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Vibrio cholerae strain VB1 secretes a number of enzymes into the outside medium that utilize ATP as a
substrate. Such enzymes are found in the outside medium during the mid-log phase of growth, when the optical
density at 650 nm is about 0.4, and they demonstrate nucleoside diphosphate kinase (Ndk), 5’ nucleotidase,
and adenylate kinase (Ak) activities. We report that the filtered growth medium of V. cholerae, as well as the
flowthrough fraction of a green Sepharose column during fractionation of the growth medium, had very little
cytotoxicity by itself towards macrophages and mast cells but exhibited significant cytotoxicity in the presence
of exogenous ATP. Such fractions, harboring 5’ nucleotidase, Ndk, and presumably other ATP-utilizing
enzymes, demonstrated enhanced macrophage and mast cell death; periodate-oxidized-ATP (0ATP)-treated
macrophage and mast cells or such cells exposed to 0.1 mM Mg>*, where surface-associated P2Z receptors
could not be activated, were not susceptible to subsequent ATP addition. Microscopic visualization of mast
cells clearly demonstrated cell morphological changes such as swelling, vacuolization, and nuclear fragmen-
tation following treatment with ATP and the growth medium of V. cholerae; however, these effects were
suppressed if the mast cells were pretreated with oATP. These results strongly imply that the secreted
ATP-utilizing enzymes of V. cholerae modulate the external ATP levels of the macrophage and mast cells,
leading to their accelerated death, presumably through activation of P2Z receptors. Thus, development of
inhibitors for such enzymes may reduce the level of V. cholerae infection; alternatively, mutations in such genes

may eliminate V. cholerae survival in the gut and contribute to a safer live vaccine.

Macrophages and thymocytes express various purinergic nu-
cleotide receptors that, in the presence of ATP and other
nucleotides, regulate immune development and microbial in-
fections (3, 10). A major group of receptors, called the P2Z or
P2X, receptors, have been implicated in the killing of invading
pathogens by modulating production of oxygen radicals and
reactive nitrogen intermediates (17, 25); in the presence of
millimolar concentrations of external ATP effluxed from the
macrophages or other mammalian cells (1, 7, 9, 25), the sur-
face-associated P2Z receptors of macrophages and other
phagocytic or inflammatory cells are activated, thereby altering
the permeability of the plasma membrane. Such membrane
perturbation leads to formation of pores on the surface
through which hydrophilic molecules with masses of up to 900
Da can leak out, causing phagocytic cell death (3, 6, 7). Thus,
external adenine nucleotides, particularly ATP, are involved in
the death of the phagocytic cells. Since macrophage cell death
leads to the death of the engulfed pathogen (17, 25), activation
of the purinergic receptors is an accepted part of the phago-
cytic process.

Vibrio cholerae, the causative organism of the intestinal dis-
ease cholera, manifests its virulence through production of a
number of cytotoxic agents, the best known of which is the
cholera toxin (4, 13). This organism, particularly serovars O1
and 0139, is a mucosal pathogen, known for its ability to
adhere to the intestinal epithelial cells through production of
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toxin-coregulated pili that help in the colonization process.
Subsequently the cells secrete cholera toxin and other ancil-
liary toxins that produce severe diarrheal symptoms by inter-
fering with the G, -regulated chloride channels (4, 13). The
genes encoding cholera toxin (ctx4B) and other ancilliary tox-
ins (ace and zot) are clustered together and represent the
genome of lysogenic filamentous bacteriophage CTX¢ (2, 5,
27), while the toxin-coregulated pilus accessory colonization
factor genes, along with several other genes, comprise a patho-
genicity island which is present in epidemic and pandemic
strains of V. cholerae (14, 16). The characterization of a num-
ber of toxin genes has led to various attempts to develop
vaccine strains free of such toxin production (4, 13, 15, 26). In
spite of a great deal of effort, no ideal vaccine strain is currently
available that does not produce weak diarrhea and other symp-
toms (8).

While many studies have been directed towards an improved
understanding of how V. cholerae colonizes the intestinal epi-
thelial cells, very little is known about how V. cholerae evades
the host defense to survive in the gut. Since purinergic recep-
tors such as P2Z receptors are involved in macrophage cell
death, an intriguing possibility for how a pathogen evades host
cell defense is that it might enhance the activation of P2Z-type
receptors and thereby enhance phagocytic cell death through
modulation of external adenine nucleotide levels. In this arti-
cle, we show that V. cholerae VBI secretes various ATP-trans-
forming enzymes into the outside medium that enhance the
ATP-induced activation of the macrophage and mast cell sur-
face-associated P2Z receptors, thereby enhancing cell death.
This mode of induction of phagocytic cell death is analogous to
that reported for Pseudomonas aeruginosa (30) and Burkhold-
eria cepacia (20).
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MATERIALS AND METHODS

Bacterial strains and reagents. V. cholerae strain VB1, harboring a deletion in
the ctxAB operon but otherwise capable of secreting a number of other enzymes,
such as protease, chitinase, etc. (23, 24), was the subject of our study. V. cholerae
VBI was inoculated in Luria broth (LB) medium containing thymine, 100 ng/ml,
and was grown at 37°C in a shaker. For determination of ATP-utilizing activities,
aliquots were withdrawn at each hour of growth from 0 to 8 or 10 h and
centrifuged, supernatants were filtered through 0.22-pm-pore-size filters, and the
filtrates were assayed for ATP-utilizing activities.

