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ABSTRACT: An antibody-peptide model system was used to study the binding characteristics between a
bactericidal antibody (MN12H2) and the P1.16 epitope of class 1 outer membrane protein PorA ofNeisseria
meningitidisby means of a thermodynamic approach. A series of four linear peptides and three “head-
to-tail” cyclic peptides (with ring sizes of 9, 15 and 17 amino acids) were synthesized and evaluated as
ligands. The peptides contain a fluorescein label and the core determinant amino acid sequence TKDTNNN
(residues 180-186) of the PorA P1.16 epitope of meningococcal strain H44/76. Thermodynamic data of
the binding of the peptide homologs of the epitope by MN12H2 were assessed by measuring affinity
constants (Ka) over a temperature range of 4-55 °C, using fluorescence spectroscopy. Curvilinear plots
of ln Ka versusT (K) revealed strong temperature dependencies of enthalpy (∆H) and entropy (∆S). The
Gibbs free energy change (∆G) was only weakly temperature dependent. The large negative enthalpy
value indicated the importance of polar interactions in the binding of both linear and cyclic peptides by
MN12H2. Sturtevant’s analysis of the thermodynamic parameters showed large unfavorable vibrational
contributions to the binding for all linear peptides [Sturtevant, J. M. (1977)Proc. Natl. Acad. Sci. U.S.A.
74, 2236-2240]. The large hydrophobic contribution compensating these vibrational modes was partially
attributed to aspecific interaction of the fluorescein label with the antibody. Binding of MN12H2 to
conformationally restricted epitope sequences was characterized by a dramatic reduction in the size of
unfavorable vibrational components of the thermodynamic parameters. Substitution of individual charged
amino acids of the P1.16 epitope sequence revealed that aspartate-182 was essential for the binding. The
pH profile observed for the MN12H2-peptide complexes with a midpoint pH of approximately 8.5 suggests
a positively charged histidine from the antibody binding site to be involved in a charge interaction with
Asp-182. These findings are consistent with the results from the crystal structure of the Fab fragment of
MN12H2 in complex with a linear fluorescein-conjugated peptide homolog of the P1.16 epitope [van den
Elsen et al. (1997)Proteins(in press)], thereby identifying the basis of an increased incidence of endemic
disease in England and Wales since 1981 caused by a mutant meningococcal strain.

The Gram-negative bacteriumNeisseria meningitidiscan
cause life-threatening disease in humans. Bactericidal
antibodies directed against class 1 outer membrane protein
PorA, such as MN12H2, have proven to play a major role
in the protection against disease in an animal model
(Saukkonenet al., 1989). All protective antibodies specific
for meningococcal PorA, known so far, are directed against
loop 1 or 4 of the eight cell surface exposed loops of the
porin (Van der Leyet al., 1991). Monoclonal antibody

MN12H2 is directed against epitope P1.16 situated on PorA
surface loop 4 from meningococcal strain H44/76. The core
determinant amino acid sequence of this epitope is TKDT-
NNN, residues 180-186 (McGuinnesset al., 1990).
To investigate the interaction between bactericidal antibody

MN12H2 and the P1.16 epitope, Jiskootet al. (1991a)
developed a method for determining the affinity constant of
this antibody-antigen complex. This method is based upon
the dependence of the fluorescence anisotropy of a fluorescein-
labeled synthetic linear peptide, containing the core deter-
minant of the P1.16 sequence, on the degree of binding by
MN12H2. By titrating the labeled peptide with the antibody,
both the affinity constant and the average number of binding
sites of the complex can be determined in solution without
the need of separating free and bound antigen.
Recently, the crystal structure of the Fab fragment of

MN12H2 has been determined in complex with a linear
fluorescein-conjugated peptide TKDTNNNL derived from
P1.16 residues 180-187 (van den Elsenet al., 1997). The
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structure reveals that the peptide is bound in a type Iâ-turn
conformation in the Fab molecule through H-bonds, van der
Waals interactions, and a salt bridge.
Heretofore, much of our knowledge about antibody-

antigen interactions has been provided by studies using
antibodies elicited against low molecular weight haptens
because it is easier to measure the antigen binding affinity
for a hapten than for a protein antigen. These studies
provided information not only about the driving forces behind
antigen binding but also about the key contact residues that
are involved in antibody-antigen complexes, using site-
specific mutagenesis. Among these anti-hapten systems, the
anti-fluorescein 4-4-20 system is perhaps the best char-
acterized in solution (Herronet al., 1994). Only a few
studies, however, describe the driving forces and the energet-
ics of individual contact residues involved in antibody
complexes with macromolecules such as peptides and
proteins (Murphyet al., 1993, 1995; Murphy & Freire, 1995).
In this paper we describe the thermodynamic characteriza-

tion of the interaction between monoclonal antibody MN12H2
and its epitope. Since the epitope sequence contains
hydrophobic, polar, and charged amino acid residues, this
model system offers excellent opportunities to an in-depth
investigation of hydrophobic and electrostatic effects in
antibody-peptide interactions.
Thermodynamic parameters of the binding of the epitope-

mimicking peptides by MN12H2 were deduced from the
temperature dependence of the affinity constants (Ka) of these
complexes, using fluorescence spectroscopy. The relative
contributions of individual amino acid residues to the overall
binding could be studied by substituting single amino acids
residues in the epitope. The importance of the peptide
conformation was assessed by performing binding studies
with “head-to-tail” cyclized peptide analogs. Our thermo-
dynamic data are compared with the results from the crystal
structure of the Fab fragment of MN12H2 in complex with
the linear fluorescein-conjugated peptide.

