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To design an optimized synthetic vaccine against whooping cough, we have studied the biological and
immunological properties of three peptides of the S2 subunit and nine overlapping synthetic peptides covering
the entire sequence of the S3 subunit of pertussis toxin (PT). Synthetic peptides corresponding to sequences 18
to 41, 78 to 108, 134 to 154, and 149 to 176 of S3 were found to be consistently capable of stimulating the
proliferation of PT-specific T-cell lines primed with pertussis toxoid in both BALB/c and A/J strains of mice.
All synthetic peptides were recognized by rabbit antisera raised against PT or pertussis toxoid. Both S2 and S3
peptide-keyhole limpet hemocyanin (KLH) conjugates in the presence of complete Freund's adjuvant induced
peptide-specific antibody responses in rabbits, and the antisera raised against S2(1-23), S3(18-41), S3(37-64),
and S3(149-176) peptide-KLH conjugates cross-reacted with both subunits in the immunoblots. All antisera
except those against S2(123-154) and S3(103-127) reacted with native PT in an enzyme-linked immunosorbent
assay (ELISA) with PT directly coated onto microtiter wells. In contrast, antisera raised against S2(123-154),
S3(1-23), S3(18-41), S3(37-64), S3(60-87), and S3(103-127) peptide-KLH conjugates recognized native PT in a
fetuin-PT capture ELISA. S2(78-98), S3(1-23), and S3(149-176) peptide-KLH conjugates elicited good
PT-neutralizing antibody responses as judged by the antitoxin CHO cell assay. Identification of these B-cell
neutralization epitopes and T-cell immunodominant determinants represents a first step towards the rational
design of a synthetic vaccine against whooping cough.

Antibodies raised against pertussis toxin (PT) have been
shown to protect mice against both intracerebral and respi-
ratory challenges with virulent Bordetella pertussis (20).
Thus, PT is a prime candidate for inclusion in an acellular
pertussis vaccine. Pertussis toxin is an A-B type toxin. The
A or S1 subunit is ADP-ribosyltransferase and mediates
most of PT's biological and pharmacological functions (3, 8,
33, 36). The B-oligomer (S2 to S5 subunits) is responsible for
the binding of the holotoxin to target cell receptors (3, 33).
The DNA sequences of the PT gene have recently been
established (18, 21), and the amino acid sequences of S2 and
S3 subunits are found to be 70% similar.
PT can be detoxified by chemical treatment with alde-

hydes, but formalin-inactivated PT has been shown to revert
to its toxic form (15). Therefore, the development of a
synthetic peptide vaccine represents an attractive alterna-
tive. Sato's group reported that mouse monoclonal antibod-
ies raised against S1, S2, and S3 subunits inhibited several
PT-mediated activities, including promotion of lymphocyto-
sis, insulin secretion, and clustering of Chinese hamster
ovary (CHO) cells (16, 26, 27). These data suggest that these
subunits are important immunogens and may contain neu-
tralization epitopes. We and others (1, 6, 23) have recently
identified the major PT-neutralization epitopes on Si. To
design an optimized synthetic vaccine against whooping
cough, we studied the functional and immunological proper-
ties of nine overlapping synthetic peptides covering the
entire S3 sequence. These peptides were selected from the
protein regions containing hydrophilic 3-turns as judged by
the secondary structure prediction analysis, and therefore
are likely to be exposed and antigenic. Also, three peptides
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were chosen from the regions most different between S2 and
S3 subunits (Table 1).

(The preliminary studies have been presented at the Sixth
International Symposium on Pertussis, National Institutes of
Health, Bethesda, Md., 26 to 28 September 1990, abstr. 11.)

MATERIALS AND METHODS

Peptide synthesis and peptide-carrier conjugation. Peptides
from PT S2 and S3 subunits were synthesized by using an
ABI 430A peptide synthesizer and optimized t-Boc chemis-
try as described by the manufacturer and then cleaved frQm
the resin by hydrofluoric acid. The peptides were purified
by reversed-phase high-performance liquid chromatography
(HPLC) on a Vydac C4 semipreparative column (1 by 30 cm)
with a 15 to 55% acetonitrile gradient in 0.1% trifluoryl acetic
acid developed over 40 min at a flow rate of 2 mlmin. All
synthetic peptides (Table 1) used in biochemical and immu-
nological studies were >95% pure as judged by analytical
HPLC. Amino acid composition analyses performed on a
Waters Pico-Tag system were in good agreement with the
theoretical compositions. Individual peptides were conju-
gated to keyhole limpet hemocyanin (KLH) by using sulfo-
succinimyl(4-iodoacetyl)-amino-benzoate (Pierce) as a cross-
linker at a 10:1 molar ratio of peptide over carrier as
previously described (6, 17). An additional cysteine was
added to the C-terminal end of peptides S3(37-64) and S3
(169-176) for conjugation purposes. Three peptides, BE3
(LPTPRGPDRPEGIEEEGGGERDRDRS), HIV1-P24 (GP
KEPFRDYVDRFYKTLRAEQASQEV), and RSV-P1 (CSI
SNIETVIEFQQKNNRLLEITRE), were synthesized as
negative controls.