Enzymatic assay. The aliquots were analyzed for 5’ nucleotidase or ATPase
activity as follows. In a 10-pl assay volume, 5 pl of the filtered supernatant
fraction was incubated with 0.15 pl [y-*P]JATP, 10 mCi/ml, in TM (50 mM
Tris-HCl, pH 7.5-10 mM MgCl,) buffer for 5 min. [**P]phosphate-labeled prod-
ucts were visualized after the products of the reaction were separated on a
polyethyleneimine—thin-layer chromatography (PEI-TLC) plate in 0.75 M
KH,PO, and then autoradiographed (29). To assay for nucleoside diphosphate
kinase (Ndk) activity, 5 pl of the sample was incubated with 0.15 ul of [y->?P]
ATP, 10 mCi/ml, and 100 uM (each) nucleoside diphosphates (NDPs) such as
GDP, CDP, and UDP for 5 min. Terminal [*?P]phosphate was transferred by
Ndk to NDPs to produce the corresponding radioactive nucleoside triphosphates
(NTPs) (GTP, CTP, and UTP), which were separated on a PEI-TLC plate in 0.75
M KH,PO,. To assay for adenylate kinase (Ak) activity, 5 wl of the sample was
incubated with 0.15 pl of [y-3P]JATP and 100 uM AMP for 5 min. [*>P]ADP was
formed in a reversible reaction ([y->*P]JATP + AMP = ADP + [*°P]ADP) and
visualized by autoradiography.

Enzyme fractionation. V. cholerae (4 liters) was grown for 4 to 6 h up to an
optical density at 650 nm (ODjs() of around 0.7 to 1.0. The cells were removed
by centrifugation, and the supernatant was concentrated and changed for TM
buffer with an Amicon YM10 membrane by ultrafiltration. The concentrated
supernatant in TM buffer was loaded onto a variety of columns such as hydroxy-
apatite Bio-Gel HT Gel (Bio-Rad), ATP-agarose, Mono Q, and Q-Sepharose, as
used earlier by us to separate secreted enzymes of P. aeruginosa (30). The various
ATP-utilizing enzymes, as well as the cytotoxic activities, did not bind to any of
these columns and were always found in the flowthrough fraction. Only with the
green Sepharose column were we able to separate the Ak activity, which re-
mained bound to the column. Two fractions were collected from the green
Sepharose column, including an eluant, when the protein was eluted by a linear
gradient of 0 to 3 M KCl in TM buffer, and active fractions that were collected
at 3 M KClI and contained primarily Ak activity. The flowthrough fraction having
the orthophosphate P;-releasing activity from [y->’P]ATP as well as [a-*>P]GTP
or [a-*?P]CTP (5" nucleotidase or phosphatase) was also obtained.

HPLC assay for ATP-related activities. The high-performance liquid chroma-
tography (HPLC) assay was performed using a strong anion-exchange Protein-
Pak TMQ-8HR column (Waters) in gradient A:B (7 mM KH,PO,, pH 3.8-0.5 M
KH,PO,, pH 4.5) with a linear gradient from 0% B to 100% B for 60 min and
a flow rate of 0.5 ml/min. AMP, ADP, and ATP were eluted at retention times
of 12, 35, and 55 min, respectively. Various column fractions were incubated with
ATP, ADP, or AMP at final concentrations of 5 mM for 2 h at room tempera-
ture, and 20 pl of each reaction mixture was used for separation of the products
by HPLC.

Animal and cell populations. BALB/c mice were obtained from Jackson Lab-
oratory (Bar Harbor, Maine) and maintained in the Biological Laboratory of the
University of Illinois at Chicago. Mice were sex matched and used at 6 to 10
weeks of age.

Mast cells were purified from peritoneal exudate as described by Ishizawa et
al. (11). Briefly, a 1-ml volume of the peritoneal cell suspension was layered on
top of 2 ml of 35% Ficoll (Sigma Chemical Co., St. Louis, Mo.) in Tris-EDTA
buffer, pH 7.6, containing 0.025 M Tris, 0.12 M NaCl, 0.005 M KClI, 0.01 M
EDTA, and 0.3 g of human serum albumin per liter. The tubes were centrifuged
at 500 X g for 30 min at room temperature. Mast cells were recovered from the
Ficoll layer, washed, and resuspended in RPMI 1640 containing L-glutamine,
buffered with 10 mM HEPES, and supplemented with 10% fetal bovine serum
(FBS)-penicillin (100 U/ml)-streptomycin (100 pg/ml).

