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ABSTRACT: Monoclonal antibody 57P, which was raised against tobacco mosaic virus protein, cross-
reacts with a peptide corresponding to residues 134-146 of this protein. Previous studies using peptide
variants suggested that the peptide in the antibody combining site adopts a helical configuration that
mimics the structure in the protein. In this study, we carried out a detailed comparison of Fab-peptide
and Fab-protein interactions. The same five amino acid substitutions were introduced in the peptide
(residues 134-151) and the parent protein, and the effect of these substitutions on antibody binding
parameters have been measured with a Biacore instrument. Fabs that recognize epitopes located away
from the site of mutations were used as indirect probes for the conformational integrity of protein antigens.
Their interaction kinetics with all proteins were similar, suggesting that the substitutions had no drastic
effect on their conformation. The five substitutions introduced in the peptide and the protein had minor
effects on association rate constants (ka) and significant effects on dissociation rate constants (kd) of the
antigen-Fab 57P interactions. In four out of five cases, the effect on binding affinity of the substitutions
was identical when the epitope was presented in the form of a peptide or a protein antigen, indicating that
antibody binding specifity was not affected by epitope presentation. However,ka values were about 10
times larger andkd values about 5 times larger for the peptide-Fab compared to the protein-Fab interaction,
suggesting a different binding mechanism. Circular dichroism measurements performed for three of the
peptides showed that they were mainly lacking structure in solution. Differences in conformational properties
of the peptide and protein antigens in solution and/or in the paratope could explain differences in binding
kinetics. Our results demonstrate that the peptides were able to mimic correctly some but not all properties
of the protein-Fab 57P interaction and highlight the importance of quantitative analysis of both equilibrium
and kinetic binding parameters in the design of synthetic vaccines and drugs.

Cross-reactivity is an intriguing aspect of immune recogni-
tion that has been extensively studied and discussed (1-3).
Peptides able to cross-react with antibodies raised against
the parent protein have been used to map epitopes (4-8).
Anti-peptide antibodies that are able to cross-react with the
parent protein are useful probes for detecting the protein in
complex cellular extracts and may also be relevant in the
design of synthetic vaccines (9-11).

The structural basis of cross-reactivity can be analyzed
by comparing the conformations of the free and bound
peptide with those of the free and bound protein antigen.
However, such a complete data set is not yet available. So
far, structural studies by X-ray crystallography and NMR
have addressed two features important for immune cross-
reactivity. The first is the degree of structural similarity
present between a peptide bound in the antibody combining

site and the same sequence in the folded protein. In some
systems no overall similarity was found (12-15), while in
others a partial structural similarity was observed (16-19).
These examples include antibodies raised to viruses, proteins,
and peptides. The second issue is the degree of conforma-
tional similarity between free and bound antigens. Structural
differences between free and bound protein antigens were
found to be barely significant (20-24). The situation was
different for peptides that are flexible in solution or present
in a number of different conformational states (25, 26).
Peptides that were structured in solution (27-29) were found
to adopt different conformations when bound to different
antibodies (17, 30, 31). Furthermore, NMR studies indicated
that peptides may retain considerable mobility when bound
to the antibody (32).

The functional consequences of differences in structural
properties between peptides and proteins have rarely been
studied in detail, although it has been shown that the affinity
of an antibody for a protein and a peptide analogue may
differ by one or more logarithmic units. Differences in the
binding kinetics of two antigenic forms have been reported
for example in the human immunodeficiency virus 1 system
(33) and the tryptophan synthase system (34).
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In the present study, we analyze two aspects of the binding
of a peptide and its parent protein to an antibody. The first
aspect is binding kinetics, since on and off rates determine
the process of molecular recognition. Kinetics are likely to
be essential for efficient biological activity in vivo, where
interactions generally occur between a number of competing
molecules. The importance of kinetics in the immune system
has been discussed (35, 36). The second aspect is the effect
that the same amino acid substitutions, introduced in the
peptide and protein antigens, have on kinetic rate constants
and binding affinity. The ability of an antibody to discrimi-
nate between a range of antigenic variants is a measure of
binding specificity. Specificity of binding is required for any
application using peptide analogues.

