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Abstract

Calculations were performed on the D1.3]E5.2 antibody]antibody complex estimating the binding affinities of the
wild-type and 16 alanine substitutions. Analyzed were structural models of the interfacial region containing a zinc ion
and crystallographic waters. A continuum approach was used to evaluate the electrostatic free energies and the
hydrophobic effect was calculated by employing a buried molecular surface area relationship. Estimates of the
absolute binding affinity reproduced the experimental value within the uncertainty of assessing entropic and strain
energy contributions. The best correlation for mutants with experimental data was achieved when the hydrophilicity
of created cavities were considered, and yielded a correlation coefficient of 0.7 and an average error of "1.4
kcalrmol. Empirically fitting the free energy function produced a smaller error of "1.0 kcalrmol. Depending on the
electrical potential and electrostatic reorganization, scaling the ‘protein dielectric constant’ to ;10 may improve the
accuracy of continuum models for evaluating amino acid substitutions. Q 1998 Elsevier Science B.V. All rights
reserved.

Keywords: Protein]protein interaction; Continuum model; Binding free energy; Electrostatics; Hydrophobic effect;
Molecular association

1. Introduction

The prediction of biological specificity underly-
ing the molecular association of proteins or nu-
cleic acids with other macromolecules is a prob-
lem of long-standing interest to theoretical struc-
tural biology. A common thermodynamic measure

U Tel.: q1 301 6194236; fax: q1 301 6192348; e-mail: mol-
son@ncifcrf.gov

of specificity is the Gibbs free energy of complex
formation. Current theoretical methods of esti-
mating free energies can be separated into two
general approaches, explicit or implicit. Explicit
models are microscopic treatments of the macro-
molecules and solvent molecules by using an
atomic force-field description, and are centered
on sampling conformational space by employing
either molecular dynamics or Monte Carlo simu-
lation techniques. Implicit or continuum models
are semi-microscopic treatments of the macro-
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molecular local environment, while the solvent is
modeled by using bulk physical properties. In the
framework of continuum models, electrostatic
contributions to binding free energies are com-
monly obtained from finite-difference solutions to
mean-field equations calculated from the Pois-

w xson]Boltzmann formula 1,2 . Hydrophobic ef-
fects are modeled by employing a free-energy
relationship derived from the interfacial surface
area.

While explicit methods developed from free-
w xenergy perturbation theory 3 have yielded im-

pressive results on estimating relative binding free
w xenergies for small protein]ligand complexes 4 ,

they are typically for large protein assemblies
computationally prohibitive. On the other hand,
continuum methods are computationally tractable,
requiring only modest computer resources, and
are thought to provide an alternative approach
for predicting binding affinities of macromolecu-
lar assemblies. A recent application demonstrat-
ing the potential of continuum methods is the

w xwork of Novotny et al. 5 , where they estimated
changes in binding free energies of 10 lysozyme
mutants of the HyHEL-10 antibody]lysozyme
complex. These workers found a positive, yet only
moderate, degree of correlation between calcu-
lated free energy values and the experimentally
observed values. To achieve a significantly better
agreement with experiments, they linearly fitted
their free energy function and obtained a set of
mean-field parameters scaling the energetic con-
tributions arising from electrostatics, hydrophobic
and entropic terms. Possible improvements in
predictive capabilities of continuum methods by
using these empirically fitted parameters sug-

w xgested by Novotny et al. 5 depend on whether
they can be applied consistently to other protein
complexes. Equally challenging for continuum
methods is the determination of absolute binding
free energies of macromolecular assemblies, as
recently illustrated in the works of Jackson and

w x w xSternberg 6 and Honig and co-workers 7 .
This paper further examines the general appli-

cability of continuum approaches applied to esti-
mating interactions of macromolecules in solution
and the effects of amino acid substitutions. Addi-

tional modeling benchmarks are clearly needed to
gauge the overall accuracy of these theoretical
techniques prior to their routine use in a priori
predictions of biological specificities. Several is-
sues remain to be clarified in the use of contin-
uum models, in particular, the ‘uniqueness’ of
mean-field parameters for scaling the free energy
contributions and the effect of incorporating in-
terfacial ions and crystallographic waters into im-
plicit macromolecular descriptions. Calculations
are presented here analyzing the macromolecular
complex of the D1.3 monoclonal antibody bound

w xwith the anti-lysozyme antibody E5.2 8 . The
wild-type and relative binding affinities of 16 ala-
nine substitutions were evaluated by using the
X-ray crystal structure of the D1.3]E5.2 complex.
This highly resolved structure contains an interfa-
cial zinc ion and many crystal water molecules,
and is well suited for theoretical studies. Compar-
isons with experimentally determined affinities
are presented along with discussions illustrating
several shortcomings of continuum models ap-
plied to substitutions resulting in the creation of
large hydrophobic or non-hydrated hydrophilic
cavities.

