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Burn patients suffer a break in the physical barrier (skin), which, when combined with their generalized state
of immunodeficiency, creates an open window for opportunistic infections, mainly with Pseudomonas aerugi-
nosa. Infection of the burn wound has always been a major factor in retardation of wound healing, and sepsis
remains the leading cause of death in burn patients. Because studies have shown that topical treatment with
antiexotoxin A (ETA) antibodies significantly increases survival in rats infected with toxin-producing strains
of P. aeruginosa, we examined 11 synthetic peptides encompassing 12 to 45 amino acid (aa) residues, repre-
senting what were predicted by computer analysis to be the most hydrophilic and antigenic regions of ETA.
These synthetic peptides were injected into rabbits for antibody production. Different groups of rabbits were
immunized with a combination of peptides, with each combination representing one of the three distinct do-
mains of ETA. Animals immunized with various peptide combinations produced peptide-specific antibodies
that exhibited cross-reactivity to ETA. Two major epitopes were identified on the ETA molecule by experiments
with peptide-specific antibodies in enzyme-linked immunosorbent assay and immunoprecipitation. One of these
epitopes was located in the translocation domain (II) (aa 297 to 310), while the other was mapped to the last
13 aa residues at the carboxy-terminal end of the enzymatic domain (III) (aa 626 to 638). Of these two regions,
the epitope in the enzymatic domain induced a much higher level of neutralizing antibodies that abrogated the
cytotoxic activity of ETA in vitro. Antibodies to this epitope blocked the ADP-ribosyltransferase activity of ETA
and appeared to interfere with binding of the substrate elongation factor 2 to the enzymatic active site of the
ETA molecule. We conclude that polyclonal, as well as monoclonal, antibodies to short peptides, representing
small regions of ETA, may have therapeutic potential in passive immunization or topical treatment of burn
patients infected with toxin-producing strains of P. aeruginosa.

Pseudomonas aeruginosa is an opportunistic pathogen that
causes serious and sometimes fatal infections in the compro-
mised host, especially in patients with major trauma or ther-
mal injuries (9, 29, 32, 37). Several extracellular products of
P. aeruginosa are implicated in its pathogenicity, including the
heat-labile exotoxin A (ETA) (22, 23), several proteases (14,
21, 28), and hemolysins (43). P. aeruginosa ETA is 10,000 times
more toxic than lipopolysaccharide (LPS) isolated from the
outer membrane of P. aeruginosa (3, 24). The mature structural
ETA is a single-chain polypeptide with a molecular weight of
66,583 that consists of 613 amino acid (aa) residues. X-ray
crystallographic studies (1) identified three structural domains:
the receptor binding domain I (aa 1 to 252 and 365 to 404)
(18), the translocation domain II (aa 253 to 364) (4), and the
enzymatic domain III (aa 405 to 613) (13). The cytotoxic ac-
tivity of ETA is attributed to the enzymatic domain, which
inhibits protein synthesis through ADP-ribosylation of eukary-
otic elongation factor 2 (eEF-2) in a manner similar to that of
diphtheria toxin (19). When cultured in vitro, 80 to 90% of all
P. aeruginosa clinical isolates produce ETA (34), and over 90%
of all P. aeruginosa strains harbor the chromosomal gene for
ETA (42). ETA is believed to be the most toxic virulence factor

produced by P. aeruginosa (24), and its cytotoxic activity ex-
tends to a wide variety of mammalian cells (25). ETA has been
shown to inhibit proliferation of human granulocyte and mac-
rophage progenitor cells (33, 39) to alter the production of
tumor necrosis factor alpha (TNF-a) by human leukocytes
(38), and to interfere with murine interleukin-1 production by
peritoneal macrophages in vitro (26). These results suggest a
role for ETA in the pathophysiology of P. aeruginosa septice-
mia, a major cause of death among burn patients (11, 35, 40,
44).

Wound healing is a major concern in treatment of traumatic
injuries (17). We have previously examined the effect of ETA
on wound healing in an acute wound model in rats (16). Our
study showed a direct correlation between inoculation of the
wound with ETA and the delay in the healing process, as
measured by the rate of wound closure and the tensile strength
of skin (16). In the present study, synthetic peptides corre-
sponding to predicted immunogenic regions on the surface of
the ETA molecule were generated to identify an epitope or
epitopes capable of eliciting neutralizing antibodies. Our stud-
ies showed that one of the peptides, encompassing a region
within the enzymatic domain of ETA (aa 610 to 638), repre-
sented an immunodominant epitope on the surface of ETA.
Antibodies specific for the carboxy-terminal portion of this
peptide (aa 626 to 638) were capable of conferring protection
to the target cells against the cytotoxic effect of ETA, as well as
inhibiting the ADP-ribosyltransferase activity of ETA in a cell-
free system in vitro.
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MATERIALS AND METHODS

Synthetic peptides. Specific amino acid sequences within ETA were selected
for production of antibodies. Amino acid sequence selection for synthetic pep-
tide synthesis was based on the analysis of hydrophilicity (Kyte-Doolittle), anti-
genic index (Jameson-Wolf), and surface probability (Emini) (Fig. 1 and Table
1). Peptides were synthesized by the Synthetic Antigen Laboratory at the Uni-
versity of Texas, M. D. Anderson Cancer Center, Houston. Individual peptides
were 12 to 45 aa long. Peptides, supplied as lyophilized powder, were reconsti-
tuted with distilled water to a stock solution of 10 mg/ml. A dilute solution of
each peptide was conjugated to keyhole limpet hemocyanin (KLH) (Pierce,
Rockford, Ill.) according to the manufacturer’s recommendations. Because of
the relatively large size of peptides 9 (45 aa) and 11 (29 aa), and based on our
studies with mice, which showed these two peptides to be very immunogenic
(data not shown), peptides 9 and 11 were not conjugated. Briefly, peptides were
conjugated in a conjugation buffer [0.1 M 2-(N-morpholino)-ethanesulfonic acid,
0.9 M NaCl, 0.02% NaN3 (pH 4.7)], in the presence of the coupling reagent
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Pierce).