Preparation of pertussis toxin, B-oligomer, and pertussis
toxoid. Pertussis toxin and B-oligomer were prepared by
fetuin-Sepharose affinity chromatography by the method of
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TABLE 1. Amino acid sequences of overlapping peptides of
pertussis toxin S2 and S3 subunits

Peptide Sequencea

S2(9-23) PQEQITQHGSPYGRC
S3(9-23) PKALFTQQGGAYGRC
S2(1-23) STPGIVIPPQEQITQHGSPYGRC
S3(1-23) VAPGIVIPPKALFTQQGGAYGRC
S3(18-41) GAYGRCPNGTRALTVAELRGNAEL
S3(37-64) GNAELQTYLRQITPGWSIYGLYDGTYLG(C)
S3(60-87) GTYLGQAYGGIIKDAPPGAGFIYRETFC
S3(87-108) CITTIYKTGQPAADHYYSKVTA
S2(78-98) GAFDLKTTFCIMLTRNTGQPA
S3(78-108) AGFIYRETFCITTIYKTGQPAADHYYSKVTA
S3(103-127) YSKVTATBLLASTNSRLCAVFVRDG
S3(134-154) CASPYEGRYRDMYDALRBRLLY
S2(123-154) FVRSGQPVIGACTSPYDGKYWSIlYSRLRKMLY
S3(123-154) FVRDGQSVIGACASPYEGRYRDLYDALRRLLY
S3(149-176) LRRLLYMIYMSGLAVRVHVSKEEQYYDY(C)
S3(173-199) YYDYEDATFQTYALTGISLCNPAASIC

a The amino acid residues differing between the S2 and S3 subunits are in
boldface.

Chong and Klein (5). Pertussis toxoid was prepared by
treating native PT (300 ,ug/ml) with glutaraldehyde (0.2%
[vol/vol]) for 2 h at room temperature. The reaction was
quenched by 1 M lysine-HCl at pH 7.0. Pertussis toxoid then
was dialyzed against phosphate-saline buffer to remove
excess glutaraldehyde-lysine complexes and stored at 4°C.
Immunization protocols. Monospecific rabbit anti-native

PT (RB-56 and RB-68) and anti-PT toxoid (RB-258, RB-263,
and RB-266) antisera were prepared as previously described
(5). To produce peptide-specific antisera, two New Zealand
White rabbits (Maple Lane Farm, Ontario, Canada) were
immunized intramuscularly with 20 to 100 p,g of individual
peptide or 50 to 500 ,ug of peptide-KLH conjugates emulsi-
fied in Freund's complete adjuvant. Rabbits were boosted
with the same immunogens administered in incomplete
Freund's adjuvant 14 and 28 days after the first injection.
BALB/c mice were immunized with 20 p,g of individual free
peptides in Freund's complete adjuvant and given booster
injections at 10 and 28 days with the same amount of peptide
emulsified in incomplete Freund's adjuvant. Rabbit and
mouse sera were collected 2 weeks after the final booster
injection, heat inactivated at 56°C, and then stored at -20°C.
Preimmune sera were collected from each animal 1 day
before the immunization and were used to establish baseline
reactivities.
Human serum samples. Eight serum samples were col-

lected from children who had received four immunizations
with a prototype Connaught acellular vaccine in which
>80% of the proteins were pertussis toxoid (13). The sera
were kindly provided by the department of Medical Affairs,
Connaught Laboratories Limited (Ontario, Canada). All sera
recognized PT in a PT-specific enzyme-linked immunosor-
bent assay (ELISA) and had CHO cell antitoxin neutraliza-
tion titers ranging from <1/2 to 1/2,048. Purified human
polyclonal immunoglobulin Gs (IgGs) were purchased from
Bio/Can Scientific Inc. (Ontario, Canada).
CHO cell antitoxin neutralization assay. Inhibition of PT-

induced CHO cell clustering by synthetic peptides and
antisera raised against PT, free peptide, or peptide-KLH
conjugates was assayed by the method of Gillenius et al.
(12). Each assay was performed in triplicate and was re-
peated two to three times.

