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Exoenzyme S of Pseudomonas aeruginosa ADP-Ribosylates the
Intermediate Filament Protein Vimentin
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Exoenzyme S, which had been thought to be unselective, catalyzes the ADP-ribosylation of only a subset of
cellular proteins. The intermediate filament protein vimentin is one of the more abundant substrates.
Disassembled vimentin, and proteolytic fragments of vimentin that cannot form filaments, is more readily
ADP-ribosylated than is filamentous vimentin.

Pseudomonas aeruginosa secretes two ADP-ribosyltrans-
ferases. Exotoxin A modifies elongation factor 2 within cells
(5) and thereby blocks protein synthesis. Exoenzyme S (6) is
less well understood. Although it has a demonstrated role in
pathogenesis (9, 15, 16), its physiological effects have yet to
be determined. Identification of its substrates may lead to a
clearer understanding of the significance of exoenzyme S in
pathogenesis.
We started to characterize the ADP-ribosylation sub-

strates by using NIH 3T3 cells. Frozen pellets (50 RI) were
lysed by thawing in 50 mM Tris hydrochloride, pH 8.0-150
mM NaCl-1 mM phenylmethylsulfonyl fluoride (100 Ru) and
were again frozen and thawed. The lysates were incubated
for 5 min at 25°C to allow the consumption of endogenous
NAD, after which poly(ADP-ribose) polymerase activity
was blocked by the addition of thymidine to 20 mM.
For ADP-ribosylation, a 10-,l portion of this lysate was

incubated in 12 ,ul of a solution containing 5 ,uM [32P]NAD
(New England Nuclear Corp.) and 0.3 ,ug of exoenzyme S
per ml (purified as described elsewhere [8]). After 30 min at
25°C, the reaction was stopped by adding 20 ,u of 2% sodium
dodecyl sulfate and heating at 100°C for 2 min. The addition
of NAD glycohydrolase inhibitors (4) had no effect on the
ADP-ribosylation of any substrate. NAD and active exoen-
zyme S were still present at the end of the incubation. When
exoenzyme S was omitted from the reaction, no proteins
were ADP-ribosylated.
Although exoenzyme S catalyzes the ADP-ribosylation of

many proteins in lysed cells, on two-dimensional gels (2, 11)
few of the ADP-ribosylated products correspond to proteins
visible by Coomassie blue staining (Fig. 1). Despite the
presence of multiple products, it is clear that exoenzyme S
does display considerable selectivity. In only one instance
was it possible to relate ADP-ribosylated products to stained
proteins. Descending from the arrows in Fig. la and b are
chains of five peptides that become more acidic as they
become smaller and that are visible both as stained spots and
as radioactive spots. The largest and most basic of these
peptides is at the expected molecular weight and pl of
vimentin (3). The series is reminiscent of the "staircase"
pattern given by fragments of vimentin (10), which is due to
proteolytic cleavages by a calcium-dependent protease (7)
that removes successive basic peptide§ from the vimentin
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amino-terminal "head" region (14). Consequently, we
looked for a different labeling pattern when the cells were
lysed in the presence of 5 mM EGTA [ethylene glycol-
bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid]. The
addition of EGTA prevented the production of vimentin
fragments and of the corresponding series of ADP-ribosyl
products (Fig. lc and d). Similar results were obtained with
lysates of HEp-2 cells, turkey embryo fibroblasts, and pi-
geon erythrocytes.
Immunoblots reacted with antivimentin serum (ICN Bio-

medical) followed by horseradish peroxidase-conjugated
secondary antibody (Sigma Chemical Co.) revealed a series
of immunologically reactive spots (Fig. 2a) which corre-
sponded to the [32P]ADP-ribosylated spots in an autoradio-
gram of the blot (Fig. 2b). The radioactive proteins were
slightly larger and slightly more acidic than the more abun-
dant unmodified proteins, which is consistent with mono-
ADP-ribosylation (Fig. 2c). When EGTA was present, vi-
mentin remained intact (Fig. 2d) and was associated with a
single radioactive spot (Fig. 2e and f). Control serum did not
recognize vimentin or its fragments.
To further investigate the conditions necessary for ADP-

ribosylation of vimentin, we compared the labeling reaction
in two salt concentrations in which vimentin is either pre-
dominantly disassembled (low-salt buffer: 10 mM Tris hy-
drochloride, pH 8.0-1 mM phenylmethylsulfonyl fluoride-1
mM dithiothreitol-1 mM EGTA) or largely filamentous
(physiological buffer: low-salt buffer plus 150 mM NaCl). We
first established in an independent system that the low salt
reduced overall activity of exoenzyme S by a factor of 9
(Table 1). Pigeon erythrocyte membranes (17) were used as
the substrate, and fractionation of the products by gel
electrophoresis revealed that labeling of each of the nonvi-
mentin substrates was affected by the salt concentration in
the same way.
We then measured the effect of salt concentration on the