2. Theory and methods

2.1. Formalism

The thermodynamic analysis for evaluating
binding affinities is based on the calculational
framework that the free energy of molecular as-
sociation can be decomposed into independent

Ž .contributions arising from electrostatic DGele
Ž .and non-polar DG interactions, a strain-en-np

Ž . Ž .ergy DG plus configurational entropic TDSstrain
w xcontributions 1,5]7 :

Ž .DG sDG qDG qDG yTDS 1bind ele np strain

where TDS f TDS q TDS , combining thesc t,r
terms of side-chain torsional and translational]
rotational, respectively, and T is the absolute
temperature. The electrostatic interaction compo-
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nent can be expressed as a sum of three terms
w x1,5]7 given by

D E DyE Ž .DG sDDG qDDG qDG 2ele sol sol int

where the superscripts D and E denote antibodies
D1.3 and E5.2, respectively; the term DDG cor-sol
responds to the loss of solute]solvent interaction
energy through the partial desolvation of the
electrostatically charged D and E on binding; and
DG is the electrostatic interaction energyint
between the two proteins in solvent water. The
electrostatic process of association is schemati-

w xcally depicted in Fig. 1 1,6 , and involves the
Ž .removal of the high dielectric solvent « froms

the space occupied by the binding partner and
replacing it with the low dielectric medium of the

Ž .protein « . The net solvation loss for each pro-p
tein is evaluated from the solvation interaction

w xfree energies 1

D DyE D Ž .DDG sDG yDG 3asol sol sol

E EyD E Ž .DDG sDG yDG 3bsol sol sol

where each reaction field is determined by bring-
ing the solvent boundary from infinity to the
solvent accessible surface of a given protein, i.e.

Ž . Ž . Ž .DG sG « ,« yG « ,« 4sol sol p s sol p p

The reaction fields DGDyE and DGEy D for thesol sol
associated states can be determined by setting the
atomic charges of the binding partner to zero
Ž . Ž .Fig. 1 . The DG term of Eq. 2 is evaluatedint
from the pair-wise Coulomb interaction

DyE D Ž . E Ž . Ž .DG s r r w r dn 5Hint

where w is the potential generated by the protein
E interacting with the bound protein D of charge
density r in volume n , and r is the position
vector. From a continuum representation, the

Ž . Ž . Ž .electrostatic free energies in Eqs. 3a , 3b ] 5
can be obtained from the electrostatic field po-
tential calculated by the linearized Poisson]
Boltzmann formula

2w Ž . Ž .x Ž . Ž . Ž . Ž . Ž .= « r =w r y« r k r w r q4pr r s0 6

w xFig. 1. Electrostatic process of molecular association 1,6 of
the D1.3 and E5.2 antibodies. The total electrostatic solvation
free energy is given by DDG and is the difference betweensol
reaction field energies, DG , calculated for bound and un-sol
bound proteins. The association process represents the re-

Ž .moval of the high dielectric medium of the solvent e and iss
Ž .replaced with the low dielectric medium of the protein e .p

Electrostatic interactions between the two proteins embedded
in the solvent medium is DG .int

where k is a function of the Debye length and
ionic strength of the bulk solution.

Ž .The non-polar contribution of Eq. 1 is parti-
tioned as

Ž .DG sDG qDG 7np vdW cav

with free energies arising from van der Waals
Ž .DG interactions and the hydrophobic effectvdW
Ž .solvent cavitation free energy, DG . The con-cav
tribution of the change in van der Waals interac-
tions at the interface of the complex can be
neglected by invoking an enthalpy]entropy com-

w xpensation phenomenon argument 6,9 . Simply
stated, the change in dispersion energy between
atoms making interactions at the interface of the
complex and atoms contacting water in the disso-
ciated state is equal to the loss in side-chain
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conformational entropy upon binding. This can-
cellation is given by

D H DyE y D H Dywtr qD H Ey wtr yTDS s0Ž .disp disp disp sc

Ž .8

where the quantities D H are the dispersiondisp
energies and the terms in parenthesis are the
interactions at the interfacial surface of the com-
plex with water in the dissociated state. Although

Ž .the assertion of Eq. 8 is physically sound, its
accuracy is difficult to gauge by simulation tech-
niques. An alternative is to assume that the dif-
ferences in van der Waals forces between the
bound and free states are likely to be small and,
moreover, their differentiation of the wild-type
and mutants is weak and embedded in the solvent

Ž .cavitation free energy see further below . In
combination with this alternative approach is to
estimate explicitly the changes in the side-chain
conformational freedom upon association by us-

w xing either an empirical scale 10 or the formula
w x5

Nbound Ž .TDS sRT ln 9sc ž /Nfree

where R is the universal gas constant, N andbound
N are the number of side-chain torsions avail-free
able in the bound and free state, respectively. For
the work reported here estimating the absolute
free energy of molecular association for the wild-

Ž .type complex, Eq. 8 will be applied. For compar-
w xison purposes with the work of Novotny et al. 5 ,

Ž .the entropic term using Eq. 9 will be imple-
mented for estimating changes in binding free
energies due to the alanine substitutions. Clearly

Ž .Eq. 8 is equally valid for the mutants, however,
Ž .the approach of Eq. 9 allows an evaluation of

the importance of explicitly incorporating the
side-chain entropic term and, as described later in
the paper, linear-scaling of the continuum model
permits a readjustment in the magnitude of this
contribution to the net free energy change.

