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ABSTRACT Pseudomonas aeruginosa toxin (PA toxin)
inhibits protein synthesis in a reticulocyte cell-free sys-
tem. The inhibition requires NAD and results in a block
at an elongation step of polypeptide assembly. PA toxin
was found to act like diphtheria toxin fragment A. Both
toxins catalyze the transfer of radioactivity from nicotin-
amide [U-1‘C]adenine dinucleotide ([1*CINAD) into covalent
linkage with the 100,000 dalton elongation factor 2 (EF-2)
protein. Furthermore, in the presence of a limiting
amount of EF-2, excess toxin, and [C]NAD, the two
toxins were non-additive in the amount of label trans-
ferred to EF-2. Unlike free fragment A of diphtheria
toxin, the enzymatic activity of PA toxin is heat labile
and neutralizable with antibody to PA toxin but not with
antibody to fragment A. Although PA and diphtheria
toxins have different cellular specificities and molecular
properties and produce different clinical symptoms, their
intracellular mechanisms of action appear to be identical.

Pseudomonas aeruginosa produces a variety of extracellular
substances (1-11). Although the role of each of these sub-
stances in the pathogenesis of pseudomonas infections in
humans is poorly understood, the most likely virulence factor
is the trypsin-sensitive, heat-labile protein exotoxin (PA
toxin) originally described by Liu (3). PA toxin in very low
concentrations produces hypotensive shock in dogs (6) and
monkeys (12) and is lethal for mice (4). Furthermore, passive
immunization with antibody produced against PA toxin
prevents the lethal effects of infection with live cultures of
Pseudomonas aeruginosa (13).

Previous data suggest that PA toxin inhibits RNA and
protein synthesis in cultured mammalian cells (14) and protein
synthesis in the liver, kidney, and spleen of intoxicated mice
(15). Protein synthesis in cultured 3T3 mouse cells is inhibited
by 2 hr incubation with as little as 0.02 ug/ml of PA toxin,
whereas at this concentration RNA synthesis is not inhibited
until 4-5 hr incubation (L. P. Elwell and B. H. Iglewski,
unpublished observations). However, the sequence of events
by which PA toxin inhibits protein synthesis has not been
established and it is not known whether the inhibition is a
primary or secondary effect of PA toxin action.

This report describes the NAD-dependent inhibitory effect
of PA toxin on protein synthesis in a rabbit reticulocyte cell-
free lysate and identifies an enzymatic activity of PA toxin
which appears to be similar to the NAD-dependent ADP-
ribosyl transferase activity which has been established for the
A-fragment of diphtheria toxin (16-18). In both cases elonga-
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tion factor 2 (EF-2) is covalently modified and thereby in-
activated. However, the two toxins are dissimilar in cellular
specificities, molecular and immunological properties, and in
the diseases for which they are apparently responsible.

METHODS AND MATERIALS

Toxin and Antisera. A nonproteolytic strain of Pseudomonas
aeruginosa (PA-103) kindly provided by P. V. Liu (19) was
used throughout this study. PA toxin purified by precipita-
tions with zinc acetate and (NH,),SO; and chromatographed
on columns of DEAE-cellulose and Sephadex G-200 (20)
was obtained through the courtesy of L. P. Elwell (Dept. of
Microbiology, Univ. of Washington, Seattle, Wash.). The PA
toxin used had a mouse median lethal dose (LDs) of 0.3
ug/20 g of Swiss Webster mouse and contained approximately
0.01 ng of endotoxin per ug of protein. Pony antiserum to
PA toxin was kindly provided by P. V. Liu (13). Diphtheria
toxin fragment A was obtained through the courtesy of R. J.
Collier (17). Rabbit antiserum to fragment A was kindly
provided by L. P. Elwell.

