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ABSTRACT  Helicobacter pylori vacuolating cytotoxin A (VacA) is an intracellular-acting
protein exotoxin that induces mitochondrial dysfunction and energy depletion within
host cells. Although exposure to VacA results in mitochondrial dysfunction, one recent
study revealed that, following limited exposure to VacA, mitochondrial function and
cellular ATP levels were restored in a time-dependent manner. Studies performed to
address the mechanism by which host cells detect and respond to intracellular VacA
identified the adenosine monophosphate (AMP)-activated protein kinase (AMPK) as
a sensor of toxin-dependent alterations in cellular energy status. Activation of AMPK
in response to VacA was demonstrated to orchestrate alterations in mitochondrial
dynamics which resulted in restoration of mitochondrial function. Specifically, upregu-
lation of dynamin-related protein 1 (Drp-1)-dependent mitochondrial fission resulted in
reversible fragmentation of filamentous mitochondria and time-dependent reduction in
mitochondrial-associated VacA, suggesting that fragmentation is important for removal
of VacA from mitochondria. Cells with reduced levels of Drp-1 were more susceptible
to VacA-dependent cell death, suggesting that mitochondrial dynamics is important
for maintaining cell viability through the reduction in mitochondrial-associated toxin.
Collectively, these studies support a model that cellular recovery and survival in response
to VacA-dependent mitochondrial dysfunction is linked to host cell modulation of
mitochondrial dynamics. This study provides new insights into cellular recognition and
responses to intracellular-acting toxin modulation of host cell function, which could be
relevant for the growing list of pathogenic microbes and viruses identified that target
mitochondria as part of their virulence strategies.

IMPORTANCE Persistent human gastric infection with Helicobacter pylori is the single
most important risk factor for development of gastric malignancy, which is one of the
leading causes of cancer-related deaths worldwide. An important virulence factor for
Hp colonization and severity of gastric disease is the protein exotoxin VacA, which is
secreted by the bacterium and modulates functional properties of gastric cells. VacA acts Editor Jimmy D. Ballard, University of Okizhoma
by damaging mitochondria, which impairs host cell metabolism through impairment Health Sciences Center, Oklahoma City, Oklahoma,
of energy production. Here, we demonstrate that intoxicated cells have the capacity to USA

detect VacA-mediated damage, and orchestrate the repair of mitochondrial function, Ao SeEn R Tale
thereby restoring cellular health and vitality. This study provides new insights into sblanke@illinois.edu.

cellular recognition and responses to intracellular-acting toxin modulation of host cell
function, which could be relevant for the growing list of pathogenic microbes and
viruses identified that target mitochondria as part of their virulence strategies.
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hronic infection with the human gastric pathogen Helicobacter pylori (Hp) is the

single most important risk factor for development of gastric cancer (1, 2). Hp
persistently infects approximately 50% of the global population, and approximately
1% of chronic infections progress to malignancy. However, the infection biology and
virulence strategies underlying chronic Hp infection within the gastric environment
remains poorly understood. Vacuolating cytotoxin A (VacA) is an intracellular-acting
protein exotoxin secreted by most Hp strains (3, 4) that interact with and enter host cell
within the gastric glands (5-10). Although our understanding of the exact role of VacA
in Hp pathogenesis is not fully understood, animal models of infection have implicated
VacA as an important determinant of Hp colonization (11, 12).

Internalization of VacA by gastric epithelial cells results in toxin targeting of the
mitochondrial inner membrane (13-16), resulting in dissipation of transmembrane
potential (A¥,,) (17, 18). The ensuing collapse of proton motive force reduces cellular
ATP production (4, 17) , thereby disrupting metabolic homeostasis, as indicated by
toxin-mediated inhibition of mTORC1 (19) and activation of autophagy (19-22). Because
dissipation of AW, can negatively impact cell vitality (23-26), we originally predicted
that VacA-dependent loss of proton motive force might be associated with previously
reported gastric tissue damage and cell death during Hp infection (15, 27, 28). However,
recent in vivo mouse studies demonstrated that extended intragastric infusion of purified
VacA did not result in major tissue damage or an increase in cell death within the gastric
epithelium (29). In addition, recent in vitro cell culture studies have also demonstrated
that cell viability is largely retained following exposure to VacA at toxin concentrations
we have found to be sufficient to induce mitochondrial dysfunction (19, 30). Overall,
the mechanism by which host cells are able to survive VacA-mediated mitochondrial
damage and reduction in cellular energy remains poorly understood.

Here, we hypothesized that host cells possess a mechanism for responding to
the presence of intracellular VacA by sensing the impact of toxin-mediated mito-
chondrial damage. Recent work supports this hypothesis through the demonstration
that mitochondrial function is restored in a time-dependent manner following limi-
ted exposure to VacA, although the mechanism underlying mitochondrial restoration
was not identified (31). The studies described herein demonstrate that mitochondrial
function and metabolic homeostasis within VacA-intoxicated cells are restored by a
mechanism associated with modulation of mitochondrial structural dynamics. Sensing
of cellular energy status via adenosine monophosphate (AMP)-activated protein kinase
(AMPK) was identified to be important for activation of the mitochondrial fission
machinery, which in turn was demonstrated to be important for time-dependent
reduction in mitochondrial-associated VacA and increased cell viability. Overall, these
studies provide new insights into the fate of intracellular VacA during Hp infection and
provide the framework for understanding how host cells potentially sense and react
to members of a growing list of pathogenic microbes and viruses identified to target
mitochondria as part of their virulence strategies (32, 33).

RESULTS
Restoration of mitochondrial function within VacA intoxicated cells

VacA disrupts metabolic homeostasis within epithelial cells by causing mitochondrial
dysfunction (15, 17, 18). However, recent work indicated that intoxicated cells are
capable of limiting toxin-dependent impairment of mitochondrial-mediated metabolism
(31). To begin defining the mechanism by which host cells curb mitochondrial dam-
age generated by VacA, we monitored toxin-dependent alterations in mitochondrial
transmembrane potential (A¥,,). Human duodenal-derived epithelial AZ-521 cells (34-
36) or human gastric-derived epithelial AGS cells (30, 36, 37), both of which have been
commonly used to study VacA toxin biology, were incubated continuously at 37°C and
under 5% CO, in the absence or presence of VacA. After 0.5, 4, or 24 hours, cells that
had been stained with Tetramethylrhodamine, ethyl ester (TMRE) were collected and
examined for AW\, using flow cytometry. At 30 minutes, significant AW, dissipation was
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detected within AZ-521 cells that had been exposed to VacA (3.5, 35, 250 nM) (Fig. 1A).
At higher toxin concentrations (35 nM and 250 nM), loss of AW, did not progress in an
unabated manner, but instead leveled off and was sustained throughout the duration of
the experiment (up to 24 hours). However, in cells exposed to a lower concentration of
VacA (3.5 nM), AW, had increased back to levels measured in the control (i.e., unintoxica-
ted) cells, suggesting that mitochondrial function had been restored. These trends were
reproducible in AGS cells (Fig. STA).

We also examined the restoration of mitochondrial function where the exposure of
cells to VacA was restricted, using what we refer to as “pulse exposure” of monolayers
to toxin. In these experiments, cells were incubated for 10 minutes at 37°C and under
5% CO5 in the absence or presence of VacA (35 or 250 nM). After 10 minutes, cells were
washed to remove non-cell associated VacA, and then further incubated in the presence
of fresh cell culture medium (without toxin) for the duration of the experiment. In cells
that had undergone pulse exposure to VacA, significant AW, dissipation was initially
observed, but a full recovery in mitochondrial transmembrane potential was measured
after 24 hours (Fig. 1B; Fig. S1B), suggesting that mitochondrial function had been
restored in cells with limited exposure to VacA. Also consistent with previous work (17,
28, 31), exposure to VacA under restricted conditions resulted in an initial reduction in
cellular ATP, as expected from toxin-mediated uncoupling of oxidative phosphorylation,
followed by time-dependent recovery in cellular ATP levels (Fig. 1C). Overall, these data
are consistent with earlier studies (31) reporting that mitochondrial dysfunction resulting
from continuous exposure to low concentrations of VacA is reversible.

Historically, in vitro assays of cellular changes resulting from exposure to VacA have
been performed in the presence of weak bases (e.g., NH4Cl) in part because several
cellular phenotypes associated with the toxin, including cellular vacuolation and cell
death, are augmented in the presence of weak bases (30). However, recent in vivo and in
vitro studies demonstrated that extended exposure to VacA in the absence of weak bases
results in alteration of host cellular metabolism, while at the same time causing little to
no physiological damage to the gastric mucosa or cell death in animals (19, 29). Here, we
found that the presence of NH4Cl (5 mM) did not detectably alter VacA-dependent AW,
dissipation and subsequent recovery of mitochondrial function (Fig. S2A).

Mitophagy is not associated with VacA-dependent mitochondrial dysfunc-
tion

One mechanism by which cells respond to damaged mitochondria is by induction of
mitochondrial-specific autophagy, called mitophagy. To evaluate whether mitophagy
is induced in cells under the same conditions in which we observed VacA-depend-
ent mitochondrial damage and recovery, we monitored mitochondrial mass, which
decreased in response to mitophagy activation (38-40). Inmunoblot analyses revealed
that cellular levels of TIM23 and VDAC, which are commonly used as inner and outer
mitochondrial membrane markers, respectively, were not significantly different in cells
that had been incubated in the absence or presence of VacA (Fig. S3). In contrast,
significant losses in cellular levels of both TIM23 and VDAC were detected in response
to the known chemical activators of mitophagy, carbonyl cyanide m-chlorophenylhy-
drazone (CCCP), or a combination of Antimycin A and Oligomycin A (Fig. S3). These
results suggest that restoration of mitochondrial function in cells exposed to VacA is not
dependent upon activation of the mitophagic response.

Exposure to VacA activates AMPK, a central sensor of cellular energy status

The reversibility of VacA-dependent mitochondrial dysfunction suggests that intoxicated
cells must possess a mechanism which recognizes and responds to the consequences of
AV, dissipation. Within mammalian cells, adenosine monophosphate-activated protein
kinase functions as a central sensor of cellular energy status (41-43). Assessment of
possible AMPK involvement in response to continuous exposure to VacA revealed a
significant toxin-dependent increase in phosphorylated acetyl-CoA carboxylase (ACC)
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FIG 1 VacA-mediated mitochondrial dysfunction is restored in a time- and concentration-dependent
manner. AZ-521 cells were incubated in the absence or presence of VacA (3.5, 35, 250 nM), which we have
defined as “continuous exposure” of cells to VacA (A). Alternatively, AZ-521 cells were incubated for 10
minutes in the absence or presence of VacA [35 (B) or 250 nM (B and C)],which we have defined as “pulse
exposure” of cells to VacA. After 10 minutes, cells were washed twice in PBS (pH 7.4) to eliminate any
unbound extracellular VacA and further incubated in the presence of fresh cell culture medium for the
duration of the experiment (B and C). Ten (A) or 30 (B) minutes prior to collection, cells were stained with
Tetramethylrhodamine, ethyl ester (TMRE). Stained cells were evaluated for mitochondrial

(Continued on next page)
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FIG 1 (Continued)

transmembrane potential (A¥y,,) using flow cytometry. Intracellular ATP levels were determined using
a luminescence-based assay according to the manufacturer’s instructions (C). The fluorescence or
luminescence values of intoxicated cells were compared relative to unintoxicated cells. Error bars for
several data points were obscured due to low variance. The data were combined from three independ-
ent experiments (+ SD). Statistical significance (a = 0.05) was calculated using two-way ANOVA with
Dunnett’s multiple comparisons test (A and B) or with Sidak’s multiple comparisons test (C). P < 0.05

indicates statistical significance.