Ž .For the cavitation free energy of Eq. 7 , the
following linear relationship is commonly used

Ž .DG sgD A 10cav

where on complex formation D A is the change in
either the molecular surface area or the solvent
accessible surface area, and g is the surface ten-
sion. It has been proposed by Jackson and Stern-

w xberg 6,11 that the molecular surface is a better
descriptor of the hydrophobic effect in continuum
modeling of protein]protein association. Ther-
modynamic arguments suggest that, unlike the
solvent accessible surface, the molecular surface
area yields a free energy independent of shape.
Thus for calculations of the D1.3]E5.2 antibody
complex, the molecular surface area was chosen
as the dependent variable and the corresponding
surface tension was set at the ‘macroscopic’ value

˚2 w xof gs69 calrmolrA 11 . Discussion of surface
tension values in the microscopic and macros-
copic regimes can be found in the papers of

w xHonig and co-workers 9,12 and Jackson and
w xSternberg 11 .

Ž .In evaluating Eq. 1 , two additional approxi-
mations are generally implemented in implicit
models. The first assumes from theoretical esti-
mates that the rotational and translational en-
tropy loss on complex formation is in the range of

w x7]15 kcalrmol 13]16 . This ansatz is typified in
w xthe recent works of Jackson and Sternberg 6 and

w xFroloff et al. 7 . A further approximation is to
neglect DG . This unfavorable energetic termstrain
can, in principle, be estimated from a conforma-
tional relaxation search by using molecular dy-
namics or Monte Carlo methods of the unbound
and bound protein structures. These calculations
are, however, problematic in conformational sam-
pling as well as eliminating crystallographic arti-
facts in obtaining reliable strain energies and
solvation free energies resulting from the confor-
mational changes during association.

2.2. Computational approach

The tertiary structure of the complex between
Žthe Fv fragments of D1.3 and E5.2 Brookhaven

.Data Base file 1dvf employed in the energy cal-
culations is illustrated in Fig. 2. Placement of the
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Fig. 2. Tertiary structure of the D1.3]E5.2 complex. Shown
Ž .are the a-carbon backbones of the variable light V chainsL

Ž .depicted as thin lines and the heavy V chains as thick lines.H
The zinc ion and crystal water molecules near the
protein]protein interface are also illustrated.

hydrogen atom coordinates was optimized by a
combination of molecular dynamics simulation
and energy minimization using the CFF91 molec-

w xular mechanics force field 17 . Heavy atoms of
the complex were fixed at their initial crystallo-
graphic positions during optimization. Molecular
dynamics was first performed for 1000 iterations
at a temperature of 300 K, followed by 500 cycles
of energy minimization using a steepest descent

˚algorithm. Force-field cutoffs were set at 5 A and
a distance-dependent dielectric constant of «s4 r
was applied.

In calculating the electrostatic free energies
implementing the above formalism, a finite-dif-

w xference Poisson]Boltzmann method 18,19 was
w xemployed by using the program DelPhi 20

Ž .Molecular Simulations, Inc.; release 95.0 . The
electrostatic potentials for each protein were cal-
culated by using the solvent accessible surfaces to

Ždefine regions of low dielectric medium modeled
.as « s4 embedded in a high dielectric solventp

Ž .water « s80 of ionic strength set at 0.145 M.s
Three model systems were investigated, each rep-
resenting different local environment descriptions
of the binding interface of the complex embedded
in the solvent continuum. The models included
Ž .1 interfacial region modeled without explicit

Ž .zinc ion or crystallographic waters, 2 zinc ion
explicitly included without crystallographic wa-

Ž .ters, and 3 no zinc ion but crystallographic wa-
ters.

The PARSE parameter set was used to repre-
w xsent the charges and atomic radii 21 . This in-

cluded modeling the explicit crystallographic wa-
ters with charges of y0.980 and 0.490 for oxygen
and hydrogens, respectively, and atomic radii of

˚1.4 and 1.0 A. Parameters for the interfacial zinc
ion were estimated and set at a charge of q2 and

˚radius of 1.4 A. DelPhi calculations were carried
out on a cubic grid of resolution 1.82 grid

˚ ˚pointsrA with a border spacing of 10.0 A.
Boundary conditions were set at full Coulombic
for all calculations. Dummy atoms were imple-
mented to retain an identical scale and position
on the grid for the complex and each individual
protein.

