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The data presented indicate that one of the primary actions of Pseudomonas
aeruginosa exotoxin during experimental infection is the inactivation of elonga-
tion factor 2 (EF-2) in various mouse organs. Organs from mice infected with
the toxigenic P. aeruginosa strain PA103 contained considerably less EF-2
activity than did organs from uninfected controls. Whereas EF-2 activity was
reduced in all organs examined from PA103-infected animals, the largest decrease
was observed in the liver, where the active EF-2 levels were reduced by 70 to
90%. In addition, consistent inhibition of protein synthesis in livers but not in
other organs was observed in mice infected with the toxigenic PA103 strain.
Treatment of mice with antitoxin before infection with strain PA103 prevented
inactivation of EF-2. When mice were infected with lethal doses of the nontoxi-
genic P. aeruginosa WR5 strain, tissue EF-2 levels were not markedly reduced

below those derived from uninfected control animals.

Previous studies have documented that puri-
fied Pseudomonas aeruginosa exotoxin A (2, 3,
9) inhibits protein synthesis in cultured mam-
malian cells (10, 11) and in mouse organs (13).
Iglewski and Kabat reported that toxin catalyzes
the nicotinamide adenine dinucleotide (NAD)-
dependent inhibition of protein synthesis in rab-
bit reticulocyte lysates. This was shown to be
the result of the inactivation of elongation factor
2 (EF-2) (6). In addition, following the intraper-
itoneal injection of purified toxin into mice, EF-
2 activity decreased significantly in the liver and
other organs (7).

Although there is evidence that toxin is pro-
duced in animals during experimental pseudom-
onas infections (12, 16) and in patients (14), it
is not known whether the toxin produced in vivo
elicits biochemical effects similar to those of
exogenously administered toxin (7, 13). Re-
cently, Saelinger et al. (16) showed that EF-2
levels decreased significantly in the livers and
spleens of burned mice infected with pseudom-
onas. However, whether this was due to the
specific action of toxin or to some other factor
as a result of the infection is not known. The
purpose of this study was to examine this effect,
using as controls mice treated with specific an-
titoxin to neutralize the toxin produced in vivo
during an infection as well as mice infected with
a nontoxigenic strain of pseudomonas. The data
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presented indicate that protein synthesis in the
liver is inhibited during infection with a toxin-
producing strain of P. aeruginosa as the result
of EF-2 inactivation.

MATERIALS AND METHODS

Organisms. P. aeruginosa strain PA103, isolated
by Liu (8), produces toxin, but only low amounts of
protease (8, 18) and no detectable hemolysin or leci-
thinase when grown in vitro.

P. aeruginosa WR5, a nontoxigenic, protease-pro-
ducing strain (1) isolated from a patient at Walter
Reed Army Hospital, Washington, D.C., was kindly
provided by J. C. Sadoff, Walter Reed Army Institute
of Research.

Experimental burn infection model. Swiss white
female mice of the NIH-NMRI CV strain, weighing
20 + 2 g, were used. The burned-mouse model devel-
oped by Stieritz and Holder (17) was used with the
modifications described previously (12). The mice
were anesthetized with methoxyflurane (Penthrane,
Abbott Laboratories, North Chicago, Ill.); the chal-
lenge inoculum was prepared as previously described
(12). Mice were infected subcutaneously in the burn
area immediately following burn trauma with 2 mean
lethal doses (LDso) of organisms (approximately 3.6 X
10* for PA103; 14 x 10° for WR5), which resulted in
fatal infections in about 90% of the mice in about 50
+ 10 h postinfection (12). Control, burned-uninfected
mice received an equivalent volume (0.5 ml) of sterile
phosphate-buffered saline.

Antisera. Rabbit bovine serum albumin antiserum
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(anti-BSA) (12) and antitoxin serum (3) were prepared
as previously described.

Both antisera were heated at 56°C for 30 min and
absorbed with Formalin-killed whole cells of the chal-
lenge pseudomonas strain, as previously reported (12).
Following absorption, the cell-free antisera were found
to be negative for hemagglutinating antibodies to the
type-specific lipopolysaccharides of the challenge
strains. These latter tests were kindly performed by
G. C. Cole and M. W. Fisher (Parke-Davis Co., Detroit,
Mich.).

