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Abstract

Monoclonal antibody NC6.8 is speci®c for the superpotent sweetener, N-( p-cyanophenyl)-N '-(diphenylmethyl)-
guanidiniumacetic acid. The three-dimensional structure of the complex shows the close proximity of complementary charged
residues on the antibody and groups of the hapten. As a result, association is dependent on the pH, dielectric, and ionic strength

of the medium. Continuum electrostatics methods are used to calculate the pH-dependent association energetics of NC6.8 with
the superpotent sweetener. In addition to providing a titration pro®le, the calculations quantitatively assess the relative in¯uence
of charged groups on the energetics of association. Models of site directed mutants are constructed to probe the in¯uence of
each charged interface residue on the pH-dependent energetics of association. Examination of electrostatic contribution to free

energy of association in mutant complexes, where the key acidic residues on the antibody are neutralized, shows that charge
complementarity at the combining site is an important requirement for hapten binding. Also, based on the pKa values of several
combining site tyrosine residues, aromatic p-stacking and van der Waal's contacts between the antibody and hapten contribute

to the speci®city of the complex. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Molecular association between a biological receptor

and ligand is highly speci®c. The overall reaction is a

delicate balance between attractive and repulsive

forces. Complex formation occurs at the cost of

removing waters from the binding site and reducing

sidechain degrees of freedom, which is balanced by the

energy gain due to non-covalent interactions, burying

of hydrophobic surfaces, and other stabilizing factors.

At long distances, electrostatic forces orient and steer

the ligand to the receptor, providing the leit-motif for
association (Kozack et al., 1995). The amount of
stabilization incurred on association is determined by
many factors, each in¯uencing the total interaction
energy (Morokuma, 1977). Much work has been done
in the area of thermodynamic component analysis
(Boresch et al., 1994; Boresch and Karplus, 1995;
Brady et al., 1996), where the free energy is broken
down into terms of speci®c interactions. The com-
ponents generally implicated are electrostatic inter-
actions, van der Waals interactions, and hydrophobic
contacts. Using continuum electrostatic models, some
of these components can be modeled.

Three-dimensional structures for a variety of anti-
body Fab fragments and antibody-antigen complexes
have been solved (for a review see Padlan, 1994).
Antigen recognition is generally mediated by 15±20
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amino acids (Poljak et al., 1973; Davies and Metzger,
1983; Padlan, 1990), most of which are from six pep-
tide loops that make up the complementary determin-
ing region (CDR). The CDR binding site is formed by
the anti-parallel b-strand turns of the variable regions
of the heavy and light chains (Chothia and Lesk,
1987). Mutagenesis of single residues at the combining
site of the antibody or antigen often results in a large
loss of speci®city (Knossow et al., 1984; Alegre et al.,
1992; Chacko et al., 1995). Association between anti-
body and antigen is often mediated by charged resi-
dues, resulting in the energetics being strongly pH-
dependent. In a previous study (Gibas et al., 1997) we
have used continuum electrostatic calculations to cal-
culate the pH dependence of antibody:antigen associ-
ation. Two antibody:lysozyme complexes were studied
(D44.1 and HyHEL-5). In both complexes, association
is stabilized by conserved charge-mediated interactions
at the combining site. The local environment surround-
ing the combining has signi®cant a�ects on the associ-
ation energetics. The factors a�ecting the energetics
include minor structural rearrangements, buried inter-
facial area, dielectric environment of key charged resi-
dues, and geometry of the interacting residues.
Comparisons of calculated pH dependent behavior
showed good agreement with experimental results
(Tello et al., 1993; Benjamin et al., 1992).

Anchin and Linthicum (1993) have produced a
library of monoclonal antibodies against the superpo-
tent guanidino sweet tasting ligand, N-( p-cyanophe-
nyl)-N '-(diphenylmethyl)-guanidiniumacetic acid.
Using intrinsic ¯uorescence spectroscopy Droupadi et
al. (1992) found the a�nity of one of these mAb to be
in the nanomolar range, which is nearly equal to the
putative receptor a�nity for the sweet taste ligand.
Circular dichroism and absorption spectroscopy results
suggest participation of aromatic residues in complex
formation (Tetin and Linthicum, 1996; Droupadi and
Linthicum, 1995). Gudatt et al. (1994) have solved the
X-ray structure of NC6.8 fab fragment in the com-
plexed (2.2 AÊ ) and uncomplexed (2.7 AÊ ) forms. The
results from the X-ray studies support the results of
the earlier work.

In this paper we report the results from continuum
electrostatic calculations of the pH-dependent ener-
getics of mAb NC6.8:N-( p-cyanophenyl)-N '-(diphenyl-
methyl)-guanidiniumacetic acid association. Individual
pKa values of antibody residues and charged groups
on the hapten in the bound and free state are reported.
Residues that show signi®cant changes in pKa values
on complex formation are examined in order to under-
stand the chemical basis of the recognition phenom-
ena. Also, we attempt to delineate those changes in
pKa values due to the electrostatics of hapten recog-
nition as opposed to those due to the structural re-
arrangement of the antibody upon complex formation.