Cell-Free Protein Synthesis in a Lysate from Rabbit Reticulo-
cytes. The methods used for preparing the rabbit reticulocyte
lysate and for the incorporation of radioactive amino acids
into hemoglobulin are described elsewhere (21, 22). Each
lysate was stored frozen in aliquots in liquid N,. We employed
0.4 ml of the lysate per ml of cell-free incorporation mixture.
The mixture, which also contained an optimum concentration
of hemin and 5 pCi/ml of L-['*C]leucine (250 Ci/mol, New
England Nuclear Corp.) was incubated at 29°. Aliquots (10
ul) were removed at intervals into 1 ml of H:O containing 50
ug of unlabeled carrier bovine serum albumin at 0°. Proteins
were then precipitated by adding 5%, trichloroacetic acid and
nucleic acids were hydrolyzed by incubating at 80° for 15
min. After chilling at 0° for 30 min, the protein precipitates
were filtered on 0.45 um Millipore membranes and were
assayed for radioactivity in a Nuclear Chicago low-back-
ground gas-flow counter. In some experiments 0.2 ml portions
of cell-free incorporation mixtures were analyzed by sucrose
gradient sedimentation. In that case the samples were quickly
chilled by dilution into 1.5 ml of 0.13 M NaCl, 5 mM KCI,
1.5 mM MgCl, that contained 0.1 mg/ml of cycloheximide
at 0°. Cycloheximide was used in order to quickly block any
further protein synthesis. The chilled samples were then
layered onto 38 ml of 10-25%, sucrose gradients in 0.25 M
KCl, 0.01 M MgCly, 0.01 M Tris-HCI (pH 7.4) and were
sedimented for 3 hr at 27,000 rpm in the SW27 Spinco rotor.
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In these conditions the different sizes of polysomes out to
pentasomes were well resolved from each other and the single
ribosomes and subribosomal particles also separated. Follow-
ing sedimentotion, the gradients were pumped through a
Gilford spectrophotometer and the Aswnm Wwas recorded.
Fractions from the gradient were precipitated with 5%
trichloroacetic acid and assayed for radioactivity as described

above.

Polyacrylamide Gel Electrophorests. Proteins were electro-
phoresed in 8 ¢cm long X 0.6 cm diameter, 8%, polyacrylamide
gels in a buffer containing 0.6%, sodium dodecyl sulfate as
described in detail elsewhere (23). Following electrophoresis,
gels containing radioactive protein were sectioned longi-
tudinally into four slices (23, 24). The two internal slices
were dried onto paper backing and exposed to x-ray film for
autoradiography.

Enzymatic Activity. Aminoacyl-transferase-containing en-
zymes were prepared from crude extracts of rabbit reticulo-
cyte as described by Allen and Schweet (25) and modified by
Collier and Kandel (17). Nicotinamide adenine dinucleotide
(NAD) transferase activity was measured according to the
procedure of Collier and Kandel (17). The assay mixture in a
total volume of 65 ul contained 50 mM Tris-HCIl, pH 8.2,
0.1 mM EDTA, 40 mM dithiothreitol (Sigma), 25 ul of
reticulocyte enzymes, 0.735 uM nicotinamide [U-14CJadenine
dinucleotide ( ["*C]NAD) (136 Ci/mol, Amersham/Searle)
and various amounts of diphtheria toxin fragment A, PA
toxin, or toxin-antibody mixtures. After 1 hr incubation at
25°, 65 pl of 109, trichloroacetic acid was added and the
precipitates were collected, washed as described previously
(26), and analyzed in a low-background counter as described

above.

Peptide Analysis. EF-2 preparations radioactively labeled
by the toxins and [MC]NAD were precipitated with 5%,
trichloroacetic acid, digested with TPCK trypsin (Worthing-
ton), and analyzed by CEL-300 thin-layer chromatography
as described by Crawford and Gesteland (27). The solvents
were n-butanol/acetic acid/water/pyridine (150:30:120:120)
or n-butanol/acetic acid/5%, ammonium hydroxide (55:30:
15). Radioactive peptides were located on the thin-layers by
autoradiography.

RESULTS

The effect of PA toxin on cell-free protein synthesis was
studied in a lysate from rabbit reticulocytes. Fig. 1 shows that
full inhibition by PA toxin occurs only in the presence of
NAD. NAD alone had no effect, whereas PA toxin alone in
the undialyzed lysate was slightly inhibitory. However,
protein synthesis was completely blocked when both NAD
and PA toxin were added. It is known that undialyzed reticu-
locyte lysates contain a small amount of NAD (28) and we,
therefore, conclude that the apparent inhibition by PA toxin
alone was very likely dependent upon the endogenous NAD.
In fact, in some other lysates toxin alone caused no inhibition.

