipid films containing lipid
641  mixture were hydrated in 100 yL of 50 mM Tris, pH 7.4, 160 mM KCI by continuous
642  vortexing for 5 min and taken through 5 cycles of freeze- thawing in liquid nitrogen. The
643  resulting liposomes were extruded using an Avanti miniextruder and 100 nm
644  polycarbonate membranes to obtain uniform liposomes. 10 uL of above liposomes were
645 mixed with 5 ug of purified VPA0226 WT or S153A protein in 50 mM Tris, pH 7.4,
646  160mM KCI plus 1.4% fat free albumin and incubated at 37°C for 1h (16). Reactions
647 were terminated by the addition of chloroform:methanol (2:1 v/v) and the lipids were
648 extracted by Bligh and Dyers method (19) and dissolved in 15 uL of chloroform for TLC
649 analysis. Lipids were separated by TLC using plastic backed silica gel H plates (Sigma)
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650 and a mobile phase system containing petroleum ether: ethyl ether: acetic acid in
651 90:10:1 ratio. Lipid spots were visualized by exposure to iodine vapor. Cholesterol
652 oleate (Sigma) and above-mentioned lipids were spotted as standards on the TLC plate.
653
654 gPCR analysis
Hela cells were transfected with empty vector sf-GFPN1, VPA0226-WT sf-GFPN1 or
VPA0226-H/A sf-GFPN1 as described above. 14h post transfection, RNA was isolated

from the transfected cells using RNAeasy plus mini kit (Qiagen) according to the

manufacturer’s instructions. cDNA was generated using the qScript cDNA synthesis kit
(Qunatabio). qPCR analysis for gene expression levels was carried out on a CFX384
Touch Real-Time PCR Detection System using PerfeCTa SYBR Green Supermix
(Quantabio) and 500nM primers. The primers were designed based on the established
database, Primer Bank, PCR primers for Gene Expression Detection and Quantification
and were checked for efficiency (44). Relative gene expression level for the target
genes was calculated by the ACq method with respect to transcript levels of the

housekeeping gene GAPDH.

Propidium lodide binding assay

Susceptibility of Hela cells to mechanical stress was assessed following the protocol
Hela cells transfected with empty vector sf-GFPN1, VPA0226-WT sf-GFPN1 or
VPA0226-H/A sf-GFPN1 for 14 h were harvested by scraping the cells into sterile PBS.
The cells were washed twice with PBS. 1x 1025 cells were resuspended in water
containing 5 pM propidium iodide (ThermoFisher Scientific) and incubated at room
temperature for 10 min. Fluorescence was immediately measured using a Clariostar
plus plate reader with excitation/emission wavelengths at 530/620 nm.
655

656  Statistical analysis and bioinformatics

657 All data are given as mean t standard deviation from at least 3 independent
658 experiments unless stated otherwise. Each experiment was conducted in triplicate.

659  Statistical analyses were performed by using unpaired, two-tailed Student’s t test with
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660 Welch’s correction and one-way ANOVA with Turkey’s multiple comparison test. A p
661  value of < 0.05 was considered significant.

662 For sequence similarity-based CLANS clustering, the RP15 representative sequence
663 set of the Lipase_GDSL family (Pfam database ID: PF00657) was used. Sequence
664 redundancy was removed by CD-HIT clustering at 60% sequence identity. Similarities
665 up to BLAST E-value 0.01 were used.

666 CLANS: https://www.ncbi.nim.nih.gov/pubmed/15284097

667 CD-HIT: https://www.ncbi.nlm.nih.gov/pubmed/20053844

668
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Figure 1. VPA0226 is a type 2 secreted lipase that mediates bacterial egress from

the host cell.

(A) HeLa cells were infected with CAB2 or CAB2Avpa0226 for 1, 3, 5, and 7 hours
PGT. Host cell lysates were serially diluted and plated onto MMM agar plates for

intracellular bacterial colony counting (CFU/mL). Numbers are expressed as an average

of three technical replicates for one of three independent experiments. Error bars