The strategy was to introduce the same amino acid
substitutions in the peptide and in the protein and to measure
the effect of these changes on interaction kinetics with a
Biacore instrument (Biacore AB, Uppsala, Sweden). Biacore
is a biosensor based on surface plasmon resonance that allows
molecular interactions to be followed in real time. For simple
interaction systems, analysis of the interaction curves yields
association (ka)1 and dissociation (kd) rate constants, from
which the equilibrium constant (Ka) can be calculated.

Earlier studies have established that monoclonal antibody
57P, raised against tobacco mosaic virus protein (TMVP),
cross-reacts with a peptide corresponding to residues 134-
146 of this protein (37). In the crystal structure of TMVP,
residues 141-148 form a shortR-helix (38, 39). The
interaction of antibody 57P with a set of 15 peptide variants
carrying single residue substitutions has been analyzed with
Biacore. The recognition pattern suggested that the peptide
in the antibody combining site adopts a helical configuration
that mimics the structure in the protein (6). In the present
study, we compare the effect of five identical substitutions
in the recombinant viral protein and in a synthetic peptide
(residues 134-151) on binding to recombinant Fab 57P (40),
and the related Fab 145P (M. Ben Khalifa, manuscript in
preparation). In four out of five cases, the effect on binding
affinity of the substitutions was identical when the epitope
was presented in the form of a peptide or a protein antigen,
indicating that antibody specifity was not affected by epitope
presentation. However, the kinetics of binding were signifi-
cantly different for the two antigenic forms, suggesting a
different mechanism of binding.

EXPERIMENTAL PROCEDURES

Fab Fragments. Monoclonal antibodies (mAb) 57P, 121P,
and 270P were elicited against TMVP (41). Antigen binding
fragments (Fab) derived from mAbs 121P and 270P were
obtained and purified as described (42). The Fab of mAb
57P has been cloned and expressed inEscherichia coli(40).
Fab 145P differs from Fab 57P by four amino acid changes:

GL26S, LL37F, LL38Q, and YH91F (M. Ben Khalifa, manuscript
in preparation).

Synthetic Peptides.Peptides were prepared by solid-phase
peptide synthesis using standard Fmoc chemistry. Peptide
C-WT corresponds to residues 134-151 of TMVP, with an
additional N-terminal cysteine to allow chemical coupling
to CM5 sensor chips. The following substituted peptides
derived from this wild-type sequence were used: C-S142E,
C-S142N, C-E145A (43), C-S142A, and C-S146A.

Circular Dichroism.Circular dichroism (CD) spectra were
recorded in the far ultraviolet (190-250 nm) with a
dichrograph model CD6 (Jobin Yvon, France). The instru-
ment was routinely calibrated with an aqueous solution of
d-10-camphorsulfonic acid. Quartz cells of 0.1 cm were used
and the data were collected at 0.5 nm intervals; 5 s time
constant. Samples were kept at 22°C (( 1 °C) by a
circulating water bath. All the spectra were the average of
series of five scans. Buffer blanks were subtracted from the
corresponding samples. Peptide concentrations ranging from
0.43 to 0.52 mg/mL in 20 mM sodium phosphate buffer,
pH 7.5, were used. When necessary a final concentration of
50% trifluoroethanol (TFE) was added. Molar ellipticity [θ]
is expressed in degrees‚cm2‚dmol-1 and derives from [θ] )
(θ obs)(100/lc), whereθobs is the observed ellipticity, l is the
light path length (in centimeters), andc is the peptide
concentration in moles per liter of chromophore.

Mutagenesis of Recombinant Protein Antigens.The vector
pET3a carrying the sequence of TMVP (44) is a kind gift
from Professor T. M. A. Wilson (Scottish Crop Research
Institute, Dundee, U.K.). A six-histidine extension was added
C-terminal to TMVP by overlapping polymerase chain
reaction (PCR) to allow purification of the recombinant
proteins by affinity chromatography on a nickel matrix (45).
The tendency of TMVP to aggregate leads to unstable
baseline levels on BIAcore due to the leaking of protein
subunits during surface regeneration, and to heterogeneous
interaction kinetics. Mutations T28I and E95D were intro-
duced by PCR in TMVP because the chemical mutant PM2
carrying these changes has been shown to display reduced
aggregation properties (46). This modified protein, thereafter
referred to as CPmutHis, still aggregates but to a lesser extent
than the wild-type protein, and its interaction kinetics with
Fab 57P are homogeneous.