2. Materials and methods

2.1. Calculation of protein pKa values

The method of Tanford and Roxby (Tanford and
Roxby, 1972) assumes that equilibrium between acid
and base is governed by the intrinsic pKa of each site,
where pKint,i is equal to the pKa at site i if every site
in the protein were neutral. The actual pKa is equal to
the intrinsic pKa minus a term that represents the de-
viation from the intrinsic state. This deviation is gov-
erned by the pairwise electrostatic interaction between
the residue in question and every other residue. The
pKa value of each site is evaluated by

pKai � pKint,i ÿ �2:303kBT �ÿ1
Xn
k�1

DGik�qo
k � yk� �1�

where DGik is equal to the interaction free energy
between i and k, qk is the fractional ionization of site
k. For n titratable sites, this method requires the com-
putationally expensive enumeration of 2n states. In
order to make the pKa calculation feasible, several
modi®ed Tanford and Roxby schemes have been
developed.

The method of Gilson (1993) and Antosiewicz et al.
(1994) uses clustering of titrating sites to reduce the
computational expense of the pKa calculation. The
cluster method exactly solves the ionization polynomial
within a cluster, and uses a mean ®eld approximation
to treat intercluster interactions. This method is part
of the University of Houston Brownian Dynamics
(UHBD) suite of programs (Madura et al., 1995).

In the pKa calculation, a pairwise electrostatic po-
tential exists between site i, and every other group j,
according to its average charge, <qj>. Both, the clus-
ter method and the more general method of Tanford
and Roxby express the ionization free energy as the
free energy di�erence between a hypothetical neutral
state and some ionization state a. The ionization free
energy is calculated from (2) (Schellman, 1975),

Gion � ÿRT ln S �2�

where S is the ionization polynomial. In the mean ®eld
approximation (cluster method), the ionization poly-
nomial for a single cluster is given by the expression

SI �
X2nIÿ1

a�0

�
e
ÿb
XnI

i�1
Gelec,ae

ÿb
X

k3I
ykGik

�

�
YnI

i�1
K
ÿx az�i �
ai �H ��z�i �

�3�

where the outer sum is over the ionization states of the
cluster I only, and k is summed over all other clusters.
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Gelec,a is the purely electrostatic contribution to the
free energy, Kai is the acid equilibrium constant for
each titrating site, and ykDGik is in¯uence of k on i in
the mean ®eld approximation (yk is the fractional ion-
ization at k ). Each site is described by a pair of vec-
tors, xa (i ) and z(i ), such that xa (i ) is equal to ÿ1 for
an acid and +1 for a base and z(i ) is equal to zero for
the neutral state and +1 for the ionized. The electro-
static free energy is given by the expression

Gelec,a �
XnI

i�1
xa�i�

"
DDGi �

XnI

j>i

xa� j�DGij

#
�4�

The DDGi term is the extra free energy relative to the
unperturbed state of titrating group i when all other
titrating sites are neutral, and DGij is equal to the extra
free energy of ionizing site i due to the presence of
titrating sites j.

For all calculations, the partial-charges used in the
calculation of the electrostatic energies were taken
from the CHARMM parameter set (Brooks et al.,
1983) and radii from the Optimized Parameters for

Liquid Systems (Jorgensen and Tirado-Rives, 1988).
The partial charges of the ligand were calculated using
Gaussian96 package with the 6-31G basis set (Fig. 1).
The model pKa values for titratable amino acids are
taken from Antosiewicz et al. (1994) and are set at 4.0
and 12.4 for the carboxy and guanidinium moieties of
the hapten, respectively. The temperature, ionic
strength, and ionic radius remained constant for all
calculations at 298 K, 150 mM, and 2.0 AÊ , respect-
ively. The choice of interior protein dialectric has been
debated in the recent literature. We have found that
an interior dielectric of 20 gives the best results (Gibas
and Subramaniam, 1996; Antosiewicz et al., 1994). All
calculations reported here use a protein interior dielec-
tric of 20 and solvent dielectric of 80. The ®nite grid
spacing begins at 1.5 AÊ , and is then focused to 1.2,
0.75, and 0.25 AÊ . The boundary between solvent and
protein dielectrics is di�erentiated using the method of
Shrake and Rupley (Shrake and Rupley, 1957), with a
probe radius of 1.4 AÊ .

2.2. Protein structures

The protein structures used in the pKa calculations
are modi®ed versions of the coordinates received from
Guddat et al. (1994). The results from three structures
are presented here. Those structures are NC6.8 without
ligand (2.7 AÊ ), NC6.8 with ligand (2.2 AÊ ), and the
complexed NC6.8 structure with the ligand coordinates
removed from the structure ®le (see below). The struc-
tures are modi®ed in the same manner as previously
published works from this laboratory (Gibas and
Subramaniam, 1996) to only include the Fv fragment,
hapten, and 100% solvent inaccessible water (hence-
forth referred to as structural water). In order to
negate changes in pKa values due to structural re-
arrangement of the antibody on association, uncom-
plexed structures were created from the complexed
structures. From the Fv fragments of complexed
NC6.8, the coordinates pertaining to the hapten were
deleted, resulting in an antibody structure exactly the
same as the complexed antibody structure. Hence
forth, structures created in this manner will be desig-
nated pseudo-apoprotein structures, whereas uncom-
plexed structures from experiment will be simply
designated as apoprotein structures. The continuum
method implemented in UHBD uses explicit polar
hydrogen atoms in the pKa calculation. Polar hydro-
gens were added using the program HBUILD within
Quanta96. 2

Several mutant structures are also studied. The
mutants studied are designed to minimize di�erences
in the sidechain structures so as to avoid large pertur-
bations from the experimentally determined native
structures. Seven types of mutations are presented
here, Glu4Gln, Gln4Glu, Asp4Asn, Asn4Asp,

Fig. 1. Calculate partial charges of the sweetener, N-(P-cyanophe-

nyl)-N '-(diphenylmethyl)-guanidiniumacetic acid, using the

Gaussian96 package with the 6-31G basis set.