[p-ACC (579)], which is a marker for AMPK activation (Fig. 2A; Fig. S4A and B). Notably,
AMPK activation was observed when AZ-521 cells were exposed to VacA at concentra-
tions as low as 3.5 nM (Fig. S4C), which is sufficient to induce the dissipation of A¥y, (Fig.
1A).

AMPK was also activated in AZ-521 cells infected with Hp 60190, which secrete active
VacA, but was not activated during infection with a mutant strain of Hp 60190 lacking the
gene encoding functional VacA [Hp 60190 (AvacA)] (Fig. 2B). Infection with the comple-
mented strain, Hp 60190 (AvacA::vacA), resulted in AMPK activation to similar levels as
those induced during infection with the wild-type strain. These results confirmed that
AMPK is activated during in vitro Hp infection of cells in a manner dependent upon VacA.

To further establish the importance of VacA for activation of AMPK during Hp
infection, we examined the effects of perturbing toxin structure-function relationships
previously demonstrated to be critical for toxin cellular activity. VacA monomers
assemble into higher-ordered six- or seven-membered rings (44-48) that are essential
for the formation of ion-conducting membrane channels (15, 18, 49-51). In our studies,
AMPK activation was attenuated in cells infected with modified strains of Hp 60190
expressing mutant forms of VacA that are deficient in either membrane channel-forming
activity [e.g., Hp vacA (P9A) and Hp vacA (G14A)] (Fig. S4D), or the capacity to assemble
into higher-ordered structures [e.g.,, Hp vacA (A49-57), Hp vacA (A346-347), and Hp vacA
(A49-57A346-347)] (Fig. S4E), which are both required for VacA cellular intoxication (45,
52-56). These results support a model that Hp-dependent AMPK activation results from
the dissipation of AW, caused by the membrane channel-forming activity of VacA.

VacA-dependent AMPK activation precedes restoration of mitochondrial
function

Studies to assess the time-dependent association between VacA-mediated mitochon-
drial dysfunction and AMPK activation revealed a significant increase in cellular levels of
p-ACC (S79) within cells exposed to VacA at 0.5 hour (Fig. S4F), a timepoint at which
significant dissipation of mitochondrial transmembrane potential (A¥,,) is robustly
measured in cells that had either continuous or limited exposure to toxin. The cellular
levels of p-ACC (S79) remained significantly elevated through 8 hours in cells exposed
continuously to VacA, indicating that prolonged AMPK activation is associated with
sustained mitochondrial dysfunction. In cells with limited (i.e., pulse) exposure to toxin,
cellular p-ACC (S79) levels were significantly increased at 15 minutes and reached
maximum levels after 60 minutes (Fig. S4G), similar to cells that had been continuously
exposed to VacA. In contrast, activated AMPK was no longer detected in monolayers with
limited exposure to toxin at 4 hours, a timepoint before recovery of AW, was observed
(Fig. 1B), indicating that AMPK activation precedes restoration of mitochondrial function.

AMPK activation is important for restoration of mitochondrial function in
VacA-intoxicated cells

To assess the importance of VacA-dependent AMPK activation for mitochondrial
functional recovery, we examined the time-dependent restoration of mitochondrial
transmembrane potential and cellular energy within VacA-intoxicated AZ-521 (Fig. 3A)
or AGS cells (Fig. S5A) with shRNA-mediated reduced levels of AMPKa, the catalytic
subunit of AMPK, which we will hereafter refer to as AMPKa-knockdown (AMPKa-KD)
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FIG 2 VacA-mediated cellular energy reduction activates AMPK. AZ-521 cells were incubated in the absence or presence of
VacA (250 nM) (A). Alternatively, AZ-521 cells were incubated in the absence or presence of Hp 60190 (wild type), Hp (AvacA),
or Hp (AvacA:vacA) at MOI 100 (B). After 2 hours (A) or 1 hour (B), cell lysates were collected and evaluated using immunoblot
analysis to determine the relative levels of phospho-ACC (579). Immunoblots representative of those collected from three
independent experiments are shown. Quantification of the band intensities were evaluated by densitometry. The data were
combined from three independent experiments (represented as +SD). Statistical significance (a = 0.05) was calculated using
unpaired t-test (A) or one-way ANOVA with Tukey’s multiple comparisons test (B). P < 0.05 indicates statistical significance.

cells. One hour after pulse exposure to VacA, AW, (Fig. 3B; Fig. S5C) and cellular ATP
levels (Fig. 3C) were similar in AMPKa-KD and control cells (i.e., cells transduced with
non-specific scrambled shRNA or untransduced cells), indicating that AMPK activity is not
essential for initial toxin-mediated mitochondrial dysfunction. In contrast, restoration of
mitochondrial function was significantly lower in AMPKa-KD cells than control cells 24
hours after pulse exposure to VacA (Fig. 3B and C; Fig. S5C), indicating that restoration of
mitochondrial function was impaired in cells with lower AMPK activity. Notably, whereas
partial restoration of AW, at 24 hours was observed in AMPKa-KD cells (Fig. 3B), cellular
ATP levels were lower at 24 hours than 4 hours (Fig. 3C). Although the reasons underlying
the apparent incongruence between AV, and ATP restoration in AMPKa-KD cells is not
entirely clear, one potential explanation is that the absence of the catalytic subunit (i.e,,
AMPKa) impairs normal AMPK-mediated regulation of energy-consuming and energy-
generating activities needed to reestablish energy homeostasis, as previously observed
in unrelated work (57). Regardless, these results support a role for AMPK as an important
determinant in restoration of mitochondrial function in cells intoxicated with VacA.
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FIG 3 AMPK is important for mitochondrial functional restoration. AMPKa-knockdown (AMPKa-KD) in AZ-521 cells were generated and confirmed using
immunoblot analysis of cell lysates (A). Untransduced, scrambled, or AMPKa-KD cells were incubated in the absence or presence of VacA (250 nM) using pulse
(B and C) or continuous (D and E) toxin exposure. Cells were stained with TMRE for evaluating mitochondrial transmembrane potential (A%,) (B). Intracellular
ATP levels were determined using a luminescence-based assay (C). The data from intoxicated cells were compared relative to unintoxicated cells (measured at
0 hour). Statistical significance was determined by comparing data from transduced cells and untransduced cells at the indicated timepoints. Because the data
in Fig. 3B and Fig. 4B, as well as Fig. 3C and Fig. 4C, were collected simultaneously, the controls (i.e., untransduced cells and cells transduced with scrambled
shRNA) are identical in both figures. For determining relative levels of mitochondrial-associated VacA (D), mitochondrial fractions were assessed for VacA and
TIM23. Immunoblots representative of those collected from three independent experiments are found in Fig. S7. The data represented in (D) were rendered
relative to the 10-minute timepoint. For evaluating mitochondrial structure (E), cells were fixed after 1 hour and evaluated by fluorescence microscopy analysis
using antibodies specific for TOM20. Fluorescence images (White = TOM20; Blue = DAPI) shown are representative of three independent experiments. Scale bars
indicate 10 um. The data were combined from the three independent experiments (+ SD). Statistical significance (a = 0.05) was calculated using two-way ANOVA
with Tukey’s multiple comparisons test (B to D) or unpaired t-test (E). P < 0.05 indicates statistical significance.

Reduction of mitochondrial-associated VacA is associated with restoration of
mitochondrial function

To better understand the mechanism by which mitochondrial restoration is restored in
VacA intoxicated cells, we examined the time-dependent association of intracellular
toxin with mitochondria (14, 16, 18, 58, 59) using immunoblot analysis of homogenized
mitochondria isolated from cell lysates (Fig. S6A). For cells continuously exposed to toxin,
mitochondrial-associated VacA was detected after 30 minutes, and continued to increase
through 2 hours, at which point, mitochondrial-associated toxin remained relatively
constant through 24 hours (Fig. 5). For cells with limited (i.e., pulse) exposure to VacA,
mitochondrial-associated toxin levels after 1 hour were similar to that observed in
monolayers continuously exposed to toxin (Fig. 5). However, after 2 hours, we observed a
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FIG 4 VacA-mediated mitochondrial fragmentation is important for mitochondrial functional recovery and limiting toxin accumulation in mitochondria.

Drp-1-knockdown (Drp-1-KD) in AZ-521 cells were generated and confirmed using immunoblot analysis of cell lysates (A). Untransduced, scrambled, or Drp-1-KD

cells were incubated in the absence or presence of VacA (250 nM) using pulse (B and C) or continuous (D and E) toxin exposure. Cells were stained with

TMRE for evaluating mitochondrial transmembrane potential (AYy,,) (B).Intracellular ATP levels were determined using a luminescence-based assay (C). The data

from intoxicated cells were compared relative to unintoxicated cells (measured at 0 hour). Statistical significance was determined by comparing data from
transduced cells and untransduced cells at the indicated timepoints. Because the data in Fig. 3B and Fig. 4B, as well as Fig. 3C and Fig. 4C, were collected

simultaneously, the controls (i.e., untransduced cells and cells transduced with scrambled shRNA) are identical in both figures. For determining relative levels

of mitochondrial-associated VacA (D), mitochondrial fractions were assessed for VacA and TIM23. Immunoblots representative of those collected from three

independent experiments are found in Fig. S7. The data represented in (D) were rendered relative to the 10-minute timepoint. The data were combined from

three independent experiments (+ SD). Statistical significance (a = 0.05) was determined by comparing transduced cells to untransduced cells and was calculated
using two-way ANOVA with Tukey’s multiple comparisons test (B to D). P < 0.05 indicates statistical significance.

sharp decline in mitochondrial-associated toxin. By 8 hours, the level of mitochondrial-
associated toxin was reduced and similar to levels found after the initial 10 minutes of
VacA exposure. Time-dependent reduction in mitochondrial-associated VacA was also
observed in the absence or presence of NH4Cl (Fig. S2B and S6B). In addition, non-
mitochondrial-associated intracellular VacA levels also declined in a time-dependent
manner (Fig. S6C). Collectively, these data suggest that restoration of mitochondrial
function within VacA intoxicated cells may involve a mechanism which limits and/or
reverses toxin accumulation at mitochondria.