The mutations in the gene coding for the protein CP-
mutHIS were created by site-directed mutagenesis (47) using
single-strand DNA from the vector pET23a (Novagen)
carrying the sequence of CPmutHis as template and mu-
tagenic oligonucleotides (Table 1). The single-stranded DNA
and its mutant derivatives were prepared by using strain
CJ236 (F′cat()pCJ105; M13s Cmr)/dut ung thi-1 relA1 spoT1
mcrA) as cellular host and M13K07 as helper phage (48).

The DNA molecules synthesized in vitro were introduced
into strain BL21 (F- ompTrB

- mB
-) (49) for their amplifica-

tion and were extracted by alkaline lysis (50). The presence
of mutations was checked by restriction analysis (Table 1)
and confirmed by DNA sequencing (Genome Express,
Grenoble, France).

Expression and Purification of Protein Antigens.Wild-
type and mutant proteins were expressed in strain BL21-
(DE3)pLysE, which contains the plasmid pLysE coding for
chloramphenicol resistance and for phage T7 lysozyme (49),
allowing tight regulation of gene expression. A preculture

1 Abbreviations: CD, circular dichroism; EDC,N-ethyl-N′-[3-
(diethylamino)propyl]carbodiimide; EDTA, ethylenediaminetetraacetic
acid; ELISA, enzyme-linked immunosorbent assay; Fab, fragment
antigen binding; HEPES,N-(2-hydroxyethyl)piperazine-N′-2-ethane-
sulfonic acid; IPTG, isopropylâ-D-thiogalactopyranoside;ka, association
rate constant;kd, dissociation rate constant;Ka, equilibrium association
constant; mAb, monoclonal antibody; NHS,N-hydroxysuccinimide;
NTA, trinitriloacetic acid; PCR, polymerase chain reaction; RU,
resonance units; SDS, sodium dodecyl sulfate; TFE, trifluoroethanol;
TMVP, tobacco mosaic virus protein.
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was grown overnight at 37°C in Luria-Bertani medium
(50) supplemented with 100 mg/mL ampicillin and 17 mg/
mL chloramphenicol. A volume of 250µL of this preculture
was added to 50 mL of fresh medium and incubated at 37
°C until an OD600nm) 0.6-1 was reached. Protein expression
was then induced by 0.4 mM isopropylâ-D-thiogalactopy-
ranoside (IPTG) at 25°C overnight. The bacteria were
harvested by a 4000 rpm centrifugation at 4°C. The pellet
was resuspended in 10 mL of a sonication buffer (50 mM
Na2HPO4‚2H2O and 300 mM NaCl, pH 7.8), frozen, and
thawed to lyse the bacteria. The lysate was further disrupted
by a 1 min sonication at 120 V and 4°C. The cell soluble
fraction was recovered from the supernatant of a 15 min
centrifugation at 9000 rpm.

Five milliliters of the soluble fraction was loaded onto a
250 mL Ni-NTA column (Qiagen) equilibrated in the
sonication buffer. After 1 h of contact on ice, the column
was centrifuged at 2000 rpm for 5 min. The supernatant was
removed, the column was washed twice with 2 mL of
washing buffer (50 mM Na2HPO4‚2H2O, 300 mM NaCl, and
10% glycerol, pH 6.0), left on ice 10 min, and centrifuged
again. The proteins were then eluted twice with 1 mL of
washing buffer containing 100 mM imidazole and dialyzed
against HEPES buffer (1 mM HEPES, pH 7.4, 340µM
EDTA, and 15 mM NaCl) at 4°C overnight.

