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Receptor recognition of pertussis toxin is mediated by the B oligomer consisting of subunits S2, S3, 2xS4, and
S5. One possible way to interfere with toxin action would be the inhibition of recognition and binding of the
cellular receptor(s) by preformed toxin-directed antipeptide antibodies. A prerequisite for this approach is the
localization of linear antigenic determinants followed by the identification of inhibitory epitopes. Anti-S2
peptide antibodies have been shown to inhibit binding of the holotoxin to in vitro model receptor systems. For
the elucidation of linear antigenic and immunogenic determinants harbored in the S3 subunit, synthetic
peptides corresponding to selected linear amino acid sequences of S3 have been prepared and used to raise
peptide-specific antibodies in rabbits. All peptides elicited a strong homologous response. Four synthetic
peptides reacting with anti-pertussis toxin antibodies (R36-51, R87-95, R134-150, and R147-160) have been
identified. Seven synthetic peptides (Rl-12, R12-23, R14-29m, R36-51, R95-107, R134-150, and R164-178)
induced antibodies recognizing pertussis toxin. Thus, these segments correspond to linear antigenic determi-
nants. Analogous to the S2 subunit, the N terminus of S3 proved to be immunorecessive in the native toxin. The
highly homologous S2 subunit was only bound strongly in Western blotting (immunoblotting) by antiserum
directed at peptide R164-178, which is identical in the S2 and S3 subunits. A weak recognition of S2 in Western
blotting was observed with anti-R95-107 antiserum. The ability of affinity-purified anti-S3 peptide antibodies
to interfere with pertussis toxin binding was investigated by hemagglutination of goose erythrocytes as a model
receptor system for S3-mediated receptor recognition. Antipeptide antibodies directed at Rl-12, R12-23,
R14-29m, and R36-51 inhibited hemagglutination of goose erythrocytes. This indicates that the corresponding
antigenic regions in the S3 subunit are associated with the formation of the receptor binding domain. Inhibition
of B-oligomer-mediated pertussis toxin binding to cellular receptors by preformed antipeptide antibodies of
sufficient affinity should not only block the detrimental effects of the Si subunits, but also interfere with the
mitogenic effects attributed to the B oligomer.

Virulent Bordetella pertussis organisms exhibit a remark-
able array of virulence factors which promote the develop-
ment of the human respiratory disease whooping cough.
Besides cell surface-associated factors such as pili and the
filamentous hemagglutinin (32), B. pertussis also produces a
number of toxins such as pertussis toxin (PT), adenylate
cyclase toxin, tracheal cytotoxin, and dermonecrotic toxin
(17, 21, 22, 45, 46). The expression of the majority of the
known virulence factors has been found to be coordinately
regulated (9, 18, 34). Except for paroxysmal coughing and
the accumulation of mucus in the respiratory tract, the
symptoms of whooping cough can be induced in mice by the
action of PT alone (27, 29, 30, 35). Thus, PT not only seems
to be the most prominent virulence factor of the organism
(19) but also is supposedly responsible for the rare but
occasionally severe side effects reported after vaccination
with the current whole-cell pertussis vaccines (23, 40).
Multiple efforts are therefore under way to develop new and
safe pertussis vaccines. These should include PT as one
component which has to be inactivated by genetic engineer-
ing or efficient chemical detoxification (1, 3, 24, 25, 28, 31,
36).
PT acts through the ADP-ribosylation of the (x-subunit of