2 Quanta96 is a molecular modeling and display program devel-

oped by Molecular Simulations, Inc., 200 Fifth Ave., Waltham, MA

02254.
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Tyr4 Phe, Arg4Ala, and Glu4Asp. All are struc-

turally conserved mutations, and were constructed

(except for the Glu 4 Asp mutations) by editing the

PDB ®le and then using HBUILD to place the polar

hydrogen atoms back in the correct locations. No

minimization was run on the mutated structures. The

Glu 4 Asp mutated structures were built using the
mutate protein option in Quanta96. Control mutations
of each type are also presented to ensure the reliability
of the above techniques.

3. Results

3.1. Hapten structure and titrating behavior

The N,N ',N0-trisubstituted sweetener is selected as a
model of sweetener±receptor interactions due to its
remarkable potency. The sweet taste molecule is more
than 200,000 times sweeter than sucrose as revealed by
a threshold taste test (Muller et al., 1992). It has been
shown that the p-cyanophenyl ring is necessary for
such high a�nity, and has been hypothesized that its
high a�nity can be explained by p-stacking with aro-
matic residues of the receptor. The sweetener has two
titrating sites, the carboxylate and the guanidinium
moieties. In solution the sweetener exists as a zwitter-
ion. Fig. 2 shows the calculated titration behavior of
the unbound hapten. We have not been able to ®nd
any titration studies of the sweetener in the literature,

Fig. 2. Titration curves of free (solid) and bound (dashed) N-( p-cya-

nophenyl)-N '-(diphenylmethyl)-guanidiniumacetic acid. (A) Acetic

acid moiety. (B) Guanidinium moiety.

Fig. 3. Side-by-side stereo view of key combining site residues and ligand of the native NC6.8, N-( p-cyanophenyl)-N '-(diphenylmethyl)-guanidi-

niumacetic acid complex.
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but it should be very near the unsubstituted parent
compound, guanidiniumacetic acid, in which the acetic
acid moiety pKa is 2.82 (Langes Handbook of
Chemistry, 14th ed. 1992), similar to our calculated
value of 2.53. On complex formation, both sites get
shifted far away from neutral; in fact, the calculated
pKa value of the carboxylate moiety in the complexed
structure is 0.73, whereas the pKa value of the guani-
dinium moiety is 19.0.

3.2. NC6.8, hapten structures

Fig. 3 shows the stereo image of the key residues at
the antibody combining site. Table 1 summarizes the
distances between nine key combining site residues and
the bound ligand. The carboxyl moiety of the sweet-
ener is involved in a salt link with the sidechain guani-
dinium ion of Arg H:57. The amide sidechain of Asn
H:59 is also hydrogen bonded to one of the carboxylic
oxygens of the sweetener with a separation of 2.83 AÊ .
The guanidinium ion moiety of the sweetener is elec-
trostatically interacting with the side chain carboxyl of
Glu H:50 (3.28 AÊ ) and is hydrogen bonded to the
backbone carbonyl of Tyr H:100 (2.91 AÊ ). The p-cya-
nophenyl moiety is electrostatically bonded to Tyr
L:41 and Ser L:94 through a series of 100% buried
bridging water molecules.

p-stacking interactions also play a large role in the
speci®city of the association. The sweetener is made up
of three phenyl rings, and there are no less than 14
aromatic residues within a 15 AÊ sphere about the hap-
ten. HBPLUS (McDonald and Thornton, 1994)
speci®cally implicates four aromatic residues as being
involved in hydrophobic contact with the hapten. Tyr
L:101 is involved in extensive p-stacking interactions
with the p-cyanophenyl moiety of the sweetener, Tyr
L:37 is in contact with one phenyl of the diphenyl-
methyl moiety, whereas Tyr H:100 is contacting the
other. Trp H:33 is involved in a van der Waal's con-

tact with both carbons of the acetic acid moiety of the
sweetener.

There are also a large number of charged residues
within the 15 AÊ sphere about the hapten. There are
seven basic and four acidic residues at the binding site.
However, three of the basic residues are histidines
which are neutral at physiological pH. Therefore, at
pH 7.0, there is charge compensation between the anti-
body and hapten.

3.3. Changes on complex formation

Fig. 4 shows the superimposed structures of the
unbound antibody and the NC6.8:N-( p-cyanophenyl)-
N '-diphenylmethyl)-guanidiniumacetic acid complex.
There are signi®cant structural di�erences between the

Table 1

Intra-antibody distancesa

Residue Carboxylate carbon Guanidinium carbon p-Cyanophenyl nitrogen

His L:31 NDI 8.02 7.03 9.84

Tyr L:37 OH 10.03 8.10 12.92

Tyr L:41 OH 14.80 11.67 4.21

Tyr L:101 OH 4.94 4.14 6.85

Glu H:35 CD 8.65 6.78 6.27

Glu H:50 CD 5.04 4.86 8.47

Arg H:57 CZ 4.05 7.20 14.71

Tyr H:100 OH 11.59 9.08 9.87

Asp H:104 CG 15.46 12.06 9.06

a Distances (AÊ ) between combining site residues and ligand in the NC6.8, N-( p-cyanophenyl)-N '-(diphenylmethyl)-guanidiniumacetic acid com-

plex.

