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Pseudomonas aeruginosa exoenzyme S ADP-ribosylates p2lr' and several related proteins. ADP-ribosylation
of p2l1 does not alter interactions with guanine nucleotides. The ras-related GTP-binding proteins, including
Rab3, Rab4, Ral, RaplA, and Rap2, are also substrates; given these results, we propose a model for the role
of exoenzyme S in pathogenesis.

Pseudomonas aeruginosa exoenzyme S preferentially
ADP-ribosylates p2l-Hras and several other 21- to 25-kDa
GTP-binding proteins (12). Other bacterial ADP-ribosyl-
transferases also modify GTP-binding proteins, with result-
ing functional changes (5, 6, 9, 25, 31). Of these ADP-ribo-
syltransferases, it is cholera toxin with which exoenzyme S
shares the most characteristics. Exoenzyme S and cholera
toxin fragment Al both ADP-ribosylate a number of proteins
in vitro in addition to the preferred G proteins (10, 21), both
modify arginine residues (12, 27), and each requires a
specific eukaryotic protein for full enzymatic activity (11,
21-23). ADP-ribosylation by cholera toxin decreases the
GTPase activity of Gsa (5), and this effect has been directly
related to the pathogenesis of Vibrio cholerae infection.
Exoenzyme S has not been definitively proven to be a toxin,
but it does appear to contribute to pathogenesis (28, 29). To
understand how ADP-ribosylation catalyzed by exoenzyme
S might contribute to the pathogenesis of P. aeruginosa
infections, we have identified low-molecular-weight GTP-
binding proteins, other than p21as, which are substrates for
exoenzyme S and have looked for effects of ADP-ribosyla-
tion on p21ras interactions with guanine nucleotides.
To determine whether various p21ras-related proteins

were ADP-ribosylated by exoenzyme S, we tested several
purified ras-related gene products which were expressed in
Escherichia coli. Figure 1 shows that the products of the
c-H-ras, raplA, rap2, ral, rab3, and rab4 genes (7, 11, 34,
37) were [32P]ADP-ribosylated by exoenzyme S, while Rabl
and RhoC (26), ARF (36), and Gp (15) were not. ADP-
ribosylation of each protein was dependent on the addition
of FAS, a eukaryotic protein factor required for exoenzyme
S enzymatic activity (11). The conditions used (see the
legend to Fig. 1) allowed only partial ADP-ribosylation of
substrates (12) and were chosen to determine the relative
abilities of these proteins to be modified by exoenzyme S.
ARF, RhoC, Gp, and Rabl were not ADP-ribosylated, even
with 10-fold-higher exoenzyme S concentrations.
The ability to bind and hydrolyze GTP is central to the

normal functions of all GTP-binding proteins (3). We there-
fore set out to determine the effects of exoenzyme S-cata-
lyzed ADP-ribosylation on p2lras interactions with guanine

* Corresponding author.
t Present address: Division of Rheumatology and Immunology,

New England Medical Center, Box 406, 750 Washington Street,
Boston, MA 02111.

4: Deceased.