certain Gi proteins, thus inhibiting the regulation of the
cellular adenylate cyclase system, which leads to a nonphys-
iological increase in the level of cyclic AMP (8, 21). The
genes coding for PT have been cloned and sequenced (15, 16,
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26). The single polypeptide chain of the A protomer (Si
subunit) carries the enzymatic activity, whereas the mul-
tisubunit B oligomer (S2, S3, S4 [two], and S5) mediates the
docking of the toxin to cellular receptors and is probably also
involved in the translocation of the Si subunit to the cytosol
(4, 6, 10, 20, 39, 41). PT and the B oligomer and its two
constituting dimers (S2/S4 and S3/S4), but not single isolated
(recombinant) subunits (25), have been shown to be protec-
tive in the mouse model for B. pertussis infections (2, 35).
The B oligomer is probably also responsible for the mitoge-
nic effects and the possible "superantigenicity" discussed
for PT (42, 44). To investigate the serological properties of
subunits constituting the B oligomer and to provide probes
for the elucidation and characterization of functional do-
mains, e.g., the carbohydrate binding sites harbored by the
B oligomer, synthetic peptides corresponding to selected
segments of the S2 subunit have been prepared (38). The
antipeptide antibodies have been used as probes to map
linear immunogenic and antigenic determinants and to iden-
tify domains involved in the formation of the carbohydrate
binding pocket (37, 38). Here we report the elucidation of
linear antigenic and immunogenic epitopes of the S3 subunit
as well as the identification of linear antigenic determinants
which are associated with the formation of the second,
distinct carbohydrate binding site of PT harbored by the S3
subunit (37).
(Throughout this report, the term antigenic epitope [deter-

minant] refers to domains in the native toxin that are
recognized by antibodies engendered by synthetic peptides
corresponding to this region. Immunogenic epitope [deter-
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minant] is used to describe linear segments in the toxin
which are recognized by the immune system and thus give
rise to antibodies which recognize the corresponding syn-
thetic peptides.)

MATERIALS AND METHODS

PT. The PT used in this study was either supplied as a gift
by the Institut Merieux, Lyon, France, or purchased from
List Biochemicals, Campbell, Calif. The isolated subunits
and subunit dimers of PT were a generous gift of C. Capiau,
SmithKline, Rixensart, Belgium.

Selection of synthetic peptides. The choice of segments of
the S3 amino acid sequence to be prepared as synthetic
peptides was biased with regard to hydrophilic 1-turns as
indicated by secondary-structure predictions according to
the algorithms of Chou and Fasman (7), Robson and Suzuki
(33), Kyte and Doolittle (13), and Hopp and Woods (11). A
natural or an additional cysteine residue was placed at the
end of the amino acid sequence distal to the predicted
13-turn, thus providing a unique site for coupling of the
synthetic peptides to protein carriers in a defined orientation
by heterobifunctional cross-linking agents (see below).

Characterization of peptides. Peptides were synthesized
with Fmoc technology, using 4-(hydroxymethyl)phenoxy-
methyl-copol(styrene-1% divinylbenzene) resin as solid sup-
port (Novabiochem, Laufelfingen, Switzerland). The cou-
pling of each amino acid was monitored with ninhydrin (12)
and, if necessary, repeated until >99% efficiency was
achieved. After purification by reverse-phase high-perfor-
mance liquid chromatography, the identity of each synthetic
peptide was verified by amino acid analysis.

Coupling to carrier proteins. Each peptide was coupled to
bovine serum albumin (BSA), using succinimidyl-4-(N-ma-
leimido-methyl)-cyclohexane-1-carboxylate (SMCC), and to
thyroglobulin, using m-maleimidobenzoyl N-hydroxysuccin-
imide ester (MBS) as the heterobifunctional cross-linker (37,
38).
PT and peptide antisera. All antisera were prepared in

female white chinchilla bastard rabbits. A 25-p.g portion of
PT or 250 to 300 p.g of peptide-carrier conjugate and 50 ,ug of
free peptide were emulsified in 100 [LI of RAS adjuvants
(PAN Systems, Aidenbach, Germany) and injected subcuta-
neously at multiple sites. Booster injections were given 4
weeks later. The rabbits were bled from the ear vein 7 to 8
days after the booster injections. For preparation of specific
antipeptide antisera, rabbits were only immunized with the
respective peptide-MBS-thyroglobulin conjugates.

Affinity purification of antipeptide antibodies. Antibodies
directed at synthetic peptides corresponding to linear anti-
genic determinants of the S3 subunit were isolated by affinity
chromatography, using the corresponding peptide-BSA con-
jugates coupled to EAH-Sepharose (Pharmacia) via 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide. Briefly, peptide
antiserum (500 ,ul) diluted 1:1 with 0.05% Brij 35-phosphate-
buffered saline (PBS) was recirculated for .3 h over a 1.5-ml
affinity column. The column was washed extensively with
0.05% Brij 35-PBS followed by PBS, and bound material was
eluted with 0.1 M citric acid (pH 2.0) on ice and immediately
neutralized with 1 M Tris base. After dialysis against 0.1 x
PBS, the antibodies were washed and concentrated with
PBS, using Centricon (Amicon) concentrators with a cutoff
value of about 30 kDa.