AMPK activation is important for limiting VacA accumulation at mitochondria

The results described above suggest that AMPK activation (Fig. 2; Fig. S4) and the
capacity of the cell to limit VacA accumulation at the mitochondria (Fig. 5) may both
contribute to restoration of mitochondrial function within intoxicated cells. Experiments
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FIG 5 Time-dependent VacA association with mitochondria. AZ-521 cells were incubated in presence
of VacA (250 nM) for continuous or pulse toxin exposures. Mitochondrial fractions were assessed by
immunoblot analysis using antibodies specific for VacA and TIM23 (loading control) to determine the
relative levels of mitochondrial-associated VacA. Quantification of the band intensities was evaluated by
densitometry, and the values were compared relative to the 10-minute timepoint. VacA was not detected
in mitochondrial fractions from cells incubated in the absence of VacA. The data were combined from
three independent experiments (+ SD). Statistical significance (a = 0.05) was determined by comparing
continuous vs pulse at each timepoint or by comparing each timepoint vs start (10 minutes) and was
calculated by t-test or one-way ANOVA Dunnett’s multiple comparisons test, respectively, as indicated in

the table. P < 0.05 indicates statistical significance.

to evaluate this possibility revealed that, while mitochondrial-associated toxin remains
relatively constant from approximately 2 to 24 hours within cell continuously exposed to
VacA, mitochondrial-associated toxin in AMPKa-KD cells increased between 2 and 24
hours (Fig. 3D; Fig. S7A through C). Differences in non-mitochondrial-associated VacA
levels between AMPKa-KD cells and cells transduced with non-specific (i.e., scrambled)
shRNA were not significant, suggesting that VacA does not likely accumulate in cellular
compartments other than mitochondria in the absence of AMPK (Fig. S6D). These results
are consistent with a model that AMPK sensing of cellular energy status is important for
limiting and/or reversing VacA accumulation at mitochondria.
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AMPK activation is associated with mitochondrial fragmentation in VacA-
intoxicated cells

In addition to mitochondrial dysfunction, fragmentation of mitochondrial structure
has also been reported in cells exposed continuously to VacA by a mechanism involv-
ing modulation of mitochondrial dynamics through upregulation of dynamin-related
protein-1 (Drp-1)-dependent mitochondrial fission (58). Because our studies descri-
bed here identified the importance of AMPK for recovery of mitochondrial function
within VacA intoxicated cells (Fig. 3B and C), we next assessed the impact, if any,
of AMPK on toxin modulation of mitochondrial structural dynamics. These studies
revealed an approximate fivefold decrease in VacA-mediated mitochondrial fragmenta-
tion in AMPKa-KD cells relative to control cells (Fig. 3E). VacA-mediated mitochondrial
fragmentation was also inhibited in cells incubated in the presence of the AMPK
inhibitor, Compound C (Fig. S8). The presence of NH4Cl neither inhibited nor promo-
ted fragmentation of filamentous mitochondria (Fig. S2C). These results suggest that
VacA-dependent AMPK activation is associated with promoting both mitochondrial
fragmentation, as well as restoration of mitochondrial function.

Mitochondrial fission promotes restoration of mitochondrial function in
VacA-intoxicated cells

The importance of VacA-dependent AMPK activation for both modulation of mitochon-
drial dynamics (Fig. 3E; Fig. S8) and restoration of mitochondrial function (Fig. 3B and
C; Fig. S5C) prompted us to experimentally evaluate a possible association between
mitochondrial fission and restoration of mitochondrial transmembrane potential. These
studies revealed that restoration of AW, (Fig. 4B; Fig. S5C) and cellular ATP levels (Fig.
4C) were impaired in Drp-1-knockdown cells (Fig. 4A; Fig. S5B), which are resistant to
fragmentation (60-62). These results are consistent with the idea that mitochondrial
fission is an important determinant for restoration of mitochondrial function within
intoxicated cells.

Mitochondrial fission is important for limiting VacA accumulation at mito-
chondria

Our findings thus far indicate that VacA-dependent modulation of mitochondrial
dynamics, as well as the capacity of intoxicated cells to limit accumulation of mitochon-
drial-associated toxin (Fig. 5), both contribute to restoration of mitochondrial function
(Fig. 4B C; Fig. S5C). Experiments revealed significantly higher levels of mitochondrial-
associated VacA in Drp-1-KD cells than in control cells after 24 hours of exposure to
toxin (Fig. 4D; Fig. S7A, B and D). Because restoration of AW, (Fig. 4B; Fig. S5C) and
cellular ATP levels (Fig. 4C) were also impaired in Drp-1-KD cells, these results support
the idea that fragmentation of mitochondria through fission is an important step in the
restoration of mitochondrial function through a mechanism involving the reduction of
mitochondrial-associated VacA.

Cellular energy sensing and mitochondrial fragmentation are important for
the time-dependent decrease in total cellular VacA levels

We next conducted experiments to evaluate the possibility that reduction in mitochon-
drial-associated VacA might contribute to the overall time-dependent decline in total
intracellular toxin that has been previously reported to occur within intoxicated cells
by a lysosomal-dependent mechanism (30). Immunoblot analyses of whole cell lysates
to examine changes in toxin levels showed that total intracellular VacA decreased in a
time-dependent manner (Fig. 6). Time-dependent reductions in VacA were also detected
within non-mitochondrial fractions from lysates of cells that had been exposed to toxin
(Fig. S6B and C). Similar to previously reported results (30), inhibition of lysosomal
acidification using NH4Cl or bafilomycin A1 resulted in increased retention of total
intracellular VacA (Fig. S2D and S9), supporting the model that VacA is degraded in
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FIG 6 AMPK and Drp-1 are important for time-dependent reduction of total intracellular VacA levels.
AZ-521 (untransduced, scrambled, AMPKa-KD, or Drp-1-KD) cells were incubated in the absence or
presence of VacA (250 nM) under pulse toxin exposure. Cell lysates were collected and evaluated using
immunoblot analysis to determine the relative levels of VacA. The values were relativized to the VacA
intensity normalized to B-actin (loading control) at 1 hour. Immunoblots representative of those collected
from three independent experiments are shown. Quantification of the band intensities was evaluated
by densitometry. The data were combined from three independent experiments (+ SD). Statistical
significance (a = 0.05) was determined by comparing transduced cells to untransduced cells and was
calculated using two-way ANOVA with Tukey’s multiple comparisons test. P < 0.05 indicates statistical
significance.

a manner dependent upon functional lysosomes. Furthermore, we observed a higher
retention of VacA in AMPKa-KD or Drp-1-KD cells (Fig. 6), suggesting that the total
intracellular VacA was reduced in a manner associated with both AMPK activation and
mitochondrial fission. These results suggest that the reduction in mitochondrial-associ-
ated VacA may be linked to and important for overall clearance of intracellular toxin.

Fission-dependent reduction of mitochondrial-associated VacA promotes
viability of intoxicated cells

Finally, because mitochondrial dysfunction is normally associated with poor cellular
health (63, 64), we next assessed the impact of mitochondrial fission on the overall
viability of host cells exposed to VacA. In the absence of NH4Cl, monolayers of AZ-521
and AGS cells exposed to VacA yielded a modest, but significantly higher percentage of
non-viable cells than monolayers not exposed to toxin (Fig. S10). Previously published
work reported that, in the presence of NH4Cl, AZ-521 cells are more susceptible than
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FIG 7 Activation of mitochondrial fission is important for promoting cellular viability within VacA-intoxi-
cated cells. AZ-521 (untransduced, scrambled, AMPKa-KD, or Drp-1-KD) cells were incubated in the
absence or presence of VacA (10, 35, 250 nM). After 48 hours, cells were collected and stained with
annexin V for analysis by flow cytometry according to the manufacturer’s specifications. The data were
combined from three independent experiments (+ SD). Statistical significance (a = 0.05) was determined
by comparing transduced cells to untransduced cells and was calculated using one-way ANOVA with
Tukey’s multiple comparisons test. P < 0.05 indicates statistical significance.

AGS cells to VacA-dependent cell death (27, 28). However, our studies, conducted in
the absence of NH4Cl, revealed higher susceptibility of AGS cells than AZ-521 cells to
250 nM VacA after 48 hours. Notably, these differences in susceptibility between AGS
and AZ-521 cells were not observed at lower toxin concentrations (10 and 35 nM) (Fig.
S10). Additional experiments revealed a higher percentage of non-viable AMPKa-KD or
Drp-1-KD cells than control cells exposed to VacA (Fig. 7). These results support a model
that restoration of mitochondrial function, by a mechanism involving cellular modulation
of mitochondrial dynamics, is a critical determinant for improving the overall functional
vitality of VacA intoxicated cells through restoration of metabolic homeostasis.

DISCUSSION

These studies addressed a poorly understood area of VacA biology, which is the manner
by which host cells respond to toxin-dependent targeting and impairment of mitochon-
drial function during Helicobacter pylori infection. The results presented here support a
model (Fig. 8) that VacA alterations in mitochondrial function are discerned by AMPK (Fig.
2; Fig. S4), which functions as a central sensor of cellular energy status. Activated AMPK
coordinates cellular responses to VacA through the upregulation of mitochondrial fission
(Fig. 3E; Fig. S8). Mitochondrial fragmentation was experimentally demonstrated to be
important for the restoration of mitochondrial function (Fig. 4B C; Fig. S5C), as well as
a reduction in mitochondrial-associated VacA (Fig. 4D). We predict that the removal of
VacA from mitochondria, when balanced against influx of newly internalized toxin, limits
both the accumulation of VacA at mitochondria and the loss of cell viability (Fig. 7). These
findings represent a previously unrecognized strategy by which intoxicated cells sense
and curb the mitochondrial damaging effects of pathogenic microbes.

The identification of AMPK activation within VacA intoxicated cells provides
important clues into the mechanism underlying cellular responses to toxin targeting
of mitochondrial function. As a central cellular sensor of energy status, AMPK operates by
integrating stress signals that are indicative of energy shortages into appropriate cellular
responses for reestablishing metabolic homeostasis (42, 43, 65). The remarkable ability of
activated AMPK to coordinate stress-specific cellular responses is linked to the complex
nature of the AMPK assemblage, which comprises three subunits (q, 3, y), each of which
has multiple isoforms that assemble in a combinatorial manner, which when coupled
with allosteric regulation, fine-tunes AMPK-dependent cellular responses (41, 66-68).
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VacA, which we propose facilitates restoration of mitochondrial function to promote cell viability. The contents framed within the orange box denotes

speculative components of our model that remain to be experimentally evaluated.

AMPK activation has been previously reported to be linked to infection with pathogenic
microbes that are known to alter cellular metabolism, including Legionella pneumophila,
Neisseria meningitidis, and Mycobacterium tuberculosis (69-73). Additionally, bacterial
protein toxins, including pore-forming toxins (Staphylococcus aureusa-toxin, streptolysin
O, Vibrio cholerae cytolysin, and E. coli hemolysin A), also activate AMPK through indirect
damage to mitochondrial function caused by alterations in cellular potassium ion efflux
(74). Over the past 20 years, a growing number of pathogens have been identified which
generate protein factors that target and localize within mitochondria as part of their
virulence strategies (32). However, to the best of our knowledge, VacA is the only protein
toxin that induces AMPK activation in a manner dependent on its ability to directly
dissipate mitochondrial transmembrane potential.

Our data support a model (Fig. 8) that AMPK activation is dependent upon the
pore-forming activity of VacA (Fig. S4D), which is thought to be responsible for
depolarization of the inner mitochondrial membrane, resulting in the loss of mitochon-
drial transmembrane potential and collapse of proton motive force required for ATP
production (17, 18, 49, 52). Our data strongly suggest that in response to VacA-depend-
ent reduction in cellular energy, AMPK is activated and then modulates fragmentation
of filamentous mitochondria through upregulation of DRP-1-mediated mitochondrial
fission. Activated AMPK has been previously demonstrated to modulate mitochondrial
structural dynamics through phosphorylation of mitochondrial fission factor, which
recruits Drp-1 to the mitochondrial surface for assembly of the mitochondrial fission
apparatus (75).
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Mitochondrial fragmentation has generally been viewed as a consequence of
organelle stress (76, 77). Our finding that Drp-1-dependent mitochondrial fission is
important for restoration of mitochondrial function within VacA-intoxicated cells (Fig.
4B G; Fig. S5Q) is consistent with experimental evidence linking mitochondrial dynamics
to the preservation of mitochondrial function (78, 79). In particular, mitochondrial fission
has been identified as an important determinant for the excision of damaged regions
from filamentous mitochondrial networks (80). Mitophagy, or mitochondrial-selective
autophagy, has been linked to the removal and degradation of large mitochondrial
fragments that have been marked as “damaged” (78, 81-83), although mitophagy
activation in response to VacA intoxication was not detected in our studies (Fig. S3).
Alternative mechanisms of mitochondrial quality control have emerged in recent years,
including the formation of mitochondrial-derived vesicles (MDVs), which originate from
mitochondria, and subsequently fuse with other intracellular compartments, includ-
ing degradative organelles such as lysosomes (84-86). In addition, there is growing
evidence that mitochondria physically engage multiple cellular organelles, including
the endoplasmic reticulum and lysosomes, through inter-organelle contacts (87-90).
Although we have not yet investigated these possibilities, we speculate that the removal
of mitochondrial-associated VacA through either MDV formation or inter-organelle toxin
contacts with lysosomes would constitute an attractive strategy for the selective and
localized removal of mitochondrial-associated toxin for degradation without excessive
collateral damage to the overall mitochondrial network. In addition, either scenario
would be consistent with previous work (30), which was further validated in our studies
here (Fig. S9), demonstrating that following exposure to VacA, intracellular levels of toxin
decrease by a lysosomal-dependent mechanism.