Protein synthesis in reticulocytes lysates is very active and
occurs on polysomes (21). The ribosomes cycle repeatedly
on mRNA and in optimally active lysates each ribosome is
able to synthesize as many as 25 globins during a 60 min
period of incubation (21). However, usually the system is less
active. There is a rapid burst of [**C]leucine incorporation
into globin chains whose synthesis was initiated in vivo
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Fic. 1. Effect of Pseudomonas aeruginosa toxin and NAD on
[1*C]leucine incorporation into protein in a reticulocyte lysate.
Aliquots (0.2 ml) of the cell-free system were incubated either
in the presence or absence of NAD (8 ug) and of PA toxin (3.6
ug). Aliquots (10 ul) were sampled at intervals.

before the lysate was made. During this early phase the rate
of incorporation reflects the elongation of globin chains and
their release from ribosomes. The slower secondary phase of
incorporation (10-60 min) is rate-limited by initiation of
new globin chains. Accordingly, polysomes are usually smaller
during this secondary phase. As can be seen in Fig. 1, PA
toxin plus NAD blocks the early phase of [!“C]leucine in-
corporation in the cell-free system. This suggests that elon-
gation of chains is inhibited, because we would otherwise
expect a burst of incorporation to precede the inhibition. This
conclusion is also suggested by the data with PA toxin alone
(Fig. 1), in which there is a partial inhibition of incorporation.
The inhibition is more marked during the early phase when
elongation is rate-limiting (679, inhibition at 5 min) than
at later times when initiation is rate-limiting (only 219,
inhibition at 60 min).

The conclusion that elongation of growing polypeptide
chains is blocked by PA toxin plus NAD was substantiated
by a study of ['C]leucine incorporation into polysomes in
the cell-free lysates. As seen in Fig. 2a, the radioactive leucine
was extensively incorporated into polysomal nascent poly-
peptides during a 4 min incubation in the absence of toxin.
However, no radioactivity was incorporated into polysomes
in lysates that had been incubated in the presence of toxin
(Fig. 2b). Fig. 2¢ shows a control experiment which demon-
strates that PA toxin does not simply cause nascent chain
release from polysomes. The lysates in that case were in-
cubated for 4 min without toxin and then for an additional
4 min in the presence of toxin. Clearly, the radioactive chains
that had been synthesized in the absence of toxin remained
on the polysomes when toxin was subsequently added. As
also seen in Fig. 2, polysomes remain intact when incubated
with toxin, which shows that mRNA is not degraded.

Fragment A of diphtheria toxin inhibits protein synthesis
elongation by catalyzing transfer of the ADP-ribosyl moiety
of NAD onto EF-2 (16-18). ADP-ribosylated EF-2 is unable
to translocate ribosomes along mRNA or to shift peptidyl-
tRNA from acceptor to donor sites on eukaryotic ribosomes
(16). Thereby, diphtheria toxin blocks the growth of nascent
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F1c. 2. Sucrose gradient sedimentation of polysomes from a
reticulocyte lysate protein-synthesizing system labeled with [14C]-
leucine. The lysates (0.2 ml portions) each contained NAD and
the following additional materials: (a) 4 min incubation, no
additions, (b) 4 min incubation, plus 3.6 ug of PA toxin, (c)
4 min incubation with no additions followed by 4 min incubation
with 3.6 ug of PA toxin.

polypeptide chains and causes ribosomes to become immo-
bilized on the mRNA. Since PA toxin appeared also to re-
quire NAD and to inhibit protein synthesis at the level of
chain elongation (Figs. 1 and 2), we determined whether it
had enzymatic activity similar to fragment A of diphtheria
toxin. As seen in Table 1, PA toxin was enzymatically active
in transferring radioactivity from [M“C]NAD into acid-
precipitable linkage with protein in a partially purified EF-2
preparation. The enzymatic activity of PA toxin was de-
stroyed if it was preincubated with antibody to PA toxin
but not with antibody to diphtheria toxin fragment A.
Conversely, anti-fragment A neutralized the enzymatic
activity of fragment A, whereas anti-PA did not.