The cavitation free energy was determined by
w xthe Connolly algorithm 22 with the solvent probe

˚ ˚Ž .radius set at 1.4 A. Atomic radii in A were set at
Ž . Ž .depending on connecting atoms : C 1 H s1.85;

Ž . Ž . ŽC 2 H s1.90; C 3 H s1.95; C aromatic or
. Ž .carbonyl s1.80; C 1 H, aromatic s1.90; O

Ž . Ž . Žcarbonyl s1.60; O hydroxyl s1.70; N 0 or 1
. Ž . Ž .H s1.65; N 2 H s1.70; N 3 H s1.75; Ss

1.90; and Hs1.20.
For modeling alanine substitutions in the

D1.3]E5.2 complex, each mutant was constructed
from the wild-type crystal structure. No energy
minimization or molecular dynamics was per-
formed on the mutant structures. Calculations of
the electrostatic and cavitation free energies were
performed similar to that of the wild-type com-
plex. The side-chain entropic contribution was

Ž .estimated by solving Eq. 9 with a procedure
comparable to that suggested by Novotny et al.
w x5 .
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3. Results and discussion

In this section, the absolute binding free energy
for the wild-type complex is presented for the
model calculations and a comparison is made
with the experimentally determined value. This is
followed by a similar analysis of calculations on
16 single-site mutants.

3.1. Wild-type binding affinity

Table 1 shows the results for the calculated
Žtotal free energy of molecular association de-

.noted as DG , partitioned according to solva-calc
tion effects, protein]protein interactions, and the
hydrophobic effect. The term DDG representssol
the net solvation contribution to the binding
process from both proteins. Free energy estimates
are reported for TDS.

The calculations reveal that the simplest model
of ‘absorbing’ the explicit zinc ion or crystallo-
graphic waters into the solvent continuum pro-
vides a thermodynamic description that yields a
DG showing a physically reasonable estimatecalc
in the range of y16 to y24 kcalrmol. The

Ž .corresponding experimental value DG isexpt
y10.9 kcalrmol. It is further reassuring that when
a DG contribution is added to DG , thestrain calc
predicted absolute free energy would become
more positive and closer to DG . Depending onexpt
the plasticity of both proteins, DG will be lessstrain
than the free energy of unfolding, which is typi-

w xcally 5]20 kcalrmol for globular proteins 23,24 .
For calculations incorporating a zinc ion modeled
with an atomic charge of q2, DG is within thecalc
range of y8 to y16 kcalrmol and predicts a
better agreement with DG prior to the addi-expt

tion of the unfavorable DG . The differencestrain
between the two calculations is, as expected, due
to the electrical potential of the binding interface,
with the zinc ion contributing greater favorable
interaction energy, while at the same time, offset
in part by a larger desolvation cost. Note that
while the PARSE parameter set was developed
strictly to reproduce the transfer free energies of
amino acid side-chain and peptide backbone

w xanalogs 21 , calculations without a detailed
parametrization study of incorporating additional
moieties are still capable of providing a first-order
accurate approach to estimating the overall effect
of electrostatics on the binding affinity. Although
not a goal of the present study, a better determi-
nation of the charge of the zinc ion complexed
with side-chain ligands can be achieved through

w xab initio quantum mechanical calculations 25 .
Nonetheless, the error in DG for either modelcalc
system is comparable to errors reported by other
studies of various protein]protein and protein]
ligand complexes employing continuum models
w x6,7,26 .

In contrast with the first two model systems,
the calculation of incorporating crystallographic
waters shows a positive value for DG . Thiscalc
unfavorable free energy arises directly from an
increase in the solvation penalty of both proteins.
To bring the DG cost down in an attempt toele
obtain a more realistic DG in better agree-calc
ment with DG requires an increase in theexpt
so-called ‘protein dielectric constant’ from a value
of « s4 to approx. 7; a result that, in effect,p
reduces the overestimation of charge]charge in-
teractions plus the desolvation penalty of individ-
ual polar atoms. As discussed by Warshel and

w xco-workers 27,28 , and described further below,

Table 1
Comparison between the absolute free energy of association calculated using three structural models and the experimentally
determined value

aModel DDG DG DG DG TDS DG DGsol int ele cav calc expt

1 54.2 y24.6 29.6 y60.5 ;11"4 y20"4 y10.9
2 82.0 y44.1 37.9 y61.3 ;11"4 y12"4 y10.9
3 149.3 y86.7 62.6 y60.5 ;11"4 q13"4 y10.9

a Ž . Ž .Models are designated as 1 protein]protein interface without zinc ion or crystallographic waters; 2 interface with zinc ion but
Ž .without waters; and 3 interface containing only waters. Estimates are reported for TDS. Energy units are kcalrmol.