Proliferation assay for synthetic T-cell epitopes. T-cell

epitope mapping was performed by priming BALB/c and ANJ
mice with 5 ,ug of pertussis toxoid in A1P04. Three weeks
later, the spleens were removed and the splenocytes were
cultured in RPMI 1640 (Flow Lab) supplemented with 10%
heat-inactivated fetal calf serum (GIBCO), 2 mM L-glu-
tamine (Flow Lab), 100 U of penicillin (Flow Lab) per ml,
100 jig of streptomycin (Flow Lab) per ml, 10 U of recom-
binant interleukin-2 per ml and 50 ,uM 2-mercaptoethanol
(Sigma) for 5 to 7 days. Proliferative responses of the primed
splenocytes to the panel of S2 and S3 peptides were deter-
mined in a standard in vitro assay (30). Briefly, 106 spleno-
cytes were cocultured in a 96-well microtiter plate with 5 x
105 irradiated (1,700 rads) fresh syngeneic spleen cells used
as a source of antigen-presenting cells in the presence of
increasing molar concentrations (0.03 to 3 p,M) of peptide
dissolved in the culture medium without interleukin-2. Cul-
tures were kept for 40 h in a humidified 5% C02-air
incubator maintained at 37°C. During the final 16 h of
culture, 0.5 ,uCi of [3H]thymidine (5 Ci/mmol; NEN) was
added to each of the microculture wells. The cells were then
harvested onto glass-fiber filters, and the incorporation of
[3H]thymidine into cellular DNA was measured by a scintil-
lation 13-counter (Beckman). Results are expressed as the
mean of triplicate cultures performed for each peptide con-
centration. The standard deviation was always <15%. Pro-
liferative responses were considered positive when [3H]thy-
midine incorporation was threefold above that obtained with
either irrelevant peptides or the culture medium.
ELISA. Rabbit anti-peptide antisera were screened for

reactivity with PT in two different ELISA methods: PT-
coated ELISA and fetuin-PT-coated ELISA. In one ELISA,
microtiter wells were directly coated with 400 ng of PT,
while the fetuin-PT ELISA wells were coated with 400 ng of
fetuin, and subsequently PT was captured as previously
described (10, 15). Serial dilutions of rabbit or mouse anti-
sera were added to the wells, and PT-bound antibodies were
detected by protein A conjugated to horseradish peroxidase.
Goat IgG F(ab')2 anti-mouse IgG conjugated to the same
enzyme was used to quantitate mouse antibodies. Peptide-
specific ELISAs were essentially performed as previously
described by Chong et al. (6). Microtiter plates were coated
with 1 ,ug of free peptides per well instead of 5 p,g per well.
Purified rabbit polyclonal IgGs were purchased from Bio/
Can Scientific Inc. The minimum titer is defined as the
dilution at which the antiserum gives at least twofold above
the absorbance obtained with the negative control.
Immunoblot analysis. The immunospecificity of antisera

raised against peptides and peptide-KLH conjugates was
determined by immunoblot analysis as previously described
(6, 34).

RESULTS

Peptide selection. The objectives of the study were two-
fold: (i) to map the immunodominant epitopes of PT S2 and
S3 subunits to guide the rational design of a synthetic
peptide-based pertussis vaccine, and (ii) to determine their
topographical relationship with B-oligomer functional do-
mains to engineer toxin mutants by site-specific mutagene-
sis. The sequences of the nine peptides covering the entire
S3 sequence were chosen for their high index of hydrophilic
1-turns as judged by secondary structure prediction analysis
by the methods of Chou and Fasman (7) and Hopp and
Woods (14). These regions are likely to be exposed to the
solvent and form antigenic determinants. Three regions of S2
(residues 1 to 23, 78 to 108, and 123 to 154) were also
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TABLE 2. Immunological properties of rabbit antisera raised against peptide-KLH conjugates

Reactive titer' Anti-PT CHO Subunit recognizedImmunogenasa iWetmbo'Peptide PT Fetuin-PT assay" in Western blotsc