In conclusion, our results presented here are consistent with the increasing evidence
that host cells actively sense the presence of intracellular-acting toxins and effectors
through real-time oversight of core cellular activities (91). Indeed, our model predicts
that gastric cells possess the capacity to sense the intracellular presence of VacA through
detection of toxin activity, and in response, rapidly employ highly specific countermeas-
ures to limit the toxin-mediated dysfunction of mitochondria. Although additional work
is required to further understand the cellular mechanism to neutralize the action of
VacA, an existing cellular mechanism is likely activated through the detection of the
abnormal cellular status, reminiscent of mechanisms described in plant immunity (92).
We speculate that toxin-dependent attenuation of host metabolism impairs the capacity
of host cells to effectively prevent the establishment of a gastric microenvironment
capable of sustaining Hp colonization and chronic infection. Finally, in consideration of
the highly specific manner that cells respond to intracellular VacA, we anticipate that
additional examples of highly specialized host strategies for counteracting the modula-
tory effects of individual intracellular-acting protein toxins and effectors will continue to
be identified, reflecting the complex “give-and-take” that characterizes pathogen-host
interactions.

MATERIALS AND METHODS
Mammalian cell lines

Mammalian cells were maintained within a humid environment at 37°C and under 5%
COy. AZ-521 (human duodenal epithelial) (3940, Riken Japan Health Science Founda-
tion, Wako, Saitama Prefecture, Japan) and AGS (human gastric epithelial) (CRL-1739,
ATCC, Manassas, Virginia) cells were maintained in Dulbecco’s Modification of Eagle’s
Medium (DMEM) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO) and 1%
penicillin/streptomycin (Sigma-Aldrich). Cells were seeded in cell culture plates, dishes, or
chamber microscopy slides at cell confluency not exceeding 90%.
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H. pylori infection studies

Hp 60190 strain (cag PAl+, vacA sTm1, ATCC 49503), VM022 (AvacA in 60190) (93), VM084
(AvacA:vacA in 60190) (94), Hp vacA P9A (52), Hp vacA G14A (52), Hp vacA A49-57 (56),
Hp vacA A346-347 (52, 53), or Hp vacA AN9-57 A346-347 (53, 56) strains were inoculated
as a suspension in 4 mL bisulfite/sulfite-free Brucella (BSFB) broth (0.1% dextrose, 0.2%
B-cyclodextrin, 0.5% NaCl [all from Sigma-Aldrich], 1% tryptone, 1% peptone, and 0.2%
yeast extract [all from BD Bacto, Franklin Lakes, NJ]) and incubated at 37°C and with
humidification on top of 2% agar plates made of Ham’s F-12 media (Sigma-Aldrich)
supplemented with 5% fetal bovine serum (FBS) (Sigma-Aldrich), in a microaerophilic
environment (10% O,, 5% CO,). After 2 days, the bacterial cells were harvested by
centrifugation at 5,000 x g for 1 minute, and the bacterial pellets were suspended in
DMEM (10-013-CV, Corning Inc, Corning, NY) supplemented with 10% FBS. AZ-521 cells
were infected with Hp bacteria (MOl of 10 or 100) at 37°C and under 5% CO, in a
humidified environment. To supplement nutrients that may have been depleted by Hp,
fresh cell culture medium containing 1% penicillin/streptomycin (Sigma-Aldrich) at four
times the volume of the initial infection volume was added to the infection 30 minutes
prior to endpoint.

VacA purification

Hp 60190 strain (cag PAI*, vacA s1m1, ATCC49503) was cultured under biphasic condi-
tions, with Ham’s F-12 agar (supplemented with 10% fetal bovine serum and 5 pug/mL
vancomycin) and BSFB for 48 hours at 37°C under microaerophilic conditions (10% O,
5% CO5). The cell suspension collected as a starter culture inoculum was diluted 100-fold
in fresh BSFB, which was further cultured for 48 hours at 37°C and under 5% CO,. After
incubation, culture supernatant was collected by centrifuging Hp bacterial cultures at
10,000 x g for 20 minutes at 4°C and precipitated using 662 g/L ammonium sulfate
(Fisher Scientific, Waltham, MA) overnight at 4°C with rotation. Precipitated proteins
were collected by centrifuging the mixture at 10,000 x g for 20 minutes at 4°C and
resuspended with a phosphate buffer [10 mM NayHPO4 (Sigma), pH71. The resuspended
protein suspension was twice dialyzed in 50K MWCO dialysis membrane (Spectra/Por
6 RC, Spectrum Chemical, New Brunswick, NJ) in phosphate buffer at ~150 times the
volume over the course of 24 hours. The dialyzed protein suspension was centrifuged
at 10,000 x g for 5 minutes at 4°C and filter-sterilized through 0.22 um pore PES filters
(Millipore, Burlington, MA) and loaded on a diethylaminoethyl (DEAE)-sephacel anion
exchange column (GE17-0500-01, Sigma-Aldrich) equilibrated in phosphate buffer. After
washing off unbound proteins using two bed volumes of phosphate buffer, proteins
were eluted using the elution buffer [10 mM NayHPO4 (Sigma), 200mM NaCl, pH7]. The
collected fractions were evaluated by SDS-PAGE and Coomassie staining for the presence
of pure VacA, characterized by the molecular weight of 88 kDa making up >95% of total
lane bands. VacA-positive eluate was loaded into 50 kDa MWCO Amicon Ultra Centrifugal
Filter (UFC905024, Millipore) using PBS (pH 7.4) 10 times the total eluate volume. VacA
was quantified using Coomassie Plus Bradford Assay Kit according to the manufacturer’s
instruction (23238, Thermo Fisher Scientific).

Acid activation of VacA

Before introducing to cells, VacA was activated by mixing VacA with 0.3 M HCI at 10:1
ratio and incubating at 37°C for 30 minutes. After incubation, 0.3 M NaOH equal volume
as 0.3 M HCl was added to neutralize the solution. For the negative control, sterile PBS
(pH 7.4) was used in place of VacA. Activated VacA was diluted in cell culture media,
exceeding no more than 10% of the total volume and was used immediately to treat
cells.
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Immunoblot analyses

Cell lysates were prepared by incubating monolayers in lysis buffer (20 mM Tris pH 7.5,
100 uM Na3VO4, 25 mM NAF, 25 mM B-glycerolphosphate, 2 mM EGTA, 2 mM EDTA,
0.3% Triton X-100; Sigma-Aldrich) that was supplemented with cOmplete Mini EDTA-free
protease inhibitor cocktail tablets (1 tablet/25 mL, 11836170001, Roche Diagnostics,
Indianapolis, IN). After 10 minutes, the lysates were transferred to fresh tubes and mixed
with an equivalent volume of 2x sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) buffer (100 mM, SDS Tris pH 6.8, 4% bromophenol blue, 0.2% glycerol,
20% 2-mercaptoethanol; Sigma-Aldrich), and incubated at 100°C for 10 minutes. After
SDS-PAGE, the gel proteins were electro-transferred to a polyvinylidene fluoride (PVDF)
membrane (Millipore). The transfer membranes were incubated overnight at 4°C with
primary antibody diluted in blocking buffer [Tris-buffered pH 7.4 saline with 0.1% Tween
20 (TBS-T)] supplemented with 5% skim milk (Lab Scientific, Highlands, NJ). The blots
were briefly washed for 5 minutes with shaking and incubated for 1 hour at room
temperature with HRP-conjugated secondary antibody (1:5,000 dilution, Cell Signaling
Technology, Danvers, MA) diluted with TBS-T. After washing four times with TBS-T for
5 minutes each, the blots were incubated with HRP substrates [SuperSignal West, Pico
(34580) and Femto (34095) mixed at 1:1 ratio, Thermo Fisher Scientific]. The luminescent
signals from the blots were imaged using a ChemiDoc XRS + imaging system (Bio-Rad,
Hercules, CA) and analyzed using Image Lab software (Version 6.0; Bio-Rad) to quantify
the relative band intensities.

Antibodies and small molecule inhibitors

The following antibodies were used in this paper: B-actin (cs-4970, Cell Signaling
Technology), TOM20 (sc-17764, Santa Cruz Biotechnology, Dallas, TX), TIM23 (BD-611222,
BD Biosciences, Franklin Lakes, NJ), VacA (19), phospho-ACC (11818, Cell Signaling
Technology), ACC (3676, Cell Signaling Technology), AMPKa (2532, Cell Signaling
Technology), DRP1 (8570, Cell Signaling Technology), LAMP1 (9091, Cell Signaling
Technology), Calnexin (2679, Cell Signaling Technology), GAPDH (5174, Cell Signaling
Technology), Syntaxin 6 (2869, Cell Signaling Technology), VDAC (4866, Cell Signaling
Technology), Anti-rabbit IgG HRP-linked (7074, Cell Signaling Technology), Anti-mouse
IgG HRP-linked (7076, Cell Signaling Technology), Alexa Fluor 555-conjugated anti-
mouse antibody (A31570, Thermo Fisher Scientific), and Alexa Fluor 488-conjugated
anti-rabbit antibody (A21206, Thermo Fisher Scientific). The following small molecules
were used in this paper: CCCP (C2759, Sigma), Compound C (171260, Sigma-Aldrich), and
Bafilomycin A1 (196000, Sigma-Aldrich).

Limited VacA exposure (pulse)

Monolayers of cells were incubated in the absence or presence of VacA at the indicated
concentrations in prewarmed cell culture medium at 37°C and under 5% CO, for 10
minutes. After 10 minutes, cells were washed twice in PBS and incubated in prewarmed
cell culture medium in the absence of VacA for the remainder of the indicated duration at
37°Cunder 5% CO..

Measurement of mitochondrial transmembrane potential

Mitochondrial transmembrane potential was determined by incubating cells in cell
culture medium in the presence of 10 nM TMRE (T669, Invitrogen, Waltham, MA) for 30
minutes or 50 nM TMRE for 10 minutes prior to collection. Cells were exposed to 50 nM
TMRE for 10 minutes for the time course studies to accommodate the short incubation
periods. After incubation, cells were washed in PBS, detached using 0.05% trypsin (Gibco,
Billings, Montana), and collected in cold 10% FBS diluted in PBS. TMRE fluorescence
intensity was measured by flow cytometry using the PE channel with bandpass filter of
585/42 nm on a BD FACSCanto Il CMtO Analyzer (BD Biosciences). For each replicate, at
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least 10,000 events were collected. Data combined from three independent experiments
were relativized to the unintoxicated control for each cell variant.

Measurement of intracellular ATP levels

Cells were seeded on a 96-well tissue culture-treated plate (flat bottom, white with clear
bottom) (3903, Corning Inc) to achieve 50%-70% confluency prior to the beginning
of the assay. After completion of the treatment, intracellular ATP levels were assessed
using the Luminescent ATP Detection Assay Kit (ab113849, Abcam, Cambridge, United
Kingdom) according to the manufacturer’s protocol. Using a Synergy 2 plate reader
(BioTek, Winooski, VT), luminescence was measured after 10 minutes in the dark. The
intracellular ATP levels were normalized to total protein determined by the BCA assay
(Thermal Fisher) according to the manufacturer’s instruction. The normalized lumines-
cence values of intoxicated cells were compared relative to unintoxicated cells. Data were
collected from three independent replicates each performed with at least two technical
replicates.