In vivo protein synthesis. Food was withheld
from mice 24 h prior to the start of each experiment.
Mice were traumatized and injected with PA103 or
sterile phosphate-buffered saline as described above.
At 48 h postinfection, 2.0 uCi (0.10 ml) of a “C-labeled
amino acid mixture (New England Nuclear Corp.,
Boston, Mass.) was injected into the mice intraperi-
toneally. Two hours later the mice were anesthetized
with methoxyflurane and perfused through the heart
with heparinized saline until the perfusate was clear.
Various organs were excised, rinsed with cold saline,
blotted, and stored at —20°C until tested. C-labeled
amino acid incorporation by the organs was deter-
mined as previously described (13).

Extractions and quantitation of mouse organ
EF-2. The organs were obtained as described above,
except that the organs from six mice were pooled.
EF-2 was extracted from homogenates of the pooled
mouse tissues by a previously described modification
(7) of the procedure of Gill and Dinius (4). A 0.1-ml
sample of the NAD+ free, clear supernatant which
contained EF-2 was incubated in the presence or ab-
sence of 6 ug of diphtheria toxin fragment A (kindly
provided by R. J. Collier, University of California at
Los Angeles) in a 0.3-ml-total reaction mixture con-
taining 0.25 uCi of [“CINAD (specific radioactivity,
1.2 X 10° cpm/mol), 100 mM tris(hydroxymethyl)-
aminomethane-hydrochloride (pH 8.2), 0.15 mM ethy-
lenediaminetetramine, 55 mM dithiothreitol, and 250
mM histamine. After incubation for 10 min at 37°C,
the reaction was stopped by precipitation with cold
trichloroacetic acid (5% final concentration), and the
precipitate was collected and counted as previously
reported (7). All assays were done in duplicate and
averaged. The difference between the counts with and
without diphtheria toxin fragment A represented the
adenosine diphosphate-ribosyl EF-2 formed. The av-
erage active EF-2 content of each tissue was calculated
as described by Gill and Dinius (4).

RESULTS

Protein synthesis. Past studies (13) have
shown that in mice injected with purified exo-
toxin, shortly before the expected time of death,
protein synthesis is inhibited almost completely
in the liver (>85%) and to a lesser extent (20 to
50%) in other organs. In this study, however,
when burned mice were infected with PA103
(Table 1), the liver was the only organ in which
reduction in amino acid incorporation could be
demonstrated in most cases. Differences in
amino acid incorporations by spleen, kidney,
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TABLE 1. Protein synthesis in the livers of burned-

infected and uninfected mice®
Amino acid incorporation
No.
Expt  ryeatment o? cpm/mg  Per-
no. mice of cent pe
protein de-
+SEM® crease
1 Uninfected 16 443+ 34
Infected 12 259 + 42 415 <0.001
2 Uninfected 20 953+48
Infected 17 645166 32.3 <0.001
3 Uninfected 10 762+ 30
Infected 9 68267 105 03

< Protein synthesis was between 50 and 52 h postinfection.
All mice in the control group (burned-infected, nonpulsed)
died, indicating that the mice were infected.

® SEM, Standard error of the mean.

< Probability of random distribution.

lung, heart, pancreas, intestine, muscle, or brain
between burned-infected and uninfected mice
were not significant (not shown).

Since the infecting organisms may incorporate
exogenous “C-labeled amino acids and possibly
add to the total incorporation, one series of
experiments was done in which both infected
and uninfected mice were injected intravenously
with 400 pg of gentamicin 2 h prior to pulse
labeling in order to inhibit the metabolism of
the bacteria. No significant changes in amino
acid incorporation were observed (data not
shown).

EF-2 levels in infected mice. The active
EF-2 levels of burned-noninfected mice from 19
separate experiments, each involving tissue from
pools of six mice, are shown in Fig. 1. The results
are similar to earlier values obtained with nor-
mal, nontraumatized mice (7). Thus the burn
injury did not affect the active EF-2 content of
the mouse organs.