S3(9-23)-KLH +++ +++ +++ 1/128 S3
S3(1-23)-KLH +++ ++++ +++ 1/32 S3
S3(18-41)-KLH + + + + + + + + + 1/8 S2,S3
S3(37-64)-KLH + + + + ++ + + + 1/4 S2,S3
S3(60-87)-KLH +++ +++ +++ 1/4 S3
S3(87-108)-KLH + + + + +++ - 1/4 S2,S3
S3(78-108)-KLH +++ ++- 1/4 S3
S3(103-127)-KLH + ++ - + + 1/4 S3
S3(123-154)-KLH +++ ++++ - 1/4 S3
S3(149-176)-KLH + + + + + + + - 1/8 S2,S3
S3(173-199)-KLH +++ +++ - < 1/2 S3
S2(9-23)-KLH +++ +++ - < 1/2 S2
S2(1-23)-KLH +++ +++ < 1/2 S2,S3
S2(78-98)-KLH + + + + ++ - 1/128 S2
S2(123-154)-KLH +++ + + + < 1/2 S2

a +, + +, + + +, and + +++, average reactive titers of two individual rabbit antisera at 1/1,000, 1/5,000, 1/10,000, and >1/20,000, respectively; - and +,
nonreactive and weakly reactive, respectively.

b The value reported here was the lowest PT-neutralization titer obtained from two individual rabbit anti-peptide antisera in the antitoxin CHO cell assay. The
average PT-neutralization titer of rabbit anti-PT sera is 1/8,192.

c Subunits were recognized by the anti-peptide antisera in the Western blot with PT.

selected because (i) they correspond to the variable amino
acid sequences distinguishing the S2 from the S3 subunit
(Table 1), and (ii) they may be involved in different PT-
receptor binding sites, as suggested by other workers (4, 22,
29, 29a). Peptides greater than 20 residues in length were
synthesized, since it has been suggested that native linear
epitopes are better mimicked by long peptides rather than by
short peptides (35).

Reactivity of S2 and S3 peptides with anti-native PT and
anti-toxoid antisera. Numerous studies have demonstrated
that good ELISA results can be obtained by coating micro-
titer wells directly with synthetic peptides (2, 6, 10, 11).
However, it is critical to ascertain that peptides are nonco-
valently bound to microtiter wells. Thus, to validate the
peptide-specific ELISA, individual peptides were coated
onto the polystyrene microtiter wells and probed with pep-
tide-specific rabbit antisera raised against peptide-KLH con-
jugates. All polystrene bound peptides used in this study
were recognized by their respective antisera diluted at least
10,000-fold (Table 2). These results clearly established that
all synthetic peptides were adsorbed to the microtiter wells
and their antigenic determinants were accessible to antibody
recognition. To rule out the possibility of natural anti-PT
antibodies or nonspecific interaction between synthetic pep-
tides and rabbit immunoglobulins, peptides were screened
with a pool of normal rabbit IgGs and rabbit preimmune
sera. No reactivity was observed either with preimmune sera
at a dilution above 1 in 200 or with IgGs at a concentration
below 24 jig/ml. Only peptides S3(78-108) and S3(123-154)
were found to react with rabbit IgGs at 12 ,ug/ml and
preimmune sera at a 1/400 dilution (data not shown).
The antigenicity of the synthetic peptides was assessed by

peptide-specific ELISA with rabbit monospecific antisera
raised against either purified pertussis toxin or pertussis
toxoid. These antisera were previously shown to react with
native PT in a PT-specific ELISA with reactive titers ranging
from 1/1,000,000 to 1/6,400,000 and on immunoblots (5).
Although rabbit antisera had variable reactivity with S2 and
S3 peptides as shown in Fig. 1, the results suggested that
synthetic peptides S2(1-23), S2(78-98), S2(123-154), S3(78-
108), S3(149-176), and S3(173-199) were the linear B-cell

epitopes, since they reacted with both anti-PT and anti-
toxoid antisera. All anti-PT antisera reacted poorly with
S3(18-41) peptide. This peptide may thus represent one of
the immunorecessive epitopes of PT. Interestingly, synthetic
peptides corresponding to the S3 sequence encompassing
residues 37 to 87 of S3 were recognized by one of two
anti-native PT antisera but reacted poorly with all three
anti-toxoid antisera (Fig. 1). These results suggest that the
epitopes localized within this region of S3 may have been
altered by glutaraldehyde treatment.
One essential objective was to identify the linear B-cell

epitopes recognized by human antisera. Figure 2 shows the
typical reactivities of antisera from a child immunized with
the whole-cell pertussis vaccine and three children vacci-
nated with an acellular pertussis vaccine against the panel of
synthetic peptides. Antisera from all vaccinees reacted
strongly with peptides S2(78-98), S3(78-108) and S3(103-
127), indicating that these peptides represent major human
linear B-cell epitopes. Since the S3(173-199) peptide reacted
weakly with all children's sera, it could be a minor B-cell
determinant. It is worthwhile to point out that the S2 and S3
synthetic peptides were not recognized by commercially
available human IgGs. In addition, rabbit and human anti-PT
antisera did not react with the three irrelevant peptides
included as negative controls in this study.