Analysis of AMPK activities

The relative AMPK activities within whole cell lysates was determined by immunoblot
analysis using p-ACC (S79) antibody (1:1,000 dilution), ACC antibody (1:1,000 dilution), or
B-actin antibody (1:5,000 dilution) calculated from the intensity of the immuno-specific
signal corresponding to p-ACC divided by the intensity of the band corresponding
to total ACC. The immunofluorescence microscopy analysis of AMPK activities was
performed using p-ACC (S79) antibody.

Immunofluorescence microscopy

Mammalian cells were seeded in 8-well chamber slides (Thermo Fisher Scientific) and
were incubated in the absence or presence of VacA (continuous or pulse exposure) in
cell culture medium at 37°C and 5% CO,. After completion of treatment, cells were fixed
in 4% paraformaldehyde in PBS (pH 7.4) for 15 minutes, were permeabilized using 0.1%
Triton X-100 in PBS (pH 7.4) for 15 minutes, and were incubated in blocking solution
(5% BSA and BP1600-100 [Fisher Scientific] in PBS [pH 7.4]) for 1 hour. Primary and
fluorophore-conjugated secondary antibodies were diluted in 0.1% Tween-20 in PBS (pH
7.4) and incubated overnight at 4°C and 2 hour at room temperature, respectively. Cells
were then incubated with 0.5 pg/mL DAPI in PBS (pH 7.4) for 15 minutes. After washing
cells three times using 0.1% Tween-20 diluted in PBS (pH 7.4), cells were mounted
using Prolong Gold Antifade (P36930, Invitrogen) with a coverslip. Mounted cells were
observed using Zeiss LSM 700 confocal microscope system with a Zeiss AXIO Observer
Z1 inverted microscope stand. The images were processed and analyzed using Zen Black
2012.

Generation of knockdown via shRNA

Lentiviral particles used for transduction were generated in HEK293T cells that
were co-transfected with 0.5 pg/mL shRNA-carrying plasmid, 0.45 pg/mL packag-
ing vector pCMV-dR8.2 (plasmid# 8455, Addgene, Watertown, MA), and 0.05 pg/mL
enveloping vector pCMV-VSV-G (plasmid# 8454, Addgene) using Lipofectamine 2000
(11668019, Thermo Fisher Scientific). Lentiviral clones expressing shRNA against
human PRKAA1 (AMPKa1) (TRCN0O000196482, Sigma-Aldrich), human PRKAA2 (AMPKa2)
(TRCN0000002171, Sigma-Aldrich), and human Drp-1 shRNA (sc-43732-SH, Santa Cruz
Biotechnology) were used for generating lentiviral particles. After 48 hours, medium
containing the viruses were collected and used to infect AZ-521 or AGS cells in
the presence of 8 pg/mL polybrene. Control scramble shRNA Lentiviral Particles-A
(sc-108080, Santa Cruz Biotechnology), containing shRNA sequence that does not lead to
degradation of known cellular mRNA in mammalian cells, was used to generate negative
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control. After 24 hours, cells were subjected to selection using 2 pg/mL puromycin for 96
hours. Efficiency of knockdown was determined via immunoblot analysis.

Quantification of mitochondrial-associated VacA levels

Mitochondria were isolated from cells incubated in the absence or presence of VacA
using the Mitochondria Isolation Kit for Cultured Cells (89874, Thermo Fisher) accord-
ing to the manufacturer’s instructions. The cell lysate and non-mitochondrial fractions
were prepared by adding 6x SDS loading dye (786-701, G Biosciences, St. Louis, MO)
supplemented with Halt Protease & Phosphatase Single-Use Inhibitor Cocktail (78442,
Thermo Scientific). The purity of mitochondrial fractions was confirmed by immunoblot
analysis of the WCL, supernatant, and mitochondrial fractions that were normalized
by volume using antibodies against TIM23 (1:1,000 dilution), LAMP1 (1:1,000 dilution),
Calnexin (1:1,000 dilution), GAPDH (1:5,000 dilution), and Syntaxin 6 (1:1,000 dilution).
Mitochondrial-associated VacA levels were determined through immunoblot analysis,
calculated from the intensity of the band corresponding to VacA (1:100,000 dilution) and
normalized from the intensity of the band corresponding to the mitochondrial loading
control, TIM23 (1:1,000 dilution).

Mitochondrial structural analysis

Mitochondrial structure was detected using immunofluorescence by incubating fixed,
permeabilized, and blocked cells at 4°C with TOM20 antibody (1:1,000 dilution) diluted
in 1% BSA (Fisher Scientific) in PBS (pH 7.4). After an overnight incubation, cells were
washed with 0.1% Tween-20 diluted in PBS (pH 7.4), followed by incubation for 2 hours
in the dark at room temperature with donkey Alexa Fluor 555-conjugated anti-mouse
antibody (1:1,000 dilution, Thermo Fisher Scientific, A31570). The percentage of cells
displaying predominantly fragmented mitochondria was calculated by dividing the
number of cells exhibiting predominantly fragmented mitochondria scattered through-
out the cell (with no obvious filamentous mitochondrial structure within the cell) by
the number of total cells in the field. Rounded cells were excluded from quantification.
For each experimental condition, at least five visual fields, containing at least two cells
per field, were assessed for three independent experiments. Scoring of the images
was conducted in a blinded manner, in which the evaluator was not informed of the
treatment conditions.

Assessing cellular VacA levels

After completion of treatment, cell lysates were collected and subjected to immunoblot
analysis using methods described above. The cellular levels of VacA were determined
by immunoblot analysis using rabbit VacA (1:100,000 dilution), normalized to the load
control, B-actin (1:5,000 dilution).

Cell death assay

Monolayers of cells were incubated in the absence or presence of VacA at 37°C under
5% CO,. After 48 hours, cells and supernatant were collected and stained with Annexin
V-Alexa Fluor 488, as described by the manufacturer (V13241, Thermo Fisher Scientific).
Fluorescence intensity was measured by flow cytometry using a bandpass filter of
530/30 nm and 655/LP-nm with compensation on a BD FACSCanto Il flow analyzer (BD
Biosciences).

Statistical analysis

Each experiment was performed at least three independent times (n = 3). Statistical
analyses were conducted using GraphPad Prism (v. 8.4.3). Error bars represent the
standard deviations. P-values shown were calculated using the indicated tests (unpaired
t-test, one-way or two-way ANOVA with Tukey’s, Sidak’s, or Dunnett’s multiple compari-
sons test). P-values less than 0.05 (a = 0.05) were considered statistically significant.

September/October 2023 Volume 14 Issue 5

mBio

10.1128/mbio0.02117-23 18


https://doi.org/10.1128/mbio.02117-23

Research Article

ACKNOWLEDGMENTS

We acknowledge the Core Facilities at the Carl R. Woese Institute for Genomic Biology
and Cytometry and Microscopy to Omics Facility at the Roy J. Carver Biotechnology
Center at University of lllinois Urbana-Champaign.

A.Y.S. and S.R.B. designed experiments and prepared the manuscript. A.Y.S,, F.Z, S.A,,
RM.J., HZ, and I-J.K. contributed to the experimental results presented in this work.
A.Y.S., RLH., and S.R.B. conceived the project. All listed authors were given the manu-
script and gave approval of the final version. We thank Megan D. Ringling for critical
reading of the manuscript.

This work was supported by the NIH (Al045928 and Al117497) to S.R.B. and the Alice
Helm Fellowship (UIUC, Microbiology) to A.Y.S.

AUTHOR AFFILIATIONS

'Department of Microbiology, University of lllinois, Urbana, lllinois, USA

’Department of Pathobiology, University of lllinois, Urbana, lllinois, USA

3Buck Institute for Research on Aging, Novato, California, USA

“*Department of Biomedical and Translational Medicine, University of Illinois, Urbana,
Illinois, USA

AUTHOR ORCIDs

Ami Y. Seeger ) http://orcid.org/0009-0004-7216-3535
Steven R. Blanke 2 http://orcid.org/0000-0002-2164-875X

FUNDING

Funder Grant(s) Author(s)
HHS | National Institutes of Health (NIH) Al045928, Al117497  Steven R. Blanke

AUTHOR CONTRIBUTIONS

Ami Y. Seeger, Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Project administration, Validation, Visualization, Writing - original draft,
Writing - review and editing | Faisal Zaidi, Investigation | Sammy Alhayek, Investiga-
tion | Rachel M. Jones, Investigation | Huzaifa Zohair, Investigation | Robin L. Holland,
Investigation | Ik-Jung Kim, Investigation | Steven R. Blanke, Conceptualization, Funding
acquisition, Supervision, Writing — original draft, Writing — review and editing

DIRECT CONTRIBUTION

This article is a direct contribution from Steven R. Blanke, a Fellow of the American
Academy of Microbiology, who arranged for and secured reviews by Timothy L. Cover,
Vanderbilt University Medical Center, and Carrie L. Shaffer, University of Kentucky.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (mBio02117-23-s0001.tif). VacA-mediated mitochondrial dysfunction is restored
in a time- and concentration-dependent manner in AGS cells.

Fig. S2 (mBio02117-23-s0002.tif). Effects of NH4Cl on VacA intoxicated cells.

Fig. S3 (mBio02117-23-s0003.tif). Mitochondrial mass after VacA intoxication or
treatment with mitophagy-inducing agents.

Fig. S4 (mBio02117-23-s0004.tif). VacA-mediated AMPK activation.

September/October 2023 Volume 14 Issue 5

mBio

10.1128/mbio0.02117-23 19


https://doi.org/10.1128/mbio.02117-23
https://doi.org/10.1128/mbio.02117-23

Research Article

mBio

Fig. S5 (mBi0o02117-23-s0005.tif). Mitochondrial transmembrane potential recovery in
AGS AMPKa- and Drp-1-knockdown cells.
Fig. S6 (mBio02117-23-s0006.tif). VacA cellular and subcellular localization.

Fig. S7 (mBio02117-23-s0007.tif). Immunoblot analysis of time-dependent mitochon-
drial-associated VacA levels.
Fig. S8 (mBio02117-23-s0008.tif). VacA-mediated mitochondrial fragmentation is
blocked in the presence of Compound C.
Supplemental legends (mBi002117-23-s0009.docx). Legends for supplemental figures.
Fig. S9 and Fig. S10 (mBio02117-23-s0010.tif). Cellular VacA levels are protected from
lysosomal degradation in the presence of bafilomycin A1. Comparison of VacA-mediated
cell death in AZ-521 and AGS cells.

REFERENCES

1.

September/October 2023 Volume 14

Correa P. 1988. A human model of gastric carcinogenesis. Cancer Res
48:3554-3560.