Mast cells from six to eight mice were pooled, and a direct count of the cell
suspension with toluidine blue showed that 85 to 95% of the total cells were mast
cells.

Macrophage cultures and cytotoxicity assays. Macrophages were obtained by
culturing J774 cells suspended at 0.5 X 10° cells/ml in RPMI 1640 medium
containing L-glutamine buffered with 10 mM HEPES and supplemented with
10% FBS. Such macrophages were plated in 96-well plates (Becton Dickinson
Labware, Lincoln Park, N.J.) at a final concentration of 10° cells/well in 200 pl
of complete RPMI 1640 medium supplemented with 10% FBS and allowed to
adhere to wells for 2 h at 37°C and 5% CO, before gentle rinsing to remove
nonadherent cells. Macrophages were then activated with 50 ng of lipopolysac-
charide (LPS) per ml (Sigma) for 24 h as previously described (30). LPS-primed
cells were washed and incubated for 2 h in the presence of 1 mM ATP (Sigma)
with or without concentrated supernatant samples from V. cholerae strain VB1 or
the eluant and flowthrough fractions from the green Sepharose column. For mast
cells, a similar procedure was followed. At the end of each incubation, 50 pl of
the supernatants was transferred to 96-well plates and lactate dehydrogenase
(LDH) activity was determined using a CytoTox 96 assay kit (Promega, Madison,
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Wis.). Triplicate samples were tested for each data point. Prior to challenge with
macrophages, the reaction of various fractions with nucleotides was allowed to
proceed for 2 to 4 h. In experiments with the P2Z antagonist periodate-oxidized
ATP (0ATP; Sigma), macrophages were pretreated with 1 mM oATP for 2 h
prior to cytotoxicity assay with ATP and the various supernatant or column
chromatography fractions.

Microscopy. LPS-stimulated macrophages or mast cells (10° cells/ml) were
cultured in a chambered coverglass system (Nunc, Naperville, Ill.) with a volume
of 1 ml/well. After 2 h with various treatments, cells were washed with warm
medium and incubated at 37°C in 5% CO,. Phase-contrast pictures were taken
with an inverted microscope (Nikon Diaphot 200) equipped with a 40X objec-
tive.

RESULTS

Elaboration of ATP-transforming enzymes by V. cholerae
strain VB1. We have recently reported that an intracellular
pathogen such as Mycobacterium bovis secretes Ndk and
ATPase, which sequester and remove ATP from macrophage
surface-associated P2Z (P2X,) receptors, thereby preventing
macrophage cell death (29). Prevention of macrophage cell
death is important for virulent mycobacteria such as M. bovis,
since the pathogenic bacteria grow within the macrophages
and if the infected macrophage dies, the engulfed bacteria die
with it (17, 25). In contrast, a mucosal respiratory tract patho-
gen, the mucoid cystic fibrosis isolate P. aeruginosa, was shown
to secrete a number of ATP-utilizing enzymes that contributed
to enhanced killing of macrophages (30). We therefore became
interested in knowing if a well-known intestinal mucosal patho-
gen such as V. cholerae, capable of colonizing the gut, would
demonstrate the secretion of ATP-utilizing enzymes to the
outside medium. A ctxAB deletion mutant of V. cholerae strain
VBL1 was grown in LB containing 100 p.g of thymine per ml at
37°C; samples were taken at various times and filtered through
0.22-pm-pore size filters, and the filtrates were tested for
the presence of ATP-transforming enzymes by incubating
the samples with [y-**P]ATP in either the absence or pres-
ence of 0.1 mM AMP. Addition of exogenous AMP allows
detection of Ak, which transfers the terminal [**P]phos-
phate from [y->*P]ATP to AMP, leading to the formation of
[>*P]JADP (30). The results in Fig. 1 demonstrate that in the
absence of exogenous AMP, the supernatants allowed the for-
mation of small amounts of ADP (lane 4) and the release of
increasing amounts of P;. In the presence of external 0.1 mM
AMP, clear bands of ADP were detected even when the su-
pernatants from 3-h-grown cultures (mid-log phase) were in-
cubated with [y-**P]ATP (lanes 7, 8, and 9). The release of **P;
was more pronounced as the cells entered late log to early
stationary phase (lanes 4, 5, 8, and 9).