Immunogenicity of S2 and S3 synthetic peptide-KLH con-
jugates. To determine whether the synthetic B-cell determi-
nants were able to elicit antibodies against native PT struc-
ture, rabbits were immunized with individual S2 and S3
peptide-KLH conjugates in the presence of complete
Freund's adjuvant. All conjugates were highly immunogenic
and induced strong and specific antibody responses against
the immunizing peptides in peptide-specific ELISAs (Table
2). Peptide-antibody interactions were specifically blocked
by the immunizing peptide in its unconjugate form. How-
ever, rabbit antisera raised against the S3(78-108) and
S3(123-154) peptide-KLH conjugates showed strong cross-
reactivity with S2 peptides S2(78-98) and S2(123-154), re-
spectively. In contrast, rabbit antisera raised against peptide
S2(78-98) and S2(123-154) conjugates were found to be
monospecific and showed very little if any cross-reactivity
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FIG. 1. (A) ELISA reactivity of rabbit anti-PT antisera (RB-56 and RB-58); (B) antisera raised against pertussis toxoid (RB-258, -263, and
-266) with S2 and S3 synthetic peptides.

with the corresponding 53 peptides. Although the sequences

of peptides S2(78-98) and S3(78-108) are 50% similar and
those of S2(123-154) and S3(123-154) are 60% similar (Table
1), the low cross-reactivity of anti-S2 peptide antibodies
suggests that the S2 variable residues form the S2-specific
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FIG. 2. ELISA reactivity of human sera (E008, 024E, and 064E)

from babies vaccinated with Connaught acellular pertussis vaccine
with S2 and S3 synthetic peptides. NOR INF is serum from a baby
immunized with the normal whole-cell pertussis vaccine. In this
assay, human sera were used at a 1/800 dilution.

epitope whereas the S3 epitope involves conserved residues.
Similarly, the cross-reactivity of antisera against S2(1-23)
and S3(1-23), which are 60% homologous, was observed
only at a 1/100 dilution, indicating that these antisera essen-
tially recognized the variable residues.
The specificity of anti-peptide antisera was further as-

sessed by immunoblots. Most peptide-specific antisera spe-
cifically recognized either the S2 or the S3 subunit on
immunoblot analysis even at a 1/200 dilution (Table 2). Only
antisera raised against S2(1-23), S3(18-41), S3(37-64), and
S3(149-176) conjugates reacted with both S2 and S3 subunits
in the blots (Table 2). Interestingly, both anti-S3(78-108) and
anti-S3(123-154) antisera which had previously been shown
to cross-react with S2 peptides S2(78-98) and S2(123-154) in
peptide-specific ELISAs did not recognize the S2 subunit on
immunoblots.
Mapping of surface-exposed epitopes. To map the surface-

exposed epitopes of PT, the peptide-specific antisera were
first assayed for their reactivities with native PT in a direct
PT-coated ELISA. All anti-peptide antisera except those
raised against S2(123-154) and S3(103-127) showed strong
reactivity with native PT in the PT-coated ELISA (Table 2).
These results indicate that regions around residues 1 to 23
and 78 to 98 of S2 and residues 1 to 23, 18 to 41, 37 to 64, 60
to 87, 78 to 108, 123 to 154, 149 to 176, and 173 to 199 of S3
are exposed on the surface of native PT and readily acces-
sible to antibody recognition.
To further establish the topographical relationship of S2

and S3 peptides with the B-oligomer functional domain, we
tested the reactivities of anti-peptide antisera with fetuin-
bound PT. Antisera against peptides S2(123-154), S3(1-23),
S3(18-41), S3(37-64), S3(60-87), and S3(103-127) reacted
strongly with fetuin-bound PT in the PT-fetuin capture
ELISA (Table 2). Although S2(1-23)-specific antibodies still
recognized PT in this assay, their binding was reduced as
judged by ELISA titers. The other antisera did not react with
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FIG. 3. Proliferative response of PT-specific murine T-cells to S2 and S3 synthetic peptides. T-cell proliferation assay was performed with

primed splenocytes from A/J strain mice (A) and with BALB/c mice (B). Results are expressed as mean counts per min (C.P.M.) of triplicate
cultures. All standard deviations were less than 15%. Immunodominant T-cell epitopes are highlighted with an asterisk.