Animal immunization and bleeding. Female, albino New Zealand rabbits
(Myrtle’s Rabbitry, Thompson Station, Tenn.) were immunized with 25 mg of
ETA (List Biological, Campbell, Calif.). For peptide immunization, the immu-
nizing dosage was 1 mg of each peptide per rabbit. The initial dose was delivered
subcutaneously along with Freund’s complete adjuvant (Sigma Chemical Co., St.
Louis, Mo.). Subsequent injections (12.5 mg of ETA and 500 mg of individual
peptides) were given in conjunction with an equal volume of Freund’s incom-
plete adjuvant. Immunizations were given 1 month apart, and blood samples
were collected 15 days after each immunization. Rabbits were sedated with an
appropriate dose of a cocktail consisting of acepromazine (Fort Dodge Labora-
tories, Fort Dodge, Iowa) and Buprenex (Reckitt & Colman Pharmaceutical,
Inc., Richmond, Va.) 20 min before the blood was drawn. Blood samples were
stored overnight at 4°C, and the following day, serum was separated by centrif-
ugation. Serum samples were kept at 270°C for prolonged storage.

Affinity purification. Individual peptides were coupled to Sepharose-6B (Phar-
macia, Piscataway, N.J.) in 0.1 M carbonate–bicarbonate buffer (pH 11) over-
night. Later, the peptide-Sepharose slurry was packed in a 15-cm glass column
(Fisher Scientific Co., Houston, Tex.) after appropriate washing with 0.01 M
sodium phosphate buffer (pH 7.0). Columns were stored in the same buffer
containing 0.02% sodium azide at 4°C. For antibody purification, serum was
passed through the column under a slow, regulated flow (0.5 ml/min). The
column was then washed with phosphate buffer, and peptide-specific antibodies
were eluted with 0.5 M glycine-HCl buffer (pH 2.5). The eluant was immediately
neutralized with 10% (vol/vol) Tris base buffer (pH 8.0), desalted, and concen-
trated with Centriprep 30 columns (Amicon, Inc., Beverly, Mass.).

ELISA. Immulon 2 96-well plates (Dynatech, Inc., Chantilly, Va.) were coated
with the desired antigen by addition of 100 ng of the protein per well or peptide
at a concentration of 1 mg/well in 0.5 M carbonate–bicarbonate buffer at pH 9.6
and incubation of the plates overnight at 4°C. For some experiments, microtiter
plates were coated with 100 ml of equimolar concentrations of ETA and indi-
vidual peptides (1.5 3 1028 M). The plates were washed with phosphate-buffered
saline (PBS) containing 0.05 M Tween 20 to reduce the background, and the
serum specimens or affinity-purified antibodies to be tested were then diluted in
the same buffer. Horseradish peroxidase (HRP)-conjugated secondary antibod-
ies (goat anti-rabbit) (Pierce), diluted in the PBS-Tween 20 buffer, were used to
probe the primary antibodies. The substrate 2,29-azino-bis (3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS) (Sigma) was then added for 10 min, and the optical
density at 405 nm (OD405) was measured with an ELISA plate reader (Molecular
Device Corp., Menlo Park, Calif.). For ETA capture ELISA experiments, the
plates were coated with 100 ng of eEF-2 per well as described above. ETA (or
ETA preincubated with affinity-purified antibodies) was activated with 4 M urea
and 1% dithiothreitol (DTT) (Sigma) prior to incubation on the plates. Poly-
clonal rabbit anti-ETA and HRP-conjugated goat anti-rabbit immunoglobulin G
were then used to measure the level of ETA captured on the plates.

Immunoprecipitation with protein G. ETA was preincubated for 1 h at 37°C
with immune serum diluted 53 in 0.01 M phosphate buffer (pH 7.5)–150 mM
NaCl prior to the addition of 25 ml of recombinant protein G (Amersham Co.,
Arlington Heights, Ill.). The mixture was then incubated for 1 h at 37°C, and the
pellet was washed several times with phosphate buffer and boiled for 5 min in 20
ml of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE) buffer

(20). Samples then were loaded onto a 12% polyacrylamide gel (20). The pro-
teins from the gel were transferred onto a nitrocellulose membrane (Bio-Rad,
Hercules, Calif.), which was then probed with goat anti-ETA antibodies (List
Biological) and HRP-labeled rabbit anti-goat immunoglobulin G (Sigma). The
blots were developed by the enhanced chemiluminescence technique (Amer-
sham). For eEF-2 precipitation experiments, ETA was activated in 4 M urea and
1% DTT at room temperature for 15 min before addition of eEF-2. ETA–eEF-2
complex was then precipitated by sequential addition of the affinity-purified
anti-ETA antibodies and recombinant protein G to the mixture. When interfer-
ence with ETA binding to eEF-2 was determined, the toxin was preincubated
with affinity-purified antibodies prior to activation.

Cytotoxicity assay. Overnight confluent monolayers of 3T3 Swiss Albino fi-
broblasts were trypsinized, harvested, and counted (27). Fibroblasts (.90%
viability) were then seeded into 96-well plates (100 ml/well) at a concentration of
2 3 105 cells/ml in Eagle’s minimum essential medium (EMEM) (Sigma) plus
10% fetal bovine serum (Intergen, Purchase, N.Y.). The next day, the cells were
washed twice with PBS and incubated in leucine-deficient EMEM (2% serum) in
the presence of [3H]leucine (Amersham) and ETA or ETA preincubated with
preimmune serum, immune serum, or affinity-purified antibodies to ETA. In-
corporation of [3H]leucine in 3T3 cells was stopped by placing the plate at 4°C
for 10 min. The cells were lysed in potassium hydroxide, and then protein,
precipitated by trichloroacetic acid (TCA), was collected on filter paper with a
cell harvester (Flow Laboratories, Rockville, Md.). The level of [3H]leucine
incorporation then was measured with a beta counter (Beckman, Fullerton,
Calif.).