Solid-phase antigen-binding assay. Peptide-protein conju-
gates (1 mg/ml), PT, isolated subunits of PT (1 ,ug/ml), or free
peptides (500 ,ug/ml) were coated on polystyrene microtiter

plates in PBS. Free binding sites were blocked with 3%
BSA-PBS at 4°C overnight. The plates were incubated with
dilutions of antisera in 0.1% BSA-PBS and washed thor-
oughly with 0.05% Brij 35-PBS. Bound antibody was de-
tected with alkaline phosphatase-conjugated goat anti-rabbit
immunoglobulin G, followed by p-nitrophenyl phosphate as
substrate. The enzyme reaction was evaluated in an auto-
mated enzyme-linked immunosorbent assay (ELISA) reader
(Titertek) at 405 nm. All assays were repeated several times
in duplicate.
Western blotting (immunoblotting). For separation of PT

subunits by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (14), the toxin was denatured by
heating for 15 min at 100°C in sample buffer (4 M urea, 2%
SDS, 0.6 M 2-mercaptoethanol, 4 mM EDTA, 10% glycerol).
The electrophoretic transfer was performed in 25 mM Tris
hydrochloride, pH 7.4, essentially as described by Towbin et
al. (43) and Burnette (5). After transfer, the nitrocellulose
was blocked with 5% BSA-PBS overnight at 4°C. Subse-
quently, antiserum was applied in a 1:200 dilution in 0.1%
BSA-PBS. After 90 min at ambient temperature, the nitro-
cellulose was washed four times with 0.03% Brij 35-PBS and
incubated with a 1:5,000 dilution of alkaline phosphatase-
conjugated second antibody (dianova, Hamburg, Germany)
in 0.1% BSA-PBS. Bound antibody was detected with Nitro
Blue Tetrazolium-5-bromo-4-chloro-3-indolyl phosphate
substrate in AP buffer (100 mM Tris [pH 9.5], 1 mM MgCl2).
The reaction was stopped with 20 mM Tris (pH 8.0) contain-
ing 5 mM EDTA.

Inhibition of hemagglutination by anti-S3 peptide antibod-
ies. Goose erythrocytes were incubated for 30 min at 37°C
with chymotrypsin at a final concentration of 1 mg/ml. The
cells were washed repeatedly with PBS containing 1 mM
phenylmethylsulfonyl fluoride and resuspended in PBS.
These chymotrypsin-sensitized goose erythrocytes (sGRBC;
2 x 107) were incubated with serial dilutions of PT in 0.05%
BSA-PBS. In this assay, 2 ng of PT per ml was sufficient for
hemagglutination of sGRBC. For binding inhibition, serial
dilutions of affinity-purified anti-S3 peptide antibodies were
incubated for 2 h in 0.05% BSA-PBS with 15 ng of PT per ml
and subsequently added to 2 x 107 sGRBC in 0.05% BSA-
PBS.

RESULTS

Choice and synthesis of peptides. Fourteen synthetic pep-
tides (R1-12, R12-23, R23-32, R14-29m, R14-29, R36-51,
R53-63, R87-95, R95-107, R104-117, R120-130, R134-150,
R147-160, and R164-178) have been prepared by the solid-
phase technique for elucidation of linear antigenic and
immunogenic determinants in the 199-amino-acid sequence
of the S3 subunit of PT. The complete amino acid sequences
of the synthetic peptides in comparison with their corre-
sponding segments in the highly homologous S2 subunit are
depicted in Table 1. The sequences to be synthesized were
chosen according to their probability to encompass hydro-
philic 1-turns as predicted by different secondary-structure
prediction algorithms (7, 11, 13, 33) (Fig. 1). All peptides
were synthesized with either a natural or an additional
cysteine residue at either end distal to the predicted 13-turn,
thus facilitating coupling in a unique orientation to a carrier
protein.