The ADP-ribosyl transferase activity of diphtheria toxin
fragment A is exceedingly stable to high temperature when
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TaBLE 1. The effect of antisera on the NAD transferase
activities of PA toxin and fragment A of diphtheria toxin*

Acid-Insoluble Radioactivity

(cpm)
0.02 ug  0.02 pug
of frag- of PA
Preincubation serum H,0 ment A Toxin
H0 164 1328 1651
Normal rabbit serum 1556 1080
Rabbit anti-fragment-A
serum 284 1545
Normal horse serum, 1:10t 1684 1309
Pony anti-PA-toxin serum,
1:10% 1544 168

* The PA toxin or diphtheria toxin fragment A were pre-
incubated with water, normal rabbit serum, diluted normal
horse serum, or antisera at 37° for 15 min. The preincubation
mixtures were then immediately chilled and added to the reac-
tion mixture. Conditions for assay of NAD transferase activity
were as described in Methods and Materials.

t A number of undiluted normal horse sera tested partially
inactivated low concentrations of PA toxin. This could be
minimized by diluting the normal horse sera 1:10 in H;O. The
pony anti-PA-toxin serum was therefore also diluted 1:10 in
water prior to use.

not bound to fragment B (29, 30). As seen in Table 2, the enzy-
matic activity of PA toxin was destroyed by boiling for 30
min, whereas, the activity of diphtheria toxin fragment A
was unaffected. These data and those in Table 1 suggest that
PA toxin and diphtheria toxin fragment A are structurally
different although they have similar enzymatic activities.
The EF-2 preparation used in the above studies was im-
pure and contained many protein bands when analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
In order to determine whether the substrate for PA toxin
was EF-2 or some other protein, we incubated saturating
amounts of PA toxin and diphtheria toxin fragment A either
alone or together in the presence of excess [“C]NAD and a
constant, rate-limiting amount of reticulocyte enzyme prepa-
ration. As seen in Table 2, in these conditions the two toxins
were non-additive in the amount of radioisotope they trans-

TasBL: 2. Comparison of the NAD transferase activities of
PA toxin and diphtheria toxin fragment A

Acid-
insoluble
radioactivity

Toxin added (cpm)

None 113

1 ug of diphtheria toxin fragment A 1485
1 ug of heated* diphtheria toxin fragment

A 1509

1 ug of PA toxin 1381

1 ug of heated* PA toxin 208

1 ug of diphtheria toxin fragment A +
1 ug of PA toxin 1390

* The toxins were preincubated in boiling water for 30 min,
rapidly cooled in an ice bath, and immediately added to the
reaction mixture.
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Fi16. 3. Sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis of proteins labeled by toxins with [“4C]NAD. The
labeled proteins are visualized by autoradiography. A partially
purified EF-2 preparation was incubated for 60 min with [1C]-
NAD and either with PA toxin or with diphtheria toxin fragment
A as described in Methods and Materials. Following incorporation
the solutions were adjusted to 0.6%, sodium dodecyl sulfate,
59, sucrose, and 19, 2-mercaptoethanol and were incubated at
75° for 20 min before 50 ul aliquots were layered onto acrylamide
gels. The unincorporated NAD electrophoresed rapidly as a dif-
fuse band on the gels; it was removed if the gels were washed
with 12.59, trichloroacetic acid before they were sectioned for
autoradiography. D is the extract incubated with diphtheria
toxin fragment A and PA is the extract incubated with Pseudo-
monas aeruginosa toxin. Both toxins label only one protein which
migrates in the position expected for the 100,000 dalton EF-2

polypeptide.

ferred into acid-precipitable linkage with protein. Further-
more, when the [*C]NAD-labeled reaction mixtures that
had been incubated with either PA toxin or diphtheria toxin
fragment A were electrophoresed on sodium dodecyl sulfate—
polyacrylamide gels, the radioautographs of the gels were
identical (Fig. 3). In both cases the only labeled protein had a
molecular weight of about 100,000, the known size of EF-2
(31). These data suggest that PA toxin catalyzes the transfer
of radioactivity from [1C]NAD onto EF-2.

Evidence that the modifications of EF-2 by the two toxins
are likely identical was shown by tryptic peptide analysis of
the [“C]NAD labeled EF-2 preparations. As is seen in Fig. 4,
each toxin caused the labeling of only a single tryptic peptide.
Furthermore, the tryptic peptides labeled by the action of
the two toxins cochromatograph on CEL-300 thin-layer
plates in two different solvent systems (see Methods and Ma-
terials). These data suggest that both toxins transfer the same
portion of NAD onto the same amino-acid side chain of EF-2.