Binding of ETA to target cells. ETA was labeled with 125I (Amersham) by
employing the Iodo-Beads reagent (Pierce). Monolayers of 3T3 fibroblasts were
incubated with 125I-ETA at a specific activity of 2.4 3 104 cpm/ng of ETA in the
presence or absence of antibodies. Cultures were incubated for 6 h at 37°C, and
the radioactivity of the cells was measured with a gamma counter after appro-
priate washing with PBS (33).

Purification of eEF-2. eEF-2 was extracted from wheat germ according to the
procedure originally described by Chung and Collier (6) and modified by Beattie
et al. (2).

ADP-ribosylation assay. For the ADP-ribosylation inhibition assay, 20 ng of
ETA was preincubated with 20 ml of affinity-purified antibodies (2 mg/ml) to
ETA or synthetic peptides for 30 min at 37°C. ETA then was activated by
incubation of the mixture with 6.7 ml of 16 M urea and 4% DTT at 25°C for 15
min. The ADP-ribosylation reaction mixture was allowed to incubate for 15 min
at 25°C in the presence of 60 ml of buffer containing 20 mM Tris-HCl (pH 8.0),
1 mM EDTA, 20 mM DTT, 50 mg of bovine serum albumin per ml, along with
0.125 mCi of 14C-NAD (Amersham) and 5 mg of eEF-2. The reaction was
stopped by applying the mixture to a Whatman 3MM paper already ruled into
1.5-in. squares and presoaked in 10% TCA in ether. The filter paper then was

FIG. 1. The 11 synthetic peptides were synthesized, corresponding to differ-
ent regions within the three structural domains of ETA. The position of the
individual peptides in the diagram reflects the location and the overlap between
some of them. The sizes of ETA and synthetic peptides were not drawn to scale.
The sequences of various synthetic peptides are shown in Table 1.

TABLE 1. Various synthetic peptides generated to binding,
translocation, and enzymatic domains of ETA and rabbit

group designation for the immunization protocol

Rabbit
group

Domain of
ETA

Peptide
designation

Amino acid residues
corresponding to
ETA sequencea

I Binding (Ia) Peptide 1 99–110
Peptide 2 201–215
Peptide 7 143–157
Peptide 10 26–41

II Translocation (II) Peptide 3 297–310
Peptide 8 352–362
Peptide 9 289–333

IIIa Enzymatic (III) Peptide 4 508–520
Peptide 5 598–618
Peptide 6 626–638

IIIb Enzymatic (III) Peptide 11 610–638

IV Holotoxin 1–638b

Vc KLH

a Peptides were synthesized to match regions within the three different do-
mains of ETA which have high surface probability.

b Amino acid residues 1 through 638 represent the ETA amino acid sequence,
including the leader peptide sequence, which corresponds to aa 1 to 25.

c Group of two rabbits immunized with KLH (the carrier protein used in
peptide conjugation).
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washed four times (10 min each), twice in 5% TCA and twice in absolute
methanol. The filter paper was air dried, and individual squares were cut and
counted with 10 ml of Scintiverse II (Fisher) in a Beckman LS5000 scintillation
counter (Beckman). Values from reactions performed in the absence of eEF-2
were considered as background. Spontaneous ADP-ribosylation of eEF-2 in the
absence of activated ETA was deducted from all experimental values.

RESULTS

Generation of antipeptide antibodies. ETA consists of three
structural domains that have different functions during the
cytotoxicity process (1). The various peptides we synthesized
were divided into three groups based on the domains (I to III)
of ETA (Fig. 1 and Table 1). Peptide 11 (encompassing aa 610
to 638 within the enzymatic domain of ETA) was assigned to a
separate group (IIIb) for rabbit immunization (Table 1). This
was done on the basis of a report by Roscoe et al. (36) that the
region consisting of aa 600 to 638 of ETA contains an immu-
nodominant epitope(s) and also because of our previous stud-
ies, which indicated that peptide 11 is capable of perpetuating
and maintaining a high level of ETA-neutralizing antibodies in
mice primed with ETA (data not shown).

The peptide combinations (represented by peptides in one
particular domain of ETA) were mixed, and immunogens were
injected into separate groups of rabbits with two rabbits per
group (Table 1). Sera collected during the immunization pro-
tocol, after the antibody response reached a plateau, were
assayed for peptide-specific antibodies in ELISA. Figure 2

shows the level of antibodies generated to individual peptides
within the rabbit group immunized with a particular peptide
combination. All peptides induced a reasonable peptide-spe-
cific antibody response; however, the highest antibody titers
were to peptides 2, 3, 5, 9, and 11 (Fig. 2). Peptides 3 and 9
(notice overlap between the two peptides in Fig. 1) were of
special interest, because they encompass the region within
ETA where arginine 304 is located. ETA is believed to be
cleaved at this residue prior to translocation into the cytoplasm
across the membrane of the endocytic vesicle.

Anti-ETA reactivity to synthetic peptides. Serum samples
(1:400 dilution) from rabbits immunized with native ETA (group
IV) were tested for reactivity to various synthetic peptides in
an ELISA. Antibodies specific for the regions represented by
peptides 9 and 11 corresponded to a major portion of the poly-
clonal antibodies generated against ETA (data not shown). Al-
though the antibodies to ETA reacted at a significant level with
peptide 3, the latter represented a region that overlapped with
peptide 9 (Fig. 1). Because of the limited ability of synthetic
peptides to adhere to assay plates, compared to that of larger
protein molecules such as ETA, excess peptides were used to
coat the microtiter plates in initial experiments. However, when
the experiment described above was repeated with ELISA
plates coated with equimolar amounts of peptides and ETA
(1.5 3 1028 M), the immunodominance of the region repre-
sented by peptide 11 was still apparent (Fig. 3). These findings