The purity of the proteins was checked by electrophoresis
on SDS-12.5% polyacrylamide gels, stained with Coomassie
blue. Western blots (51) were performed with an anti-TMVP
polyclonal antibody as primary antibody and goat anti-rabbit
immunoglobulin conjugated either to alkaline phosphatase
(Sigma) or to peroxidase (Sigma) for detection.

Preparation of Sensor Surfaces. Immobilization of anti-
gens to sensor surfaces was performed as described previ-
ously (52; BIAapplications Handbook, Biacore, Uppsala,
Sweden).

Briefly, peptides at a concentration of 50µg/mL in 10
mM formic acid, pH 3.2, were immobilized on the carboxy-
lated dextran matrix of CM5 sensor chips through the
sulfhydryl group of the N-terminal Cys (43) by thiol
activation chemistry. Control surfaces were obtained by
treating the surface as for peptide immobilization, except that
peptide injection was omitted.

Proteins were immobilized on CM5 sensor chips through
their primary amine groups. The matrix was activated with
50µL of a solution containingN-ethyl-N′-[3-(diethylamino)-
propyl]carbodiimide (EDC) andN-hydroxysuccinimide (NHS).
In view of its low pI (4.5), TMVP was injected at a
concentration of 5µg/mL in 10 mM formic acid at pH 3.5.

The immobilization procedure was completed by a 5 min
injection of 1 M ethanolamine hydrochloride to block
remaining ester groups. The washing and regeneration steps
were done by successive injections of 50 mM HCl. Blank
surfaces were obtained by treating the surface as for protein
immobilization, except that protein injection was omitted.

Determination of Fab Concentrations.The concentration
of active Fab 57P was determined with BIAcore by varying
the flow rate under conditions of partial mass transport
limitation (42, 53). This method allows the precise deter-
mination of active Fab concentrations without the need of a
calibration curve. The time required for this experiment is
about 1 h, and Fab concentration must be adjusted to 10(
5 nM. Fab 57P was injected during 2-5 min on a surface
containing high concentrations of peptide, at flow rates
ranging from 2 to 100µL/min. Binding curves were analyzed
by the BIAconc program (53) available on the worldwide
web (http://www.be.dtu.dk/∼lc/).

After its concentration had been determined in this way,
the Fab preparation was used to establish a calibration curve,
which will subsequently allow the rapid (10 min) determi-
nation of Fab concentration in all solutions (concentrations
ranging from 5 to 100 nM) prepared for kinetic runs. Surfaces
contained high concentrations of peptide, so that the binding
rates were limited by mass transport and independent of
affinity (54). Aliquots (10µL) of Fab solutions at concentra-
tions ranging from 5 to 100 nM were injected at a flow rate
of 10 µL/min, and the binding rate measured 10 s after
injection was plotted against Fab concentration. By use of
this calibration curve, Fab concentrations in each solution
used for kinetic measurements were determined immediately
before the kinetic run. This procedure was used to minimize
errors due to pipetting and/or partial inactivation of Fab either
during storage in the freezer or in the Biacore rack and was
crucial for obtaining reproducibleka values.

Kinetic Measurements.The kinetics of interaction between
the different Fabs and the immobilized antigens were
followed with a BIAcore2000 instrument. Fabs at concentra-
tions of approximately 72, 24, and 8 nM (calibrated before
each kinetic run) were injected in 10 mM HBS buffer at a
constant flow of 10µL/min at 25°C. Surface immobilization
levels were adjusted in order to bind a maximum of 500-
600 RU of Fab in saturating conditions. Antigen surfaces
were regenerated by injecting 10µL of 50 mM HCl.

Kinetic data were interpreted with the BIAevaluation 2.1
or 3.0 software (Biacore, Uppsala, Sweden). For a simple
1:1 model of interaction between two molecular species, the
exponential function that describes the response (Rt) in

Table 1: Sequence of Oligonucleotides Used for Site-Directed Mutagenesisa

a Mutated oligocleotides are shown in boldface type; Restriction sites are underlined.
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resonance units as a function of time (t) during the post-
injection phase is

whereR0 and t0 are the values ofRt and t, respectively, at
the start of the time range for measurements andkd is the
dissociation rate constant. For the injection phase, the
equation is

where Req is the response at equilibrium,C is the molar
concentration of Fab,t0 is the value oft at the start of
measurements, andka is the association rate constant.