DISCUSSION

These results strongly suggest that PA toxin acts by the
same intracellular mechanism as diphtheria toxin. Both
catalyze the transfer of a portion of NAD onto EF-2, a
protein required for ribosome translocation along mRNA
during protein synthesis. Although we have not established by
direct analysis that PA toxin transfers the ADP-ribosyl
moiety of NAD rather than some other portion of NAD, it
seems very likely that this will prove true. Thus when [car-
bonyl-'*C]nicotinamide adenine dinucleotide was substituted
for the [“CJNAD in the enzyme reaction (see Alethods and
Materials), no label was transferred to acid-precipitable
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Fic. 4. Thin-layer chromatography of tryptic peptides from
EF-2 labeled by toxins with [*C]NAD. The radioactive tryptic
peptides are visualized by autoradiography. A partially purified
EF-2 preparation was incubated with [“C]NAD and with
either PA toxin (PA) or diphtheria toxin fragment A (D) as
described in Methods and Materials. The tryptic peptides were
chromatographed on a CEL-300 thin-layer plate. The solvent
used was n-butanol/acetic acid/water/pyridine (150:30:120:
120). O is the origin. Both toxins labeled the same tryptic pep-

tide.

material in the presence of either 1 ug of PA toxin or 1 ug
of diphtheria toxin fragment A. There are two known ex-
amples in bacteria of NAD-dependent covalent modification
of proteins, both of which involve transfer of the ADP-
ribosyl moiety (16, 32). Furthermore, our results suggest
that the modifications by PA and diphtheria toxins occur
at the same site on EF-2, since the modifications are non-
additive (Table 2). Also, the toxins transfer a very similar
amount of radioactivity from the [M“C]NAD onto EF-2 in
conditions of toxin excess (Table 2). Finally, we have found
that the two toxins modify the same tryptic peptide of EF-2,
since these modified peptides cochromatograph on CEL-300
thin-layer plates in different solvent systems.

PA and diphtheria toxins are from unrelated bacteria, are
not identical immunologically, are toxic to different cells and
species (14, 33) and appear to differ in susceptibility to pro-
teolytic attack. Intact diphtheria toxin has a molecular
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weight of 64,000 and is cleaved by mild trypsin treatment and
disulfide bond reduction into its A (24,000 dalton) and B
(39,000 dalton) fragments. The A fragment is the active
transferase, whereas the B fragment is required for toxicity
and is believed responsible for binding to cell receptors and
penetration “through the plasma membrane (17, 18, 33).
The intact diphtheria toxin is zymogen, since its transferase
activity is only evident after proteolysis. The reported molec-
ular weight of PA toxin is 50,000-54,000 (12, 13). Our pre-
liminary data indicate that trypsin treatment of PA toxin
under conditions causing fragmentation of diphtheria toxin
(18) does not result in an increase in the enzymatic activity
of PA toxin. This may simply mean our PA toxin is already
fully nicked. However, a single comparison of PA toxin
electrophoresed on sodium dodecyl sulfate—polyacrylamide
gels in the presence or absence of 19, dithiothreitol showed
identical patterns. Accordingly, it seems likely that the in-
tact PA toxin may be the active transferase, but additional
structural-functional studies are required.

It seems to us unlikely that PA and diphtheria toxins
were conserved during evolution because of their ability to
ADP-ribosylate mammalian EF-2. Rather, it seems more
likely that ADP-ribosylation plays some role in bacteria and
that a site on mammalian EF-2 merely happens to serve as a
cross-reacting protein substrate. In this regard it is interesting
that Escherichia colt infected with T4 phage synthesize a
protein that catalyzes transfer of the ADP-ribosyl moiety of
NAD onto the a-chain of E. coli RNA polymerase (32).
Similarly, diphtheria toxin is synthesized only in Coryne-
bactertum diphtheriae infected with B or related virus, and the
toxin is encoded by the viral genome (34). Therefore, it would
be important to know whether a virus plays a role in PA
toxin synthesis.

Substantial information at the molecular level is known
for only three bacterial toxins—diphtheria toxin (33), PA
toxin, and cholera toxin (35). The latter causes activation or
derepression of plasma membrane adenylate cyclase (35, 36)
and may involve covalent modification of the membrane pro-
teins. We were surprised to find that both diphtheria and
PA toxins have the same intracellular mechanism of action.
The probability of this happening by chance or by convergent
evolution is obviously remote. Accordingly, we suggest that
these two toxins may have had a common evolutionary
origin, that some other bacterial toxins will be found to act
similarly, and that NAD-dependent ADP-ribosylation of
various target proteins will prove to be a widespread general
mechanism of bacterial toxin action.
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