FIG. 2. Antibody responses of rabbits immunized with different combinations of peptides (PEP). Serial dilution of serum from individual rabbits was tested by
ELISA. The microtiter plates were coated with 1 mg of the corresponding peptide per well. Serum from group I rabbits, immunized with a combination of peptides
1, 2, 7, and 10 (binding domain), was tested against the corresponding peptides (A). Group II rabbits were immunized with a combination of peptides 3, 8, and 9
(translocation domain). The sera from these rabbits were titrated against peptides 3, 8, and 9 (B). Group IIIa rabbits were immunized with a combination of peptides
4, 5, and 6 (enzymatic domain). Their sera were titrated against peptides 4, 5, and 6 (C). Group IIIb rabbits were immunized with peptide 11 (enzymatic domain), and
their sera were tested against peptide 11 (D). For each rabbit, serum reactivity to individual peptides was tested in triplicate, and the arithmetic mean 6 standard error
was plotted for each group of rabbits.
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did not, however, indicate the role of this peptide in inducing
neutralizing antibodies. Furthermore, other neutralizing epi-
topes may plausibly be located within a region or regions of
ETA that were not considered antigenic by available predic-
tion programs and hence were not selected for peptide synthe-
sis.

Cross-reactivity of peptide-specific antibodies to ETA in
ELISA. As shown in Fig. 4, sera from all four groups of
peptide-immunized rabbits contained a significant level of an-
tibodies that could cross-react with ETA in ELISA. However,
it was not determined whether every single peptide injected
into rabbits induced ETA-cross-reacting antibodies. ETA-
cross-reacting antibodies in serum samples from group I (bind-
ing domain) rabbits could be induced by all or any of the four
peptides (1, 2, 7, and 10) injected into the rabbits (Fig. 2A and
4). By comparing Fig. 2B and 4, it is apparent that the level
of ETA-cross-reacting antibodies in the serum samples from
group II (translocation domain) rabbits (immunized with pep-
tides 3, 8, and 9) is higher than the level of peptide 8-specific
antibodies. We also noted that peptide 8 failed to maintain and
propagate an ETA-specific immune response in mice primed
with a single dose of ETA (data not shown). These data sug-
gested low cross-reactivity of antipeptide 8 antibodies in group
II rabbits to native ETA (Fig. 4). The high level of ETA cross-
reacting antibodies in serum samples from group IIIa and IIIb
(enzymatic domain) rabbits (Fig. 4) emphasized the impor-
tance of the region represented by peptide 11 (aa 610 to 638)
as an immunodominant region within the enzymatic domain of
ETA. As indicated in Fig. 1, peptide 11 contained all of the ami-
no acid residues of peptides 5 and 6 used to immunize group
IIIa rabbits. Animals immunized with a carrier protein (KLH)
alone did not elicit ETA-cross-reacting antibodies (Fig. 4).

Immunoprecipitation of ETA with antipeptide antibodies.
Serum samples from all of the different groups of rabbits con-

tained antibodies that coprecipitated with ETA in a recombi-
nant protein G immunoprecipitation experiment (Fig. 5). These
studies indicated that antipeptide antibodies cross-reacted with
the native holotoxin in solution and negated the possibility that
cross-reactivity of ETA with peptide-specific antibodies in
ELISA was an artifact due to partial unfolding of the toxin
caused by the charged nature of the assay plates and the de-
tergent used to reduce background in ELISA. This experiment
further indicated the antigenicity of domain II (specifically the
region encompassed by peptides 3 and 9) and that of the region
within domain III (enzymatic domain) represented by peptide
11 (Fig. 5, lanes 3 and 5). Interestingly, antibodies specific to
peptide 11, which represented sequences of both peptides 5
and 6 combined (Fig. 5, lane 5), demonstrated a high level of
cross-reactivity to ETA compared to antibodies specific to pep-
tides 4, 5, and 6 (Fig. 5, lane 4). This observation is intriguing,
because peptides 5 and 6 represented parts of peptide 11 which

FIG. 3. Level of peptide (P1, P2, etc.)-cross-reacting antibodies in serum
from group IV rabbits (immunized with ETA), as determined by ELISA. Plates
were coated with equimolar amounts of individual peptides and ETA (1.5 3
1028 M). Serum was tested at a dilution of 1:400. All tests were performed in
triplicate, and results were plotted as the mean from two rabbits 6 standard
error.

FIG. 4. Titers of sera from different groups (Gr) of rabbits tested against
ETA in ELISA plates coated with 100 ng of ETA per well. Group I rabbits were
immunized with peptides 1, 2, 7, and 10 (binding domain); group II rabbits were
immunized with peptides 3, 8, and 9 (translocation domain); group IIIa rabbits
were immunized with peptides 4, 5, and 6 (enzymatic domain); group IIIb rabbits
were immunized with peptide 11 only (enzymatic domain); and group IV rabbits
were immunized with native ETA. KLH represents a group of two rabbits
immunized with KLH (1 mg per rabbit), the carrier protein used in peptide
conjugation. Serum samples from each rabbit were tested in triplicate, and the
data are plotted as the mean 6 standard error for each group of rabbits.

FIG. 5. Immunoprecipitation of ETA with peptide-specific antibodies. ETA
preincubated with serum from group IV (immunized with ETA) rabbits (lane 1),
group I (binding domain) rabbits (lane 2), group II (translocation domain)
rabbits (lane 3), group IIIa (enzymatic domain) rabbits (lane 4), group IIIb
(enzymatic) rabbits (lane 5), preimmune rabbit serum (lane 6), and PBS (lane 7)
was precipitated with recombinant protein G, separated on a 12% polyacryl-
amide gel, transferred to a nitrocellulose membrane, and stained with anti-ETA
antibodies (0.25 mg/ml). Lane 8 represents pure ETA (2 mg) directly loaded onto
the gel.
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generated a significant level of ETA cross-reacting antibodies
(Fig. 5, lane 5). One possible explanation is that the dominant
epitope in this region may be conformational rather than lin-
ear, and all 29 aa residues encompassed by peptide 11 may be
necessary for proper folding to mimic the structure of the
native ETA molecule epitope.