PT in this capture assay. These data suggest that the
structural conformation around residues 78 to 98 of S2 and
78 to 108 and 123 to 199 of S3 are very sensitive to fetuin-PT
binding, so that anti-peptide antibodies could not recognize
PT as they do in the direct PT-coated ELISA. It is also
worthwhile to point out that upon fetuin binding the region
around residues 123 to 154 of S2 and 103 to 127 of S3 in PT
had changed from buried to surface exposed and accessible
for antibody binding.

Neutralization epitope mapping. The functional properties
of the peptide-specific antisera were determined by the CHO
cell antitoxin neutralization assay (12). Rabbit antisera
raised against S2(78-98), S3(1-23), S3(18-41), and S3(149-176)
were found to be capable of neutralizing PT toxicity in the
CHO cell clustering assay at a >1/8 dilution (Table 2),
whereas anti-S3(37-64), -S3(60-87), -S3(78-108), -S3(103-
127), and -S3(123-154) antisera inhibited CHO cell clustering
only at a lower dilution (1/4). Preimmune sera and the
remaining peptide-specific antisera had no neutralizing ac-
tivity. To test whether synthetic peptides could bind to the
PT receptor on CHO cells and directly block PT toxicity,
individual free peptides (0.1 to 200 jig/ml) were tested in the
CHO cell clustering assay. Although peptide S3(149-176)
was found to be capable of inhibiting PT-induced CHO cell
clustering at 12.5 j,g/ml, it was at about a 2,500-fold molar
excess of peptide over PT. These results further support that
the region around residues 149 to 176 of S3 is in close
proximity to the PT receptor sites.

T-cell epitope mapping. The presence of T-cell epitopes
was assessed by the ability of free peptides to stimulate the
proliferation of mouse (BALB/c and A/J strains) T lympho-
cytes primed with pertussis toxoid in a standard in vitro
T-cell proliferation assay (30). The results summarized in
Fig. 3A showed that all synthetic peptides tested at molar
concentrations ranging from 0.03 to 3 ,uM were capable of

inducing a good proliferative response in T lymphocytes
from the A/J strain. At this time we could not explain this
unusual finding. In contrast, only synthetic peptides S3(18-
41), S3(78-108), S3(134-154), and S3(149-176) were found to
stimulate the proliferation of primed T cells from BALB/c
mice (Fig. 3B). These data indicate that four murine T-cell
epitopes are located within residues 18 to 41, 78 to 108, 134
to 154, and 148 to 176 of the S3 subunit.

DISCUSSION

Numerous studies have suggested that synthetic peptides
can function as inexpensive candidate vaccines against in-
fectious diseases (31). Recently, we and others (1, 6, 8, 19,
23, 36) have identified the critical regions and the neutrali-
zation epitopes on S1. In this study, we have examined the
reactivity of 12 synthetic peptides from the S2 and S3
subunits of PT with rabbit anti-PT antisera and sera from
children vaccinated with acellular pertussis vaccine. We
have identified the immunodominant T-cell epitopes by using
spleen cells from mice primed with pertussis toxoid. Also,
individual synthetic peptide-KLH conjugates were assessed
for their immunogenicities in rabbits. Rabbit anti-peptide
antisera were tested for their immunological properties (i) in
the CHO cell antitoxin neutralization assay, (ii) by PT- and
peptide-specific ELISA, and (iii) by immunoblot analysis.