The EF-2 activity in various tissues during
the first 36 h of infection with PA103 as com-
pared with uninfected mice is shown in Fig. 2.
As in the case of inhibition of protein synthesis,
the most significant decrease was seen in the
liver. At 36 h the liver contained only 12% of
the initial EF-2 activity, while more modest
decreases were noted in the kidney, heart, and
lung. The EF-2 activity of the spleen remained
approximately constant at least through the first
24 h of infection. Since during these initial ex-
periments variation in active EF-2 content in
the organs of similarly treated animals was con-
siderable (Fig. 1), all subsequent experiments
(Fig. 3) were repeated three separate times and
the EF-2 values were then averaged. As with
previous experiments, each homogenate was
prepared with organs pooled from six mice.

To determine whether the reduced EF-2 ac-
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Fic. 1. EF-2 values (nanomoles/gram of tissue +
standard error of mean) in burned-uninfected mice
24 h postburn. The results represent 19 separate ex-
periments, with each point representing the average
of two determinations on a pool of organs from six
mice.
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F1G. 2. Active EF-2 content in organs of mice dur-
ing pseudomonas infection (PA103) as compared with
burned-uninfected mice. Each point represents an
average of two determinations with homogenates pre-
pared from a pool of organs from six mice. The values
are expressed as the percentage of active EF-2 in
organs obtained from burned-uninfected control
mice.

tivity was due to the exotoxin or some other
bacterial product produced in vivo during the
infection, mice were administered intravenously
0.2 ml of rabbit antitoxin 24 h prior to infection
with PA103. Previous work had shown that this
amount of antitoxin completely protected mice
against the lethal effects of 2 LDs of PA103
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challenge (12). A second group of mice received
equivalent volumes of rabbit anti-BSA. The EF-
2 activities in various organs of infected, anti-
BSA-treated and antitoxin-treated mice at 24
and 48 h postinfection are shown in Fig. 3A. In
the anti-BSA-treated mice, the active EF-2 lev-
els at 24 h were reduced approximately to the
same extent as in the earlier experiments (Fig.
2). Thus at 24 h the only organ to show a marked
decrease in active EF-2 content was the liver.
By 48 h, however, the EF-2 activity was signifi-
cantly reduced in all the organs of anti-BSA-
treated mice as compared with values obtained
with burned-uninfected control animals. In con-
trast, in organs from the antitoxin-treated ani-
mals, EF-2 levels were similar to those of
burned-uninfected mice (Fig. 3A). The only or-
gan from the antitoxin-treated infected animals
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FiG. 3. EF-2 values in organs of antiserum-pre-
treated mice infected with either (A) toxigenic PA103
or (B) nontoxigenic WRS5. Controls: Burned-unin-
fected (OJ); burned-infected mice, pretreated with
anti-BSA (N); burned-infected mice pretreated with
antitoxin (W). The bars represent the means, and
the segments above the bar represent mean + stan-
dard error. For the infected animals, the standard
error was determined from three separate experi-
ments. No differences in EF-2 values were seen in
controls tested at 24 and 48 h postburn. Thus these
values were averaged and the standard error was
determined on the basis of n = 19. The antitoxin
titer by passive hemagglutination assay (15) was
1:32,000, and by mouse neutralization 0.1 ml diluted
to 1:256 neutralized 5 LDs, of purified toxin (14).
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to show any significant decrease in active EF-2
content was the liver. This effect appeared to
be transitory, since the active EF-2 content of
the livers from the antitoxin-treated animals was
reduced at 24 h but was normal at 48 h postin-
fection. These results indicate that the antitoxin
prevented progressive EF-2 inactivation in or-
gans of mice infected with the toxigenic PA103
strain of P. aeruginosa.