In vitro cytotoxicity protection with crude serum containing
antipeptide antibodies. The lethal dose of ETA that caused
50% inhibition of protein synthesis in monolayer cultures of
3T3 Swiss Albino fibroblasts was determined to be 15 ng/ml.
Serum samples from all five groups of rabbits were tested for
their capacity to protect monolayers of 3T3 fibroblasts against
two 50% lethal doses (LD50s) of ETA (30 ng/ml) (Fig. 6).
Serum was tested at a dilution of 1:10, and the level of pro-
tection against inhibition of protein synthesis was measured
by incorporation of [3H]leucine in the target cells. Among
all groups of peptide-immunized rabbits, group II and group
IIIb (immunized with peptides 3, 8, and 9 and peptide 11,
respectively) showed significant protection against ETA-in-
duced inhibition of protein synthesis compared to the protec-
tion provided with the control preimmune serum (P , 0.05)
(Fig. 6). However, the level of protection afforded by serum
samples from group IIIb (enzymatic domain) rabbits immu-
nized with peptide 11 was much higher than that provided by
serum samples from group II (translocation domain) rabbits
used at the same dilution (Fig. 6). These data reaffirmed the
immunodominance of the region represented by peptide 11
and the role of this epitope in inducing protective antibodies.

In vitro cytotoxicity protection with affinity-purified anti-
bodies to synthetic peptides. Antibodies in serum samples
from group IIIb rabbits (immunized with peptide 11) were
purified with separate Sepharose 6B affinity purification col-
umns conjugated with peptides 5, 6, and 11 (peptide 11 en-
compassed the sequences of both peptides 5 and 6) (Fig. 1).
Similarly, serum from group II rabbits (translocation domain)
was purified with separate affinity columns conjugated with
peptides 3 and 9 (peptide 9 encompassed the region repre-
sented by peptide 3 plus additional amino acid residues flank-
ing this region) (Fig. 1 and Table 1). Serum from group IIIb
rabbits (immunized with peptide 11) contained a relatively low
level of peptide 5-specific antibodies. Passing serum samples
from group IIIb rabbits through a peptide 6 column absorbed
the majority of peptide 11-specific and ETA-cross-reacting an-
tibodies. However, passing the same sample through a peptide
5-specific column did not absorb any antibodies (data not
shown). Also, sera from group IIIb rabbits (immunized with
peptide 11) contained a much lower level of peptide 5-specific
antibodies than peptide 6-specific antibodies, as determined by
ELISA (data not shown). Therefore, affinity-purified antibod-
ies specific for peptides 6, 11, 3, and 9 were tested for the ca-
pacity to protect against inhibition of protein synthesis induced
by ETA. Table 2 shows the concentration of peptide-specific
antibodies necessary to confer 50% protection against two
LD50s of ETA. Peptide 6-specific antibodies were capable of
conferring 50% protection at 29 mg/ml, a concentration less
than half that of peptide 11-specific antibodies needed to pro-
vide the same level of protection (63 mg/ml). Peptide 9-specific
antibodies were not as efficient at neutralizing the cytotoxic
activity of ETA. Antipeptide 9 antibodies at a concentration of
176 mg/ml provided 50% protection. Finally, peptide 3-specific
antibodies failed to confer any protection, even at a concen-
tration as high as 250 mg/ml. Based on these observations, it
was concluded that we have identified an immunodominant
epitope capable of inducing neutralizing antibodies which
could abrogate the cytotoxic activity of ETA in vitro (Table 2).
Although all 29 aa residues represented by peptide 11 (aa 610
to 638) seemed necessary to elicit the production of protective
antibodies, we were able to localize this epitope to the last 13
aa residues at the carboxy terminus of ETA, as represented by
peptide 6 (Fig. 1 and Table 1).

The effect of antipeptide antibodies in altering ETA binding
to target cells. In order to understand the mechanism by which
these antipeptide antibodies protected cells from the cytotoxic
effect of ETA, we conducted experiments to study the effect of
these antibodies on the binding to target cells and on the ADP-

FIG. 6. Protection against ETA-induced inhibition of protein synthesis by
antisera raised to different synthetic peptides. Serum samples from different
groups (Gr) of rabbits were diluted 1:10 in leucine-deficient EMEM supple-
mented with [3H]leucine. Two LD50s of ETA (final concentration, 30 ng/ml)
were added to the diluted serum, and the mixture was incubated for 1 h at 37°C,
before being added to monolayers of 3T3 fibroblasts. After 4 h of incubation at
37°C in the presence of 5% CO2, [3H]leucine incorporated into protein extracted
from the cells was measured with a beta counter. Protection was expressed as the
percentage of [3H]leucine incorporated in the absence of ETA. Serum samples
from each rabbit were tested in triplicate, and the data were plotted as the
mean 6 standard error for each group. Asterisks indicate statistical significance
compared to toxin mixed with preimmune serum (P , 0.05) by one-way analysis
of variance.

TABLE 2. Concentration of affinity-purified antibodies conferring
50% protection against 2 LD50s of ETA in an

in vitro cytotoxicity assaya

Antibody
target

Antibody concn
(mg/ml)b

ETA .............................................................. 00.28 6 0.02
Peptide 6 ...................................................... 29.00 6 3.50
Peptide 11 .................................................... 63.00 6 5.00
Peptide 9 ...................................................... 176.00 6 17.7
Peptide 3 .......................................................250.00 (no neutralization)

a Serial dilutions of affinity-purified anti-ETA or antipeptide antibodies were
tested for their capacity to protect monolayers of fibroblasts from inhibition of
[3H]leucine incorporation into protein in the presence of 30 ng of ETA per ml.
The level of [3H]leucine incorporation into cells not treated with ETA was
considered to be 100%.