represent standard deviation from the mean. Asterisks represent statistical significance
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837 (* = p<0.05, **** = p<0.0001) using Student’s t test. (B) HelLa cells were infected with
838 CAB2, CAB2Avpa0226, CAB2Avpa0226+WT, or CAB2Avpa0226+S/A for 7 hours PGT.
839  Host cell lysates were serially diluted and plated onto MMM agar plates for intracellular
840  bacterial colony counting (CFU/mL). Numbers are expressed as an average of three
841 technical replicates for one out of three independent experiments. Error bars represent
842 standard deviation from the mean. Asterisks represent statistical significance (* =
843  p<0.05, ** = p<0.005, *** = p<0.0005) using Student’s t test. (C) Confocal micrographs
844 of HelLa cells infected with GFP-expressing (green) CAB2, CAB2Avpa0226,
845 CAB2Avpa0226+WT, or CAB2Avpa0226+S/A for 7 hours PGT. Host cell actin was
846  stained with Alexa 680-phalloiding (magenta) and DNA was stained with Hoechst (blue).
847 Scale bars = 25 ym. (D) Schematic of VPA0226 secretion through T2SS and not
848  T3SS2.
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852

853
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A (transfection)

Figure 2. VPA0226 localizes to and fragments mitochondria in the host cell.

(A) Confocal micrographs of HelLa cells transiently transfected with empty vector,
VPA0226- or VPA0226-H/A-sfGFPN1 (green) for 14 hours. Mitochondria were stained
with anti-COXIV antibody (red) and DNA was stained with Hoechst (blue). Scale bars =
25 uym. White boxes frame magnified areas. (B) Confocal micrographs of HelLa cells
infected with GFP-expressing (green) CAB2, CAB2Avpa0226, CAB2Avpa0226+WT, or
CAB2Avpa0226+S/A with anti-COXIV antibody (red) and DNA was stained with
Hoechst (blue) at 3.5 hours PGT. Scale bars = 25 ym. White boxes frame magnified

areas.
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867

868  Figure 3. VPA0226 changes lipid profile in cells.

869  (A) Thin layer chromatography of lipid standards (cardiolipin and cholesterol) and lipids
870  extracted from transfected HelLa cells (empty vector (EV), wildtype VPA0226-sfGFPN1
871 and VPA0226-H/A-sfGFPN1) (B) Analysis of cholesteryl esters extracted from

872  transfected Hela cells (empty vector (EV), wildtype VPA0226-sfGFPN1 and VPA0226-
873  H/A-sfGFPN1). Numbers are expressed as an average of five technical replicates for

874  one out of three independent experiments. Error bars represent standard deviation from
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875 the mean. Asterisks represent statistical significance (**** = p<0.0001) using one-way
876  ANOVA and Turkey’s multiple comparison test.

877

878

879
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882 Figure 4. VPA0226 upregulates cholesterol synthesis gene expression in cells

883 and permeabilizes of the host cell plasma membrane.

884  (A) gPCR analysis for relative expression of HMGCR, HMGCS and DHCR24, signature

885 genes involved in cholesterol synthesis (SREBP2) pathway in Hela cells transfected

886  with empty vector (EV), wildtype VPA0226-sfGFPN1 and VPA0226-H/A-sfGFPN1.

887  Expression was normalized to the house keeping gene GapDH and asterisks represent
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888  statistical significance (*p<0.05, **p<0.005, ***p<0.0005) using Student’s t test. (B)

889  Susceptibility to mechanical stress as measured by propidium iodide (Pl) binding in

890 transfected HelLA cells (empty vector (EV), wildtype VPA0226-sfGFPN1 and VPA0226-
891  H/A-sfGFPN1), **p<0.005 using one-way ANOVA and Turkey’s multiple comparison
892  test. (C) Confocal micrographs of HelLa cells infected with GFP-expressing (green)

893 CAB2, CAB2Avpa0226, CAB2Avpa0226+WT, or CAB2Avpa0226+S/A at 5 hours PGT.
894  Cell permeability was assessed by staining with dye Sytox (red), bacteria (green), and
895  DNA (blue, stained with Hoechst). Scale bars = 25 ym. Arrows point to the sytox

896  permeable HelLA cell nuclei in CAB2, and CAB2Avpa0226+WT, or sytox impermeable
897  nuclei in CAB2Avpa0226, CAB2Avpa0226+S/A infections.

898
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902
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904
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Figure1 - Figure supplement-1. VPA0226 is GCAT lipase that contributes to
bacterial cell egress but does not contribute to V. parahaemolyticus’ escape from
its containing vacuole.