Peptides as antigens. Each of the 14 peptide-BSA conju-
gates, as well as the free peptides, was assessed by ELISA
with dilutions of polyclonal anti-PT antiserum. Peptides
recognized by anti-PT antibodies are defined to encompass
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TABLE 1. Sequence comparison and location of the S3 synthetic
peptide sequences with the corresponding

segments of the S2 subunit

PT Amino Sequence
subunit acids

S3 1-12 VAPGIVIPPKAL-C
S2 ST-------QEQ

S3 12-23 LFTQQGGAYGRC
S2 QI--H-SP----

S3 23-32 CPNGTRALTV
S2 -A-K------

S3 14-29m TQQGGAYGRCPNGTRA
S2 --H-SP----A-K---

S3 14-29 C-TQQGGAYGRCPNGTRA
S2 --H-SP----A-K---

S3 36-51 C-RGNAELQTYLRQITPG
S2 --SGD--E---HV-R-

S3 53-63 C-SIYGLYDGTYL
S2 --FA-------

S3 87-95 CITTIYKTG
S2 --M-TRN--

S3 95-107 C-GQPAADHYYSKVT
S2 ----T-----N--

S3 104-117 SKVTATRLLASTNS-C
S2 -N-------S----

S3 120-130 CAVFVRDGQSV
S2 ------S--P-

S3 134-150 CASPYEGRYRDMYDALR
S2 -T---D-K-WS--SR--

S3 147-160 DALRRLLYMIYMSG-C
S2 SR--KM--L--VA-

S3 164-178 C-RVHVSKEEQYYDYED
S2 ---------------

a C, Cysteine residue used for specific coupling of the peptide to carrier
proteins; -C or C-, a purposely added cysteine residue.

immunogenic determinants. Anti-PT antiserum recognized 4
of the 14 peptides (Fig. 2A and B). Sequences R36-51 and
R134-150 harbor major linear immunogenic determinants,
whereas segments R120-130 and R14-29 encompass rather
minor immunogenic epitopes (Table 2). Interestingly, the
free peptide R87-95 reacted strongly in ELISA with anti-PT
antibodies but was not recognized when the corresponding
BSA conjugate was used to coat the solid phase. Peptides
corresponding to residues R36-51 and R87-95 show different
degrees of recognition whether they are coated onto the
microtiter plate as free peptides or as peptide-BSA conju-
gates (Fig. 2A and B). Synthetic peptides corresponding to
the N and C termini of the S3 subunit are not recognized by
the anti-PT antiserum, indicating that these regions in the
native protein are not available for the immune system and
thus are denoted immunorecessive.

Peptides as immunogens. Polyclonal antipeptide antisera
were produced in rabbits with peptide-MBS-thyroglobulin
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FIG. 1. Predictive analysis of the local average p-turn potentials
(A) and hydrophilicity (B) of the S3 amino acid sequence by the
methods of Hopp and Woods (11) ( ) and Kyte and Doolittle (13)
(-----). The hydrophilicity values are derived from the heptapeptide
moving average and are plotted at the midpoint of each section. (C)
Synthesized amino acid sequences, with the conjugation site via a
natural or additional cysteine residue indicated as (0) or (0) in
adjacent peptides. (-) denotes the internal cysteine residue used for
conjugation. The amino acid numbering is given at the bottom.

conjugates and were assessed for their capacity to recognize
the homologous peptide-SMCC-BSA conjugates as well as
PT, thus defining antigenic determinants. All peptides elic-
ited a strong antipeptide response (data not shown). Four
peptides were found to elicit antibodies cross-reacting with
solid-phase bound PT (Fig. 3). Strongly cross-reactive anti-
sera were induced with R1-12, R164-178, R12-23, and R147-
164 (Fig. 3), while R14-29m coupled to carrier proteins
through an internal cysteine residue induced a medium
response. Interestingly, peptide R14-29, which has been
conjugated via an additional N-terminal cysteine, did not
engender cross-reactive antibodies. A rather weak cross-
reactive response was found when peptides R95-107, R134-
150, R53-63, R36-51, and R104-117 were used as immuno-
gens and the antipeptide antisera were assayed in ELISA
(data not shown). Antibodies engendered against peptides
R23-32, R14-29, R87-95, and R120-130 did not recognize the
holotoxin either in ELISA or by Western blotting.