MATERIALS AND METHODS

Mab MN12H2. Murine monoclonal antibodies were
elicited against class 1 outer membrane protein epitope P1.16
of meningococcal reference strain H44/76. The antibody
MN12H2 (IgG2a,k) was purified as described by Jiskootet
al. (1991b). Purity of the recovered IgG fractions was
assessed by SDS-PAGE, isoelectric focusing (using a
Pharmacia Phast system), and gel permeation chromatogra-
phy (GPC).
Peptide Synthesis. The following peptides were synthe-

sized and derivatized with 5-(iodoacetamido)fluorescein as
described by Jiskootet al. (1991a): Ac-TKDTNNNLC*-
NH2, peptide 1; Ac-TXDTNNNLC*-NH2, peptide 2; Ac-
TRDTNNNLC*-NH2, peptide 3; Ac-TKNTNNNLC*-NH2,
peptide 4; X) norleucyl and C*) S-(4-fluoresceinylcar-
bamoylmethyl)cysteinyl.
The synthesis and conjugation of the following cyclic

peptides, cyclo[TNNNLK*TKD] (peptide C1), cyclo[AYY-
TKDTNNNLTLK*P] (peptide C2), and cyclo[PAYYTKD-
TNNNLTLVK*T] (peptide C3), in which K* ) Nε-[S-(4-
fluoresceinylcarbamoylmethyl)mercaptoacetyl]lysyl, were
performed as described by Bruggheet al. (1994) and
Hoogerhoutet al. (1995). All fluorescein-labeled peptides
were purified by semipreparative HPLC, and their structural

integrity was confirmed by fast bombardment mass spec-
trometry according to Bruggheet al. (1994).

Fluorescence Spectroscopy. Solutions of a fixed peptide
concentration (1× 10-7 M) were titrated with aliquots of
MN12H2 in 0.01 M sodium phosphate buffer (pH 7.2) and
incubated for at least 15 min, which was sufficient to reach
equilibrium. Binding experiments as a function of pH were
carried out in 0.01 M sodium citrate buffer (pH 8-11).
Fluorescence intensity and polarization measurements of the
samples were performed on an LS50 luminescence spec-
trometer (Perkin-Elmer Ltd., Norwalk, CT). Intensity and
anisotropy were measured using an excitation wavelength
of 480 nm (bandwidth 2.5 nm) and an emission wavelength
of 525 nm (bandwidth 8.0 nm). Temperature measurements
were carried out in a range from 4 to 55°C using a
thermostated cuvette holder. The anisotropy (A) values were
computed after correction for anisotropy dependencies in the
detection system (G-factor correction) as described by Herron
and Voss (1981), according to the instructions of the
manufacturer of the spectrometer.

The A values of bound peptide (Amax) were determined
using a solution of 5× 10-8 M peptide and 1.33× 10-5 M
MN12H2; higher concentrations of the antibody did not
further increase theA value. In the case of peptide 4, a
MN12H2 concentration up to 1× 10-4 M was necessary to
determine theAmax value.

Calculation of Binding Parameters. Two methods were
used to determine the binding parameters of the MN12H2-
peptide complexes. The first method (method 1) is based
on fluorescence anisotropy measurements (Jiskootet al.,
1991a; Wei & Herron, 1993). This method utilizes the
reduction of rotational diffusion of a small fluorescent
molecule (or a nonfluorescent ligand, labeled with a fluo-
rescent probe) upon binding to a large protein.

The fraction of fluorescence intensity (Fb) due to the bound
species (peptide) is given by the equation (Bentleyet al.,
1985):

whereA0 andAmax are the anisotropy values of the free and
the bound peptide, respectively.Ameas is the measured
anisotropy value of the MN12H2-peptide complex at a
known MN12H2 concentration.

If the fluorescence intensity of the free peptide equals the
intensity of the peptide in the bound state, the mole fraction
of bound peptide (fb) is the same asFb. However, the
fluorescence intensity of the fluorescein-labeled peptides was
dependent of the presence of MN12H2, and hence, to
calculate the bound fraction of peptide (fb) the following
equation is used (Herron, 1984; Wei & Herron, 1993):

whereQm is the maximum decrease in fluorescence intensity
measured between the free (I0) and the bound state (Imax) of
the peptide resulting from eq 2b. TheQm value is assessed
similarly to the determination of theAmax, described above.