Fig. 4. Superimposed structures of the apoprotein NC6.8 and the

NC6.8, N-( p-cyanophenyl)-N '-(diphenylmethyl)-guanidiniumacetic

acid complex.
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two structures (RMS=0.69 AÊ for a-carbons and 1.42
AÊ for all atoms). Large amounts of changes in pKa
values at nearly every titratable residue arise from
structural and electrostatic di�erences between the
complexed and free antibodies. Delineating which
changes, are a result of structural changes and which
changes are due to association is our ®rst goal. By
comparing the complexed structure with the pseudo-
apoprotein, the sites electrostatically a�ected by associ-
ation can easily be determined. The changes in pKa
between the complex structure and the pseudo-apopro-
tein structure (Fig. 5) are only a result of complex for-
mation. The changes are localized to titrating residues
at the combining site, whereas those further away are
unchanged.

3.4. Wild-type NC6.8, hapten complex

Table 2 summarizes the calculated changes in pKa
values on complex formation. All titrating sites that
have signi®cant shifts in pKa values (more than20.125

pH units) are within a 15 AÊ sphere centered at the
guanidinium carbon of the hapten. Glu H:50 has the
largest shift on complex formation, supporting earlier

Fig. 5. Calculated pKa shifts on complex formation for the wild-type and pseudo-apoprotein structures vs residue number.

Table 2

E�ects of association of pKa valuesa

Residue D pKa

His L:31 ÿ0.619
Tyr L:37 ÿ0.176
Tyr L:41 0.569

Tyr L:101 0.387

Glu H:35 ÿ0.479
Glu H:50 0.710

Arg H:57 0.280

Tyr H:100 ÿ0.158
Asp H:104 ÿ0.112

a Signi®cant changes in pKa values of the wild-type NC6.8, N-( p-

cyanophenyl)-N '-(diphenylmethyl)-guanidiniumacetic acid complex

on association (complex-free).

Table 3

The e�ects of association of solvent accessibilitya

Residue D Solvent accessibility

Whole residue (%) Titrating atom (AÊ 2)

His L:31 ÿ10.1 0.00 (NDI)

ÿ10.98 (NE2)

Asn L:33 ÿ6.7 ±

Tyr L:37 ÿ4.7 ÿ5.15
His L:39 ÿ1.5 0.00 (NDI)

0.00 (NE2)

Tyr L:41 ÿ0.6 ÿ1.17
Ser L:94 ÿ2.2 ±

Gln L:95 ÿ0.2 ±

Gly L:96 ÿ23.3 ±

Val L:99 ÿ1.1 ±

Tyr L:101 ÿ14.8 ÿ13.11
Glu H:31 ÿ1.4 0.00 (OE1)

0.00 (OE2)

Trp H:33 ÿ15.0 ±

Glu H:35 ÿ3.1 ÿ0.01 (OE1)

ÿ0.31 (OE2)

Glu H:50 ÿ4.6 ÿ1.06 (OE1)

ÿ5.90 (OE2)

Leu H:52 ÿ4.4 ±

Arg H:57 ÿ10.9 0.00 (NE)

ÿ5.02 (NH1)

ÿ20.99 (NH2)

Asn H:59 ÿ7.7 ±

Gly H:99 ÿ4.1 ±

Tyr H:100 ÿ31.6 ÿ5.60
Ser H:101 ÿ15.7 ±

Ser H:102 ÿ4.6 ±

Met H:103 ÿ5.6 ±

a Di�erences in residue solvent accessibility of the wild-type

NC6.8, N-( p-cyanophenyl)-N '-(diphenylmethyl)-guanidiniumacetic

acid complex on association (complex-free).
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predictions of its importance to ligand a�nity.
Another glutamate residue (H:35) also has a large
change in pKa value on complex formation, suggesting
that it could also be interacting with the ligand. In all,
nine residues have signi®cant changes in pKa values.
Of these, all changes can be explained by either elec-
trostatic interactions with the ligand or by decreased
solvent accessibility on complex formation (Table 3).
Fig. 6 shows the titration curves of the ligand and
the four most important residues that de®ne ligand
speci®city, Tyr L:101, Glu H:35, Glu H:50, and ARG
H:57.

The pairwise electrostatic potentials between key
titrating sites are summarized in Fig. 7. These are the
site±site interaction energies, DGij [Eq. (4)], obtained
from the pKa calculation. The interaction energy
(kcal/mol) is the quantitative measure of how much
one site e�ects the pKa value of another. The sum-
mation of all non-zero interaction energies (plus the
self-ionization term) results in the total pKa shift for a
particular. The typical interaction energy is less than
0.4 kcal/mol, however for particularly strong inter-
actions, the value can equal as much as 1.5 kcal/mol.
all sites with signi®cant changes in pKa values on com-

Fig. 6. Titration curves of key residues in the native apoprotein, pseudo-apoprotein, and complexed structures. (A) Tyr L:101. (B) Glu H:35. (C)

Glu H:50. (D) Arg H:57.
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plex formation have large site±site interaction energies

between themselves and the hapten.

We have previously reported (Gibas and
Subramaniam, 1996) that inclusion of solvent inaccess-
ible (or nearly inaccessible) water molecules may
improve results of the pKa calculation in some cases.
In this calculation water molecules calculated to be
100% buried by Naccess (Hubbard et al., 1991) were
included. Only the DpKa values of Glu H:35 and Glu
H:50 are modi®ed slightly (0.199 and ÿ0.156 pH units,
respectively) by including structural waters in the cal-
culation.