Recognition of antigenic determinants by Western blotting.
To investigate whether the antipeptide antisera also recog-
nized the S3 subunit under denaturing conditions, PT was
boiled in urea-SDS-2-mercaptoethanol by the method of
Laemmli (14) and Tamura et al. (41), electrophoresed in 15%
SDS-polyacrylamide gels, and transferred to nitrocellulose
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FIG. 2. Reaction of polyclonal anti-PT antiserum with peptide-BSA conjugates (A) and free synthetic peptides (B) by ELISA, as described
in Materials and Methods. The A405 was corrected for nonspecific binding due to preimmune sera and BSA as indicated (----0----). Symbols:
(A) *, R14-29; 0, R36-51; A, R87-95; 0, R120-130; A, R134-150; (B) *, R36-51; A, R87-95; A, R134-150; O, R147-160; 0, PT.

(Fig. 4). Antisera engendered against peptides R1-12, R36-
51, R134-150, and R164-178 showed a strong reaction with
S3, indicating that these antigenic determinants were not
destroyed under harsh denaturing conditions. Antisera
raised against peptides R12-23, R14-29m, and R95-107
showed only a weak cross-reactivity with S3 under denatur-
ing conditions.

Recognition of S2 by anti-S3 peptide antibodies. Despite the
remarkable degree of sequence homology between S3 and S2
(70%) which is reflected in the sequences chosen for dupli-
cation as synthetic peptides (Table 1), only antibodies raised
against the synthetic peptide R164-178, which is identical in
both subunits, strongly bound S2 in Western blotting (Fig.
4). Antibodies directed at R95-107 showed also a weak
reaction with S2. All other antipeptide antisera were specific
for the S3 subunit, indicating that even under the relatively
strong denaturing conditions the structural heterogeneity of

TABLE 2. Linear immunogenic and antigenic
determinants of the PT S3 subunit

Determinant'

No. Amino Sequence Immuno- Antigenic
acids Immuno____

genic Western ELISA

1 1-12 VAPGIVIPPKAL_Cb - ++ ++
2 12-23 LFTQQGGAYGRC - + +
3 23-32 CPNGTRALTV - - -
4 14-29M TQQGGAYGRCPNGTRA - + +
5 14-29 C-TQQGGAYGRCPNGTRA - - -
6 36-51 C-RGNAELQTYLRQITPG + + (+)
7 53-63 C-SIYGLYDGTYL - - +
8 87-95 CITTIYKTG + - -
9 95-107 C-GQPAADHYYSKVT - + +
10 104-117 SKVTATRLLASTNS-C - - +
11 120-130 CAVFVRDGQSV - - -
12 134-150 CASPYEGRYRDMYDALR + +(+) +
13 147-160 DALRRLLYMIYMSG-C + - +
14 164-178 C-RVHVSKEEQYYDYED - ++ ++

"Immunogenic epitope denotes segments in the native toxin which induce
antibodies able to recognize the corresponding synthetic peptides. Antigenic
epitopes refers to segments of the protein which as synthetic peptides give rise
to antibodies reacting with the holotoxin.

b See footnote a, Table 1, for explanation of C.

the two homologous subunits is preserved. Isolated subunits
of PT (courtesy of C. Capiau) were used to assess the
binding of anti-S3 peptide antibodies to S2, S2/S4, or S4
subunits. Only antibodies directed at peptides corresponding
to the N terminus (R1-12), to R95-107, and to R164-178
which is identical in S2) recognized isolated S2 and the S2/S4
dimer (Fig. 5). The isolated S4 subunit was not recognized
by any anti-S3 peptide antiserum.

Inhibition of hemagglutination by anti-S3 peptide antibod-
ies. As the binding specificity of the S3 subunit of PT is not
known, hemagglutination of sGRBC was used as an indica-
tor for S3-mediated binding activity. A concentration of 2 ng
of PT per ml was found to be sufficient for agglutination of
107 sGRBC. To investigate the ability of anti-S3 peptide
antibodies to interfere with PT-mediated hemagglutination of
erythrocytes, we preincubated PT (15 ng/ml) with serial
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FIG. 3. Recognition of intact PT by antiserum against peptide-