The detection of the release of *?P; from [y->?P]ATP by
supernatant fractions from mid-log- to early-stationary-phase
cultures raised the question of whether this release was due to
an ATPase activity, as has been shown for M. bovis (29), or to
a 5' nucleotidase activity as demonstrated for P. aeruginosa
(30). In the latter case, we demonstrated that the 5'-nucleoti-
dase activity allows release of *?P; even from «-*?P-labeled
NTPs such as GTP or CTP. We additionally demonstrated
that the P. aeruginosa supernatant allowed the formation of
[**P]ADP from [y->*P]ATP alone by a combined action of 5’
nucleotidase (or phosphatase) and Ak, such that 5’ nucleoti-
dase generated nonradioactive ADP, AMP, and adenosine
from [y-**P]ATP, and the resultant AMP was phosphorylated
to [>*P]ADP by terminal phosphotransfer from [y-**P]JATP in
presence of Ak (30). Indeed, the formation of [>**P]JADP (lane
4) and its subsequent conversion to **P; (lane 5) strongly sug-
gested that a 5'-nucleotidase activity becomes prominent later
during the growth phase (6 h). We therefore tested the ability
of V. cholerae supernatant to release *P; from [a->?P]GTP.
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FIG. 1. Secretion of various ATP-transforming enzymes by V. cholerae strain
VBI during growth in LB. At various times during the growth phase (0, 3, 6, and
10 h, corresponding to ODgs0s of 0.005, 0.3, 0.9, and 1.2), aliquots were centri-
fuged and filtered through 0.22-um-pore-size filters, and the cell-free superna-
tants were incubated with [y-*?P]JATP in the absence or presence of 0.1 mM
AMP for 5 min. The formation of various radioactive products was followed by
separation on PEI-TLC plates followed by autoradiography as previously de-
scribed (29, 30). Lane 1, [y->*P]ATP control; lanes 2, 3, 4, and 5, [y->>P]ATP
incubated with supernatants of cells grown for 0, 3, 6, and 10 h in the absence of
AMP; lanes 6, 7, 8, and 9, the same as lanes 2, 3, 4, and 5 but included AMP; lane
10, purified Ak incubated with [y->>P]ATP plus 0.1 mM AMP.

The supernatant from 6-h-grown V. cholerae VB1 was capable
of producing [**P]GDP from [a-**P]GTP with very little re-
lease of *2P; (Fig. 2B, lane 4). The supernatant from a 10-h
(early-stationary-phase) culture, however, demonstrated
considerable release of *?P; from [a->*P]GTP without accu-
mulation of [**P]JGDP (Fig. 2B, lane 5), demonstrating the
presence of this enzyme in small amounts in the 6-h culture
supernatant but in higher amounts in the supernatant of the
10-h culture. Similar accumulation of [**P]JADP by 6-h culture,
but more pronounced release of **P; from [y->*P]JATP by the
10-h culture of V. cholerae VBI1, can be seen in Fig. 2A.
Fractionation of the supernatant from the late-log-phase-
grown culture of V. cholerae. The presence of 5’ nucleotidase

LW opi » Pi
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FIG. 2. Secretion of 5" nucleotidase by V. cholerae VB1 during growth in LB.
Supernatant samples from various growth phases (0, 3, 6, and 10 h) were pre-
pared as described in the legend to Fig. 1 and incubated with [y->*P]ATP (A) or
[«-*?P]GTP (B). Lanes 1, [y->>P]JATP and [«-**P]GTP controls; lanes 2 to 5,
labeled nucleotide plus cell-free supernatants from cells grown for 0, 3, 6, and
10 h, respectively.
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FIG. 3. Presence of ATP-transforming enzymes in the flowthrough and
eluted fractions from a green Sepharose column. The loading and elution con-
ditions are described in Materials and Methods. Lanes: 1, [y-**P]ATP control; 2,
[y->*P]ATP plus 10-fold-concentrated supernatant; 3, [y->’P]JATP plus GSFT
fraction; 4, [y->*P]ATP plus 0.1 mM (each) NDPs (GDP, CDP, and UDP) plus
purified Ndk; 5, [y->*P]JATP plus NDPs plus supernatant; 6, [y->’P]ATP plus
NDPs plus GSFT; 7, [y-*?P]ATP plus 0.1 mM AMP plus purified Ak; 8, [y->>P]
ATP plus 0.1 mM AMP plus supernatant; 9, [y->*P]ATP plus 0.1 mM AMP plus
GSFT; 10, [y->*P]JATP plus 0.1 mM AMP plus green Sepharose column eluate;
11, [«->*P]CTP control; 12, [«->*P]CTP plus supernatant; 13, [a->*P]CTP plus
GSFT; 14, [a-*?P]CTP plus green Sepharose column eluate. Protein (20 pg)
from the eluted and flowthrough fractions was used in each assay.

and Ak in the supernatant of V. cholerae VBI raised the ques-
tion of the presence of additional ATP-utilizing enzymes in
such supernatants. In order to identify individual enzymatic
activities, we fractionated the growth medium (4 liters) of
strain VB1 by column chromatography. The growth medium
after 6 h of growth was centrifuged to remove cells and was
concentrated by ultrafiltration with a YM10 Amicon mem-
brane. The concentrated supernatant was loaded on hydroxy-
apatite, ATP-agarose, Mono Q, and Q-Sepharose columns,
but, in each case, the enzymatic activities (as well as cytotox-
icities, which will be described later) were found in the efflu-
ents, showing a lack of binding to these columns. Loading on a
green Sepharose column and elution with a linear gradient of
0 to 3 M KCl, however, demonstrated the separation of the Ak
activity from the other enzymatic activities.