3.5. Selected mutants

Signi®cant changes in pKa values due to selected
mutations are listed in Table 4. The largest of the
shifts is nearly four pH units, although the typical
change is around a single pH unit. In all cases, the
changes in pKa values can be directly attributed to

Fig. 7. Electrostatic interaction matrix of the NC6.8, N-( p-cyanophe-

nyl)-N '-(diphenylmethyl)-guanidiniumacetic acid complex. The value

plotted is the interaction energy, Wij [Eq. (3)], for each pair of titrat-

ing sites, in kcal/mol. Favorable interactions are presented in blue,

whereas unfavorable interactions are given in red. All titrating sites

(with key sites labeled) are plotted against the four key combining

site residues.

Table 4

pKa value changes of mutant structuresa

Mutation Residue Change

Y(L:37)F Tyr L:41 1.073

Lys L:50 0.490

Arg L:55 0.652

Tyr L:101 0.538

Tyr H:27 0.416

Tyr H:94 0.511

Tyr H:95 0.498

guanidinio 0.434

Y(L:41)F Tyr L:101 0.470

Y(L:101)F Glu H:35 ÿ0.496
Glu H:50 0.971

guanidinio 1.315

E(H:35)Q Tyr L:41 1.204

Tyr L:101 1.186

Tyr H:27 0.561

Glu H:50 1.470

guanidinio 0.748

E(H:35)D Glu H:50 0.715

E(H:50)Q Tyr L:101 2.394

Glu H:35 0.625

guanidinio 1.084

E(H:50)D Tyr L:101 1.307

Glu H:35 ÿ1.100
E(H:35)Q, E(H:50)Q His L:39 0.675

Tyr L:41 1.589

Tyr L:101 3.627

Tyr H:27 0.845

guanidinio 1.810

E(H:35)D, E(H:50)D Tyr L:101 1.634

R(H:57)K Glu H:50 ÿ0.562
guanidinio ÿ1.302

N(H:59)D Tyr L:101 ÿ1.110
Glu H:50 ÿ2.342
carboxyl ÿ0.530

a Signi®cant changes in pKa values (pKawtÿpKamutant) of selected

mutant NC6.8, N-( p-cyanophenyl)-N '-(diphenylmethyl)-guanidiniu-

macetic acid complexes. The guanidinium moiety of the hapten is

labeled guanidinio and the acid moiety of the hapten is labeled car-

boxyl.
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local changes in the electrostatic interactions of the
mutation studied. The typical change of pKa values of
sites far away from the mutated residue is much below
a quarter pH unit.

Mutation of Glu H:35 to a glutamine residue results
in pKa shifts of several key residues, including Glu
H:50 and Tyr L:101. Mutating Glu H:50 to glutamine
causes a large pKa shift in Tyr L:101. The double mu-
tation of both glutamate residues to glutamines has
the most a�ect on pKa value changes. Shortening of
the Glu H:50 by a methylene group (i.e., mutating to
Asp) causes a large pKa shift in Tyr L:101, but the
mutation has no signi®cant e�ects on any other resi-
dues other than Glu H:50.

Table 5 describes how mutating the two key gluta-
mates to aspartate residues a�ects the local pairwise
potentials. Shortening Glu H:35 by a methylene group
(E(H:35)D) causes the electrostatic pairwise potential
between the acidic residue at H:35 and the guanidi-
nium to be raised by 0.14 kcal/mol. Whereas, the pair-
wise potential between H:35 and the ligand's carboxyl
group is stabilized by 0.1 kcal/mol, resulting in an
overall destabilized pairwise potential between Asp
H:35, ligand compared to Glu H:35, ligand.
Shortening Glu H:50 by a methylene group
(E(H:50)D) has the same type of e�ects as the H:35
mutation, however the sum of the two H:50, ligand
pairwise potentials are more repulsive in the
E(H:50)D) mutation.

3.6. pH-dependent association energetics

Fig. 8 shows the electrostatic potentials of the
native, uncomplexed NC6.8 structure mapped onto the
molecular surface. The anionic well at the center of
Fig. 8A is from the negatively charged Glu H:35 and
Glu H:50. The cationic extension ¯agging the anionic
well is from the positively charged Arg H:57. Large
visible di�erences arise from the series of glu 4 gln
mutations in Fig. 8B±D, disrupting the charge comple-
mentarity of the Ab, hapten complex. The results of
the pKa calculations allows us to quantify the visual
di�erences.

Droupadi et al. (1992) approximated the change in
free energy from van't Ho� plots to be ÿ9.8 kcal/mol.
Our calculated changes in electrostatic free energy
upon complex formation of the wild-type structure is
ÿ1.43 kcal/mol (Fig. 9). We can explain the calculated
DGelec over the entire pH range using the same argu-
ments of previous work in our laboratory studying
antibody, lysozyme complexes (Gibas and
Subramaniam, 1997). In this study, lysozyme binding
was mediated by salt bridge formation between two
glutamate residues (also at H:35 and H:50) and two
arginine residues of the antigen. At very low pH, Glu
H:35 and Glu H:50 are protonated. Complex for-
mation then requires the burial of the positively
charged hapten with no counter ions present, thus the
DGelec is large and positive. At very high pH, the
ionized group is solvent exposed, and complex for-
mation only requires the burial of the neutral portion
of the hapten. There exists a sharp increase in the
DGelec between pH 1.5±3.0 which occurs from forcing
the ionized guanidinium to be proximal to the proto-
nated Glu H:35 and Glu H:50.