MBS-thyroglobulin conjugates and PT by ELISA. Depicted are
antipeptide sera exhibiting significant binding to PT. Symbols: *,
binding of antitoxin antiserum to PT; 0, R1-12; A, R12-23; *,
R14-29m; ----0----, R147-160; A, R164-178. The A405 has been
corrected for nonspecific binding as in the legend to Fig. 2.
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FIG. 4. Western blot of PT with antipeptide antisera diluted 1:200 in 0.1% BSA-PBS. Alkaline phosphatase-conjugated goat anti-rabbit
antibodies and Nitro Blue Tetrazolium-5-bromo-4-chloro-3-indolyl phosphate were used to detect bound antibodies.

dilutions of affinity-purified anti-S3 peptide antibodies. An-
tibodies raised against R1-12, R12-23, R14-29m, and R36-51
were able to inhibit hemagglutination (Table 3). The MICs of
antipeptide antibodies were estimated to be 18 pg/ml for
anti-R1-12, 14 ,ug/ml for anti-R12-23, 61 ,ug/ml for anti-R14-
29m, and 33 ,ug/ml for anti-R36-51. Not all anti-S3 peptide
antibodies recognizing PT by ELISA or Western blotting
inhibited hemagglutination (Table 3).
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Subunits of Pertussis Toxin
FIG. 5. Recognition of isolated PT subunits and PT dimers by

anti-S3 peptide antibodies in ELISA. The microtiter plates were

coated with antigen at 1 ,ug/ml in PBS. Values represent averages

from several experiments run in duplicate. Symbols: *, amino acids
1-12; U, 12-23; 0, 14-29m; 0, 36-51; 0, 53-63; X, 95-107; bE,
134-150; D, 164-178.

DISCUSSION

Among the striking number of known virulence factors
exhibited by virulent B. pertussis organisms, the exotoxin
PT is regarded as one of the major factors involved in the
development of the pathology of the human respiratory
disease whooping cough, acting not only as an exotoxin but
also as an agglutinin (21, 22, 39). Contaminating active toxin
has been held responsible for the rare, but sometimes
severe, complications attributed to pertussis vaccination
with the current whole-cell pertussis vaccines. Trials con-
ducted with an acellular component vaccine consisting of
filamentous hemagglutinin and PT have shown the compo-
nent vaccine to be efficient but have failed to settle the issue
of possible side effects intrinsic to preparations from biolog-
ical sources (28). The cloning and sequencing of the genes
coding for the expression of PT have opened the possibility
of using synthetic peptides for the identification and charac-
terization of immunogenic and antigenic determinants har-
bored by the single subunits of PT. The identification of
segments carrying antigenic epitopes will be helpful for the

TABLE 3. Inhibitory activity of anti-S3 peptide
antibodies in hemagglutination

Reactivity' in: MIC
Antibodies

ELISA with PT HA inhibition (p.g/mI)

Anti-S3 R1-12 + + 18
Anti-S3 R12-23 + + 14
Anti-S3 R14-29m + + 61
Anti-S3 R36-51 + + 33
Anti-S3 R95-107 +
Three othersc +
Anti-PT + + ND

" +, Reactive; -, nonreactive. HA, Hemagglutination.
b MIC for hemagglutination with sGRBC. ND, Not determined.
' Three other purified anti-S3 peptide antibodies: anti-R134-150, anti-R147-

160, and anti-R164-178.

m:- miniin.
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development of a fully synthetic vaccine against whooping
cough, as protective determinants of PT will represent
essential components in any new pertussis vaccine.
Though most determinants in proteins are conformational

and more often represented by discontiguous rather than
contiguous stretches of amino acids, synthetic peptides can
be successfully applied as structure-function probes if they
elicit antibodies which recognize the native or denatured
protein with high enough affinity. To use this approach, it is
advantageous when the synthetic peptides adopt or can be
induced to adopt conformations which are identical or at
least very similar to the conformation of the corresponding
segment in the parent'protein.
The present study describes the use of 14 synthetic