Fb ) (Ameas- A0)/(Amax- A0) (1)

fb ) Fb/[1 + Qm(1- Fb)] (2a)
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Binding constants (Ka) were obtained by non-linear
regression of the bound fraction (fb) of peptide (pep) versus
antibody (Ab) concentration data (saturation curve) using a
two-parameter fit, as described by Wei and Herron (1993):

The second method (method 2) to determine the bound
fraction of peptide is based on the decrease of fluorescence
intensity (quenching) between the free and the bound state
of the peptide (Wei & Herron, 1993). The fluorescence
quenching (Q) is defined as

where I0 is the fluorescence intensity of free peptide and
Imeasis the fluorescence intensity of the MN12H2-peptide
complex at a known antibody concentration.
The affinity constantKa is related toQ by the following

equation as described by Wei and Herron (1993):

Calculation of Thermodynamic Parameters. Standard
Gibbs free energy (∆G°) was calculated from affinity (Ka)
using the equation:

whereR is the gas constant andT is the absolute temperature
(in kelvin).
Enthalpy (∆H*), entropy (∆S*), and standard heat capacity

(∆Cp°) changes were calculated by nonlinear regression
analysis of affinity (Ka) versus temperature data by using a
three-parameter fit based on the assumption that the∆Cp°
value is temperature independent (Gibsonet al., 1988):

Because the values of∆G°, ∆H*, and∆S* do not fully
reflect the true stabilization of the antibody-antigen com-
plex, Karush proposed the use of the concept of unitary
entropy (∆Su) (Gurney, 1953; Pinckard, 1986). The derived
equation for the determination of the unitary entropy change
is

The second term (ln 55.6) is the natural logarithm of the
concentration of water molecules in water (R ln 55.6) 33.39
J K-1 mol-1) (Kauzmann, 1959). The unitary Gibbs free
energy change was determined using the equation:

Thermodynamic parameters were analyzed by plotting
∆Gu, ∆H*, and-T∆Su versus temperature.

Calculation of Hydrophobic and Vibrational Components
of Thermodynamic Parameters (SturteVant’s Analysis). Pro-
tein folding and ligand binding reduces the number of
vibrational modes available to the protein, resulting in
negative contributions to both entropy and heat capacity
(Sturtevant, 1977). Sturtevant described an empirical method
for analyzing relative contributions of both components to
experimentally determined thermodynamic parameters. This
analysis requires the use of unitary Gibbs free energy (∆Gu)
and entropy (∆Su) values instead of standard values:

Hydrophobic components were determined by subtraction
of vibrational components from experimental values.
Viscosity Measurements. Spherical monodisperse poly-

styrene “latex” particles (Dow Latex Particles, Duke Scien-
tific, Palo Alto, CA) of different sizes (38, 198, and 624
nm) were dispersed in solutions of sucrose or (carboxymeth-
yl)cellulose and diluted at least 104 times.
The diffusion coefficient (D) of these polystyrene latex

spheres can be measured by dynamic light scattering as
described elsewhere (Derderian, 1981; de Smidt, 1991).
Dynamic light scattering experiments were performed in a
Malvern PCS system (Malvern Ltd., Malvern, U.K.), equipped
with a PCS4700C correlator, PCS8 photomultiplier, and a
25 mW helium/neon laser GLG5700 (NEC Corp., Tokyo,
Japan). All experiments were performed at a scattering angle
of 90° and at a constant temperature (4 or 25°C). Each
sample was measured six times on the basis of a 10-fold
repetition measurement using the program Automeasure
(version 3.2).
Viscosity Calculations. Viscosity is related to diffusion

by the Stokes-Einstein equation (Hess & Klein, 1984):

where D is the diffusion coefficient,k is the Boltzman
constant,T is the temperature (in kelvin),η is the viscosity,
anda is the radius of the diffusing particle or molecule.

RESULTS

Linear Peptides. Linear peptide 1 was used to mimic the
binding of MN12H2 to the P1.16 epitope. This peptide (Ac-
TKDTNNNLC*-NH 2) contains the PorA P1.16 epitope
sequence 180-187 of meningococcal strain H44/76 and an
additional C-terminal cysteine residue. The latter was labeled
with a thiol-reactive derivative of fluorescein [5-(iodoacet-
amido)fluorescein], and fluorescence polarization was used
to monitor peptide binding to MN12H2 (Jiskootet al.,
1991a). This same approach was used to investigate the
binding properties of linear peptides 2 and 3 as well. For
all three linear peptides the difference between minimum
and maximum limiting anisotropy (A0 andAmax) was large
enough to discriminate between free and bound peptide
(Table 1). Neither the fluorescence intensity nor the ani-

∆Cp°(vib) )
0.26∆Cp°(exp)+ ∆Su(exp)

1.31
(10)

∆Su(vib) ) 1.05∆Cp°(vib) (11)

∆H°(vib) ) 0.53T∆Cp°(vib) (12)

∆Gu(vib) ) -0.52T∆Cp°(vib) (13)

D ) kT/6πηa (14)

Qm ) (Imax- I0)/I0 (2b)

Ka )
fb

(1- fb)(2[Ab] - fb[pep])
(3)

Q) (Imeas- I0)/I0 (4)

2[Ab] )
Ka

-1Q

Qm - Q
+
[pep]Q
Qm

(5)

∆G° ) -RT ln Ka (6)

ln Ka )
∆S* - ∆Cp°

R
- ∆H*

RT
+

∆Cp°
R

ln T (7)

∆Su ) ∆S° + R ln 55.6) ∆S° + 33.39 (8)