Seeger AY, Ringling MD, Zohair H, Blanke SR. 2020. Risk factors
associated with gastric malignancy during chronic Helicobacter pylori
infection. MRAJ 8. https://doi.org/10.18103/mra.v8i3.2068

Cover TL, Blanke SR. 2005. Helicobacter pylori VacA, a paradigm for toxin
multifunctionality. Nat Rev Microbiol 3:320-332. https://doi.org/10.
1038/nrmicro1095

CoverTL, HollandRL, BlankeSR. 2016. Helicobacter pylori vacuolating
toxin, p 113-141. In Helicobacter pylori research. Springer, Japan, Tokyo.
https://doi.org/10.1007/978-4-431-55936-8

Garner JA, Cover TL. 1996. Binding and internalization of the Helico-
bacter pylori vacuolating cytotoxin by epithelial cells. Infect Immun
64:4197-4203. https://doi.org/10.1128/iai.64.10.4197-4203.1996
Gauthier NC, Monzo P, Gonzalez T, Doye A, Oldani A, Gounon P, Ricci V,
Cormont M, Boquet P. 2007. Early endosomes associated with dynamic
F-actin structures are required for late trafficking of H. pylori VacA toxin. J
Cell Biol 177:343-354. https://doi.org/10.1083/jcb.200609061

Gauthier NC, Monzo P, Kaddai V, Doye A, Ricci V, Boquet P. 2005.
Helicobacter pylori VacA cytotoxin: a probe for a clathrin-independent
and Cdc42-dependent pinocytic pathway routed to late endosomes.
Mol Biol Cell 16:4852-4866. https://doi.org/10.1091/mbc.e05-05-0398
Gupta VR, Patel HK, Kostolansky SS, Ballivian RA, Eichberg J, Blanke SR.
2008. Sphingomyelin functions as a novel receptor for Helicobacter pylori
VacA. PLoS Pathog 4:21000073. https://doi.org/10.1371/journal.ppat.
1000073

Gupta VR, Wilson BA, Blanke SR. 2010. Sphingomyelin is important for
the cellular entry and intracellular localization of Helicobacter pylori
VacA. Cell Microbiol 12:1517-1533. https://doi.org/10.1111/j.1462-5822.
2010.01487 x

Patel HK, Willhite DC, Patel RM, Ye D, Williams CL, Torres EM, Marty KB,
MacDonald RA, Blanke SR. 2002. Plasma membrane cholesterol
modulates cellular vacuolation induced by the Helicobacter pylori
vacuolating cytotoxin. Infect Immun 70:4112-4123. https://doi.org/10.
1128/1A1.70.8.4112-4123.2002

Salama NR, Otto G, Tompkins L, Falkow S. 2001. Vacuolating cytotoxin of
Helicobacter pylori plays a role during colonization in a mouse model of
infection. Infect Immun 69:730-736. https://doi.org/10.1128/IA1.69.2.
730-736.2001

Kim I-J, Blanke SR. 2012. Remodeling the host environment: modulation
of the gastric epithelium by the Helicobacter pylori vacuolating toxin
(VacA). Front Cell Infect Microbiol 2:1-18. https://doi.org/10.3389/fcimb.
2012.00037

Domanska G, Motz C, Meinecke M, Harsman A, Papatheodorou P, Reljic
B, Dian-Lothrop EA, Galmiche A, Kepp O, Becker L, Glinnewig K, Wagner
R, Rassow J. 2010. Helicobacter pylori VacA toxin/subunit P34: targeting
of an anion channel to the inner mitochondrial membrane. PLoS Pathog
6:21000878. https://doi.org/10.1371/journal.ppat.1000878

Galmiche A, Rassow J, Doye A, Cagnol S, Chambard JC, Contamin S, de
Thillot V, Just |, Ricci V, Solcia E, Van Obberghen E, Boquet P. 2000. The N-
terminal 34 kDa fragment of Helicobacter pylori vacuolating cytotoxin
targets mitochondria and induces cytochrome c release. EMBO J
19:6361-6370. https://doi.org/10.1093/emb0j/19.23.6361

Issue 5

15.

16.

17.

18.

19.

20.

21.

22.

24.

25.

26.

Willhite DC, Cover TL, Blanke SR. 2003. Cellular vacuolation and
mitochondrial cytochrome c release are independent outcomes of
Helicobacter pylori vacuolating cytotoxin activity that are each
dependent on membrane channel formation. J Biol Chem 278:48204-
482009. https://doi.org/10.1074/jbc.M304131200

Blanke SR. 2005. Micro-managing the executioner: pathogen targeting
of mitochondria. Trends Microbiol 13:64-71. https://doi.org/10.1016/j.
tim.2004.12.007

Kimura M, Goto S, Wada A, Yahiro K, Niidome T, Hatakeyama T, Aoyagi H,
Hirayama T, Kondo T. 1999. Vacuolating cytotoxin purified from causes
mitochondrial damage in human gastric cells. Microb Pathog 26:45-52.
https://doi.org/10.1006/mpat.1998.0241

Willhite DC, Blanke SR. 2004. Helicobacter pylori vacuolating cytotoxin
enters cells, localizes to the mitochondria, and induces mitochondrial
membrane permeability changes correlated to toxin channel activity.
Cell Microbiol 6:143-154. https://doi.org/10.1046/j.1462-5822.2003.
00347.x

Kim I-J, Lee J, Oh SJ, Yoon M-S, Jang S-S, Holland RL, Reno ML, Hamad
MN, Maeda T, Chung HJ, Chen J, Blanke SR. 2018. Helicobacter pylori
infection modulates host cell metabolism through VacA-dependent
inhibition of mTORC1. Cell Host Microbe 23:583-593. https://doi.org/10.
1016/j.chom.2018.04.006

Terebiznik MR, Raju D, Vézquez CL, Torbricki K, Kulkarni R, Blanke SR,
Yoshimori T, Colombo MI, Jones NL. 2009. Effect of Helicobacter pylori's
vacuolating cytotoxin on the autophagy pathway in gastric epithelial
cells. Autophagy 5:370-379. https://doi.org/10.4161/auto.5.3.7663

Raju D, Hussey S, Ang M, Terebiznik MR, Sibony M, Galindo-Mata E,
Gupta V, Blanke SR, Delgado A, Romero-Gallo J, Ramjeet MS, Mascare-
nhas H, Peek RM, Correa P, Streutker C, Hold G, Kunstmann E, Yoshimori
T, Silverberg MS, Girardin SE, Philpott DJ, El Omar E, Jones NL. 2012.
Vacuolating cytotoxin and variants in Atg16L1 that disrupt autophagy
promote Helicobacter pylori infection in humans. Gastroenterology
142:1160-1171. https://doi.org/10.1053/j.gastro.2012.01.043

Greenfield LK, Jones NL. 2013. Modulation of autophagy by Helicobacter
pylori and its role in gastric carcinogenesis. Trends Microbiol 21:602-612.
https://doi.org/10.1016/j.tim.2013.09.004

Hytti M, Korhonen E, Hyttinen JMT, Roehrich H, Kaarniranta K, Ferrington
DA, Kauppinen A. 2019. Antimycin a-induced mitochondrial damage
causes human RPE cell death despite activation of autophagy. Oxid Med
Cell Longev 2019:1583656. https://doi.org/10.1155/2019/1583656
Tzung SP, Kim KM, Basafiez G, Giedt CD, Simon J, Zimmerberg J, Zhang
KY, Hockenbery DM. 2001. Antimycin A mimics a cell-death-inducing
Bcl-2 homology domain 3. Nat Cell Biol 3:183-191. https://doi.org/10.
1038/35055095

Zamzami N, Marchetti P, Castedo M, Decaudin D, Macho A, Hirsch T,
Susin SA, Petit PX, Mignotte B, Kroemer G. 1995. Sequential reduction of
mitochondrial transmembrane potential and generation of reactive
oxygen species in early programmed cell death. J Exp Med 182:367-377.
https://doi.org/10.1084/jem.182.2.367

Chaudhari AA, Seol J-W, Kang S-J, Park S-Y. 2008. Mitochondrial
transmembrane potential and reactive oxygen species generation
regulate the enhanced effect of CCCP on TRAIL-induced SNU-638 cell
apoptosis. J Vet Med Sci 70:537-542. https://doi.org/10.1292/jvms.70.
537

10.1128/mbio0.02117-23 20


https://doi.org/10.18103/mra.v8i3.2068
https://doi.org/10.1038/nrmicro1095
https://doi.org/10.1007/978-4-431-55936-8
https://doi.org/10.1128/iai.64.10.4197-4203.1996
https://doi.org/10.1083/jcb.200609061
https://doi.org/10.1091/mbc.e05-05-0398
https://doi.org/10.1371/journal.ppat.1000073
https://doi.org/10.1111/j.1462-5822.2010.01487.x
https://doi.org/10.1128/IAI.70.8.4112-4123.2002
https://doi.org/10.1128/IAI.69.2.730-736.2001
https://doi.org/10.3389/fcimb.2012.00037
https://doi.org/10.1371/journal.ppat.1000878
https://doi.org/10.1093/emboj/19.23.6361
https://doi.org/10.1074/jbc.M304131200
https://doi.org/10.1016/j.tim.2004.12.007
https://doi.org/10.1006/mpat.1998.0241
https://doi.org/10.1046/j.1462-5822.2003.00347.x
https://doi.org/10.1016/j.chom.2018.04.006
https://doi.org/10.4161/auto.5.3.7663
https://doi.org/10.1053/j.gastro.2012.01.043
https://doi.org/10.1016/j.tim.2013.09.004
https://doi.org/10.1155/2019/1583656
https://doi.org/10.1038/35055095
https://doi.org/10.1084/jem.182.2.367
https://doi.org/10.1292/jvms.70.537
https://doi.org/10.1128/mbio.02117-23

Research Article

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

September/October 2023 Volume 14

Radin JN, Gonzalez-Rivera C, Frick-Cheng AE, Sheng J, Gaddy JA, Rubin
DH, Algood HMS, McClain MS, Cover TL. 2014. Role of connexin 43 in
Helicobacter pylori VacA-induced cell death. Infect Immun 82:423-432.
https://doi.org/10.1128/1A1.00827-13

Radin JN, Gonzalez-Rivera C, Ivie SE, McClain MS, Cover TL. 2011.
Helicobacter pylori VacA induces programmed necrosis in gastric
epithelial cells. Infect Immun 79:2535-2543. https://doi.org/10.1128/IAl.
01370-10

Holland RL, Bosi KD, Harpring GH, Luo J, Wallig M, Phillips H, Blanke SR.
2020. Chronic in vivo exposure to Helicobacter pylori VacA: assessing the
efficacy of automated and long-term intragastric toxin infusion. Sci Rep
10:9307. https://doi.org/10.1038/541598-020-65787-3

Foegeding NJ, Raghunathan K, Campbell AM, Kim SW, Lau KS,
Kenworthy AK, Cover TL, Ohi MD. 2019. Intracellular degradation of
Helicobacter pylori VacA toxin as a determinant of gastric epithelial cell
viability. Infect Immun 87:e00783-18. https://doi.org/10.1128/IA1.00783-
18

Holland RL, Bosi KD, Seeger AY, Blanke SR. 2023. Restoration of
mitochondrial structure and function within Helicobacter pylori VacA
intoxicated cells. bioRxiv. https://doi.org/10.1101/2023.05.19.540400:
2023.05.19.540400

Marchi S, Morroni G, Pinton P, Galluzzi L. 2022. Control of host
mitochondria by bacterial pathogens. Trends Microbiol 30:452-465.
https://doi.org/10.1016/j.tim.2021.09.010

Elesela S, Lukacs NW. 2021. Role of mitochondria in viral infections. Life
(Basel) 11:232. https://doi.org/10.3390/life11030232

Nakayama M, Hisatsune J, Yamasaki E, Isomoto H, Kurazono H,
Hatakeyama M, Azuma T, Yamaoka Y, Yahiro K, Moss J, Hirayama T. 2009.
Helicobacter pylori VacA-induced inhibition of GSK3 through the
PI3K/Akt signaling pathway. J Biol Chem 284:1612-1619. https://doi.org/
10.1074/jbc.M806981200