In early experiments, kinetic data were analyzed by the
nonlinear least-squares method (55), using the BIAevaluation
2.1 software. Subsequently data were analyzed with algo-
rithms for numerical integration and global analysis (56)
using the BIAevaluation 3.0 software (57).

The dextran matrix is neither a solid phase nor a liquid
phase but may be approximated by a semiliquid phase (54).
The apparent equilibrium association constantK′a for the
interaction between the Fab and an antigen covalently
attached to the dextran is given by

and the effect of substitutions on the binding energy is given
by

whereR is the universal gas constant,T is the temperature
(298 K), andK′a mut andK′a WT are the apparent equilibrium
affinity constants for mutant and wild-type antigen, respec-
tively.

RESULTS

Mutagenesis and Expression of Protein Antigens.The
epitope recognized by mAb 57P has been mapped previously
with variants of peptide 134-146 of TMVP (6). In the
present study, we chose to modify positions 142, 143, and
145, which had been shown to contribute to antigen binding,
as well as position 146, which is adjacent to positions 142
and 143 in the folded protein. The following substitutions
were selected for site-directed mutagenesis: S142A, S142E,
S142N, S143A, E145A, E145D, E145Q, S146A, and S146D,
as well as the double change S142E-E145A. The proteins
were expressed in bacterial strain BL21pLysE (DE3).

Six of the mutant proteins (S143A, E145Q, E145D,
E145S, S146D, and S142E-E145A) were expressed in
amounts insufficient for functional analysis. Experiments
were therefore conducted with the five proteins S142A,
S142E, S142N, E145A, and S146A. The purified proteins
were obtained at a concentration of 0.1-0.6 mg/mL (as
measured by the OD at 280 nm), and their binding properties
were compared with those of the corresponding peptide
antigens.

Interaction of Protein Variants with Fabs Recognizing
Regions Outside the Sites of Mutation.mAbs 121P and 270P,
directed against regions 115-134 and 76-88 of TMVP,
respectively, were used to evaluate the conformational

integrity of mutant proteins. These antibodies recognize
conformational epitopes since they interact with the protein
in an ELISA double antibody sandwich assay, in which the
protein is presented by a first polyclonal antibody and is
presumably folded (58). They are also able to inhibit in vitro
cotranslational disassembly of tobacco mosaic virus (59).
Different concentrations of Fabs 121P and 270P were
injected on surfaces immobilized with proteins CPmutHIS,
S142E, S142N, E145A, and S146A. No antigen was injected
during the postinjection phase. Kinetic constants for the
interaction between the Fabs and the proteins were evaluated
by the BIAevaluation 2.1 software (Biacore, Uppsala,
Sweden), and are presented in Figure 1. The calculated values
are similar for all proteins, suggesting that the mutations
introduced in the proteins did not greatly affect their
conformation.

Conformation of the Free Peptides As EValuated by
Circular Dichroism. Circular dichroism spectra were re-
corded for C-WT, C-S142E, and C-E145A peptides in an
attempt to evaluate and compare their propensity for second-
ary structure formation in solution. The spectra show a
minimum molar ellipticity at 198-201 nm in aqueous buffer,
which is characteristic of a random structure (Figure 2a).
The characteristic signature minima ofR-helix at 208 and
222 nm were not detected in those conditions. Since the
peptide epitope has anR-helical conformation in TMVP we
have recorded CD spectra of each peptide in the presence
of 50% TFE, aR-helix-promoting organic compound (60).
Addition of TFE decreased the ellipticity at 200 nm for all
three peptides and increased the magnitude of the ellipticity
at 222 nm for the C-S142E and C-E145A peptides (Figure
2b). These changes indicate a modest but significant decrease
in random structures concomitant with an increase in the
propensity ofR-helical conformation.