3.7. pH-dependent association energetics of selected
mutants

Table 6 summarizes how mutating residues near the
active site a�ect the pH-dependent association ener-
getics. Control mutation data is included to ensure the

Table 5

The e�ects of mutations on pairwise potentialsa

E(H:35)D E(H:50)D E(H:35)D; E(H:50)D

H:35-L:101 0.25 ÿ0.05 0.20

H:35-H:50 0.53 0.28 0.64

H:50-L:101 0.04 0.77 0.80

H:35-Lig guanidinium ÿ0.14 0.00 ÿ0.12
H:35-Lig carboxy 0.10 0.00 0.06

H:50-Lig guanidinium 0.00 ÿ0.38 ÿ0.40
H:50-Lig carboxy 0.00 0.22 0.23

a Di�erences in the pairwise potentials (Dywt-mutant kcal/mol) of

key combining site residues.

Table 6

E�ects of mutations on the electrostatic free energy of associationa

D(DGelec,cmplx-free antibody)wt-mutant kcal/mol

D(L:17)Nb ÿ0.31
D(H:104)N ÿ0.80
E(L:110)Qb ÿ0.08
E(H:35)Q 0.09

E(H:35)D ÿ0.33
E(H:50)Q ÿ0.19
E(H:50)D 0.29

E(H:35)Q; E(H:50)Q ÿ1.05
E(H:35)D; E(H:50)D 0.06

N(L:35)D ÿ0.23
N(H:59)D ÿ0.38
N(H:77)Db ÿ0.29
Q(L:95)E ÿ0.41
Q(H:118)Eb 0.14

R(H:40)Ab 0.16

R(H:57)A ÿ0.45
Y(L:37)F 0.00

Y(L:41)F 0.10

Y(L:91)Fb 0.08

Y(L:101)F 0.15

Y(H:100)F 0.14

a Di�erences in the change of free energy on NC6.8, N-( p-cyano-

phenyl)-N '-(diphenylmethyl)-guanidiniumacetic acid complex for-

mation due to various mutations (neutral pH).
b Indicates control mutations.
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reliability of our approach. The double mutation of
Glu H:35 and Glu H:50 to glutamine residues has the
largest destabilizing e�ect. The number of mutations
that lead to electrostatically stabilizing complex for-
mation is very surprising. Further experimental work

must be carried out to determine if modeling only the
electrostatic component of the free energy accurately
accounts for the relative stability of the mutants.

The changes in the DGelec listed in Table 6 are calcu-
lated using the equation

Fig. 8. Electrostatic potential maps generated from the program GRASP showing charge distribution on the surface of four apoprotein struc-

tures. (A) Wild-type NC6.8. (B) E(H:35)Q NC6.8. (C) E(H:50)Q NC6.8. (D) E(H;35)Q, E(H:50)Q NC6.8.
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�Gelec,wt,complex ÿ Gelec,mutant,free Ab� ÿ �Gelec,wt,complex

ÿ Gelec,mutant,free Ab�: �7�

Therefore, the changes arise from both the di�erences
in the electrostatic environment due to complex for-
mation and the structural rearrangement that accom-
panies the association. With the exception of the
double E(H:35)Q/E(H:50)Q mutant, all DDGelec values
are similar to the control values. The unexpectedly
large control values can be explained by local changes
between the unbound and bound structures. For
example, the D(L:17)N control mutation results in a
DGelec change of ÿ0.31 kcal.mol. This change in elec-
trostatic free energies arises from the loss of dipole±
dipole interactions between the two structures. The
smallest change is in the Y(L:37)F mutation, in which
the position of the parent tyrosine residue is
unchanged between the two structures.

4. Discussion

4.1. Acidic residues

The pKa values of Glu H:35 and Glu H:50 are
shifted in opposite directions. Glu H:35 becomes more
basic on complex formation, whereas Glu H:50
becomes more acidic. Both residues of the complexed
structure are calculated to be 0% solvent accessible by
Naccess, and are nearly so for the uncomplexed struc-

ture. HBPLUS predicts a hydrogen bond between OE1
of Glu H:50 and N16 of the guanidinium moiety of
the sweetener (Fig. 3), however the separation distance
is a bit too much for the typical hydrogen bond, and
seems to be more of an electrostatic interaction than a
hydrogen bond. The interaction between the hapten
and Glu H:50 lowers the pKa of the acid and raises
the pKa of the guanidinium moiety of the sweetener.
Glu H:50 is involved in several hydrogen bonds with
Asn H:59. Two hydrogen bonds exist between back-
bone atoms of the asparagine and backbone atoms of
the glutamate, which make up part of the b-barrel
motif on the Fab fragment. In addition, the sidechain
amide of Asn H:59 is a hydrogen bond donor to OE2
of the Glu H:50. Glu H:50 is also hydrogen bonded to
another proximal glutamate residue (Glu H:35)
through an OE2±OE1 interaction (2.7 AÊ ). The acidic
properties of Glu H:35 act in the same way as Asn
H:59 does, stabilizing ionization of Glu H:50. Glu
H:35 is quite acidic due to hydrogen bonding with the
sidechain N±H of Trp H:47. Glu H:35 is even more
acidic when structural waters are included in the pKa
calculation. This is because a water molecule (HOH
234) is bound in a position that donates a proton to
OE1 of Glu H:35. The consequences of the hydrogen
bond is lessened electron density between OE1 and its
acidic proton, making the OE2±OE1 hydrogen bond
between Glu H:35 and Glu H:50 more energetically
favorable. Glu H:35 is also directly interacting with
the ligand as implicated by the interaction matrix (Fig.
7). Glu H:35 forms a strong salt bridge with the basic
moiety of the ligand.