b Data represent the mean 6 standard deviation from two independent ex-
periments, with each experiment performed in triplicate.
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ribosyltransferase enzymatic activity of the toxin. ETA was
radiolabeled with 125I, and our control experiment indicated
that increasing concentrations of unlabeled ETA competed
with the binding of 125I-ETA to 3T3 fibroblast target cells (data
not shown). Maximum binding was observed in the absence of
any unlabeled ETA. Preimmune serum and serum samples
from group IV (immunized with ETA) and group IIIb (immu-
nized with peptide 11) rabbits were tested at a 1:10 dilution.
Only serum from group IV rabbits, immunized with ETA, was
able to effectively prevent ETA binding to 3T3 fibroblasts (Fig.
7A) (P , 0.05 compared to preimmune serum). Rabbit pre-
immune serum had no effect on the binding of ETA to the
fibroblasts (Fig. 7A). We subsequently tested the effect of
affinity-purified, antipeptide antibodies on the binding of ETA
to target cells. We used a concentration of affinity-purified,
antipeptide antibodies four times that required to provide 50%
protection against inhibition of protein synthesis caused by 2
LD50s of ETA (30 ng/ml). Anti-ETA antibodies completely
abrogated binding of ETA to target cells, whereas antipeptide
6, 9, and 11 antibodies did not significantly interfere with
125I-ETA binding compared to that of the toxin control (Fig.
7B).

Inhibition of ADP-ribosyltransferase activity by antipeptide
antibodies. In order to confirm that inhibition of the enzymatic
activity of ETA is a mechanism by which peptide 6 and peptide
11 antibodies neutralized the lethal effect of ETA, we exam-
ined the effect of these antibodies on the capacity of ETA to
transfer an ADP-ribose moiety from NAD to eEF-2. Before
initiating these studies, the identity of the 100-kDa purified
eEF-2 protein was confirmed. We noted that active ETA (ETA
treated with 4 M urea and 1% DTT) coprecipitated with the
100-kDa eEF-2 protein in the presence of anti-ETA antibodies
and recombinant protein G (data not shown). Also, we ob-

served that active ETA, but not inactive ETA, specifically
bound to eEF-2 in the ELISA. When tested for the capacity to
inhibit ADP-ribosyltransferase activity, serum from group I
rabbits (immunized with peptides 1, 2, 7, and 10 [within the
binding domain]) and group II rabbits (immunized with pep-
tides 3, 8, and 9 [within the translocation domain]) did not
interfere with the enzymatic activity of ETA (Fig. 8A). Serum
from group IIIa rabbits (immunized with peptides 4, 5, and 6)
and group IIIb rabbits (immunized with peptide 11) caused
28.8 and 39.2% inhibition of ETA enzymatic activity, respec-
tively (P , 0.05 compared to preimmune serum) (Fig. 8A).
Serum from group IV rabbits (immunized with ETA) com-
pletely blocked the enzymatic activity of ETA (Fig. 8A). Af-
finity-purified anti-ETA and anti-peptide 6 antibodies (2 mg/
ml) conferred 103 and 94% inhibition of the ADP-ribosyl-
transferase activity of ETA, respectively (Fig. 8B). Antipeptide
11 antibodies, although not as potent as antipeptide 6 antibod-
ies, caused 79% inhibition of the enzymatic activity of ETA
(P , 0.05 compared to toxin alone) (Fig. 8B). Antipeptide 3
provided a significant, but very low level of inhibition of ADP-
ribosylation (P , 0.05 compared to toxin alone) (Fig. 8B).
Antipeptide 9 antibodies did not cause any significant interfer-
ence with the enzymatic activity of ETA (Fig. 8B). When two-
fold serial dilutions of anti-ETA and antipeptide 6 antibodies
were tested for inhibition of ETA enzymatic activity, anti-ETA
antibodies maintained a high level of inhibition even at very
low antibody concentrations (50% inhibition of enzymatic ac-
tivity at approximately 12 ng of antibody per ml) (Fig. 9). On
the other hand, a low concentration of antipeptide 6 antibodies
was not as effective in neutralizing the enzymatic activity of
ETA (Fig. 9). Almost 50-fold more of antipeptide 6 antibodies
compared to the amount of anti-ETA antibodies was needed
to provide a similar level of neutralization (50% inhibition at

FIG. 7. 125I-ETA binding to 3T3 fibroblasts in the presence of immune rabbit serum. 125I-ETA was preincubated with a 1:10 dilution of serum from group (Gr)
IV rabbits (immunized with ETA) or group IIIb rabbits (immunized with peptide 11) and preimmune serum. The mixture was preincubated for 1 h at 37°C and added
to monolayers of 3T3 fibroblasts, which were then incubated for 6 h at 37°C. The level of 125I-ETA remaining after washing was measured with a gamma scintillation
counter (A). (B) 125I-ETA was preincubated with affinity-purified antibodies at a concentration 43 the amount necessary to provide 3T3 fibroblasts with 50% protection
against inhibition of protein synthesis caused by the same amount of ETA (30 ng/ml). Data were expressed as the percentage of 125I-ETA binding in the absence of
antibody. Results represent the mean from two rabbits 6 standard error. All experiments were performed in duplicate. An asterisk indicates statistical significance
compared to toxin mixed with preimmune serum (A) or PBS (B) (P , 0.05). pep, peptide.
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600 ng of antibody per ml). Antipeptide 6 antibodies at 2
mg/ml significantly interfered with the binding of ETA to im-
mobilized eEF-2 on ELISA plates (P , 0.05 compared to toxin
alone) (Fig. 10). Anti-ETA antibodies at the same concentra-
tion (2 mg/ml) were not as efficient as antipeptide 6 antibodies
in interfering with the interaction between ETA and eEF-2
compared to that of the PBS control (Fig. 10).