Free peptide has an advantage over peptide-carrier conju-
gate as an antigen in ELISA in that it has no anticoupling
reagent antibody interference and is time-saving because
there is no need to conjugate the peptide to another carrier
with different chemical cross-linkers. In addition, we often
observed lower reactive titers of the anti-peptide antisera
against peptide in the peptide-carrier-coated ELISA (data
not shown), and this reduction of titer could be due to the
precipitation of peptide-carrier conjugates using glutaralde-
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hyde as a chemical cross-linker. As in our previous study (6),
we found that all 12 synthetic peptides coated the microtiter
wells under standard conditions (pH 9.6, 1 ,ug of peptide per
well) and their antigenic determinants were accessible to
antibody binding. Using this peptide-specific ELISA, we
have successfully determined that residues 78 to 98 of S2 and
78 to 108 of S3 are the immunodominant B-cell epitopes of
the S2 and S3 subunits of PT for both humans and rabbits.
However, the high reactivity of human sera with these
peptides does not correlate with the CHO cell antitoxin
neutralization titers, which range from <1/2 to 1/2,048.
Further studies showed that the infant serum reactivity with
peptides S3(87-108) and S2(78-98) could efficiently be inhib-
ited by peptide S3(78-108) in a competition assay (data not
shown). These results suggest that human sera recognized
the common amino acids within residues 78 to 87 of both
subunits, and these residues seem to be not critical to PT
biological activity. Altogether this implies that the neutrali-
zation epitopes recognized by human sera are conforma-
tional or located in other subunits such as Si. Interestingly,
the amino acid sequences around residues 37 to 87 of S3
were recognized by rabbit anti-PT antisera, but the peptides
from the same region reacted poorly with both rabbit anti-
toxoid antisera and sera from infants vaccinated with acel-
lular pertussis toxoid. This region (residues 37 to 87) of S3
could be modified by glutaraldehyde detoxification, which
would cause the loss of B-cell epitopes.

All synthetic peptides, chosen according to the high index
of hydrophilic p-turns in secondary structure prediction
analysis, were highly immunogenic as indicated by the
induction of antisera reactive with their respective peptides
in the peptide-specific ELISA and the corresponding sub-
units of PT in immunoblots. Although the S2 and S3 subunits
are 70% homologous in their amino acid sequences, we
observed that only antisera raised against S2(1-23) and the
four S3 peptide conjugates [S3(18-41), S3(37-64), S3(87-108),
and S3(149-176)] cross-reacted with both subunits in the
immunoblots. The cross-reactivity of antisera raised against
peptides S3(18-41) and S3(149-176) can be explained by the
sequence similarity (>90%) between the two subunits (Fig.
1). However, the present results are somewhat different
from the epitope mapping studies on S2 reported by Schmidt
and Schmidt (29a), who observed that only antisera against
residues 91 to 106 of S2 recognized both subunits in the
immunoblots. One possible explanation could be that the
antibodies generated from S2(78-98) only recognized the
variable residues within 78 to 93 of S2 since they showed
very little cross-reactivity against the S3(78-108) peptide.
The antisera raised against 91 to 106 of S2 in the Schmidt
study reacted with the C-terminal half of the peptide (resi-
dues 98 to 106) in a manner similar to the reactivity of
antisera raised against the S3(87-108)-KLH conjugate men-
tioned above. However, both studies (ours and the
Schmidts') showed, even under the reduced and denatured
conditions (sodium dodecyl sulfate [SDS]-polyacrylamide
gel electrophoresis [PAGE] and electroblotting), the struc-
tural conformation differences between the two subunits are
retained so that the corresponding regions are not presented
or exposed to the same extent. These structural differences
are also predicted by the secondary structure analysis. The
structural heterogeneity is consistent with the concept and
observation of the existence of two distinct PT-receptor
binding sites in the S2-S4 dimer and the S3-S4 dimer (4, 16,
22, 29).
We and others have successfully reduced the toxicity of

PT by site-directed mutagenesis of the S1 subunit (8, 19, 36),

but additional studies need to be done to verify whether the
remaining T-cell mitogen effect of the B-oligomer might have
deleterious consequences in vivo. Therefore, it is of interest
to know the receptor-binding sites, and PT-fetuin binding
was chosen as a model for investigation. The reactivities of
PT with the peptide-specific antisera were determined in the
presence and absence of fetuin. Antisera against the N-ter-
minal region residues 1 to 78 of S3 recognized PT in both
PT-coated and PT-fetuin capture ELISAs. These results
suggest that the structural conformation of the N-terminal
region (residues 1 to 78) of S3 is not significantly affected
upon PT-fetuin binding, and this region is still accessible for
antibody binding. However, the regions around residues 1 to
23 and 78 to 98 of S2 and the C-terminal half of S3 are shown
to be very sensitive to PT-fetuin binding, and antibody
recognition sites are either buried or destroyed because of
fetuin-induced conformational changes. Similarly, either the
sites around residues 123 to 154 of S2 and 103 to 127 of S3
which become surface exposed and accessible for antibody
binding upon fetuin binding may be buried in the native PT
or the structural conformation in these regions is not recog-
nized by the anti-peptide antibodies. These results are in
agreement with a recent study by Schmidt and Schmidt (29)
that showed antibodies raised against residues 1 to 7, 35 to
50, and 91 to 105 of S2 could inhibit PT-fetuin interaction,
and they suggested that these regions could be the PT-fetuin
binding sites. In preliminary experiments, we observed
direct binding between biotinylated fetuin or biotinylated
ceruloplasmin and synthetic peptides S2(78-98), S3(78-108),
and S3(149-176). Furthermore, PT mutants generated from
site-directed mutagenesis around these sites reduce the
toxicity to CHO cells and the affinity to fetuin binding (18a).
Schmidt et al. (28, 29, 29a) found that rabbit antisera