The results in Fig. 3 demonstrate that the V. cholerae VB1
supernatant, before fractionation, allowed release of >?P; from
[y->*P]ATP (lane 2) and of both **P; and small amounts of
GTP, CTP, and UTP in the presence of [y->*P]JATP plus 0.1
mM concentrations of each NDP (GDP, CDP, and UDP),
demonstrating the presence of traces of Ndk as well as 5’
nucleotidase or ATPase (lane 5). In the presence of [y->?P]
ATP plus 0.1 mM AMP, the supernatant fraction demon-
strated the release of small amounts of *?P; and formation of a
major band of [**P]JADP, demonstrating the presence of 5’
nucleotidase (or ATPase) and Ak (Fig. 3, lane 8). In contrast,
the green Sepharose column flowthrough (GSFT) fraction
showed release of **P; from [y-**P]ATP (Fig. 3, lane 3), while
the 3.0 M KCI eluate had no such activity either with [y->*P]
ATP alone or in the presence of [y->*P]ATP plus NDPs (data
not shown). Thus, the 3.0 M KCl eluate fractions showed little
5’-nucleotidase or Ndk activity. When the GSFT fraction was
incubated with [y-**P]JATP + NDPs, release of **P; as well as
formation of small amounts of GTP-CTP-UTP was detected
(Fig. 3, lane 6), suggesting the presence of 5’ nucleotidase
(ATPase) and Ndk activities in this fraction. In contrast, incu-
bation of GSFT fraction in presence of [y-**P]JATP + AMP
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FIG. 4. Product characterization by HPLC during incubation of the supernatant fractions with ADP (A) or ATP plus AMP (B). For each experiment, 20 pg of

protein from the supernatant fraction was used. Ado, adenosine.

demonstrated the release of **P; and traces of GTP-CTP-UTP
but very little [**P]JADP (lane 9), suggesting that the Ak activ-
ity was removed from the GSFT fraction. Indeed, when frac-
tions 25 to 32 of the KCl eluate, corresponding to about 3.0 M
KCl, were incubated with [y-**P]ATP plus 0. mM AMP, a
major single band of [**P]JADP was observed (Fig. 3, lane 10),
suggesting that the Ak activity was retained within the green
Sepharose column and was subsequently eluted at 3.0 M KCI.

To confirm that the 3*P;-releasing activity was not solely due
to ATPase but a general 5'-nucleotidase action, we tested the
supernatant, the GSFT, and the 3.0 M KCI eluate from the
green Sepharose column in releasing *?P; from [a-*2P]CTP.
The commercial [a-**P]CTP was slightly contaminated with
2P, (Fig. 3, lane 11). Both the supernatant and the GSFT
fractions caused release of considerable amounts of **P; from
[a-*?P]CTP (Fig. 3, lanes 12 and 13). Very little >*P;, however,
was released when the 3.0 M KCl eluate from the green Sepha-
rose column was incubated with [a-**P]CTP (Fig. 3, lane 14),
again demonstrating that this fraction had high Ak activity but
very little 5'-nucleotidase activity.

HPLC for the detection of 5’ nucleotidase and adenylate
kinase. To characterize further the nature of the 5’ nucleoti-
dase and Ak, we incubated the supernatant samples with ADP
alone (Fig. 4A) and with ATP plus AMP (Fig. 4B). The nature
of the products formed was then analyzed by HPLC. 5" Nu-
cleotidase (or phosphatase) dephosphorylates the 5'-terminal
phosphates from nucleoside phosphates such as AMP, ADP,

or ATP, while Ak catalyzes the reversible reaction AMP +
ATP = 2 ADP. All nucleosides (such as adenosine) or nucle-
oside phosphates (such as AMP, ADP, or ATP) formed a
single peak with appropriate retention times (data not shown).
When, however, ADP was incubated with the supernatant,
both AMP and ATP peaks were clearly visible as well as a peak
of adenosine (Fig. 4A). While AMP and adenosine could result
from the action of 5’ nucleotidase on ADP, the formation of a
large peak of ATP indicated the presence of Ak in the super-
natant. Similarly, the formation of a high level of ADP from
ATP plus AMP demonstrated the presence of Ak (Fig. 4B).
Incubation of the supernatant with ATP alone demonstrated
the presence of a much smaller peak for ADP (data not
shown), suggesting that the substantial peak for ADP seen in
Fig. 4B is due to the presence of Ak. A substantial peak for
adenosine is seen in both Fig. 4A and B.