( )M.A. Olson r Biophysical Chemistry 75 1998 115]128 121

« is merely an adjustable parameter that repre-p
sents the contributions that are not treated ex-

Ž .plicitly i.e. gas phase with « s1 in continuump
models, rather than the true physical dielectric
constant of the protein and local environment.

It is interesting to note that while the calcula-
tions yielding realistic values for DG in Table 1calc
show the electrostatic contribution opposes bind-

Ž .ing DG )0 , the hydrophobic effect compen-ele
Ž .sates DG -0 , producing a favorable complex.cav

This thermodynamic offset predicted of macro-
w xmolecular complexes by continuum models 6,7,26

is also fundamentally similar to the results of
continuum analyses of hydrophilic interactions in-

w xvolved in protein folding 29,30 . Despite the im-
portance of the hydrophobic effect in the molecu-
lar association process, hydrophobicity con-
tributes little to molecular specificity. Rather in
general, specificity among different assembly con-
figurations occurs on an electrostatic free energy
surface that is unfavorable, and the configuratio-
nal sampling that takes place in nature searches
this surface for the net, minimum electrostatic
penalty.

3.2. Free-energy changes for mutants without zinc
ion or crystallographic waters

Table 2 presents the relative free energy
Ž .changes DDG determined for 16 single-residue

mutants of the D1.3]E5.2 complex with alanine
substitutions in the both the variable light- and
heavy-chains of the D1.3 antibody. The location
of each side-chain mutation within the native
crystal structure is illustrated in Fig. 3. Results for
DDG are presented first without either the zinccalc
ion or crystallographic waters, and discussion of
these two additional models will be deferred until
later in the following section. The free energies
are defined similarly as above, with the exception
of the entropic term, which is calculated only for
changes upon substitution in the side-chain tor-

Ž .sional freedom TDS . Also reported in Table 2sc
is the absolute difference between DDG andcalc
the experimental DDG .expt

The comparison of predicted DDGs with exper-
iment shows several values that are within 1.0

Žkcalrmol Y50A, W92A, T30A, D58A and

.D100A , while the remaining mutants display
large errors. The overall average absolute error of
the calculations is "2.2 kcalrmol, which is less
than the average error of "3.4 kcalrmol achieved

w xby Novotny et al. 5 in their study of 10 lysozyme
mutants of the HyHEL-10 complex. The differ-
ence of ;1 kcalrmol between the two set of
calculations is likely due to substitutions of side
chains predominately other than alanine in the
lysozyme complex. Presented in Fig. 4a is a scat-
ter plot of DDG vs. DDG , showing a corre-calc expt
lation coefficient of 0.5.

Many of the large errors observed in DDGcalc
can be reconciled with DDG if one considersexpt
the hydrophilicity of the cavities created from the
alanine substitutions. The question becomes the
following: are these cavities from mutations hy-
drated, and if they are not, can a simple consis-
tent model be developed that reduces the over-
estimation of desolvation energetics? A number
of factors are thought to stabilize buried water
molecules, including polarization, entropy, and
hydrogen bonding. Clearly, in a mean-field ap-
proach these factors are absorbed into the im-
plicit description of the proteinrsolvent dielectric
boundary. A simple continuum model to test the
hydrophilicity of the cavities is to construct a
constant dielectric boundary for mutants equiva-
lent to the wild-type protein. This idea is illus-
trated in Fig. 5 for the wild-type and the light-
chain mutant Y32A. The depicted mesh shown
Ž . Ž .Fig. 5a for the wild-type protein colored white

Žrepresents the molecular surface or alternatively,
.the solvent accessible surface and hence the pro-

teinrsolvent dielectric boundary. Whereas for
Ž .Y32A Fig. 5b , the mesh represents only the

molecular surface for calculating the hydrophobic
effect, but the dielectric boundary separating «p
and « for electrostatics remains the same as thes
wild-type structure. In effect this fills the empty
cavity with « , rather than « .p s

Results for DDG from this ‘constant dielec-calc
Ž .tric const-« boundary’ model are listed in Table

2 and clearly show an improvement in several
mutants as compared with the solvent accessible

Ž .surface dielectric SAS-« boundary calculations.
Overestimates in DDG are significantly reducedsol
for light-chain mutants Y32A, Y49A, Y50A, and
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Table 2
aRelative free energy changes for D1.3 mutants

Mutant DDG DDG DDG TDS DDG DDG Differencesol int cav sc calc expt

Sol̈ ent accessible surface dielectric boundary
Light chain

H30A y0.2 y0.1 0.1 0.0 y0.2 1.7 1.9
Y32A y5.1 1.6 2.3 0.0 y1.2 2.0 3.2
Y49A y1.3 y0.6 1.9 0.0 0.0 1.7 1.7
Y50A y2.0 0.9 0.9 0.0 y0.2 0.7 0.9
W92A y2.7 1.0 2.9 0.0 1.2 0.3 0.9
S93A 0.0 y0.1 0.0 0.0 y0.1 1.2 1.3