(A) Sequence alignment between the Salmonella T3SS2 effector Ssed and the V.

parahaemolyticus lipase VPA0226. Conserved active sites are boxed in red.
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912 (B) Sequence alignment between V. parahaemolyticus’ VPA0226 and bacterial

913  glycerophospholipid acyltransferases (GCAT). Asterisks and yellow columns indicate
914  conserved active sites. (C) HelLa cells were infected with CAB2, CAB2Avpa0226,

915 CAB2Avpa0226+WT, or CAB2Avpa0226+S/A for 7 hours PGT. Cell lysis was assessed
916 by quantification of release of cytosolic lactate dehydrogenase (LDH). Numbers

917 represent the average of nine technical replicates for one out of three independent

918 experiments. Error bars represent standard deviation from the mean. Asterisks

919  represent statistical significance (* = p<0.05, ** = p<0.005, *** = p<0.0005) using

920  Student’s t test. (D) HelLa cells were infected with CAB2, CAB2Avpa0226,

921 CAB2Avpa0226+WT, or CAB2Avpa0226+S/A for 2 h, after which samples were treated
922  with 100 ug/mL gentamicin for 3 h. Gentamicin was washed away and cells were

923  incubated for additional 3 h. Host cell supernatants were serially diluted and plated onto
924 MMM agar plates for extracellular bacterial colony counting (CFU/mL). Numbers are
925 expressed as an average of three technical replicates for one out of three independent
926  experiments. Error bars represent standard deviation from the mean. Asterisks

927  represent statistical significance (** = p<0.005, *** = p<0.0005) using Student’s t test.
928 (E, relative to Fig. 1c) Quantification of HeLa cells containing intracellular bacteria per
929 quadrant of slide. Numbers were normalized to CAB2 and are expressed as an average
930 of three independent experiments. Error bars represent standard deviation from the

931 mean. Asterisks represent statistical significance (** = p<0.005, *** = p<0.0005) using
932  Student’s t test. (F) Confocal micrographs of HelLa cells infected with GFP-expressing
933  (green) CAB2 or CAB2Avpa0226 for 2 h, after which samples were treated with 100
934  pg/mL gentamicin for 1 or 3 h. Host cell late endosomes were stained with anti-Lamp1
935 antibody (red) and DNA was stained with Hoechst (blue). Scale bars = 25 ym. White
936  boxes frame magnified areas.
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Figure1 - Figure supplement-2. VPA0226 is a T2SS secreted protein.
(A) Expression (pellet) and secretion (supernatant) of VPA0226 from CAB2, CAB3,
CAB4 and CAB2Avpa0226 detected by immunoblotting with anti-VPA0226 antibody.
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LC: loading control from total bacterial lysate or total secretion media. (B) VPA0226
Prediction: Signal peptide (Sec/SPI), (------ ) denotes the length of the signal peptide).
Cleavage site between positions 20 and 21 (-----). (C) Expression (pellet) and secretion
(supernatant) of VPA0226 from CAB2, CAB2Avpa0226, CAB2AepsD and CAB2AepsD
+ EpsD detected by immunoblotting with anti-VPA0226 antibody. LC: loading control

from total bacterial lysate or total secretion media.
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953

954 Figure2 - Figure supplement-1. VPA0226 exclusively localizes to the
955  mitochondria.

956  Confocal micrographs of HelLa cells transiently transfected with VPA0226-sfGFPN1

957  (green) for 24 h. Early endosomes, late endosomes/lysosomes, and endoplasmic

958 reticulum were stained with (A) anti-EEA1, (B) anti-lamp1, and (C) anti-calnexin

959 antibodies (red), respectively, and DNA was stained with Hoechst (blue). Scale bars =
960 25 um. White boxes frame magnified areas. (D) Confocal micrographs of HEK293T

961 cells transiently transfected with empty vector, VPA0226- or VPA0226 H/A-sfGFPN1
962  (green) for 24 h. Mitochondria were stained with anti-ACAT1 antibody (red) and DNA
963  was stained with Hoechst (blue). Scale bars = 25 ym. White boxes frame magnified
964 areas. (e) Confocal micrographs of HelLa cells infected with GFP-expressing (green)
965 CAB2, CAB2Avpa0226, CAB2Avpa0226+WT, or CAB2Avpa0226+S/A with anti-COXIV
966 antibody (red) and DNA was stained with Hoechst (blue) at 1, 2, 3 and 5 hours PGT.
967  Scale bars = 25 ym. White boxes frame magnified areas. (f) Quantification of HeLa cells
968  exhibiting fragmented mitochondria. Numbers are expressed as an average of three
969 independent experiments for 150 cells counted for each sample. Error bars represent
970  standard deviation from the mean. Asterisks represent statistical significance (** =