Do ATP-transforming enzymes modulate virulence of
V. cholerae? An important question regarding the secretion of
ATP-transforming enzymes by strain VBL1 is that of their po-
tential role in subverting host defense. Phagocytic cells such as
macrophages and mast cells play a major role in defending the
host epithelial cells from outside attack by various pathogens.
It has recently been demonstrated that different mammalian
cells, including macrophages, extrude ATP to the outside (1,
9). Macrophages efflux ATP on stimulation by bacterial LPSs
or intact bacteria (6, 7). This external ATP then activates a
number of receptors called purinergic receptors that, when
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FIG. 5. (A) Cytotoxicity towards macrophages exhibited by external ATP or
the supernatant fraction of V. cholerae VB1 grown in LB at 37°C for various
times. Macrophages were prepared, plated, and stimulated with LPS as described
in Materials and Methods. For oATP treatment, macrophages were treated with
1.0 mM oATP for 2 h before being subjected to toxicity tests with supernatant
samples in the presence or absence of exogenous ATP (1 mM). The measure-
ment of LDH release is described in Materials and Methods as well as previously
reported (29, 30). About 1.0 ng of protein was used in each experiment. (B)
Macrophage cytotoxicity demonstrated by the supernatant or the GSFT fractions
of V. cholerae VBI cultures. The protocol of the experiments is very similar to that
used for panel A. The supernatant (Sup.) from a 10-h-grown culture of VB1 was
used for these experiments. About 1.0 pg of protein was used in each experiment.

activated by ATP or other nucleoside phosphates derived from
it, allow various cellular functions to be performed. For exam-
ple, it has been demonstrated that macrophages have surface-
associated P2 purinergic receptors such as P2Y and P2Z. P2Z
receptors, when activated by millimolar concentrations of ex-
ternal ATP, can trigger macrophage cell death by pore forma-
tion in the membrane through which intracellular metabolites
with masses of up to 900 Da can leak out (3, 17). Thus, in-
creasing concentrations of external ATP promote macrophage
cell death. This can be seen from the results in Fig. 5A, where
treatment of macrophages with 1 mM ATP leads to about 20%
macrophage death in 2 h. Increasing concentrations of ATP or
increasing periods of incubation led to higher rates of macro-
phage cell death. In order to assess the cytotoxic effect of V.
cholerae supernatant, we kept the macrophage cell death at
about 20% by adjusting the ATP concentration to 1 mM and
the period of incubation to 2 h.

Incubation of the macrophages with the supernatant frac-
tions obtained at various stages of growth exhibited low levels
of cytotoxicity. However, with increasing growth, as the ATP-
utilizing enzymes were secreted into the medium, increasing
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macrophage cytotoxicities were observed in the presence of
1 mM ATP (Fig. 5A). Interestingly, such cytotoxicities were
greatly reduced if the macrophages were pretreated with
0ATP, suggesting that the enhancement of macrophage cell
death is mediated via activation of the macrophage surface-
associated P2Z receptors, since activation of the P2Z receptors
is known to be blocked on pretreatment of the macrophages
with oATP (21). Heating of the supernatant fractions in a
boiling-water bath for 5 min abolished both enzymatic activity
and cytotoxicity, suggesting that the cytotoxicity might be due
to the presence of the ATP-utilizing enzymes.

To evaluate whether Ak, which was removed during green
Sepharose column chromatography, plays any major role in
virulence, we determined the cytotoxicity of growth medium of
10-h-grown V. cholerae VB1 and the fractionated GSFT frac-
tion lacking Ak activity (Fig. 5B). The GSFT fraction showed
essentially as much cytotoxicity as the supernatant fraction,
with lower cytotoxicity in the absence of or higher cytotoxicity
in the presence of ATP. The ATP-induced enhancement of
cytotoxicity in both cases was reduced when the macrophages
were pretreated with oATP, suggesting that P2Z receptor ac-
tivation was a major route to macrophage cell death. Very little
macrophage cell-killing activity was demonstrated by the 3.0 M
KCl eluate fraction, in either the absence or presence of ATP
(data not shown), suggesting that separated Ak by itself had no
significant activity for P2Z receptor activation.