Nakano M, Yahiro K, Yamasaki E, Kurazono H, Akada J, Yamaoka Y,
Niidome T, Hatakeyama M, Suzuki H, Yamamoto T, Moss J, Isomoto H,
Hirayama T. 2016. Helicobacter pylori VacA, acting through receptor
protein tyrosine phosphatase q, is crucial for CagA phosphorylation in
human duodenum carcinoma cell line AZ-521. Dis Model Mech 9:1473-
1481. https://doi.org/10.1242/dmm.025361

Caston RR, Sierra JC, Foegeding NJ, Truelock MD, Campbell AM, Frick-
Cheng AE, Bimczok D, Wilson KT, McClain MS, Cover TL, Torres VJ. 2020.
Functional properties of Helicobacter pylori VacA toxin m1 and m2
variants. Infect Immun 88:00032-20. https://doi.org/10.1128/IA1.00032-
20

Zhu P, Xue J, Zhang Z-J, Jia Y-P, Tong Y-N, Han D, Li Q, Xiang Y, Mao X-H,
Tang B. 2017. Helicobacter pylori VacA induces autophagic cell death in
gastric epithelial cells via the endoplasmic reticulum stress pathway. Cell
Death Dis 8:3207. https://doi.org/10.1038/s41419-017-0011-x

Fan S, Wu K, Zhao M, Yuan J, Ma S, Zhu E, Chen Y, Ding H, Yi L, Chen J.
2021. LDHB inhibition induces mitophagy and facilitates the progression
of CSFV infection. Autophagy 17:2305-2324. https://doi.org/10.1080/
15548627.2020.1823123

Sekar P, Huang D-Y, Hsieh S-L, Chang S-F, Lin W-W. 2018. AMPK-
dependent and independent actions of P2X7 in regulation of mitochon-
drial and lysosomal functions in microglia. Cell Commun Signal 16:83.
https://doi.org/10.1186/512964-018-0293-3

Cho YK, Son Y, Saha A, Kim D, Choi C, Kim M, Park J-H, Im H, Han J, Kim K,
Jung Y-S, Yun J, Bae EJ, Seong JK, Lee M-O, Lee S, Granneman JG, Lee Y-
H. 2021. STK3/STK4 signalling in adipocytes regulates mitophagy and
energy expenditure. Nat Metab 3:428-441. https://doi.org/10.1038/
s42255-021-00362-2

Herzig S, Shaw RJ. 2018. AMPK: guardian of metabolism and mitochon-
drial homeostasis. Nat Rev Mol Cell Biol 19:121-135. https://doi.org/10.
1038/nrm.2017.95

Hardie DG, Schaffer BE, Brunet A. 2016. AMPK: an energy-sensing
pathway with multiple inputs and outputs. Trends Cell Biol 26:190-201.
https://doi.org/10.1016/j.tcb.2015.10.013

Hardie DG, Ross FA, Hawley SA. 2012. AMPK: a nutrient and energy
sensor that maintains energy homeostasis. Nat Rev Mol Cell Biol 13:251-
262. https://doi.org/10.1038/nrm3311

Cover TL, Hanson PI, Heuser JE. 1997. Acid-induced dissociation of VacA,
the Helicobacter pylori vacuolating cytotoxin, reveals its pattern of
assembly. J Cell Biol 138:759-769. https://doi.org/10.1083/jcb.138.4.759

Issue 5

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

mBio

Iwamoto H, Czajkowsky DM, Cover TL, Szabo G, Shao Z. 1999. VacA from
Helicobacter pylori: a hexameric chloride channel. FEBS Lett 450:101-104.
https://doi.org/10.1016/50014-5793(99)00474-3

Zhang K, Zhang H, Li S, Pintilie GD, Mou T-C, Gao Y, Zhang Q, van den
Bedem H, Schmid MF, Au SWN, Chiu W. 2019. Cryo-EM structures of
Helicobacter pylori vacuolating cytotoxin A oligomeric assemblies at
near-atomic resolution. Proc Natl Acad Sci U S A 116:6800-6805. https://
doi.org/10.1073/pnas.1821959116

Su M, Erwin AL, Campbell AM, Pyburn TM, Salay LE, Hanks JL, Lacy DB,
Akey DL, Cover TL, Ohi MD. 2019. Cryo-EM analysis reveals structural
basis of Helicobacter pylori VacA toxin oligomerization. J Mol Biol
431:1956-1965. https://doi.org/10.1016/j.jmb.2019.03.029

Chambers MG, Pyburn TM, Gonzalez-Rivera C, Collier SE, Eli I, Yip CK,
Takizawa Y, Lacy DB, Cover TL, Ohi MD. 2013. Structural analysis of the
oligomeric states of Helicobacter pylori VacA toxin. J Mol Biol 425:524~
535. https://doi.org/10.1016/j.jmb.2012.11.020

Ye D, Blanke SR. 2000. Mutational analysis of the Helicobacter pylori
vacuolating toxin amino terminus: identification of amino acids essential
for cellular vacuolation. Infect Immun 68:4354-4357. https://doi.org/10.
1128/1A1.68.7.4354-4357.2000

Montecucco C, Rappuoli R. 2001. Living dangerously: how Helicobacter
pylori survives in the human stomach. Nat Rev Mol Cell Biol 2:457-466.
https://doi.org/10.1038/35073084

El-Bez C, Adrian M, Dubochet J, Cover TL. 2005. High resolution
structural analysis of Helicobacter pylori VacA toxin oligomers by cryo-
negative staining electron microscopy. J Struct Biol 151:215-228. https://
doi.org/10.1016/j.,jsb.2005.07.001

Ye D, Blanke SR. 2002. Functional complementation reveals the
importance of intermolecular monomer interactions for Helicobacter
pylori VacA vacuolating activity. Mol Microbiol 43:1243-1253. https://doi.
org/10.1046/j.1365-2958.2002.02818.x

Ivie SE, McClain MS, Torres VJ, Algood HMS, Lacy DB, Yang R, Blanke SR,
Cover TL. 2008. Helicobacter pylori VacA subdomain required for
intracellular toxin activity and assembly of functional oligomeric
complexes. Infect Immun 76:2843-2851. https://doi.org/10.1128/IAl.
01664-07

Czajkowsky DM, lwamoto H, Cover TL, Shao Z. 1999. The vacuolating
toxin from Helicobacter pylori forms hexameric pores in lipid bilayers at
low pH. Proc Natl Acad Sci U S A 96:2001-2006. https://doi.org/10.1073/
pnas.96.5.2001

Tombola F, Carlesso C, Szabo |, de Bernard M, Reyrat JM, Telford JL,
Rappuoli R, Montecucco C, Papini E, Zoratti M. 1999. Helicobacter pylori
vacuolating toxin forms anion-selective channels in planar lipid bilayers:
possible implications for the mechanism of cellular vacuolation. Biophys
J76:1401-1409. https://doi.org/10.1016/S0006-3495(99)77301-7
Genisset C, Galeotti CL, Lupetti P, Mercati D, Skibinski DAG, Barone S,
Battistutta R, de Bernard M, Telford JL. 2006. A Helicobacter pylori
vacuolating toxin mutant that fails to oligomerize has a dominant
negative phenotype. Infect Immun 74:1786-1794. https://doi.org/10.
1128/1A1.74.3.1786-1794.2006

lijima T, Mishima T, Tohyama M, Akagawa K, lwao Y. 2003. Mitochondrial
membrane potential and intracellular ATP content after transient
experimental ischemia in the cultured hippocampal neuron. Neurochem
Int 43:263-269. https://doi.org/10.1016/s0197-0186(02)00228-0

Jain P, Luo Z-Q, Blanke SR. 2011. Helicobacter pylori vacuolating
cytotoxin A (VacA) engages the mitochondrial fission machinery to
induce host cell death. Proc Natl Acad Sci U S A 108:16032-16037. https:
//doi.org/10.1073/pnas.1105175108

Calore F, Genisset C, Casellato A, Rossato M, Codolo G, Esposti MD,
Scorrano L, de Bernard M. 2010. Endosome-mitochondria juxtaposition
during apoptosis induced by H. pylori VacA. Cell Death Differ 17:1707-
1716. https://doi.org/10.1038/cdd.2010.42

Fonseca TB, Sénchez-Guerrero A, Milosevic I, Raimundo N. 2019.
Mitochondrial fission requires DRP1 but not dynamins. Nature 570:E34—
E42. https://doi.org/10.1038/541586-019-1296-y

Loson OC, Song Z, Chen H, Chan DC. 2013. Fis1, Mff, MiD49, and MiD51
mediate Drp1 recruitment in mitochondrial fission. Mol Biol Cell 24:659-
667. https://doi.org/10.1091/mbc.E12-10-0721

Otera H, Wang C, Cleland MM, Setoguchi K, Yokota S, Youle RJ, Mihara K.
2010. Mff is an essential factor for mitochondrial recruitment of Drp1

10.1128/mbio0.02117-23 21


https://doi.org/10.1128/IAI.00827-13
https://doi.org/10.1128/IAI.01370-10
https://doi.org/10.1038/s41598-020-65787-3
https://doi.org/10.1128/IAI.00783-18
https://doi.org/10.1101/2023.05.19.540400:2023.05.19.540400
https://doi.org/10.1016/j.tim.2021.09.010
https://doi.org/10.3390/life11030232
https://doi.org/10.1074/jbc.M806981200
https://doi.org/10.1242/dmm.025361
https://doi.org/10.1128/IAI.00032-20
https://doi.org/10.1038/s41419-017-0011-x
https://doi.org/10.1080/15548627.2020.1823123
https://doi.org/10.1186/s12964-018-0293-3
https://doi.org/10.1038/s42255-021-00362-2
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1016/j.tcb.2015.10.013
https://doi.org/10.1038/nrm3311
https://doi.org/10.1083/jcb.138.4.759
https://doi.org/10.1016/s0014-5793(99)00474-3
https://doi.org/10.1073/pnas.1821959116
https://doi.org/10.1016/j.jmb.2019.03.029
https://doi.org/10.1016/j.jmb.2012.11.020
https://doi.org/10.1128/IAI.68.7.4354-4357.2000
https://doi.org/10.1038/35073084
https://doi.org/10.1016/j.jsb.2005.07.001
https://doi.org/10.1046/j.1365-2958.2002.02818.x
https://doi.org/10.1128/IAI.01664-07
https://doi.org/10.1073/pnas.96.5.2001
https://doi.org/10.1016/S0006-3495(99)77301-7
https://doi.org/10.1128/IAI.74.3.1786-1794.2006
https://doi.org/10.1016/s0197-0186(02)00228-0
https://doi.org/10.1073/pnas.1105175108
https://doi.org/10.1038/cdd.2010.42
https://doi.org/10.1038/s41586-019-1296-y
https://doi.org/10.1091/mbc.E12-10-0721
https://doi.org/10.1128/mbio.02117-23

Research Article

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

September/October 2023 Volume 14

during mitochondrial fission in mammalian cells. J Cell Biol 191:1141-
1158. https://doi.org/10.1083/jcb.201007152

Kroemer G, Reed JC. 2000. Mitochondrial control of cell death. Nat Med
6:513-519. https://doi.org/10.1038/74994

Kroemer G, Galluzzi L, Brenner C. 2007. Mitochondrial membrane
permeabilization in cell death. Physiol Rev 87:99-163. https://doi.org/10.
1152/physrev.00013.2006

Hardie DG. 2014. AMPK—sensing energy while talking to other signaling
pathways. Cell Metab 20:939-952. https://doi.org/10.1016/j.cmet.2014.
09.013