nucleotides in vitro. GTP binding by ADP-ribosylated and
unmodified p21ras was measured essentially as described
previously (13). For these studies, we used A2.1-1 cells,
derivatives of NIH 3T3 cells that overexpress the c-H-ras
gene (24). A2.1-1 cells were metabolically labeled with
[35S]methionine, washed, and harvested by scraping. The
cells were lysed by freezing and thawing, and the mem-
branes were washed and collected by centrifugation. A2.1-1
cell membranes were ADP-ribosylated by exoenzyme S in
the presence of unlabeled NAD. Controls contained buffer in
place of exoenzyme S. p2lra, was immunoprecipitated with
rat monoclonal antibodies YA6-172 and Y13-259 (20). Nor-
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FIG. 1. ADP-ribosylation of p2lras and related proteins by ex-
oenzyme S. The purified proteins (0.5 to 1 ,ug each) were incubated
with 10 ,ug of FAS per ml, 0.3 ,ug of exoenzyme S per ml, and 5 ,uM
[32P]NAD in a total volume of 15 gil of 10 mM N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid (HEPES)-130 mM NaCl (pH 7.3)
for 30 min at 25°C. After fractionation on 12.5% polyacrylamide gels
under denaturing conditions, the [32P]ADPR-protein bands were
excised and ADPR incorporation was quantitated by liquid scintil-
lation counting. The extent of ADP-ribosylation (femtomoles) was
compared with the amount of each protein (picomoles); the ratio is
shown. ADPR, ADP-ribose.
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mal rat serum was used as a control for immunoprecipita-
tion. After immunoprecipitation, a portion of each sample
was fractionated on a polyacrylamide gel under denaturing
conditions to ensure that ADP-ribosylation was complete
(Fig. 2A). The remainder of each sample was incubated for 1
h with various concentrations of [oa-32P]GTP and washed on
glass fiber filters to remove excess [32P]GTP. Bound GTP
was quantitated by scintillation counting. ADP-ribosylation
had no significant effect on the ability of p2lras to bind GTP
(Fig. 2B). In a similar experiment, GTP-for-GDP exchange
(measured as described previously [16]) by p2lras was also
not affected by ADP-ribosylation (Fig. 2C). The exchange
rate shown here is consistent with previously published
results (17). In addition, the interaction of p2lras with GRF,
the protein which accelerates the release of GDP from ras
proteins (35), was not altered by ADP-ribosylation (data not
shown).
The GTPase activities of ADP-ribosylated p2lras and of

unmodified p2lras were measured in the presence and ab-
sence of purified GAP (GTPase activator protein [1]). The
method was modified from that of Cales et al. (4). Pigeon
erythrocyte membranes (36) and A2.1-1 cell membranes
were used for this experiment. The membranes were incu-
bated for 1 h at 25°C with unlabeled NAD and exoenzyme S
or with the exoenzyme S buffer. A portion of each A2.1-1
cell sample was immunoprecipitated as described above to
determine the extent of ADP-ribosylation. [a-32P]GTP was
allowed to bind to the remaining portions of the samples as
described previously (4), and the samples were incubated
with either 36 ,ug of GAP per ml or the buffer control.
Samples were removed at the times indicated in Fig. 3 and

1000 immunoprecipitated with p21ras_specific monoclonal anti-
body Y13-259 (20, 33). p21ras-associated nucleotides were
fractionated by thin-layer chromatography. ADP-ribosyla-

- tion altered neither the intrinsic nor the GAP-stimulated
GTPase of p2lras (Fig. 3).

Bacterial ADP-ribosyltransferases have been shown to
disrupt GTP-binding protein function in a variety of ways.
Cholera toxin-catalyzed ADP-ribosylation decreases the
GTPase activity of Gsa, but several other toxins affect G
protein function without changing interactions with GTP (9,
25, 30, 32). Pertussis toxin-catalyzed ADP-ribosylation al-
ters the interaction of Gi with the receptor (25), while
ADP-ribosylation by exotoxin A or diphtheria toxin affects
the functional interaction of EF-2 with the ribosome (9). Our
results show that ADP-ribosylated p2lras is still able to bind,
exchange, and hydrolyze guanine nucleotides normally.
However, the larger-than-expected change in the electro-

0 2 4 6 8 10 12 results were obtained with YA6-172. Positions of marker proteins
are shown. The remaining portions of the samples were divided for
two experiments. For the binding experiment shown in panel B, the

time, min. beads were incubated with various amounts of [a-32P]GTP (NEN) in
Nucleotide binding and exchange by p2lC-H-ras and 50 ,ul of 20 mM Tris-HCl (pH 8.0)-125 mM NaCI-2 mM

1c-H-ras A2.1-1 cells were metabolically labeled with Mg(C2H302)2-1 mM CaCl2-1 mM dithiothreitol-1% Triton X-100
Lionine and ADP-ribosylated in the presence of 3 Rg of (immunoprecipitation buffer [IPB]) for 1 h at 32°C. The beads were

ne S per ml (closed symbols) or buffer (open symbols) and collected on glass fiber filters, and the excess unbound GTP was

ilabeled NAD in HEPES-NaCl (see legend to Fig. 1). After removed by washing with IPB. Bound GTP was quantitated in a