Among the residues buried inside the protein in-
terior, Asp H:104 is the only one with a change in
pKa value on association. However, Asp H:104 is not
directly interacting with the hapten or any of the resi-
dues that interact with the hapten. The solvent accessi-
bility of Asp H:104 does not change on complex
formation. Therefore, the only explanation seems to be
long range electrostatic interactions. The pKa of the
sidechain carboxylate of Asp H:104 is very low. The
sidechain carboxylate of Asp H:104 is involved in a
salt linkage with the guanidinium sidechain of Arg
H:88, and is hydrogen bonded to the backbone nitro-
gen of Tyr H:105. In both cases, the aspartate is acting
as a proton acceptor, making protonation less favor-
able.

4.2. Basic residues

Arg H:57 is involved in the most conspicuous inter-
action with the hapten. The guanidinium ion sidechain
is linked to the hapten via a salt bridge with the car-
boxyl moiety of the sweetener. The pKa of Arg H:57
is lowered on complex formation, which is the
expected result of the carboxylate's in¯uence, and is a

Fig. 9. Change in electrostatic free energy on binding

(Gelec,complexÿ(Gelec,free antibody+Gelec,hapten)) vs pH for the wild-type,

Y(L:101)F, E(H:35)Q, E(H:50)Q, and R(H:57)A structures. (The

changes in electrostatic free energy of all mutants calculated are

listed in Table 6.)
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full pKa unit more basic than arginine peptide in aqu-
eous environment. Arg H:57 is calculated to be 58.5%
solvent accessible for the uncomplexed structure, and
47.6% solvent accessible for the complex, resulting in
a 10.9% burial of Arg H:57 on complex formation.

His L:31 is involved in three hydrogen bonds with
back bone atoms of various residues, none of which
are titrating residues. ND1 of His L:31 is hydrogen
bonded to Asn L:33, causing NE2 to be titratable
nitrogen of the imidazole ring. His L:31 is close
enough to hydrophobically contact Tyr L:37 (3.5 AÊ ),
although it is doubtful if this is enough to account for
His L:31's change in pKa on complex formation. His
L:31 is 31.9% solvent accessible in the uncomplexed
structure. Complex formation buries 10.1% of the
basic residue with NE2 accounting for the bulk of the
residue's accessibility. As the local dielectric lowers on
complex formation, the equilibrium shifts towards neu-
tral imidazole.

4.3. Combining site tyrosine residues

Complex formation has signi®cant e�ects on the
pKa values of four combining site tyrosine residues
(Table 2). Tyr L:37 is much more acidic than the other
tyrosine residues at the combining site. This is due to
the fact that Tyr L:37 is a hydrogen bond acceptor for
the sidechain amide of a proximal asparagine residue.
Complex formation causes the pKa to increase. Tyr
L:37 is 8.4% solvent accessible in the uncomplexed
structure and 3.7% accessible in the complexed struc-
ture. However, complex formation results in a signi®-
cant loss (11.9%) of solvent accessibility for the
phenolic oxygen atom. Thus, the lower dielectric is
shifting the acid/base equilibrium away from ioniz-
ation. p-stacking interactions are not possible expla-
nations because the plane of the two aromatic groups
are nearly perpendicular to one another, and are separ-
ated by more than 4 AÊ .

When structural water molecules are included,
HBPLUS predicts that Tyr L:41 is hydrogen bonded
to the cyano nitrogen of the ligand through a bridging
structural water (HOH 242). HOH 242 is 2.8 AÊ away
from the cyano nitrogen which is exactly the optimal
distance for an electrostatic bond. Tyre L:41 is comple-
tely solvent inaccessible in the complexed structure,
and is less than 1% solvent accessible on dissociation.

It has been reported elsewhere (Droupadi and
Linthicum, 1995) that Tyr L:101 forms contacts with
the p-cyanophenyl ring of the ligand on complex for-
mation. The distances between the two rings is less
than 4 AÊ , while the angle between the two aromatic
rings is only 118. That p-stacking interactions are
necessary for high potency is shown by experimental
results from sweeteners without the p-cyanophenyl
moiety. Our results support the experimental obser-

vations. The Tyr L:101, guanidinium interaction was
calculated to be the most favorable protein, ligand in-
teraction. The p-cyanophenyl ring is polar and on as-
sociation induces electronic rearrangement of the
phenolic Tyr L:101. The electronic rearrangement on
complex formation should result in an electronic re-
arrangement with an increased electron density about
the electron de®cient cyano group. This results in les-
sened electron density about the phenolic oxygen,
making the alcohol more acidic. However, this is com-
peting with the change in the local dielectric on burial
of the ligand. Complex formation lowers the solvent
accessibility of the titratable oxygen by 13.11 AÊ 2, thus
lowering the local dielectric.

The backbone carbonyl of Tyr H:100 is predicted by
HBPLUS to be a hydrogen bond acceptor from N15
of the hapten. Whether or not this hydrogen bond
actually exists is not certain. For the right stereochem-
istry, the proton would have to come out of the plane
of the guanidinium a few degrees such that the proton
is orientated in a way that the carbonyl could act as a
hydrogen bond acceptor. We note here that guanidi-
nium is not planar, in fact N15 is approaching a tetra-
hedral geometry. Whether this is an artifact of
crystallization or complex formation puckers of the
guanidinium group is yet to be determined. Tyr H:100
is 77.2% solvent accessible in the uncomplexed struc-
ture. Complex formation buries 31.6% of the residue,
of which 5.60 AÊ 2 are from the phenolic oxygen.