ADP-ribosylation of purified vimentin (a gift from Peter
Steinert), which was renatured from a urea solution by
dialysis into low-salt buffer or physiological buffer and
reacted under these two ionic conditions (0.3 ,ug of exoen-
zyme S per ml-5 ,uM [32P]NAD-1.7 ,ug of vimentin per ml,
30 min, 25°C). In both cases it was verified by gel electro-
phoresis that the labeled vimentin was still intact. After
correction for the nonspecific effect of salt on the enzyme,
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FIG. 1. Two-dimensional gel analysis of the ADP-ribosyl products of exoenzyme S. NIH 3T3 cells were lysed and ADP-ribosylated by
using exoenzyme S without EGTA (a and b) or with 5 mM EGTA (c and d). Coomassie blue-stained gels (a and c) and corresponding
autoradiograms (b and d) are shown. The marked proteins are internal isoelectric-focusing standard proteins. Molecular weights (in
kilodaltons) are marked on the ordinates; pls are marked on the abscissas. Arrows indicate spots that correspond to the apparent M, and pl
of intact vimentin. Note the chains of spots in the absence of EGTA that become more acid as they decrease in size. These chains are not
present in panels c and d, which is consistent with the inhibition by EGTA of the calcium-activated protease that specifically digests vimentin.

the labeling of vimentin was favored by the low-salt condi-
tion by at least 14-fold (Table 1; 1.5 divided by 0.11).

This differential may be larger than the apparent 14-fold
because the filamentous sample could well have contained
some residual nonpolymerized vimentin which would have
been ADP-ribosylated preferentially. To investigate this
possibility, a portion ofNIH 3T3 cell lysate was fractionated
by centrifugation after ADP-ribosylation. [32P]ADP-ribosy-
lated vimentin and vimentin fragments were found in the
supernatant after centrifugation at 100,000 x g (30 min).
There was intact vimentin in the pellet, as detected by
immunoblotting, but this was not labeled. Thus filamentous
vimentin may be an even poorer substrate than calculated or
might not be a substrate at all.

If most vimentin is filamentous and thus unavailable as a

substrate, the little intact vimentin that is ADP-ribosylated
could represent dissociated subunits or perhaps the termini
of filaments. In either case, it is conceivable that ADP-
ribosylation might have a considerable effect on cell archi-
tecture over the long term. Although this remains specula-
tion, there is a strong precedent: Clostridium botulinum C2
toxin and Clostridium perfringens iota toxin ADP-ribosylate
globular actin but not polymerized actin and prevent the

repolymerization of globular actin (1, 12, 13). As nonpoly-
merized actin accumulates, the cellular microfilament net-
work is destroyed.
Although exoenzyme S has appeared to be unselective

with respect to its substrates, our evidence shows that
several of the more abundant substrates are related (com-

TABLE 1. ADP-ribosylation of vimentin at different
salt concentrationsa

ADP-ribose incorporation
rateb at:

Protein Ratio
Low Physiological
salt salt

Isolated vimentin 2.0 1.3 1.5
Erythrocyte ghosts 0.4 3.7 0.11

(total protein)
a Isolated vimentin was ADP-ribosylated in low-salt buffer or physiological

salt buffer. Pigeon erythrocyte ghosts (17) were [32P]ADP-ribosylated in the
two salt media to determine the effect of salt concentration itself on the
ADP-ribosylation rate.

b Data are expressed as picomoles of ADP-ribose incorporated per minute
per milligram of protein.
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FIG. 2. Immunoblots of two-dimensional gels similar to those shown in Fig. 1. (a to c) No EGTA; (d to f) 5 mM EGTA. Blots were reacted
with goat antivimentin antibody, developed with horseradish peroxidase-conjugated rabbit anti-goat serum (a and d), and then exposed
with X-ray film (b and e). Panels c and f show the alignments of the centers of the 32P-labeled spots (0) with the centers of the
antibody-reactive spots (0) for intact vimentin and the four primary cleavage products.

pare panels d and b in Fig. 1). As an additional indication of
the selectivity of exoenzyme S, we have seen no labeling of
any other intermediate filament proteins, including those
most related to vimentin; desmin and glial fibrillary acidic
protein. Thus the substrate diversity of exoenzyme S may
not be as great as it has appeared, and it should now be
feasible to catalog the principal substrates and to determine
which of the modifications are important in pathogenesis.
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