Heavy chain
T30A y0.3 0.0 0.2 0.0 y0.1 0.9 1.0
Y32A y0.7 y0.1 0.0 0.0 y0.8 1.8 2.6
W52A y3.8 1.5 3.7 0.0 1.4 4.2 2.8
D54A y1.3 3.0 0.8 y0.4 2.1 4.3 2.2
N56A y0.7 0.1 0.8 y0.4 y0.2 1.2 1.4
D58A y1.5 3.6 0.2 0.0 2.3 1.6 0.7
E98A 2.2 8.1 1.3 0.0 11.6 4.2 7.4
R99A y2.7 1.0 2.5 0.0 0.8 1.9 1.1
D100A y1.2 4.8 0.6 y1.3 2.9 2.8 0.1
Y101A y6.7 2.7 3.0 0.0 y1.0 4.0 5.0

Constant dielectric boundary
Light chain

H30A y0.2 0.1 0.1 0.0 0.0 1.7 1.7
Y32A y1.2 1.0 2.3 0.0 2.1 2.0 0.1
Y49A y0.6 y1.0 1.9 0.0 0.3 1.7 1.4
Y50A y0.6 0.1 0.9 0.0 0.4 0.7 0.3
W92A y0.4 0.6 2.9 0.0 3.1 0.3 2.8
S93A 0.0 0.0 0.0 0.0 0.0 1.2 1.2

Heavy chain
T30A y0.3 0.0 0.2 0.0 y0.1 0.9 1.0
Y32A y0.2 0.0 0.0 0.0 y0.2 1.8 2.0
W52A y0.2 0.4 3.7 0.0 3.9 4.2 0.3
D54A y1.7 3.0 0.8 y0.4 1.7 4.3 2.6
N56A 1.0 0.1 0.8 y0.4 1.5 1.2 0.3
D58A y1.5 3.6 0.2 0.0 2.3 1.6 0.7
E98A 0.4 8.1 1.3 0.0 9.8 4.2 5.6
R99A y0.6 1.1 2.5 0.0 3.0 1.9 1.1
D100A y0.5 4.6 0.6 y1.3 3.4 2.8 0.6
Y101A y1.7 1.8 3.0 0.0 3.1 4.0 0.9

a Calculations performed employing the continuum model without zinc ion or crystallographic waters. Energy units are kcalrmol.

for heavy-chain W52A, Y32A, N56A and Y101A;
thus suggesting that the created cavities for these
substitutions are more hydrophobic than hy-
drophilic. An example of the improvement is the
light-chain Y32A, exhibiting a change from
DDG of y1.2 to q2.1 kcalrmol, while DDGcalc expt
is 2.0 kcalrmol. This model failed for several

Ž .mutants most notably the light-chain W92A and

for others was relatively insensitive to changes in
the treatment of the dielectric boundary. The
overall performance of the model is a reduction
in the average absolute error, now showing a
value of "1.4 kcalrmol. Collecting the most ac-
curate calculated free energies from the two di-

Ž .electric models a ‘hybrid’ approach yields an
average error of "1.2 kcalrmol. The correspond-
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Fig. 3. Molecular representation of the D1.3 antibody showing
the location of amino acid side-chains replaced with alanines.

Ž . Ž .The light chain L is colored blue and the heavy chain H is
gold.

ing scatter plot for this hybrid analysis is shown in
Fig. 4b, where the filled circles represent the
predicted hydrophilic cavities of W92A, D54A
and D100A by using the SAS-« boundary model.
The correlation coefficient for this system is now
0.7. Given the many caveats of the calculations, in
particular, the rigid-body assumption, the ability
to reproduce DDG within an accuracy toler-expt
ance of roughly less than 1.5 kcalrmol is very
encouraging.

Applying the premise that the protein dielectric
constant is an adjustable parameter that smears
or averages out the explicit electrostatic details of
the molecule into a homogenous dielectric cont-
inuum medium, it is possible to fit DDG usingexpt
« , and in fact, all three free energy terms can bep
scaled according to

Ž .DDG sj DDG qj DDG qj TDS 11expt 1 ele 2 cav 3 sc

where the variables j are fitting parameters using
w xa Marquardt]Levenberge algorithm 31 . Values

for DDG , DDG and TDS are taken fromele cav sc
Table 2. New continuum parameters for « and gp
are calculated from j and j . Fitting either the1 2

Fig. 4. Scatter plots showing comparisons between the calcu-
lated free changes for the mutants vs. the experimental values.
Ž .a Calculations with the solvent accessible surface dielectric

Ž .boundary. b Combined calculations with the constant dielec-
Ž .tric boundary model ` plus three hydrophilic mutants using

Ž .data from the above plot v . Data for the mutant E98A is
located off scale.

const-« boundary model or the hybrid data ex-
tracted from both models yields an « in thep