raised against residues 1 to 7, 35 to 50, and 91 to 106 of S2
and residues 1 to 12, 12 to 23, 14 to 29, and 36 to 51 of S3
were capable of inhibiting PT-mediated hemagglutination of
goose erythrocytes, but these antisera failed to show neu-
tralization activity in the antitoxin CHO cell assay. In this
study, we have located four linear B-cell neutralization
epitopes, residues 78 to 98 of S2 and residues 9 to 23, 18 to
41 and 149 to 176 of S3. One possible explanation for this
discrepancy would be that the antibodies generated from
S2(78-98) recognize the variable residues within 78 to 98 of
S2 and these residues are involved in CHO cell PT-receptor
binding. The antisera raised against 91 to 106 of S2 in the
Schmidt study react with the C-terminal half of the peptide
(residues 98 to 106), which is in close enough proximity to
the receptor binding site that it shows marginal neutraliza-
tion activity. It is worthwhile to point out that the production
of the different population of antibodies against these two
peptides could be due to both the orientation and the method
of conjugation, as shown in other studies (6, 10, 24). The
natural cysteine (residue 87) was used in the present study,
and an additional cysteine was added at the N-terminal end
of peptide R91-106 used in the Schmidt study. Although the
antisera raised against the N-terminal end of S3 in the
Schmidt studies had no antitoxin activities in the CHO cell
assays, their inhibition of PT-mediated hemagglutination
pointed out that this region, especially residues 9 to 23, may
be involved in the specific target cell binding; any antibodies
against this site can directly block the PT-receptor binding.
This is also consistent with the idea of a second distinct
receptor binding site on the B-oligomer of PT.

Synthetic peptides, beside having well-defined chemical
structures and being nontoxic, have another significant ad-
vantage over native toxin as an immunogen in that they quite
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often induce functional antibody populations different from
those obtained with the native toxin. This advantage is
clearly demonstrated in the present study of the induction of
PT-neutralizing antibodies against S2(78-98), S3(9-23), and
S3(149-176) peptide-KLH conjugates. Preliminary evidence
from experiments with synthetic peptides corresponding to
the S4 and S5 subunits suggests that antitoxin neutralizing
antibodies could be generated by immunizing rabbits with
peptides or peptide-KLH conjugates.

Synthetic peptides corresponding to the Si subunit of PT
are capable of eliciting major histocompatibility complex
class II restricted T-cell immune responses in both humans
and mice (23). In the present study, we observed that all 12
synthetic peptides induced strong proliferative responses in
the A/J strain T cells, but S3(18-41), S3(78-108), S3(134-154),
and S3(149-176) were the only peptides capable of stimulat-
ing the proliferation of the PT-specific T cell of BALB/c
mice. From these results we conclude that there are four
immunodominant murine T-cell epitopes located within res-
idues 18 to 41, 78 to 108, 134 to 154, and 148 to 176 of the S3
subunit. Although neither peptide S3(18-41) nor peptide
S3(148-176) is identified as a T-cell epitope by the amphip-
athicity algorithm of Delisi and Berzofsky (9), they do
contain the T-cell receptor binding motifs as described by
Rothbard and Taylor (25) and the properties of a T-helper
cell determinant as predicted by Stille et al. (32). On the
other hand, peptides S3(78-108) and S3(134-154) were both
predicted as T-cell epitopes by all three algorithms. This is
further supported by our preliminary studies that BALB/c
mice and rabbits immunized with these four individual
unconjugated peptides in the presence of complete Freund's
adjuvant elicit strong antibody response against S3 as judged
by immunoblots, indicating that these regions of S3 contain
potent functional T-helper cell epitopes.

Certainly, identification of these potent T-cell epitopes
and surface-exposed B-cell neutralizing epitopes represents
a first step towards the rational design of a synthetic whoop-
ing cough vaccine and provides the target amino acid resi-
dues for site-directed mutagenesis to generate detoxified PT
mutants.
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