peptides corresponding to linear sequences of the PT S3
subunit predicted to represent hydrophilic a-turns. The S3
subunit has been shown to harbor a second, distinct receptor
binding site analogous to the one identified in the S2 subunit
(37). Four linear immunogenic and seven linear antigenic
determinants have been identified with antipeptide antisera
as reagents. The locations of the linear immunogenic and
antigenic determinants are summarized in Table 2. Major
linear immunogenic determinants have been identified in
peptides R36-51, R87-95, and R134-150, while a minor im-
munogenic epitope was detected in peptide R147-160. It is
interesting to note that the recognition of two of the syn-
thetic peptides by antitoxin antiserum changes remarkably
depending on the coating of the ELISA plates with either the
peptide-BSA conjugates or free peptides. Peptide R87-95 is
only weakly recognized when coated as a BSA conjugate but
shows strong binding of antitoxin antiserum when applied as
a free synthetic peptide. The opposite is true for peptide
R36-51, which is strongly recognized as a BSA conjugate but
reacts rather weakly as a free peptide. These differences in
reactivity of the two antigen preparations might be attributed
to different sites available for recognition which are not
occupied due to hydrophobic interactions of the peptides
with the polystyrene support. Thus, for evaluation of ELISA
results, both types of assays should be taken into account.
Only peptides R36-51 and R134-150 correspond to linear

segments in the S3 subunit which harbor both immunogenic
and antigenic determinants. Particularly, peptides corre-
sponding to the segments at the N terminus and near the C
terminus of the S3 subunit are not recognized by polyclonal
antitoxin antiserum. Thus, these segments are denoted to be
immunorecessive in the native PT, while as synthetic pep-
tides they elicit antisera which show strong binding to PT in
Western blotting and ELISA. Antigenic determinants have
been detected in peptides R1-12, R12-23, R14-29m, R36-51,
R95-107, R134-150, and R164-178. This is yet another exam-
ple that, with synthetic peptides, cross-reactive antibody
populations 'can be induced which are not available by
immunization with the native protein.
As has been found with synthetic peptides corresponding

to segments of the S2 subunit, only one of the seven
antipeptide antisera reactive with the S3 subunit in Western
blotting also binds strongly to the S2 subunit (R164-178). The
amino acid sequence of this segment is identical in the S2
and S3 subunits (Table 1). Anti-S3 R95-107 antiserum reacts
weakly with the S2 subunit, which is reminiscent of the
antibodies raised against the corresponding segment in the
S2 subunit. The alterations between the S3 and S2 amino
acid sequences in all other synthetic peptides might interfere
with recognition by heterologous antipeptide antibodies.
Another possibility might be that the two PT subunits retain
structural heterogeneity even under the strong denaturing

conditions experienced during SDS-PAGE and Western
blotting.

It has been shown that the interaction of PT with a model
receptor system such as fetuin or haptoglobin is dependent
on the binding specificity of the S2 subunit. Thus, as there is
yet no receptor specificity known which is exclusively
mediated by the S3 subunit, we used hemagglutination of
sGRBC to assess the inhibitory capacity of affinity-purified
anti-S3 peptide antibodies. Bivalency and thus also hemag-
glutination could be inhibited by four of the antipeptide
antibodies used in this study (Table 3) which therefore
recognize inhibitory epitopes. With the exception of antibod-
ies directed at R95-107, these antibodies bind to segments of
the S3 subunit which are analogous to the inhibitory regions
identified in the S2 subunit. Though one has to be aware of
the possible effects of steric hindrance, we conclude in
analogy to the situation in the S2 subunit that in the S3
subunit the N terminus as well as the region around R36-51
is involved in the formation of the carbohydrate binding
pocket of the S3 subunit in the native toxin. Whether the
region around R95-107, as in the S2 subunit, also takes part
in the formation of the binding site in the S3 subunit awaits
further investigation.
However, the efficacy of the antipeptide antibodies engen-

dered by the synthetic peptides developed in this study
seems not to be sufficient to inhibit efficiently the binding of
PT to its cellular receptors in an in vivo situation, e.g., the
PT-mediated CHO cell clustering effect. Thus, the quality of
antibodies raised by synthetic peptides corresponding to
inhibitory determinants as identified in this study for S3 as
well as in the preceding study for S2 (37) has to be improved.
Experiments addressing these questions are under way in
our laboratory. Second-generation synthetic peptides mim-
icking inhibitory determinants of PT might constitute suc-
cessful candidates for a completely synthetic pertussis vac-
cine.
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