971  p<0.005).
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977
978 Figure2 - Figure supplement-2. Bacterially invaded cells display apoptotic
979  signatures in a VPA0226-dependent manner.
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980  (A) Confocal micrographs of HelLa cells infected with GFP-expressing (green) CAB2,
981 CAB2Avpa0226, CAB2Avpa0226+WT, or CAB2Avpa0226+S/A tested for release of
982  Cytochrome C (Cyto C) from the mitochondria into the cytosol was assessed by staining
983 of Cyto C with anti-Cytochrome C antibody (red) and DNA was stained with Hoechst
984  (blue) at 5 hours PGT. Scale bars = 25 ym. White boxes frame magnified areas. (B,
985 relative to A) Quantification of HelLa cells exhibiting cytosolic CytoC. Numbers are
986 expressed as an average of three independent experiments for 150 cells counted for
987 each sample. Error bars represent standard deviation from the mean. Asterisks
988  represent statistical significance (** = p<0.005). (C) Confocal micrographs of HelLa cells
989 infected with GFP-expressing (green) CAB2, CAB2Avpa0226, CAB2Avpa0226+WT, or
990 CAB2Avpa0226+S/A followed by TUNEL staining (green) of host cell nuclei and DNA
991 staining with Hoechst (blue) at 5 hours PGT. Arrows point to TUNEL positive or
992  negative nuclei. Scale bars = 25 ym. (D, relative to C) Quantification of HelLa cells
993 positive for TUNEL staining. Numbers are expressed as an average of three
994  independent experiments for 150 cells counted for each sample. Error bars represent
995 standard deviation from the mean. Asterisks represent statistical significance (* =
996 p<0.05). (E) HelLa cells were infected with CAB2 or CAB2Avpa0226 for 2 h, in the
997 absence or presence of 50 uM Z-VAD-FMK. Next, samples were treated with 100
998  pg/mL gentamicin for 1, 3, 5, and 7 h, in the absence or presence of Z-VAD-FMK. Host
999 cell lysates were serially diluted and plated onto MMM agar plates for intracellular
1000  bacterial colony counting (CFU/mL). (F) HelLa cells were treated with 1.2uM
1001  staurosporine for 24 hours in the absence or presence of 50uM Z-VAD-FMK and cell
1002  viability was assessed by staining with Trypan Blue.
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Cluster analysis of GDSL lipase family proteins

Figure3 - Figure supplement-2.VPA0226 displays phospholipase 2 (PLA 2)
activity.

(A) Increasing amounts of purified VPA0226WT or catalytically inactive S/A version
were incubated with the fluorogenic PLA2 specific substrate BODIPY PC-A2 (EnzCheck
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1011  Phospholipase A2 Assay kit, Invitrogen) for 30 min at RT and fluorescence was

1012  measured at ExX’Em 460/515 nm. Error bars represent standard deviation from the

1013  mean. Asterisks represent statistical significance (* = p<0.05, *** = p<0.0005) using
1014  one-way ANOVA and Turkey’s multiple comparison test. (B) Thin layer chromatography
1015  of lipids extracted from the liposome assay demonstrating the formation of esterified
1016  cholesterol in reactions containing cardiolipin (CL) and cholesterol liposomes incubated
1017  with wildtype VPA0226 (lane 4). For standards, 10 ug each of CL, cholesterol and

1018  cholesteryl ester were loaded on TLC plate (lanes 6, 7 and 8 respectively). (C) Thin
1019 layer chromatography of lipid standards (cardiolipin, cholesteryl ester and cholesterol)
1020  and lipids extracted from transfected Hela cells (empty vector (EV), wildtype VPA0226-
1021  sfGFPN1 and VPA0226-H/A-sfGFPN1). (D) CLANS graph depicts sequence similarity
1022  relationships between GDSL lipases, by clustering protein sequences according to

1023  pairwise BLAST-derived scores. 1500 representative sequences of representatives of
1024  the Lipase_GDSL family shown. Coloring by taxonomy: Vibrio — dark blue, Salmonella —
1025  orange, other bacteria — cyan, fungi — brown, plants — green, animals — yellow,

1026 amoebas — magenta.
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