∆Gu ) ∆G° - 33.39T (9)
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sotropy value was affected by the presence of an excess of
antibodies that do not bind to the P1.16 epitope. Further-
more, MN12H2 did not bind to the free fluorescent dye.
However, a 28% decrease of fluorescence intensity was
found between the free and the bound state of the peptide.
Hence eq 2a was used to calculate the bound fraction of
peptide (fb).
Figure 1 shows a representative saturation curve for

binding of MN12H2 to peptide 1 at 4°C. The value of the
affinity constant (Ka ) 1.1 ((0.2)× 108 M-1) was derived
from the saturation curve using eq 3. Subsequently, the
temperature data were analyzed using a lnKa versus
temperature plot (van’t Hoff analysis). The plot (Figure 2A)
shows that the affinity of the complex decreases dramatically
upon temperature increase. The experimental data for lnKa

were regressed againstT (K) using a three-parameter model
(eq 7). The regression parameters are listed in Table 1.
Because 298 K is used as a reference temperature,∆H* is
equal to∆H° and∆S* equals∆S°. The nonlinear relation-
ship between lnKa and temperature indicates that the
enthalpy change (∆H*) of this antibody-peptide complex
is temperature dependent, which is found in most cases of
protein-ligand interactions (Sturtevant, 1977). The unitary
Gibbs free energy (∆Gu), on the other hand, shows only weak
temperature dependence (not shown). This is due to a
compensation of the drop in∆H* value by an increase of
the -T∆Su value as a function of temperature. This
enthalpy-entropy compensation phenomenon is known for
drug-receptor interactions and for the binding of several
polyclonal and monoclonal antibody with small haptens
(Boreaet al., 1992; Gilli et al., 1994; Boreaet al., 1995;

Table 1: Binding Parameters and Affinity versus Temperature Regression Data for MN12H2 Complexed with Linear Peptides

peptide A0 (277 K) Amax(277 K)
Ka (277 K)
(M-1)

∆G° (298 K)
(kJ mol-1)

∆H* (298 K)
(kJ mol-1)

∆S* (298 K)
(J K-1 mol-1)

∆Cp°
(J K-1 mol-1) bsa (Å2)

1, TKDTNNNL 0.042( 0.002 0.229( 0.006 1.1× 108 -41.8 -75.0( 2.1 -113( 7 -1255( 295 1071
(0.2× 108

2, TXDTNNNL 0.038( 0.003 0.230( 0.008 4.8× 108 -44.4 -77.8( 1.1 -113( 4 -1238( 132 1057
(0.6× 108

3, TRDTNNNL 0.048( 0.002 0.248( 0.007 1.3× 108 -41.8 -84.1( 2.6 -144( 9 -1552( 414 1325
(0.2× 108

4, TKNTNNNL 0.042( 0.002 0.230( 0.01 8× 104 (-25.9) (277 K)
a The contributions of the hydrophobic effect and the change in heat capacity were calculated as described previously (Spolar et al., 1989). A

conversion factor of-1.17 ((0.2) J K-1 mol-1 Å-2 was used to relate nonpolar buried surface area (bsa) to the heat capacity change (∆Cp°).

FIGURE 1: Fluorescence anisotropy (A) of peptide 1 (Ac-TKDT-
NNNLC*-NH2) as a function of the MN12H2 concentration. The
free peptide exhibited an anisotropy value (A0) of 0.042((0.002),
and the anisotropy value of the bound peptide (Amax) was 0.229
((0.006) (see Table 1).

FIGURE 2: Ln Ka versus temperature plots (range: 4-55 °C) for
linear peptides 1 (Ac-TKDTNNNLC*-NH2), 2 (Ac-TXDTNNNLC*-
NH2), and 3 (Ac-TRDTNNNLC*-NH2) (A, B, and C, respectively).
Affinity constants (Ka) were calculated from fluorescence anisotropy
values using eq 3. Nonlinear regression was performed using
Kaleidagraph (a Macintosh program from Abelbeck Software, Inc.)
according to the three-parameter fit from eq 7. Regression data are
listed in Table 1. The error bars represent the standard error of at
least six separate titration experiments (R-values: A, 0.998; B,
0.999; C, 0.997).
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Mukkur, 1980; Herronet al., 1986), but it has not been
described for antibody-peptide interactions.
Although unlikely, changes in binding affinity of the

MN12H2-peptide complex with increasing temperature
could possibly be due to changes in viscosity of the protein
solution (which varied between 1.56 mPa‚s at 4°C and 0.81
mPa‚s at 55°C). To investigate viscosity effects on binding,
the viscosity of MN12H2-peptide solutions at 4 and 25°C
was increased with sucrose or (carboxymethyl)cellulose. As
expected, the affinity of the interaction did not change over
the viscosity range investigated. Moreover it was found that
small, temperature-related pH changes in the buffer (from
7.23 at 4°C to 7.11 at 55°C) did not affect the binding
properties.
Amino Acid Substitutions. To investigate the role of

electrostatic-polar interactions in the MN12H2-peptide
complex, such as salt- or H-bridge formation, peptides were
synthesized where charged amino acid residues were sub-
stituted by neutral residues. The role of the positively
charged lysine-181, for instance, was studied by changing
this amino acid into a hydrophobic norleucine: Ac-TXDT-
NNNL-C-NH2 (peptide 2, X) norleucine). Binding studies
(shown in Figure 2B and Table 1) indicated that this
replacement resulted in a 4-fold increase in affinity at 4°C
[Ka ) 4.8 ((0.6)× 108 M-1] compared to the native epitope
peptide. The temperature plot (Figure 2B) and thermody-
namic parameters (∆G° ) -44.4 kJ mol-1, ∆H* ) -77.8
kJ mol-1; Table 1) obtained for peptide 2 were similar to
those obtained for peptide 1, a trend which was also observed
when arginine was substituted for lysine in peptide 3 (Ac-
TRDTNNNL-C-NH2) as is shown in Figure 2C.
The second charged residue of the MN12H2 epitope,