To determine if the cytotoxicity towards macrophages exhib-
ited by the V. cholerae supernatant fractions may extend to
other phagocytic cells, such as mast cells, we determined the
effect of the growth medium supernatants of strain VBI1, after
different periods of growth, on mast cell death in the absence
and presence of ATP. Very little cytotoxicity was observed
from supernatants grown for 2 h, and the extent of mast cell
death remained between 10 and 20% in the presence of ATP
(Fig. 6), a value similar to that for 1.0 mM ATP without any
supernatant. When supernatants were obtained from mid-log-
to stationary-phase cultures, which demonstrated significant
accumulation of ATP-utilizing enzymes, increasing cytotoxici-
ties were observed in the presence of ATP and were inhibited
when the mast cells were pretreated with oATP, suggesting
that P2Z receptor activation might be the critical factor in
triggering mast cell death, similar to that which happens with
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FIG. 6. Cytotoxic effects on mast cells of ATP and the supernatant fraction of
V. cholerae strain VB1 grown in LB at 37°C for various times. Mast cells were
prepared, plated, and stimulated with LPS as described in Materials and Meth-
ods. Cells, either pretreated or not pretreated with oxidized ATP (0ATP) for 2 h,
were subjected to toxicity tests with supernatant samples in the presence or
absence of exogenous ATP (1 mM). LDH assays were conducted as described in
the legend to Fig. 5. Two micrograms of protein was used for each supernatant
sample.
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macrophages. P27 receptor activation is also known to be
blocked in the presence of Mg?" (6, 7). When the cell death
assays were done in the presence of 0.1 to 1.0 mM Mg>™, the
cytotoxicity was reduced by 75 to 80%, again confirming that
inhibitors of P2Z receptor activation inhibit the supernatant-
mediated ATP-induced enhanced cytotoxicity towards phago-
cytic cells.

To gain further understanding of the nature of the cell
death, we examined, by phase-contrast microscopy, the mor-
phological features of the mast cells in the absence or presence
of ATP with and without the supernatant samples obtained
from 8-h-grown V. cholerae VB1. Normal mast cells have a
round morphology (Fig. 7A). In the presence of 0.5 mM ATP,
many cells underwent swelling and vacuolization (Fig. 7B), as
demonstrated previously for macrophages undergoing P2Z re-
ceptor activation (30). Similar swelling and vacuolization were
observed when the mast cells were treated with the 8-h samples
from strain VB1 (Fig. 7C). Treatment of mast cells with a
combination of 0.5 mM ATP and the 8-h supernatant sample
led to dramatic changes in the morphology in which swelling,
nuclear condensation, and fragmentation were common (Fig.
7D). Interestingly, pretreatment of the mast cells with cATP
largely prevented changes in the morphology, induced either
by ATP (Fig. 7E) or by the combination of ATP and the 8-h
supernatant sample (Fig. 7F). Thus, oATP-induced irrevers-
ible blockage of P2Z receptor activation appeared to block
mast cell death, likely due to cell swelling, membrane pertur-
bation, and nuclear fragmentation induced by P2Z receptor
activation.

DISCUSSION

Phagocytic cells are important in the engulfment and re-
moval of foreign pathogens from infected tissues. Successful V.
cholerae colonization must therefore somehow involve elimi-
nation of such phagocytic cells. It has become increasingly
clear that macrophages use purinergic receptors that, on acti-
vation in the presence of adenine nucleotides, will allow the
macrophages to deal with the incoming pathogens, including
allowing their own cell death (3, 17). Such receptors are also
present on mast cells. An interesting feature of the purinergic
receptors is that they have specific agonist profiles. For exam-
ple, adenosine and AMP activate P1 receptors while ATP and
ADP activate the P2 receptors. The ionic ATP*~ form and
benzoyl benzoyl ATP are much better agonists for P2Z recep-
tor activation than ATP, which is a better agonist than ADP (3,
10). Thus, secretion of ATP-transforming enzymes by a patho-
gen may have enormous consequences for macrophage func-
tion and its survival, since macrophages are known to efflux
ATP on LPS stimulation, and the secreted enzymes may act on
such external ATP to either biotransform it, thereby prevent-
ing P27 receptor activation and macrophage cell death, or
convert it to a better agonist than ATP itself, thus accelerating
macrophage cell death. Our finding that V. cholerae elaborates
a number of such ATP-transforming enzymes, which may en-
hance phagocytic cell death, provides important insights into
how a mucosal pathogen such as V. cholerae deals with phago-
cytic cells. It is important to point out that V. cholerae must
exert its toxicity while living in the microaerophilic to anaero-
bic environment of the gut. It was thus of interest to us to
determine if V. cholerae, grown under low oxygen tension,
could secrete the ATP-utilizing enzymes. We demonstrated
that when strain VB1 was grown in LB under stationary
conditions, Ak activity was detectable in the cell-free growth
medium as early as an ODgs, of 0.1, while the Ndk and
5'-nucleotidase activities were detectable when the ODygs,

VIBRIO CHOLERAE CYTOTOXIC FACTORS 4935

reached about 0.4. Thus, V. cholerae may contend with phago-
cytic cells while growing in the host gastrointestinal tract by
secreting ATP-utilizing enzymes even at low cell densities.