Rajamohan F, Reyes AR, Frisbie RK, Hoth LR, Sahasrabudhe P, Magyar R,
Landro JA, Withka JM, Caspers NL, Calabrese MF, Ward J, Kurumbail RG.
2016. Probing the enzyme kinetics, allosteric modulation and activation
of A1-and A2-subunit-containing AMP-activated protein kinase (AMPK)
heterotrimeric complexes by pharmacological and physiological
activators. Biochem J 473:581-592. https://doi.org/10.1042/BJ20151051
Birk JB, Wojtaszewski JFP. 2006. Predominant a2/B2/y3 AMPK activation
during exercise in human skeletal muscle. J Physiol 577:1021-1032.
https://doi.org/10.1113/jphysiol.2006.120972

Jensen TE, Ross FA, Kleinert M, Sylow L, Knudsen JR, Gowans GJ, Hardie
DG, Richter EA. 2015. PT-1 selectively activates AMPK-y 1 complexes in
mouse skeletal muscle, but activates all three y subunit complexes in
cultured human cells by inhibiting the respiratory chain. Biochem J
467:461-472. https://doi.org/10.1042/BJ20141142

Cordero MD, Viollet B. 2016. AMP-activated protein kinase, p 287-323. In
AMPK in pathogens. Springer International Publishing, Cham. https://
doi.org/10.1007/978-3-319-43589-3

Francione L, Smith PK, Accari SL, Taylor PE, Bokko PB, Bozzaro S, Beech
PL, Fisher PR. 2009. Legionella pneumophila multiplication is enhanced
by chronic AMPK signalling in mitochondrially diseased dictyostelium
cells. Dis Model Mech 2:479-489. https://doi.org/10.1242/dmm.003319
Kajiwara C, Kusaka Y, Kimura S, Yamaguchi T, Nanjo Y, Ishii Y, Udono H,
Standiford TJ, Tateda K. 2018. Metformin mediates protection against
Legionella pneumonia through activation of AMPK and mitochondrial
reactive oxygen species. J Immunol 200:623-631. https://doi.org/10.
4049/jimmunol.1700474

Schubert-Unkmeir A, Sokolova O, Panzner U, Eigenthaler M, Frosch M.
2007. Gene expression pattern in human brain endothelial cells in
response to Neisseria meningitidis. Infect Immun 75:899-914. https://doi.
org/10.1128/1A1.01508-06

Yang C-S, Kim J-J, Lee H-M, Jin HS, Lee S-H, Park J-H, Kim SJ, Kim J-M, Han
Y-M, Lee M-S, Kweon GR, Shong M, Jo E-K. 2014. The AMPK-PPARGC1A
pathway is required for antimicrobial host defense through activation of
autophagy. Autophagy 10:785-802. https://doi.org/10.4161/auto.28072
Kloft N, Neukirch C, Bobkiewicz W, Veerachato G, Busch T, von Hoven G,
Boller K, Husmann M. 2010. Pro-autophagic signal induction by bacterial
pore-forming toxins. Med Microbiol Immunol 199:299-309. https://doi.
0rg/10.1007/500430-010-0163-0

Toyama EQ, Herzig S, Courchet J, Lewis TL, Loson OC, Hellberg K, Young
NP, Chen H, Polleux F, Chan DC, Shaw RJ. 2016. AMP-activated protein
kinase mediates mitochondrial fission in response to energy stress.
Science 351:275-281. https://doi.org/10.1126/science.aab4138

Rudel T, Kepp O, Kozjak-Pavlovic V. 2010. Interactions between bacterial
pathogens and mitochondrial cell death pathways. Nat Rev Microbiol
8:693-705. https://doi.org/10.1038/nrmicro2421

Serasinghe MN, Chipuk JE. 2016. Mitochondrial fission in human
diseases. Handb Exp Pharmacol 240:159-188. https://doi.org/10.1007/
978-3-319-57313-7

Youle RJ, van der Bliek AM. 2012. Mitochondrial fission, fusion, and
stress. Science 337:1062-1065. https://doi.org/10.1126/science.1219855

Issue 5

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

mBio

Twig G, Elorza A, Molina AJA, Mohamed H, Wikstrom JD, Walzer G, Stiles
L, Haigh SE, Katz S, Las G, Alroy J, Wu M, Py BF, Yuan J, Deeney JT, Corkey
BE, Shirihai OS. 2008. Fission and selective fusion govern mitochondrial
segregation and elimination by autophagy. EMBO J 27:433-446. https://
doi.org/10.1038/sj.embo0j.7601963

Meyer JN, Leuthner TC, Luz AL. 2017. Mitochondrial fusion, fission, and
mitochondrial toxicity. Toxicology 391:42-53. https://doi.org/10.1016/j.
tox.2017.07.019

Narendra D, Tanaka A, Suen D-F, Youle RJ. 2008. Parkin is recruited
selectively to impaired mitochondria and promotes their autophagy. J
Cell Biol 183:795-803. https://doi.org/10.1083/jcb.200809125

Villa E, Marchetti S, Ricci J-E. 2018. No parkin zone: mitophagy without
parkin. Trends Cell Biol 28:882-895. https://doi.org/10.1016/j.tcb.2018.
07.004

Montava-Garriga L, Ganley 1G. 2020. Outstanding questions in
mitophagy: what we do and do not know. J Mol Biol 432:206-230. https:
//doi.org/10.1016/jjmb.2019.06.032

Soubannier V, Rippstein P, Kaufman BA, Shoubridge EA, McBride HM,
Shirihai OS. 2012. Reconstitution of mitochondria derived vesicle
formation demonstrates selective enrichment of oxidized cargo. PLoS
ONE 7:252830. https://doi.org/10.1371/journal.pone.0052830

Shutt TE, McBride HM. 2013. Staying cool in difficult times: mitochon-
drial dynamics, quality control and the stress response. Biochim Biophys
Acta 1833:417-424. https://doi.org/10.1016/j.bbamcr.2012.05.024
Sugiura A, McLelland G-L, Fon EA, McBride HM. 2014. A new pathway for
mitochondrial quality control: mitochondrial-derived vesicles. EMBO J
33:2142-2156. https://doi.org/10.15252/embj.201488104

Wong YC, Ysselstein D, Krainc D. 2018. Mitochondria-lysosome contacts
regulate mitochondrial fission via RAB7 GTP hydrolysis. Nature 554:382—
386. https://doi.org/10.1038/nature25486

Willett R, Martina JA, Zewe JP, Wills R, Hammond GRV, Puertollano R.
2017. TFEB regulates lysosomal positioning by modulating TMEM55B
expression and JIP4 recruitment to lysosomes. Nat Commun 8:1580.
https://doi.org/10.1038/s41467-017-01871-z

Peng W, Wong YC, Krainc D. 2020. Mitochondria-lysosome contacts
regulate mitochondrial ca2+ dynamics via lysosomal TRPML1. Proc Natl
Acad Sci U S A 117:19266-19275. https://doi.org/10.1073/pnas.
2003236117

Paillusson S, Stoica R, Gomez-Suaga P, Lau DHW, Mueller S, Miller T,
Miller CCJ. 2016. There's something wrong with my MAM; the ER-
mitochondria axis and neurodegenerative diseases. Trends Neurosci
39:146-157. https://doi.org/10.1016/j.tins.2016.01.008

Melo JA, Ruvkun G. 2012. Inactivation of conserved C. elegans genes
engages pathogen- and xenobiotic-associated defenses. Cell 149:452—
466. https://doi.org/10.1016/j.cell.2012.02.050

Jones JDG, Dangl JL. 2006. The plant immune system. Nature 444:323-
329. https://doi.org/10.1038/nature05286

Vinion-Dubiel AD, McClain MS, Czajkowsky DM, lIwamoto H, Ye D, Cao P,
Schraw W, Szabo G, Blanke SR, Shao Z, Cover TL. 1999. A dominant
negative mutant of Helicobacter pylori vacuolating toxin (VacA) inhibits
VacA-induced cell vacuolation. J Biol Chem 274:37736-37742. https://
doi.org/10.1074/jbc.274.53.37736

McClain MS, Cao P, Iwamoto H, Vinion-Dubiel AD, Szabo G, Shao Z,
Cover TL. 2001. A 12-amino-acid segment, present in type s2 but not
type s1 Helicobacter pylori VacA proteins, abolishes cytotoxin activity
and alters membrane channel formation. J Bacteriol 183:6499-6508.
https://doi.org/10.1128/JB.183.22.6499-6508.2001

10.1128/mbi0.02117-23 22


https://doi.org/10.1083/jcb.201007152
https://doi.org/10.1038/74994
https://doi.org/10.1152/physrev.00013.2006
https://doi.org/10.1016/j.cmet.2014.09.013
https://doi.org/10.1042/BJ20151051
https://doi.org/10.1113/jphysiol.2006.120972
https://doi.org/10.1042/BJ20141142
https://doi.org/10.1007/978-3-319-43589-3
https://doi.org/10.1242/dmm.003319
https://doi.org/10.4049/jimmunol.1700474
https://doi.org/10.1128/IAI.01508-06
https://doi.org/10.4161/auto.28072
https://doi.org/10.1007/s00430-010-0163-0
https://doi.org/10.1126/science.aab4138
https://doi.org/10.1038/nrmicro2421
https://doi.org/10.1007/978-3-319-57313-7
https://doi.org/10.1126/science.1219855
https://doi.org/10.1038/sj.emboj.7601963
https://doi.org/10.1016/j.tox.2017.07.019
https://doi.org/10.1083/jcb.200809125
https://doi.org/10.1016/j.tcb.2018.07.004
https://doi.org/10.1016/j.jmb.2019.06.032
https://doi.org/10.1371/journal.pone.0052830
https://doi.org/10.1016/j.bbamcr.2012.05.024
https://doi.org/10.15252/embj.201488104
https://doi.org/10.1038/nature25486
https://doi.org/10.1038/s41467-017-01871-z
https://doi.org/10.1073/pnas.2003236117
https://doi.org/10.1016/j.tins.2016.01.008
https://doi.org/10.1016/j.cell.2012.02.050
https://doi.org/10.1038/nature05286
https://doi.org/10.1074/jbc.274.53.37736
https://doi.org/10.1128/JB.183.22.6499-6508.2001
https://doi.org/10.1128/mbio.02117-23

	Host cell sensing and restoration of mitochondrial function and metabolism within Helicobacter pylori VacA intoxicated cells
	RESULTS
	Restoration of mitochondrial function within VacA intoxicated cells
	Mitophagy is not associated with VacA-dependent mitochondrial dysfunction
	Exposure to VacA activates AMPK, a central sensor of cellular energy status
	VacA-dependent AMPK activation precedes restoration of mitochondrial function
	AMPK activation is important for restoration of mitochondrial function in VacA-intoxicated cells
	Reduction of mitochondrial-associated VacA is associated with restoration of mitochondrial function
	AMPK activation is important for limiting VacA accumulation at mitochondria
	AMPK activation is associated with mitochondrial fragmentation in VacA-intoxicated cells
	Mitochondrial fission promotes restoration of mitochondrial function in VacA-intoxicated cells
	Mitochondrial fission is important for limiting VacA accumulation at mitochondria
	Cellular energy sensing and mitochondrial fragmentation are important for the time-dependent decrease in total cellular VacA levels
	Fission-dependent reduction of mitochondrial-associated VacA promotes viability of intoxicated cells

	DISCUSSION
	MATERIALS AND METHODS
	Mammalian cell lines
	H. pylori infection studies
	VacA purification
	Acid activation of VacA
	Immunoblot analyses
	Antibodies and small molecule inhibitors
	Limited VacA exposure (pulse)
	Measurement of mitochondrial transmembrane potential
	Measurement of intracellular ATP levels
	Analysis of AMPK activities
	Immunofluorescence microscopy
	Generation of knockdown via shRNA
	Quantification of mitochondrial-associated VacA levels
	Mitochondrial structural analysis
	Assessing cellular VacA levels
	Cell death assay
	Statistical analysis