DISCUSSION

In 1994, Roscoe et al. (36) used serum samples derived from
primates that had been immunized with ETA-derived immu-
notoxins for immunological analysis. The serum samples ex-
amined were obtained from two different groups of primates.
One group was immunized with LMB-1, an immunotoxin
which consisted of NLysPE38 (a 38-kDa derivative of ETA
lacking domain Ia and part of domain Ib) chemically coupled
to B3 (a monoclonal antibody specific for B antigen expressed
on the surface of carcinoma cells). The other group was im-
munized with LMB-7, a single-chain recombinant immuno-
toxin consisting of the Fv domain of B3 fused with NLysPE38
(36). Serum samples from the two different groups of rabbits
were tested by ELISA for cross-reactivity with ETA or syn-
thetic peptides encompassing overlapping regions within the
amino acid sequence of ETA. Based on this study, the authors
concluded that the region between aa 616 and 637 of ETA
constituted an immunodominant-neutralizing epitope. Our
studies with immune serum derived from rabbits immunized
with ETA and synthetic peptides confirmed their findings and
narrowed the stretch of neutralizing epitope to only 13 aa at
the carboxy terminus of the molecule. In a previous study by
Olson et al. (31), investigators failed to induce neutralizing

FIG. 8. Inhibition of ADP-ribosyltransferase activity with immune rabbit serum. ETA (20 ng per reaction mixture) was preincubated for 1 h at 37°C with a 1:5
dilution of preimmune serum or serum from rabbits from group (Gr) I (immunized with peptides [pep] 1, 2, 7, and 10), group II (immunized with peptides 3, 8, and
9), group IIIa (immunized with peptides 4, 5, and 6), group IIIb (immunized with peptide 11), or group IV (immunized with ETA). ETA was then activated, and the
reaction mixture was assayed for ADP-ribosylation in the presence of 14C-labeled NAD and eEF-2. The reaction was stopped after 15 min at 25°C with 10% TCA.
Samples were then counted with a beta counter (A). (B) ETA (20 ng/ml) was preincubated with 40 mg of affinity-purified peptide-specific antibodies. Inhibition of
activity was expressed as the percentage of activity measured in the absence of antibody. Results represent the mean for each group of rabbits 6 standard error.
Spontaneous ADP-ribosylation of eEF-2 in the absence of ETA was deducted from values obtained in all experiments. Experiments were repeated twice, and each was
performed in duplicate. Asterisks indicate statistical significance compared to toxin mixed with preimmune serum (A) or PBS (B) (P , 0.05).

FIG. 9. Titration of ADP-ribosyltransferase-inhibiting antibodies. Anti-ETA
and antipeptide 6 (Anti-pep6) antibodies (2 mg/ml) were serially diluted and
incubated with ETA (20 ng per reaction mixture) for 1 h at 37°C. ETA was then
activated, and the reaction mixture was incubated for 15 min at 25°C. The
reaction was stopped with 10% TCA, and the samples were counted with a beta
scintillation counter. Inhibition of activity was expressed as the percentage of
activity measured in the absence of antibody. Spontaneous ADP-ribosylation of
eEF-2 in the absence of ETA was deducted from the actual values obtained.
Results represent the mean 6 standard error of two independent experiments,
with each experiment performed in duplicate.

2176 ELZAIM ET AL. INFECT. IMMUN.



antibodies by using a synthetic peptide almost identical in
sequence to peptide 11 used in our study. The current study
shows that the region encompassed by peptide 11 is highly
immunogenic and that peptide 11 by itself is enough to induce
a high level of antibodies capable of neutralizing ETA. Al-
though Olson et al. (31) conjugated their peptide prior to
immunization, whereas we did not, this does not seem to be the
reason for the difference between our results and the results
they reported. In another related study, we immunized two
different groups of BALB/c mice with conjugated and uncon-
jugated peptide 11. Mice immunized with conjugated peptide
11 developed a higher level of circulating antipeptide 11 and
ETA-cross-reacting antibodies in serum than the mice immu-
nized with the unconjugated peptide 11. Also, serum from the
mice receiving conjugated peptide 11 conferred a higher level
of neutralization of the enzymatic activity of ETA than did
serum from mice immunized with unconjugated peptide (data
not shown). The difference in the method of conjugation (we
used the EDC method, whereas, they used the glutaraldehyde
method) or the animal model used for immunization (they
used rats) might be responsible for the difference in the results
obtained. Glutaraldehyde is a homobifunctional reagent that
works by coupling two proteins or peptides via amino groups.
This method often fails to induce peptide-specific antibodies
because of ineffective conjugation, homopolymerization, or
even precipitation during coupling. On the other hand, EDC
is a very efficient heterobifunctional reagent that couples an
amino group with a carboxyl group to form a peptide bond
(45). Thus far, no other studies have succeeded in inducing
ETA-neutralizing antibodies by using synthetic peptides. Pep-
tides 5 and 6, encompassing the two ends of peptide 11 (the

amino terminus and carboxy terminus, respectively) failed to
induce neutralizing antibodies. Peptide 11-specific antibodies
contained mostly antibodies that cross-reacted with peptide 6,
and affinity-purified peptide 6-specific antibodies were more
efficient in conferring protection against ETA (Table 2). There-
fore, we believe that the amino acid sequence within peptide
11 constitutes an important neutralizing epitope, located with-
in the 13 aa residues at the carboxy terminus of ETA (Fig. 6
and 8B). Additional amino acid residues (aa 596 to 625) could
be essential to present this epitope in its native form to the
immune system. Our data obtained with 125I-labeled ETA in-
dicated that antibodies to this epitope did not interfere with
the binding of ETA to the target cells. Antipeptide 11 and
antipeptide 6 antibodies were used at concentrations 43 that
necessary to provide 3T3 fibroblasts with 50% protection
against 2 LD50s of ETA, and still a substantial amount of
125I-ETA bound to the cells (Fig. 7B). The capacity of anti-
peptide 6 and antipeptide 11 antibodies to block the ADP-
ribosyltransferase activity of ETA in a cell-free system in vitro
was a direct indication of the mechanism by which antibodies
to this epitope conferred protection against ETA and hence
the role of the carboxy terminus of the toxin in the toxic activity
of ETA (Fig. 8B). The fact that antipeptide 6 antibodies in-
terfered with the binding of active ETA to eEF-2 immobilized
on ELISA plates is additional evidence regarding the location
of this amino acid sequence within the active site of the mol-
ecule (Fig. 10). Anti-ETA antibodies, although very potent in
neutralizing the enzymatic activity of ETA, did not seem to
markedly interfere with the binding of eEF-2 to the toxin (Fig.
10). Conversely, antipeptide 6 antibodies did not inhibit ADP-
ribosyltransferase activity of ETA as efficiently as did anti-ETA
antibodies (Fig. 9). One possible explanation is that the region
represented by peptide 6 may not be the only neutralizing
epitope within the enzymatic domain of ETA and that other
important epitopes, probably conformational, are yet to be
identified. This hypothesis may explain why sera from group IV
rabbits (immunized with ETA) nearly completely inhibited
ETA’s enzymatic activity, whereas sera from group IIIb rabbits
(immunized with peptide 11) conferred only a 39.2% inhibi-
tion.