5°C, p21ras was immunoprecipitated by rat monoclonal liquid scintillation counter. For the exchange experiment shown in
s YA6-172 and Y13-259 (see Fig. 3) and protein A-Sepha- panel C, the beads were incubated for 1 h at 4°C with 10 nM
.h had been coated with anti-rat immunoglobulin G devel- [ot-32P]GDP (16), washed, and diluted into 100 volumes of IPB

,oats. Normal rat serum (NRS) was used as a control. A containing 500 ,M unlabeled GTP. Samples were removed at the
f each sample was fractionated on a 12.5% polyacrylamide times indicated and washed under suction on glass fiber filters. The
termine the extent of ADP-ribosylation, and the gel was filters were counted in a liquid scintillation counter. These data are

to X-ray film (A). Results for Y13-259 are shown; similar representative of three experiments.
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FIG. 3. Intrinsic and GAP-stimulated GTPases of native and
ADP-ribosylated p21ras. A2.1-1 cell membranes (A) and pigeon
erythrocyte membranes (B) were incubated with unlabeled NAD
and exoenzyme S (closed symbols) or buffer for the controls (open
symbols) as described for Fig. 2. A portion of each A2.1-1 cell
sample was immunoprecipitated with goat anti-rat immunoglobulin
G-coated protein A-Sepharose beads and p21ral-specific monoclonal
antibody Y13-259 or normal rat serum as a control and fractionated
on a 12.5% polyacrylamide gel (as in Fig. 2A). The membranes were
washed and resuspended in HEPES-NaCl (see legend to Fig. 1) plus
1 mM dithiothreitol, 10 mM EDTA, 5 mM Mg(C2H302)2, 100 ,uM
ATP, 20 ,uM ammonium vanadate, and 1.25 p.M [a-32P]GTP (NEN).
After 5 min at 30°C, the magnesium concentration was raised to 30
mM and GAP (36 jig/ml) (squares) or the buffer control (circles) was

added. All samples were immunoprecipitated as described above.
The beads were boiled for 3 min in 1 volume of 0.1% sodium dodecyl
sulfate-1 mM EDTA. Samples (1 ,ul) were fractionated on polyeth-
yleneimine-cellulose thin-layer plates developed in 0.75 M potas-
sium phosphate (pH 3.4). The plates were cut, and the pieces were

counted in a liquid scintillation counter to quantitate GTP and GDP.
These data are representative of three experiments.

phoretic mobility of p2lras upon ADP-ribosylation (Fig. 2A)
(12) suggests that the modification causes a conformational
change in the p2lras protein which may have an impact on its
function. Similar large shifts in electrophoretic mobility
upon ADP-ribosylation were seen with RaplA, Rap2, and
Ral. Our results suggest that any alterations in the functions
of p2lras and the other related substrates may be manifested
through interactions with other cellular proteins rather than
through changes in interactions with guanine nucleotides.
Low-molecular-weight GTP-binding proteins related to
p2lras, especially the rab gene products, have been identified
as components of endocytic and exocytic vesicle trafficking
pathways (2, 3, 8, 14, 18, 19, 37). It has been proposed that
exoenzyme S might contribute to pathogenesis by promoting
the dissemination of P. aeruginosa from the site of infection,
due to damage to local host defenses (29). The disruption of
normal vesicle trafficking due to ADP-ribosylation of low-
molecular-weight GTP-binding proteins might decrease the
antimicrobial functions of cells such as neutrophils and
macrophages and thereby contribute to dissemination. In
addition, ADP-ribosylation catalyzed by exoenzyme S might
aid in the identification of proteins that normally interact
with p2lras and related proteins in the cell.

We thank Alan Wolfman for performing GRF assays; Larry Feig,
Pierre Chardin, Patrice Boquet, and John Northup for providing
samples of low-molecular-weight GTP-binding proteins; Frank Mc-
Cormick for the gift of purified GAP; and Larry Feig for helpful
discussions.

This work was supported by NIH grant Al 16928 to D.M.G.

REFERENCES
1. Adari, H., D. R. Lowy, B. M. Willumsen, C. J. Der, and F.

McCormick. 1988. Guanosine triphosphatase activating protein
(GAP) interacts with the p21ras effector binding domain. Science
240:518-521.

2. Barrowman, M. M., S. Cockcroft, and B. D. Gomperts. 1986.
Two roles for guanine nucleotides in the stimulus-secretion
sequence of neutrophils. Nature (London) 319:504-507.