˚2range of 9]10, a value for g of 65]68 calrmolrA ,
and a conformational entropic term of zero. This
fitted entropic value is tantamount to assuming
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Ž .Fig. 5. Molecular surface and the dielectric boundary. a
Ž .Wild-type complex showing the molecular surface mesh of
Žthe D1.3 light chain centered around residue Y32 colored

.yellow packed against neighboring residues of both anti-
Ž .bodies. b Light-chain mutant Y32A illustrating the cavity

created from the alanine substitution. The molecular surface
for Y32A is given by the white mesh, while the dielectric
boundary is the same as the molecular surface shown above
for the wild-type protein.

the enthalpy]entropy compensation pheno-
menon. It is noteworthy that given the range in

w xthe literature on choosing a value for g 9,11,12 ,
the value obtained from fitting is nearly equiva-

˚2lent to the initial value of 69 calrmolrA , and
˚2not the ‘microscopic’ range of 20]25 calrmolrA ,

which is typically applied in continuum modeling
w xusing solvent accessible surface areas 32 . The

quality of the fit for the hybrid approach is an
average absolute error of "1.0 kcalrmol, with a
correlation coefficient remaining at roughly 0.7.
The scatter plot for this analysis is displayed in
Fig. 6 and shows a much smaller error for E98A
than calculated from either of the two models.
Fitting the SAS-« boundary model yields an « ofp

˚213, g of 84 calrmolrA , and zero for entropy.
The average error for this model is now at "1.1
kcalrmol and a correlation coefficient of 0.6 is
obtained. A fitted « in the range of 9]10 is veryp
similar with the fitting calculations reported by

w x ŽNovotny et al. 5 , while their value for g ;42
˚2 .calrmolrA is significantly lower than found

here. The initial value for g employed in their
˚2calculations was set at 70 calrmolrA , and the

observed reduction may be needed to account for
possible structural reorganization of the lysozyme
complex due to substitutions. These workers also
found that increasing the conformational entropy
penalty was needed to obtain a proper fit. Despite
these differences, the consistent values obtained
for « by both studies of completely differentp

Fig. 6. Scatter plot for calculations fitting the free energy
function using the constant dielectric boundary model.



( )M.A. Olson r Biophysical Chemistry 75 1998 115]128 125

Žprotein complexes although, perhaps similar
.atomic complementarity due to lysozyme cer-

tainly suggests a common value for scaling the
electrostatic interactions when applied to contin-
uum models evaluating protein mutations. How-
ever, it will be shown below that including the
zinc ion requires even greater effective damping
of the charge]charge interactions.

3.3. Effect of incorporating zinc ion or
crystallographic waters

Table 3 presents values for DDG determinedcalc
for the model system of incorporating the zinc ion
into the protein]protein interface using both di-
electric boundary treatments described above. The
zinc ion is bound by the heavy-chain D1.3 residue

Table 3
Relative free energy changes for D1.3 mutants calculated by the continuum model incorporating the zinc ion but without
crystallographic waters

Mutant DDG DDG DDG TDS DDG DDG Differencesol int cav sc calc expt

Sol̈ ent accessible surface dielectric boundary
Light chain

H30A y0.2 0.1 0.1 0.0 0.0 1.7 1.7
Y32A y7.6 2.7 2.3 0.0 y2.6 2.0 4.6
Y49A y4.5 y0.5 1.9 0.0 y3.1 1.7 4.8
Y50A y7.5 2.5 0.9 0.0 y4.1 0.7 4.8
W92A y2.9 1.0 2.9 0.0 1.0 0.3 0.7
S93A 0.0 y0.1 0.0 0.0 y0.1 1.2 1.3

Heavy chain
T30A y0.3 y0.1 0.2 0.0 y0.2 0.9 1.1
Y32A y1.0 y0.1 0.0 0.0 y1.1 1.8 2.9
W52A y3.8 0.5 3.7 0.0 0.4 4.2 3.8
D54A y1.3 3.6 0.8 y0.4 2.7 4.3 1.6
N56A y0.7 0.1 0.8 y0.4 y0.2 1.2 1.4
D58A y1.5 4.0 0.2 0.0 2.7 1.6 1.1
E98A 2.2 10.7 1.3 0.0 14.2 4.2 10.0
R99A y3.4 y1.8 2.5 0.0 0.8 1.9 1.1
D100A y6.0 30.1 1.3 y1.3 24.1 2.8 21.3
Y101A y7.8 3.6 3.0 0.0 y1.2 4.0 5.2

Constant dielectric boundary
Light chain

H30A y0.2 0.1 0.1 0.0 0.0 1.7 1.7
Y32A y1.2 0.9 2.3 0.0 2.0 2.0 0.0
Y49A y0.6 y2.1 1.9 0.0 y0.8 1.7 2.5
Y50A y0.6 0.3 0.9 0.0 0.6 0.7 0.1
W92A y0.4 0.6 2.9 0.0 3.1 0.3 2.8
S93A 0.0 0.0 0.0 0.0 0.0 1.2 1.2