Our observations raise a number of questions that remain
unanswered. What'’s the nature of the secretion system? Using
a type II secretion-deficient mutant VB12 that is unable to
secrete cholera toxin, protease, and chitinase (24), we have
shown that such a mutant is proficient in secreting the ATP-
transforming enzymes (unpublished observations), suggesting
that the type II secretion system is not involved in the secretion
of ATP-utilizing enzymes. We have recently reported that in P.
aeruginosa, Ndk is secreted by a type I mechanism which in-
volves the presence of a secretion motif in the carboxy termi-
nus (12). The secretion of Ak is detected when the ODgs5, is
about 0.4, while 5’ nucleotidase become detectable at an
ODg;5 of 0.7, long before cell lysis occurs and coincidental to
cholera toxin secretion (23, 24). For M. bovis and P. aeruginosa,
we have shown that secretion of ATP-utilizing enzymes is fa-
cilitated by the presence of eukaryotic proteins in the media
such as those present in LB, and it occurs within 60 to 90 min
of the addition of the proteins (29, 30). Although we have not
specifically studied the effect of eukaryotic proteins on the
secretion of ATP-utilizing enzymes by V. cholerae VBI, it is
likely that such a process would be modulated in the same way
as reported for M. bovis or P. aeruginosa. One of the limitations
of the present studies is to show a direct effect of the secreted
ATP-utilizing enzymes on P2Z receptor activation. We are in
the process of obtaining mice that harbor knockout mutations
in the P2Z receptor genes. Isolation of macrophages and mast
cells from such knockout mutant mice and an examination of
their susceptibility to ATP in the absence and presence of the
V. cholerae supernatants will provide important clues regarding
the role of V. cholerae secreted cytotoxic factors, presumably
the ATP-utilizing enzymes, in P2Z receptor-mediated phago-
cytic cell death. Characterization of the individual enzymes and
their genes in V. cholerae and introduction of knockout muta-
tions in such genes will allow an evaluation of the role of the
individual genes in V. cholerae pathogenesis. If indeed such
enzymes play important roles in the survival of V. cholerae in
the gut, then mutations in these genes, in addition to mutations
in various toxin genes, may provide a better live-vaccine can-
didate than is presently available.

One of the intriguing observations in this report is the elab-
oration of so many ATP-transforming enzymes by V. cholerae.
Mammalian cells are known to have such enzymes as Ecto-
Ndk, Ecto-nucleotidase, Ecto-Ak, etc., on the outside of their
membranes (18, 19, 22), which are believed to be important in
the maintenance of a balanced level of various nucleotides in
the outside of the cell (31). Secretion of such enzymes by the
pathogens may thus be one way to subvert the cellular physi-
ology of the host cells. Another interesting observation is the
nature of the products formed from ATP that influence mac-
rophage survival. Intracellular pathogens that are known to
require live macrophages for their growth, such as M. bovis,
Legionella pneumophila, or even the parasite Leishmania, have
been shown to elaborate only Ndk and ATPase types of en-
zymes (29; O. Zaborina and K. P. Chang, unpublished obser-
vations) but not the 5'-nucleotidase/Ak type of enzymes. The
latter have been observed to be elaborated only by mucosal
pathogens such as mucoid P. aeruginosa (30), B. cepacia (20),
and V. cholerae, which do not need live macrophages and are
likely to kill macrophages for their survival. Since different
ionic forms of ATP and adenine nucleotides have differential
agonistic activities towards P2Z receptor activation (3, 10), it
would be of interest to examine whether elaboration of 5’
nucleotidase and other enzymes by the mucosal pathogens may
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FIG. 7. Changes in morphology of LPS-primed mast cells after treatment with ATP and various supernatant fractions. Cells pretreated with 50 ng of LPS per ml
were either treated with oATP or not treated and then incubated with ATP (0.5 mM), 8-h supernatants from V. cholerae strain VBI, or both. (A) Control, untreated
cells; (B) cells treated with 0.5 mM ATP; (C) cells treated with supernatants from V. cholerae; (D) cells treated with supernatants from V. cholerae plus 0.5 mM ATP;
(E) cells pretreated with oATP (1 mM) for 2 h before addition of 0.5 mM ATP; (F) cells pretreated with oATP (1 mM) for 2 h before addition of 0.5 mM ATP and
supernatants from V. cholerae. Various abnormal morphological forms indicative of cell death are indicated by arrows. Two micrograms of supernatant proteins was

used. Phase-contrast photomicrographs were taken with a 40X objective.

allow formation of modified adenine nucleotides that are po-
tent agonists of the P2Z receptor activation and hence of
macrophage cell death. The secretion of 5’ nucleotidase by V.
cholerae VB1 cells that can generate adenosine, AMP, and

ADP from ATP (Fig. 1 and 4) can modulate macrophage cell
death through multiple mechanisms. Indeed, it has been re-
ported that a continuous generation of adenosine within the
human epidermoid carcinoma cells can lead to an intracellular
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nucleotide imbalance with pyrimidine starvation, triggering
suicidal processes ending up in apoptosis of the cells (28).
It would be interesting to see if the secreted enzymes from
V. cholerae may allow the pathogen to evade the immune
system through activation of multiple purinergic receptors,
with P2Z receptors playing a primary role.
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