4.4. Other key residues

In addition to the above nine residues implicated by
Fig. 5, two non-titrating residues are key to stable
complex formation. Asn H:59 has already been impli-
cated in stabilization of the ionization of Glu H:50.
Asn H:59 is also in direct contact with the hapten. The
amide sidechain of the asparagine is a hydrogen bond
donor to the carboxyl moiety of the sweetener. The
mutation of Asn H:59 to an aspartic acid would have
the same hydrogen bonding characteristics, but would
upset the delicate charge balance at the combining site.
Ser L:94, like Tyr L:41 is also hydrogen bonded to the
cluster of four structural waters. The serine is hydro-
gen bonded to HOH 242 and HOH 229, both of
which are su�ciently close to have dipole±dipole inter-
actions with the polar cyano group.

4.5. Changes in pKa values of selected mutants

Mutation of Glu H:35 and Glu H:50 to glutamine
residues disrupts the charge balance of the combining
site. The E(H:35)Q mutation causes several residues to
be more acidic. With the loss of the anionic residue
and its interaction with the basic moiety of the ligand,
the interactions between Glu H:50 and the ligand are
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even more important, causing H:50 to be more acidic.
The pKa value of the ligand's guanidinium group is
shifted towards neutral as a result of the loss of the
stabilizing Glu H:35, guanidinium interaction. In the
wild-type structure, the pairwise electrostatic potential
between Glu H:35 and Tyr L:41 and between Glu
H:35 and Tyr L:101 is signi®cantly repulsive (Fig. 7).
The E(H:35)Q mutation alleviates the repulsive pair-
wise potentials, causing both tyrosine residues to be
more acidic.

Mutation of H:50 to glutamine has similar e�ects as
the E(H:35)Q mutation. The Glu H:50 mutation
causes Glu H:35 to be more acidic in order to compen-
sate for the loss of the stabilizing Glu H:50, guanidi-
nium interaction. Mutation of H:50 has a larger
destabilizing e�ect on the guanidinium group than the
mutation of H:35. This is expected due to the more
stabilizing pairwise potential between H:50 and the
guanidinium in the native structure. In the native
structure, the pairwise potential between Glu H:50 and
Tyr L:101 is also repulsive (whereas the potential
between Glu H:50 and Tyr L:91 is neutral), and mu-
tation of the acid to the amide makes ionization of the
tyrosine more stable.

Mutating Arg H:57 to an alanine causes the pKa of
the carboxyl moiety to be shifted towards neutral. In
the wild-type complex, the pKa of the carboxyl moiety
is 0.733 pH units. This facilitates salt bridge formation
with the side chain of the arginine. The ability to form
the salt bridge is destroyed in the R(H:57)A mutant,
and the carboxyl pKa value is shifted towards that of
the free ligand. The pKa value of Glu H:50 is also
a�ected by the R(H:57)A mutation. The pKa value of
Glu H:50 is shifted towards neutral by the mutation.
This can be explained by the loss of stabilizing inter-
action between Glu H:50 and Arg H:57 in the wild-
type complex.

Each of the tyrosine residues at the combining site
were mutated to phenylalanine residues. Mutation of
the key Tyr L:101 has di�erent e�ects on each of the
two key glutamate residues. The pairwise electrostatic
potential matrix between Tyr L:101 and each of the
glutamates is repulsive. The repulsive interaction in the
wild-type structure between H:50 and L:101 is however
larger, and hence, the loss of this repulsive potential
stabilizes ionization of H:50. Because the pairwise po-
tential between H:35 and the tyrosine is of the same
sign as the H:50, L:101 potential, one would expect
the pKa of H:35 to be shifted towards ionization as
well. However, this is not the case, suggesting more
complex interaction relationships. The repulsive poten-
tial H:50 and L:101 is almost twice that of the poten-
tial between H:35 and L:101. On mutation of L:101 to
a nontitrating residue, the repulsive pairwise potential
is lost, making ionization of H:50 more favorable. In
the wild-type complex, there is also a strong repulsion

between H:50 and H:35 (2.00 kcal/mol). When H:50
becomes more acidic on mutation of the tyrosine, ion-
ization of H:35 is less favorable, shifting the pKa
value towards neutral. The e�ect of the Y(L:101)F mu-
tation is as expected on the pKa of the guanidinium
group. By eliminating the very energetically favorable
interaction, guanidinium ionization is less favorable,
shifting the pKa towards neutral.

4.6. Summary

In conclusion, continuum electrostatics methods pro-
vide an e�cient and accurate means of calculating in-
dividual residue pKa values. These methods can be
applied to a variety of antibody, antigen systems in
order to better understand the pH dependence of as-
sociation. In mAb NC6.8 studies, continuum electro-
statics calculations reveal that both charge
complementarity and aromatic interactions are necess-
ary for speci®city. Calculations on several mutant
structures suggest potential mutagenesis experiments
which will shed further light on the forces that drive
association has provided a short list of potential exper-
imental structures that we wish to study. Included in
this list is mutating both Glu H:35 and Glu H:50 to
the neutral glutamine isochores as well as modifying
the stereochemistry by changing them to aspartate resi-
dues. Other experiments include mutating of the key
aromatic (p-stacking residues) to other aromatic
homologs and aliphatic residues.
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