aspartate-182, was changed to asparagine in peptide 4: Ac-
TKNTNNNL-C-NH2. Binding studies at 4°C show very
weak binding (Figure 3). The affinity constant for this
complex [Ka ) 8 ((1) × 104 M-1] is 3-4 orders of
magnitude lower than that for the MN12H2 complex with
peptide 1 (Table 1). Subsequently, the possible role of the
charged amino acid residues Lys-181 and Asp-182 in an
electrostatic interaction with MN12H2 was studied by
measuring the affinity constant of MN12H2 for peptides 1,
2, and 3 as a function of pH. The complex of MN12H2

with peptide 1 showed no significant change in affinity when
the pH was increased from pH 6.8 to pH 7.9 (Figure 4).
Between pH 8 and pH 10 the affinity of the complex
decreased dramatically. At pH values higher than 10 a total
collapse of the affinity constant occurred. Titration studies
with peptides 2 (Figure 4) and 3 showed similar pH profiles.

SturteVant’s Analysis. To analyze the relative contribution
of the hydrophobic and vibrational components of separate
thermodynamic parameters, these components were com-
puted using eqs 10-13 according to the method described
by Sturtevant (1977). Sturtevant reported that the entropy
changes in protein-ligand interactions were much smaller
than expected on the basis of the hydrophobic effect. He
ascribed the discrepancy to the loss of vibrational entropy
of the protein due to the binding of the ligand. For all the
complexes with linear peptides the compensation of the
hydrophobic effect by intramolecular vibrational modes (at
25 °C) is listed in Table 2.

The data shown in Table 2 demonstrate large negative
vibrational contributions to both the entropy value and the
heat capacity of all MN12H2-linear peptide complexes.
These unfavorable vibrational modes are compensated in all
cases by favorable hydrophobic contributions to the binding.
The MN12H2-peptide 2 complex shows a slight increase
in the hydrophobic component of∆G° and∆H* compared
to the MN12H2-peptide 1 complex. Substitution of the
lysine by a bulkier arginine residue resulted in a significant
increase of the compensational effect.

Cyclic Peptides. Recently, methods were developed for
synthesis and selective conjugation of “head-to-tail” cyclic
peptides of 7-17 residues (Bruggheet al., 1994; Hoogerhout
et al., 1995). This offered the opportunity of investigating
conformational aspects of the binding of MN12H2 to the
P1.16 epitope. Cyclic peptides of 9, 15, and 17 amino acid
residues were used in this study. The peptides contain an
Nε-(S-acetylmercaptoacetyl)lysyl residue, lysine(SAMA),
which enabled a selective conjugation with 5-(iodoacet-
amido)fluorescein. Fluorescein is attached to monitor pep-
tide binding through changes in fluorescence polarization
and/or intensity and is positioned opposite to the sequence
corresponding to the epitope.

FIGURE 3: Bound fraction of peptide 1 (Ac-TKDTNNNLC*-NH2,
O) and peptide 4 (Ac-TKNTNNNLC*-NH2, b) as a function of
the MN12H2 concentration at 4°C (saturation curve). Affinity
constants of both complexes were calculated using eq 3: peptide
1,Ka ) 1.4 ((0.1)× 108 M-1, R) 0.999; peptide 4,Ka ) 8 ((1)
× 104; R ) 0.995. This plot shows the results of three separate
saturation experiments for both peptides.

FIGURE 4: Ln Ka versus pH plot for linear peptides 1 (Ac-
TKDTNNNLC*-NH 2, O) and 2 (Ac-TXDTNNNLC*-NH2, b) at
4 °C. Affinity constants (Ka) were calculated from fluorescence
anisotropy values using eq 3. The error bars represent the standard
error of at least three separate titration experiments. Replacement
of the lysine residue by an arginine (peptide 3) shows a pH
dependence of lnKa similar to that shown for peptide 1.
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Prior to the binding experiments the difference between
theA0 andAmaxof the peptides was established, as described
in the Materials and Methods section, to determine whether
these values were large enough to obtain a measurable
discrimination between free and bound peptides. “Head-to-
tail” cyclization of the slightly extended core determinant
P1.16 sequence (peptide C1) revealed no detectable change
in anisotropy value upon addition of antibody MN12H2. The
15 amino acid cyclic peptide (peptide C2) showed a large
enough difference between minimum (A0 ) 0.080 at 4°C)
and maximum anisotropy value (Amax ) 0.190 at 4°C) to
perform further polarization measurements. The difference
between minimum and maximum limiting anisotropy of the
largest peptide (peptide C3) (A0 ) 0.056;Amax ) 0.070 at 4
°C) was insufficient for calculation of binding parameters
using method 1. Affinity constants of this peptide could be
obtained by exploiting itsQm value of-0.28, using method
2.
Both peptides C2 and C3 show an affinity constant of 3.5

((0.6) × 107 M-1 (at 4 °C) in complex with MN12H2.
Analysis of lnKa data versus temperature data of peptide
C2 (not shown) demonstrates a comparable temperature
dependence as was found for linear peptides, revealing only
a small decrease of Gibbs free energy (∆G° ) -39.3 kJ
mol-1). In contrast with the linear peptides a significant
decrease of the enthalpy value [∆H* ) -52.3 ((1.0) kJ
mol-1, at 25°C] is observed for peptide C2. The entropy
value [∆S* ) -44 ((3) J K-1 mol-1, at 25°C] as well as
the results from Sturtevant’s analysis of the MN12H2-
peptide C2 complex (Table 3) reveals significantly less
dampening of unfavorable intramolecular vibrational and
rotational motions due to binding of the peptide compared
to linear peptides.
Since the enthalpy values of the linear peptides and peptide

C2 were so different, the cyclic peptides were not pursued
further.