Quality of Kinetic Data Using Fabs 57P and 145P.The
rate constants for the interaction between Fabs 57P and 145P
(specific for the mutated region) and the different antigens
were analyzed by the global fitting algorithm of the BIA-
evaluation 3.0 software package. Between two and five
independent measurements on different surfaces were per-
formed for each antigen-Fab pair. The values of the rate
constant represent the mean that was calculated after rejecting
values that differed by more than 1 standard deviation from
the overall mean. In these experiments, values that were
rejected represented 17% of all data. Standard deviations on
ka and kd were less than 15% for peptide interactions and
less than 20% for protein interactions. Theø2 values were
always below 10, indicating that the simple 1:1 model of
interaction correctly described the experimental data. An
example of typical data for the interaction between protein
S142E and corresponding peptide C-S142E with Fab 57P is
given in Table 2.

Interaction of Mutant Antigens with Fabs 57P and 145P.
Fab 145P showed a comparable association rate and faster
dissociation rate compared to Fab 57P, but the patterns of
antigen recognition were similar for the two Fabs. Figure 3
illustrateska andkd values calculated with the two Fabs using
the protein antigens. This consistency of data obtained with
two related Fabs demonstrates the reliability of even small
differences in measured kinetic rates. However, because the
data obtained with Fab 57P always had smaller error bars,
data will be discussed below with respect to Fab 57P only.

Rt ) R0 e-kd(t-t0)

Rt ) Req [1 - e-(kaC+kd)(t-t0)]

K′a ) ka/kd

∆∆G ) -RT ln (K′a mut/K′a WT)

Kinetic Study of Substitutions in Two Antigen Forms Biochemistry, Vol. 38, No. 12, 19993533



Rate constants obtained for the interaction between the
peptide and protein antigens with Fab 57P are shown in
Figure 4. Two observations can be made: the patterns of
rate constant variations as a function of the mutation are
superimposable for peptide and protein antigens (compare
the patterns in Figure 4 panels a and b forka and in Figure
4 panels c and d forkd). One exception is the different effect
of mutation E145A onkd of the Fab-protein and Fab-
peptide interactions. The second observation is that the rate
constants for protein and peptide interactions are significantly
different. The peptides consistently associated and dissociated
faster than the proteins (compare the scales in Figure 4 panels
a and b forka and in Figure 4 panels c and d forkd).

DISCUSSION

RelatiVe Effect of Mutations on Kinetic Rates.The different
mutations had only minor effects on association rate con-
stants. The ranking ofka values was nearly superimposable
for the interaction of the mutated proteins and peptides
(Figure 4a,b) with Fab 57P, suggesting that even the smallest
differences may be real, although only the 40% decrease in
ka observed with substitution S142E is significant when error
bars are considered. Substitutions had significant effects on
dissociation rates. The ranking ofkd values was the same
for the peptide and the protein antigens in four out of five
cases: S142A, S142E, S142N, and S146A (Figure 4c,d). The
observed similarity in recognition patterns indicates that the
peptides are able to mimic fine details of the binding
properties of the protein antigens.

There is, however, one exception to the similarity in
effects, showing that no general rule applies. Mutation
E145A increasedkd for the peptide-Fab interaction (kd E145A/
kd WT ) 7.4) but had no effect on Fab-protein dissociation
(kd E145A/kd WT ) 1.1). The side chain of residue 145 may form
a contact with the paratope in the peptide-Fab complex but
not in the protein-Fab complex. Alternatively, removal of

FIGURE 1: Effect of four substitutions in the proteins on kinetic rates for their interaction with Fabs 121P (a) and 270P (b) directed to
regions l15-134 and 76-88 of TMVP, respectively. ND, not determined.

FIGURE 2: Circular dichroism spectra of three peptides in absence
of TFE (a) and with 50% TFE (b). (b) Peptide C-WT; (0) peptide
C-S142E; (2) peptide C-E145A.
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the E145 side chain may affect peptide recognition by
modifying its conformational properties. In particular, the
E145 side chain may help stabilize a conformation of the
wild-type peptide that is favorable to antibody binding.