Our study indicated the presence of a highly immunodomi-
nant region within the translocation domain (aa 289 to 333)
based on ELISA and immunoprecipitation experiments. This
region, although potently immunogenic, did not constitute an
important neutralizing epitope. The translocation domain of
ETA is thought to undergo partial unfolding and cleavage prior
to translocation of the enzymatic domain to the cytoplasm of
the target cell (8). One possible explanation for the low effi-
ciency of peptide 9-specific antibodies in conferring protection
against ETA could be that antibodies to this region fall off their
target epitope(s) during the activation process that ETA un-
dergoes in the endolysosomal vesicle. Ogata et al. (30) report-
ed that two monoclonal antibodies generated against a 40-kDa
truncated form of ETA (PE40) were capable of binding to the
native soluble ETA with strong affinity. The binding site for
one of these antibodies (M40-1) was mapped to aa 289 to 333
within the translocation domain, corresponding to the exact
region encompassed by peptide 9 in our study. They reported
the high affinity for ETA of this antibody and its capability for
neutralizing the cytotoxic effect of ETA in vitro without affect-
ing binding or the enzymatic activity of ETA. They concluded
this region could be important for other functions of ETA. Our
findings are concurrent with regard to the presence of a highly
immunogenic epitope(s) within this region of ETA. A synthetic
peptide (peptide 9) encompassing this amino acid sequence
was capable of eliciting a high level of ETA cross-reacting

FIG. 10. Inhibition of ETA binding to immobilized eEF-2. ETA (50 ng/ml)
was incubated with affinity-purified antibodies (40 mg/well) for 1 h at 37°C. ETA
was then activated, and the mixture was added to microtiter plates coated with
eEF-2. ETA captured on the plates was then probed with rabbit anti-ETA and
HRP-labeled goat anti-rabbit antibodies. The reaction was developed with
ABTS, and the OD was determined with an ELISA plate reader. Inhibition of
binding was expressed as the percentage of binding measured in the absence of
antibody. Bars represent the mean 6 standard error from three experiments,
with each experiment performed in triplicate. Asterisks represent statistical sig-
nificance compared to toxin alone (P , 0.05). pep, peptide.
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antibodies, which were not, however, very potent in neutraliz-
ing ETA cytotoxic activity (Table 2). When compared to pep-
tide 11-specific antibodies, a relatively higher concentration of
peptide 9-specific antibodies was needed to protect against
inhibition of protein synthesis caused by ETA (Table 2). An-
tipeptide 9 antibodies had no effect on the enzymatic activity of
ETA (Fib. 8B).

Although previous studies indicated monoclonal antibodies
generated to a toxoid form of ETA were neutralizing and
mapped within the binding domain of ETA (5), we were un-
able to develop neutralizing antibodies specific for this region
by using the synthetic peptide strategy. Neutralizing epitopes
located in this region of the toxin may plausibly be three-
dimensional conformational epitopes. Once a better model for
the three-dimensional structure of ETA becomes available,
this model will be very helpful in selecting potential antigenic,
surface-exposed regions within the sequence of ETA. Synthetic
peptides encompassing these regions may prove more effective
in inducing neutralizing antibodies. Active immunization with
toxoids to generate antitoxic immunity has been employed with
significant success in treating tetanus and diphtheria. Passive
administration of antitoxin has clinical application in both dis-
eases, as well as in treating botulism, and providing some
protection against snake venom toxicity. Generally, antitoxin
therapy has not been applied routinely to combat other infec-
tions in which bacterial exotoxins have been demonstrated to
participate, probably because of the risk of antigenic cross-
reactivity and serum sickness. We have previously shown that
ETA from P. aeruginosa impairs the wound healing process
(16). With the emergence of multiple antibiotic resistance in
many bacteria, a supplemental therapy is needed to combat
burn wound sepsis (15). On one hand, the apparent low affinity
and low neutralizing capability of antipeptide antibodies com-
pared to anti-ETA polyclonal antibodies could have negative
implications in an immunotherapeutic approach using these
antibodies. On the other hand, the use of polyclonal antibodies
generated against peptides which represent neutralizing epi-
topes of ETA has the advantage of minimum risk of cross-
reactivity. Furthermore, the combination of antipeptide anti-
bodies, or antipeptide antibodies along with antibodies specific
to P. aeruginosa LPS, could be more effective than anti-ETA
antibodies alone. In addition, identification of neutralizing epi-
topes by the peptide strategy may create an opportunity to
develop a vaccine with defined specificity. Concern about se-
rum sickness can be addressed by the development of either
human monoclonal antibodies or chimeric antibodies consist-
ing of murine monoclonal variable-chain regions fused to hu-
man constant-chain regions. The latter strategy is being used
with encouraging success in the administration of antibodies
specific for TNF-a to patients with rheumatoid arthritis (10),
anti-alpha interferon for patients with HIV-induced immuno-
suppression (12), and anti-TNF-a for treatment of chronic
bowel inflammation in patients with Crohn’s disease (41).
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