DISCUSSION

In this paper we describe a monoclonal antibody-peptide
model system for determining the driving forces behind the
binding of the P1.16 epitope of meningococcal PorA by
MN12H2. By substituting selected epitope amino acid

residues the relative contribution of these individual amino
acid residues to the overall binding is determined.

Thermodynamic analysis of the antibody-peptide interac-
tions reveals a large negative enthalpy change (∆H), a
negative entropy change (∆S), and a significant negative
value of heat capacity change (∆Cp). These observations
agree partly with results from calorimetric titration studies
with another antibody-peptide system involving the pep-
tide-hormone angiotensin II (Murphy & Freire, 1995),
where a modest positive entropy value was observed. The
negative sign of the entropy value as well as the heat capacity
(∆S* ) -113 J K-1 mol-1, ∆Cp° ) -1255 J K-1 mol-1, at
25° C) of the MN12H2-peptide 1 complex indicates
dampening of intramolecular vibrational and rotational
motions due to binding of the peptide, accompanied by a
reduced solvent exposure of nonpolar groups of both the
peptide and the antigen binding site.

Processes that involve phase transfer, including protein
folding, protein aggregation/association, and protein-ligand
binding, are characterized by large negative standard heat
capacity changes (∆Cp° << 0) (Sturtevant, 1977). The large
negative heat capacity values furthermore suggest a “cavity”-
type binding site. The value of the buried surface area (bsa),
involving nonpolar constituents, is correlated to the hydro-
phobic effect and therefore to the heat capacity (Chotia, 1974;
Eisenberget al., 1984; Roseet al., 1985; Spolaret al., 1989;
Makhatadze & Privalov, 1990; Privalov & Makhatadze,
1990; Sharpet al., 1991; Herronet al., 1994). Spolar and
co-workers (1989) obtained a conversion factor that correlates
the change in water-accessible, nonpolar surface area to the
heat capacity change [∆Cp° ) -1.2 ((0.2) J K-1 mol-1 Å-2].
The deeper the pocket, the more water is excluded from the
binding site upon binding, resulting in a greater loss of heat
storage. The nonpolar bsa of the MN12H2-peptide 1
complex (1071 Å2) is in agreement with reported total bsa
values (polar and nonpolar) ranging from 300 to 1700 Å2

determined from a series of X-ray structures of antibody-
antigen complexes (Davieset al., 1991). However, for Fab-
peptide complexes average total bsa values of about 1000
Å2 are reported (Davieset al., 1991; Wilson & Stanfield,
1993). This could imply that, apart from the binding of
peptide 1 by MN12H2, the fluorescein label is involved in

Table 2: Sturtevant’s Analysis of Vibrational and Hydrophobic Contributions to the Binding of MN12H2 with Linear Peptides

peptide
∆Cp° (298 K)
(J K-1 mol-1)

∆Su (298 K)
(J K-1 mol-1)

∆H° (298 K)
(kJ mol-1)

∆Gu (298 K)
(kJ mol-1)

Vibrational Components
1, TKDTNNNL -310 -326 -48.9 48.1
2, TXDTNNNL -305 -322 -48.5 47.3
3, TRDTNNNL -389 -413 -61.9 61.1

Hydrophobic Components
1, TKDTNNNL -946 246 -26.4 -100.0
2, TXDTNNNL -933 243 -29.3 -101.7
3, TRDTNNNL -1159 302 -22.2 -113.0

Table 3: Sturtevant’s Analysis of Vibrational and Hydrophobic Contributions to the Binding of MN12H2 with Cyclic Peptides

peptide
∆Cp° (298 K)
(J K-1 mol-1)

∆Su (298 K)
(J K-1 mol-1)

∆H° (298 K)
(kJ mol-1)

∆Gu (298 K)
(kJ mol-1)

Vibrational Components
C2, c[AYYTKDTNNNLTLKP] -129 -136 -2.0 2.0

Hydrophobic Components
C2, c[AYYTKDTNNNLTLKP] -482 125 -50.3 -51.3
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a hydrophobic interaction with the antibody molecule,
thereby increasing the nonpolar bsa of the complex. These
findings are consistent with recent X-ray analysis of the
complex between the MN12H2 Fab fragment and peptide 1
(van den Elsenet al., 1997). Supportive experimental
evidence was obtained through a competitive binding experi-
ment with labeled peptide 1 and unlabeled peptide 1 (missing
the fluorescein label). Binding affinity of the unlabeled
peptide 1 by MN12H2 was 4-fold reduced compared to the
fluorescein-labeled peptide [Ka ) 2.5 ((0.1)× 107 M-1 vs
1.1 ((0.2)× 108 M-1 (at 4 °C), respectively].
The large negative enthalpy value (∆H* ) -75.3 kJ mol-1