3. Bourne, H. R., D. A. Sanders, and F. McCormick. 1991. The
GTPase superfamily: conserved structure and molecular mech-
anism. Nature (London) 349:117-127.

4. Cales, C., J. F. Hancock, C. J. Marshall, and A. Hall. 1988. The
cytoplasmic protein GAP is implicated as the target for regula-
tion by the ras gene product. Nature (London) 332:548-551.

5. Cassel, D., and Z. Selinger. 1977. Mechanism of adenylate
cyclase activation by cholera toxin: inhibition of GTP hydrolysis
at the regulatory site. Proc. Natl. Acad. Sci. USA 74:3307-3311.

6. Chardin, P., P. Boquet, P. Madaule, M. R. Popoff, E. J. Rubin,
and D. M. Gill. 1989. The mammalian G protein rhoC is
ADP-ribosylated by Clostridium botulinum exoenzyme C3 and
affects actin microfilaments in Vero cells. EMBO J. 8:1087-
1092.

7. Chardin, P., and A. Tavitian. 1986. The ral gene: a new ras

related gene isolated by the use of a synthetic probe. EMBO J.
5:2203-2208.

8. Chavrier, P., R. G. Parton, H. P. Hauri, K. Simons, and M.
Zerial. 1990. Localization of low molecular weight GTP binding
proteins to exocytic and endocytic compartments. Cell 62:317-
329.

9. Chuang, D.-M., and H. Weissbach. 1972. Studies on elongation
factor II from calf brain. Arch. Biochem. Biophys. 152:114-124.

10. Coburn, J., S. T. Dillon, B. H. Iglewski, and D. M. Gill. 1989.
Exoenzyme S of Pseudomonas aeruginosa ADP-ribosylates the
intermediate filament protein vimentin. Infect. Immun. 57:996-
998.

11. Coburn, J., A. V. Kane, L. Feig, and D. M. Gill. 1991.
Pseudomonas aeruginosa exoenzyme S requires a eukaryotic
protein for ADP-ribosyl transferase activity. J. Biol. Chem.
266:6438-6446.

VOL. 59, 1991



4262 NOTES

12. Coburn, J., R. T. Wyatt, B. H. Iglewski, and D. M. Gill. 1989.
Several GTP-binding proteins, including p21cHras, are pre-
ferred substrates of Pseudomonas aeruginosa exoenzyme S. J.
Biol. Chem. 264:9004-9008.

13. Der, C. J., T. Finkel, and G. M. Cooper. 1986. Biological and
biochemical properties of human rasH genes mutated at codon
61. Cell 44:167-176.

14. Dexter, D., J. B. Rubins, E. C. Manning, L. Khachatrian, and
B. F. Dickey. 1990. Compartmentalization of low molecular
mass GTP-bihding proteins among neutrophil secretory gran-
ules. J. Immunol. 145:1845-1850.

15. Evans, T., M. L. Brown, E. D. Fraser, and J. K. Northup. 1986.
Purification of the major GTP-binding proteins from human
placental mehfbranes. J. Biol. Chem. 261:7052-7059.

16. Feig, L. A., and G. M. Cooper. 1988. Relationship among
guanine nucleotide exchange, GTP hydrolysis, and transforming
potential of mutated ras proteins. Mol. Cell. Biol. 8:2472-2478.

17. Finkel, T., C. J. Der, and G. M. Cooper. 1984. Activation of ras
genes in human tumors does not affect localization, modifica-
tion, or nucleotide binding properties of p21. Cell 37:151-158.

18. Fischer von Mollard, G., G. A. Migerny, M. Baumert, M. S.
Perin, T. J. Hanson, P. M. Burger, R. Jahn, and T. C. Sudhof.
1990. rab3 is a small GTP-binding protein exclusively localized
to synaptic vesicles. Proc. Natl. Acad. Sci. USA 87:1988-1992.

19. Fischer von Moliard, G., T. C. Sudhof, and R. Jahn. 1991. A
small GTP-binding protein dissociates from synaptic vesicles
during exocytosis. Nature (London) 349:79-81.

20. Furth, M. E., L. J. Davis, B. Fleurdelys, and E. M. Scolnick.
1982. Monoclonal antibodies to the p21 products of the trans-
forming gene of Harvey murine sarcoma virus and of the cellular
ras gene family. J. Virol. 43:294-304.