The specificity of the action of the exotoxin
was tested in mice infected with a non-toxin-
producing strain of P. aeruginosa, WR5 (Fig.
3B). This strain is considerably less virulent for
burned mice (LDsy = 2 X 10°) compared with
the toxigenic strain, PA103 (LDs, = 1.8 X 10%)
(12). In addition, antitoxin does not protect mice
against lethal WR5 infections (12). Mice were
pretreated with antitoxin or anti-BSA 24 h prior
to the burn and infected as in the previous
experiment. The results are shown in Fig. 3B.
Only a slight decrease in EF-2 activity was seen
in tissues from mice infected with this nontoxi-
genic strain as compared with mice infected with
the toxigenic PA103. For example, in the liver
of WR5-infected mice, the EF-2 activity at 24 h
was normal and only reduced to 80% of the
control at 48 h, while in mice infected with the
toxigenic strain, the EF-2 activity decreased to
33 and 30%, respectively (Fig. 3). Similarly, only
a slight decrease in active EF-2 content was
seen in the other organs examined from mice
infected with the nontoxigenic WR5 strain, and
this decrease was seen primarily at 48 h postin-
fection in moribund animals. The small reduc-
tions of EF-2 activity observed in tissues from
WR5-infected animals were almost identical in
antitoxin- and anti-BSA-treated mice, indicating
that this inactivation of EF-2 by WR5 was not
due to the action of exotoxin A. An unexpected
observation was that the active EF-2 content of
spleens obtained at 24 h from infected animals
pretreated with antitoxin was higher than the
values obtained for spleens from uninfected con-
trol animals (Fig. 3). This transitory increase in
EF-2 activity was not due to the antitoxin, since
values for active EF-2 content of spleens from
antitoxin-treated, burned-uninfected animals
(antitoxin controls) was equal to that obtained
with uninfected animals not given antitoxin
(data not shown). Furthermore, this increase
was seen at 24 h in spleens from animals infected
with either strain PA103 or WR5 (Fig. 3), sug-
gesting that this increased EF-2 activity in the
spleen was due to some factor other than toxin
which is elaborated during these infections.

DISCUSSION
A decrease of active EF-2 levels in the liver,
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kidney, spleen, heart, and lung similar to that
seen by Saelinger et al. (16) was observed in
mice infected with the toxigenic PA103 strain
of P. aeruginosa (Fig. 2 and 3). Although it
might be expected that inactivation of EF-2
would result in a corresponding decrease in pro-
tein synthesis, the liver was the only organ in
which a significant decrease in protein synthesis
was seen (Table 1).

In our previous studies (13) on protein synthe-
sis in exotoxin-treated mice, similar results were
noted. That is, in the liver the decrease in amino
acid incorporation was almost immediate, while
in other organs there was a lag of about 18 h.
One possible explanation for the variation in the
inhibition of amino acid incorporation in the
liver as well as the apparent failure of inhibition
of amino acid incorporation to parallel decreases
in EF-2 levels is a possible excess of EF-2 in
these organs. It has been shown that HeLa cells
contain excess amounts of EF-2 (5) and that a
considerable portion of the total EF-2 must be
inactivated before protein synthesis can be in-
hibited. It has also been shown that cells from
mammalian organs contain 20 to 40% more EF-
2 molecules than ribosomes (4). It is plausible,
therefore, that during experimental pseudomo-
nas infection no decrease in protein synthesis
occurs until the excess EF-2 is inactivated and
EF-2 becomes rate limiting.

Since pretreatment of PA103-infected mice
with antitoxin prevented EF-2 inactivation (Fig.
3A), it appears that exotoxin was produced dur-
ing these experimental infections and that it
acted similarly to purified exotoxin (7, 13). This
conclusion is also supported by the data from
mice infected with the nontoxigenic WR5 strain.
Unlike the rapid and significant reduction in
EF-2 levels seen in livers of mice infected with
the toxigenic strain PA103, no decrease in active
EF-2 content was seen in tissues from mice
infected with WR5 at 24 h postinfection, and
only a slight decrease occurred during the ter-
minal stages of the infection at 48 h (Fig. 3B).
Another significant difference between mice in-
fected with the toxigenic and nontoxigenic
strains was that in the case of the former, the
considerable decrease in EF-2 values seen in
various organs at 48 h could be prevented by
antitoxin treatment (Fig. 3A), while in the latter
case (Fig. 3B), the slight decrease in EF-2 activ-
ity observed was not affected by antitoxin.

In conclusion, we have shown that sufficient
liver EF-2 is inactivated in animals infected with
the toxigenic strain of P. aeruginosa PA103 to
reduce significantly protein synthesis in this or-
gan. The data here reported add to the growing
evidence that exotoxin A acts in vitro and in
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vivo in a highly specific manner and contributes
to the severity and lethality of pseudomonas
infection.
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