at 25°C; see Table 1) revealed by the MN12H2-peptide 1
complex indicates that polar interactions play a major role.
An important source of negative contribution to∆H° (and
∆S°) will arise if a hydrogen bond is formed in an
environment of low dielectric constant like an antibody
combining site (Pimentel & McClellan, 1971; Omelyanenko
et al., 1993; Herronet al., 1994). However, it is generally
accepted that there is only marginal net free energy difference
when existing H-bonds between amino acids and solvent
molecules in an aqueous environment are exchanged by
hydrogen bonds upon complex formation (Ross & Subra-
manian, 1981). Hence, hydrogen bonds formed in a low
dielectric environment such as the water-inaccessible interior
of the antigen binding site of MN12H2 can make substantial
negative contributions to both enthalpy and entropy. Con-
sidering the peptide sequence, there are a number of
possibilities for these H-bond interactions. The Gibbs free
energy value (∆G° ) -41.8 kJ mol-1, at 25 °C) could
account not only for the formation of four new H-bonds but
also for the formation of two salt links.

Substitution of the charged residues of the epitope, based
on the assumption that polar interactions are the major
driving force governing the interaction between MN12H2
and peptide 1 (as indicated above), demonstrates that the
ε-amino group of the Lys-181 residue of the peptide is not
essential for the formation of the complex. The 5-fold
increase of affinity due to the introduction of the hydrophobic
side chain in the peptide (Nle instead of Lys) might be a
result of the reduced size of unfavorable vibrational contribu-
tion and the increased hydrophobic effect due to the absence
of a charge on the Nle residue. The exchange of Lys-181
by an arginine reveals some striking differences in the
limiting anisotropy values compared to peptides 1 and 2
(Table 1). According to these values the positively charged
arginine seems to be able to polarize the fluorescein molecule
in the free as well as in the bound state of the peptide. The
increased polarization of the label by the arginine residue
might be induced by an electrostatic interaction between the
positively charged guanido group of arginine and fluores-
cein’s negatively charged benzoyl or xanthenone ring.
Another possible explanation is hydrophobic stacking of this
guanido group with the xanthenyl moiety of the label.
Nonpolar bsa values of this complex show that the introduc-
tion of the bulky arginine group induces an increase in the
nonpolar antibody-peptide contact surface (bsa: 1325 Å2).
Together with the observation of increased polarization of
the label in the MN12H2-peptide 3 complex, the increased
nonpolar bsa value suggests an even larger contribution of
the fluorescein molecule to the contact surface than in the
complexes with peptides 1 and 2.

A crucial role in the MN12H2-P1.16 peptide complex is
played by Asp-182. The loss of approximately 16.6 kJ mol-1

in Gibbs free energy of the antibody-peptide 4 complex
(∆G° ) -25.9 kJ mol-1 at 4 °C) suggests that this residue
is involved in the formation of a salt bridge with the antigen
binding site of MN12H2. The crystal structure of the
MN12H2 Fab-peptide 1 complex shows an interaction of
the carboxylate group of Asp-182 and the imidazolium
nitrogen Nε2 of a histidine residue of the MN12H2 light
chain (van den Elsenet al., 1997) as is shown in detail in
Figure 5. Interestingly, these findings parallel earlier sug-
gestions in the mechanism of the observed increase of
endemic meningococcal disease in England and Wales since
1981. This increased incidence of infection by group B
meningococci was associated with the occurrence of anN.
meningitidisescape mutant (strain MC58). A single base
change in theporA gene of this mutant strain resulted in a
D to N amino acid change. Monoclonal antibodies with
P1.16 specificity did not react with peptides that correspond
to the altered epitope and were not able to promote
complement-mediated bactericidal killing of isolates of the
mutant (McGuinnesset al., 1991).
Candidate counterpart residues for salt bridging with Asp-

182 in the MN12H2 combining site are histidine, arginine,
and lysine. Approximate pKa values of these residues are 7
(histidine), 10 (lysine), and 11 (arginine). The observed pH
profile with an approximate midpoint pH value of 8.5 (Figure
4) most probably reflects the change in the ionization state
of a histidine residue from the MN12H2 combining site that
is involved in the interaction with the peptide. As stated
above this interaction is confirmed by X-ray analysis of the
complex (van den Elsenet al., 1997). The formation of a
salt link is expected to cause an increase of the pKa value of

FIGURE 5: Ribbon representation of the MN12H2 antigen binding
site as seen in the crystal structure of the Fab fragment of the
antibody in complex with fluorescein-conjugated peptide Ac-
TKDTNNNLC*-NH 2 (van den Elsenet al., 1997). The antigen
binding site is formed by residues from hypervariable loops L1
and L3 from the MN12H2 light chain (shown in green) and
hypervariable loops H1, H2, and H3 from the heavy chain (shown
in purple). The peptide (shown in yellow) is folded deeply into the
cavity of the binding site in a type Iâ-turn. Polar interactions
between the Fab molecule and the peptide, including the salt bridge
between peptide residue Asp-P182 (shown in white) and MN12H2
residue His-L31, are indicated by dotted lines. The figure was
prepared using MOLSCRIPT and RASTER3D (Kraulis, 1991;
Merrit & Murphy, 1994).
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all three positively charged candidate residues. pKa values
of 8.0 and higher are not unusual for histidine residues (Bos
et al., 1989). Therefore, it is most unlikely for Asp-182 to
form a salt link with a lysine or an arginine residue.