21. Gill, D. M., and J. Coburn. 1987. ADP-ribosylation by cholera
toxin: ftinctional analysis of a cellular systems that stimulates the
enzymic activity of cholera toxin fragment A1. Biochemistry
26:6364-6371.

22. Kahn, R. A., and A. G. Gilnian. 1984. Purification of a protein
cofactor required for ADP-ribosylation of the stimulatory regu-
latory component of adenylate cyclase by cholera toxin. J. Biol.
Chem. 259:6228-6234.

23. Kahn, R. A., and A. G. Gilman. 1986. The protein cofactor
necessary for ADP-ribosylation of G. by cholera toxin is itself a
GTP binding protein. J. Biol. Chem. 261:7906-7911.

24. Krontiris, T. G., N. A. DiMartino, H. D. Mitcheson, J. A.
Lonergan, C. Begg, and D. R. Parkinson. 1987. Human hyper-
variable sequences in risk assessment: rare Ha-ras alleles in

cancer patients. Environ. Health Perspect. 76:147-153.
25. Kurose, H., T. Katada, T. Amano, and M. Ui. 1983. Specific

uncoupling by islet-activating protein, pertussis toxin, of nega-
tive signal transduction via a-adrenergic, cholinergic, and opiate
receptors in neuroblastoma x glioma hybrid cells. J. Biol.
Chem. 258:4870-4875.

26. Madaule, P., and R. Axel. 1985. A novel ras-related gene family.
Cell 41:31-40.

27. Moss, J., and M. Vaughan. 1977. Mechanism of action of
choleragen. Evidence for ADP-ribosyl transferase activity with
arginine as an acceptor. J. Biol. Chem. 252:2455-2457.

28. Nicas, T. I., D. W. Frank, P. Stenzel, J. D. Lile, and B. H.
Iglewski. 1985. Role of exoenzyme S in chronic Pseudomonas
aeruginosa lung infections. Eur. J. Clin. Microbiol. 4:175-179.

29. Nicas, T. I., and B. H. Iglewski. 1985. Contribution of exoen-
zyme S to the virulence of Pseudomonas aeruginosa. Antibiot.
Chemother. 36:40-48.

30. Paterson, H. F., A. J. Self, M. D. Garret, I. Just, K. Aktories,
and A. HaUl. 1990. Microinjection of recombinant p21rhl induces
rapid changes in cell morphology. J. Cell Biol. 111:1001-1007.

31. Rubin, E. J., D. M. Gill, P. Boquet, and M. R. Popoff. 1988.
Functional modification of a 21-kilodalton G protein when
ADP-ribosylated by exoenzyme C3 of Clostridium botulinum.
Mol. Cell. Biol. 8:418-426.

32. Sekine, A., M. Fujiwara, and S. Narumiya. 1989. Asparagine
residue in the rho gene product is the modification site for
botulinum ADP-ribosyl transferase. J. Biol. Chem. 264:8602-
8605.

33. Sigal, I. S., J. B. Gibbs, J. S. D'Alonzo, and E. M. Scolnick.
1986. Identification of effector residues and a neutralizing
epitope of Ha-ras-encoded p21. Proc. Natl. Acad. Sci. USA
83:4725-4729.

34. Touchot, N., P. Chardin, and A. Tavitian. 1987. Four additional
members of the ras gene superfamily isolated by an oligonucle-
otide strategy: molecular cloning of YPT-related cDNAs from a
rat brain library. Proc. Natl. Acad. Sci. USA 84:8210-8214.

35. Wolfman, A., and I. G. Macara. 1990. A cytosolic protein
catalyzes the release of GDP from p21ras. Science 248:67-69.

36. Woolkalis, M., D. M. Gill, and J. Coburn. 1988. Assay and
purification of a cytosolic factor required for the activity of
cholera toxin. Methods Enzymol. 165:246-249.

37. Zahraoui, A., N. Touchot, P. Chardin, and A. Tavitian. 1989.
The human rab genes encode a family of GTP-binding proteins
related to yeast YPT1 and SEC4 products involved in secretion.
J. Biol. Chem. 264:12394-12401.

INFECT. IMMUN.