Effect on Binding Energy of Substitutions.The equilibrium
affinity constant calculated with the Biacore may be con-
sidered as an apparent rather than absolute value (8), because
one of the interactants is covalently attached to the dextran
matrix of a sensor chip. However, differences inK′a values
measured in identical experimental conditions are reliable
and can be used to calculate the effect on binding energy of
amino acid changes in the two antigenic forms.

The energetic consequences of the four mutations S142A,
S142E, S142N, and S146A are identical when the epitope
is presented in the form of a peptide or protein (Figure 5).
The reproducibility of values obtained for four of the five
mutants indicates that the ability of the antibody to discrimi-
nate between antigenic variants is independent of the type
of antigen used for mutational analysis. Similar results were
obtained with an antibody to myohemerythin in a semiquan-
titative assay (61) and recently with an antibody to the TrpB2
subunit of tryptophan synthase with a quantitative ELISA
competiton assay (62).

Since the structure of the antigen-Fab complex is not
known, there is no information on the atomic environment
of Ser 142 and 146 at the epitope/paratope interface.
However, two of the four changes correspond to the removal
of a Ser side chain (S142A and S146A). The energetic
consequence of this change, which should reflect the apparent
contribution of the serine hydroxyl to complex stability, is
insignificant in both cases, suggesting that the two Ser side
chains do not form productive bonds at the paratope/epitope
interface. In contrast, removal of the hydroxyl of Ser143,
which is adjacent to Ser142 and Ser146 in the folded protein,
decreased the binding affinity below a detectable level (6).

Table 2: Binding Parameters Calculated for the Interaction between Fab 57P and Antigens with Substitution S142E in Four Independent
Experiments, and Overall Mean

antigens expt ka(104 M-1.s-1) kd (10-3 s-1) Ka(107 M-1) ø2 a

S142E (protein) 1 4.09( 0.03 3.02( 0.01 1.35 0.74
2 4.98( 0.02 2.41( 0.01 2.07 1.12
3 2.62b ( 0.05 2.75( 0.02 0.95b 8.22
4 4.84( 0.02 2.33( 0.01 2.08 0.35
mean 4.64( 0.48 2.63( 0.32 1.83( 0.42

C-S142E (peptide) 1 38.5( 0.86 12.9( 0.12 2.98 3.14
2 29.0b ( 0.34 4.8b ( 0.04 6.00b 3.6
3 44.8( 0.28 11.4( 0.03 3.91 3.14
4 42.1( 0.25 10.4( 0.03 4.05 6.63
mean 41.8( 3.16 11.6( 1.26 3.65( 0.58

a The ø2 values are those given by the BIAevaluation 3.0 software.b Values in italic type have been excluded to calculate the mean.

FIGURE 3: Comparison of the effect of substitutions in the protein
antigens onka (a) andkd (b) of their interaction with Fab 57P (dark
gray) and 145P (light gray). WT refers to protein CPmutHis.

FIGURE 4: Comparison of the effect onka (panels a and b) andkd
(panels c and d) of identical substitutions in the protein (dark gray;
panels a and c) and peptide (light gray; panels b and d) antigens
for their interaction with Fab 57P. Data obtained with antigens
carrying the substitution E145A, which had a different effect onkd
in the peptide and protein, are shown by hatched bars.

FIGURE 5: Comparison of the effect on binding energy of identical
changes in the protein (dark gray) and peptide (light gray) antigens
on interaction with Fab 57P. The∆∆G is calculated as∆Gmut -
∆GWT. Data obtained with antigens carrying the substitution E145A,
which had a different effect onkd in the peptide and protein, are
shown by hatched bars.
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The 1.7 and 1.0 kcal/mol variation in∆G observed when
Ser142 is replaced by Glu or Asn, respectively, may reflect
steric hindrance due to the introduction of a larger side chain
at the paratope/epitope interface. The reproducibility of the
effect of these changes in the peptide and protein antigens
would imply that the new side chains are accommodated in
the same way in both complexes. Alternatively, the effect
of these changes may reflect an altered stability of the free
antigens.