However, positively charged residues that are not involved
in a charge interaction may undergo an acidic shift of their
pKa value when exposed to a hydrophobic environment. For
instance, a mutant T4 lysozyme has been described in which
a buried lysine residue had a pKa value of 6.5 (Dao-Pinet
al., 1991). To exclude an acidic pKa shift effect between
pH 8 and pH 10 of the Lys-181 residue adjacent to Asp-
182, the pH dependence of the binding of peptide 2 (Ac-
TXDTNNNLC-NH2; X ) norleucine) by MN12H2 was
determined (Figure 4). Although there is a difference in
affinity of MN12H2 for peptides 2 and 1, both reveal an
identical pH profile. Similar results were obtained when the
Lys-181 residue was exchanged by an arginine residue (pKa

) 11, not shown).

According to the results from a previous study it is unlikely
that the observed decrease in affinity between pH 8 and pH
10 can be ascribed to denaturation of MN12H2 (Jiskootet
al., 1991c). The antibody molecule shows no significant
change in conformation in the pH range between 8 and 10.
The collapse inKa at pH’s higher than 10 is presumably
caused by protein denaturation. Stability experiments re-
vealed that exposure of MN12H2 to pH>10.5 for 2 h
(duration of a binding experiment) caused irreversible loss
of affinity of the antibody to peptide 1. The peptide remained
unaffected after alkali treatment.

The huge loss of vibrational modes upon formation of the
MN12H2-peptide complex, revealed by Sturtevant’s analy-
sis, can be ascribed to the loss of degrees of freedom of the
side chains, so-called “side chain freezing” of both peptide
and the binding pocket. Because the ligand molecule is a
peptide with no fixed conformation in solution, there are also
backbone contributions involved. Contributions to the loss
of vibrational entropy due to conformational changes of the
backbone of MN12H2 (induced fit) can only be discriminated
when three-dimensional structures of the complex, free
antibody, and free ligand are available. Combined loss of
conformational entropy resulting from the fixing of peptide
1 and of the side chains in the binding pocket of MN12H2
[∆Su(vib) ) -326 J K-1 mol-1; Table 2] costs 48 kJ mol-1

in unitary Gibbs free energy (298 K). This effect is largely
offset by the gain in entropy from the release of structured
water around hydrophobic groups in the binding pocket [∆Su-
(hydro)) 246 J K-1 mol-1), thereby favoring binding by
100 kJ mol-1. We expect the increase of the hydrophobic
components partly to be the result of an enhanced interaction
of MN12H2 with the fluorescent label in all linear peptide
complexes.

Although binding studies with the linear P1.16 epitope
mimicking peptide reveal high-affinity binding by MN12H2,
the antibodies obtained from linear synthetic peptides showed
only low response against PorA in its native conformation
(van der Leyet al., 1991). Consequently, these antibodies
did not have any bactericidal activity. These results are in
agreement with studies concerning peptides derived from
proteins such as lysozyme, influenza hemaggluttinin, and
meningococcal PorA, showing improvement of antigenic or
immunogenic properties by disulfide cyclization (Arnonet
al., 1971; Müller et al., 1990; Christodoulideset al., 1993).

Immunogenicity of these conformationally restricted pep-
tides might be related to the reduced dampening of vibra-
tional contributions to the thermodynamic parameters for
cyclic peptides, as revealed from our binding studies with
“head-to-tail” cyclized peptides. The vibrational component
of ∆Gu is 45-59 kJ mol-1 more favorable for the cyclic
peptide (C2) compared to the linear peptides (Tables 2 and
3). These reduced unfavorable contributions to the binding
can be explained by the decreased intrinsic flexibility of
cyclic peptides compared to linear peptides.
Calculation of the nonpolar bsa reveals that there is a

significant loss of bsa in the MN12H2-peptide C2 complex
(125 Å2) compared to the complexes with linear peptides
(Table 1). The increased mobility of the label in the bound
state and the small nonpolar bsa value suggest a decrease of
the assumed interaction of the label with the antigen binding
site as described for the linear peptides. This hypothesis is
furthermore supported by Sturtevant’s analysis of the binding
data with the cyclic peptide (Table 3), which showed that
the hydrophobic component of the Gibbs free energy (∆Gu)
of binding is 49-62 kJ mol-1 more favorable for the linear
peptides compared to C2.
Comparison of our binding data with those obtained inin

ViVo studies (Hoogerhoutet al., 1995), using a series of 18
different cyclic peptides with ring sizes varying from 7 to
17 amino acid residues, suggests a correlation between
binding of MN12H2 to cyclic peptides and the capability of
these peptides to elicit bactericidal antibodies. Only the two
peptides with a large ring size (15-17 residues) show high-
affinity binding by MN12H2 (e.g., peptides C2 and C3) and
induction of complement-mediated lysis of meningcocci.
Apparently, the ring size of the 7-13 residue cyclic peptides
is too tight to have enough conformational freedom to mimic
the surface loop epitope. The relatively increased confor-
mational freedom, related to the large ring size (peptides C2
and C3), might facilitate the peptide to fold into a few
preferable low-energy conformations, succesfully mimicking
the native epitope structure.
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