Our study and that of Rondard and Bedouelle (62) indicate
that alternative antigenic forms may be advantageously used
to evaluate binding specificity of an antibody raised to a
protein. This may be a general rule when the peptide is
recognized in a conformation that mimics the native protein.
The alternative antigenic forms were synthetic peptides (this
study) and a recombinant hybrid protein (62), because of
their ease of production, purification, and modification.

Differences in Kinetic Rates for Protein and Peptide
Antigens.Kinetic rate constants of the peptide-Fab and
protein-Fab interactions are significantly different (Figure
4). For the four mutants showing a similar ranking of peptide
recognition (S142A, S142E, S142N, and S146A),ka values
are about 10 times larger for the peptide compared to the
protein antigens (8.7-12.5 depending on the mutant), and
kd values are about 5 times larger (2.9-6.9 depending on
the mutant). The faster kinetic rates of peptide compared to
protein interactions may not be explained by the greater
diffusion coefficient of a small peptide compared to a protein.
In the assay format used, the peptide and protein antigens
are attached to the dextran matrix, and it is the Fab that is
injected in the flow in all interactions studied. The apparent
equilibrium affinity valuesK′a are on average 1.8 times larger
for the protein-Fab interactions, compared to the peptide-
Fab interactions (1.5-2.0 depending on the mutant). The only
2-fold difference in apparent equilibrium affinity values
suggests that atomic bonds that are formed at the paratope/
epitope interface are similar in the Fab-peptide and Fab-
protein complexes, unless differences in the forces contrib-
uting to complex stability cancel out.

Different mechanisms of molecular recognition have been
proposed. Burgen et al. (63), in particular, proposed a
relationship between binding mechanism and interaction
kinetics, which could explain the faster interaction kinetics
of the peptides compared to the proteins that we observe
here. They consider two contrasting models for the binding
mechanism. The first is an extension of the lock and key
model in which a molecule must be presented in a correct
conformation and orientation for forming a stable complex.
The second is the zipper model, where a nucleation complex
is initially formed between the two molecules, followed by
a series of conformational rearrangements of the partly bound
ligand, leading to binding of the remaining segments to their
appropriate subsites. According to Burgen et al. (63), the
association rate is determined by the nucleation step in the
zipper model and should be rapid compared to that in the
first model. If the final state is the same in both models of
interaction, then equilibrium affinity should be the same even
though the pathways of complex formation are different. A
higher association rate in the zipper, compared to the lock
and key model, should be compensated by a higher dis-
sociation rate.

CD spectra showed that the wild-type peptides and two
of the mutant peptides (C-S142E and C-E145A) were mainly
lacking structure in solution. A small population of the
mutant peptides might be present as anR-helix in aqueous
buffer since the addition of TFE slightly increases the
proportion ofR-helix (Figure 2b). This effect was much less
marked with the wild-type peptide. Some flexibility of the
peptides in solution and/or in the antibody combining site
could explain the faster association and dissociation of the
Fab-peptide interactions compared to the protein-Fab
interactions. The Fab could bind the peptide rapidly accord-
ing to the zipper model, while orientational and conforma-
tional restrictions of the protein antigen, particularly when
attached to the dextran matrix of a sensor chip, may slow
recognition. As predicted by the theory, dissociation of the
peptides from the paratope is also faster than dissociation
of the proteins. If transient complexes with various stabilities
are present during the time scale of a Biacore experiment,
this mechanism should lead to heterogeneous binding kinet-
ics, which were not observed. Formation of the final
peptide-Fab complex after the initial nucleation step is
therefore expected to be a fast process. The data also suggest
that a large fraction of the peptide is present in a conforma-
tion that allows nucleation within the time frame of the
Biacore experiment.

CONCLUSION

Our study demonstrates that the peptides were able to
mimic correctly some but not all binding properties of protein
antigens. Antibody binding kinetics differed significantly,
although apparent equilibrium affinity values were close and
although the energetic effects of four out of five substitutions
were the same when introduced in the peptide and protein
antigens. These observations highlight the importance of a
quantitative analysis of both equilibrium binding and kinetic
parameters in the design of efficient vaccines, and in general
of inhibitors or other drugs (64, 65).
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