Heavy chain
T30A y0.3 y0.1 0.2 0.0 y0.2 0.9 1.1
Y32A y0.2 y0.1 0.0 0.0 y0.3 1.8 2.1
W52A y0.2 0.5 3.7 0.0 4.0 4.2 0.2
D54A y1.7 3.6 0.8 y0.4 2.3 4.3 2.0
N56A 1.0 0.0 0.8 y0.4 1.4 1.2 0.2
D58A y1.5 4.1 0.2 0.0 2.8 1.6 1.2
E98A 0.4 10.7 1.3 0.0 12.4 4.2 8.2
R99A y0.6 y2.5 2.5 0.0 y0.6 1.9 2.5
D100A y0.8 30.9 1.3 y1.3 30.1 2.8 27.3
Y101A y1.7 2.2 3.0 0.0 3.5 4.0 0.5
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D100 and two protein side chains of E5.2 plus a
water molecule. Calculations employing the SAS-«
boundary model show significant errors in
DDG , with the largest being, as expected, thatcalc
of D100A. The average absolute error for this
model is significant at "4.2 kcalrmol. For the
const-« boundary model, the difference between
DDG and DDG improves somewhat,calc expt
showing a "3.4 kcalrmol average error, but falls
far short in terms of accuracy as compared with
the non-zinc ion calculations.

Ž .Using Eq. 11 , both models were fitted to
DDG yielding an « in the range of 40]47,expt p

˚2and g of 69]77 calrmolrA . As found above, the
conformational entropy was set at zero. Both
models returned an average absolute error of
"1.1 kcalrmol, although the correlation coeffi-
cients obtained were only 0.5. It appears that
fitting either model shows no advantage of one
over the other. Fig. 7 presents the comparison
between DDG and DDG when using thecalc expt
SAS to calculate the dielectric boundary. The
much larger increase observed in the fitted «p
obtained from including the zinc ion is not sur-
prising, and is simply an effect of overcompensat-

Fig. 7. Scatter plot for fitting calculations incorporating the
interfacial zinc ion using the solvent accessible surface dielec-
tric boundary model.

ing for solvation and interaction energetics of the
stronger electrical potential. As for the larger
values in the fitted « parameters compared withp
those employed in determining the absolute bind-

Ž .ing free energy Table 1 , calculations on the
various mutants lack reorganization of the perma-
nent dipoles found initially in the wild-type pro-
tein, thus requiring a greater « than the initialp
value of 4.

Finally, listed in Table 4 are DDG de-calc
termined for the complex with interfacial crystal-
lographic waters. In the initial structure, several
buried waters were hydrogen bonded with side

Žchains of residues replaced with alanines light
chain Y32A, and heavy chain T30A, N56A and

.Y101A ; consequently, upon substitution, these
waters are thought to be removed. Overall, in-
cluding crystal waters increases the magnitude of
error in the calculations, and only marginally

Žimproves several mutants H30A, W92A, S93A of
the light chain, and D54A and Y101A of the

.heavy chain . Fitting the free energy function
˚2yields « s37 and gs87 calrmolrA , and pro-p

duces an absolute error of "1.2 kcalrmol with a
correlation coefficient of 0.5. In contrast with the
other models, the discontinuity in the molecular
surface introduced by the crystal water molecules
now shows the largest fitted g value.

4. Conclusion

The mean-field analysis of the D1.3]E5.2 anti-
body]antibody complex presented in this paper
indicates that the application of continuum meth-
ods for estimating binding free energies is sensi-
tive to the treatment of interfacial ions and crys-
tal water molecules. Moreover, the modeling of
interfacial mutations suggests that the hy-
drophilicity of cavities created from alanine sub-
stitutions play an important role in determining
realistic free energy changes. The overall success
of continuum models clearly depend on a priori
values of « and g . Although a reasonable abso-p
lute binding free energy was obtained with « s4,p
the best results for substitutions were achieved
when « was scaled to ;10. This scaled « isp p
larger than the range of 2]5 commonly used in
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Table 4
Relative free energy changes for D1.3 mutants calculated by the continuum model incorporating only crystallographic waters and
employing the solvent accessible surface dielectric boundary

Mutant DDG DDG DDG TDS DDG DDG Differencesol int cav sc calc expt

Light chain
H30A y0.2 0.1 0.1 0.0 0.0 1.7 1.7
Y32A y14.5 3.5 2.3 0.0 y8.7 2.0 10.7
Y49A y2.2 y0.6 1.9 0.0 y0.9 1.7 2.6
Y50A y5.9 1.2 0.9 0.0 y3.8 0.7 4.5
W92A y4.0 1.2 2.9 0.0 0.1 0.3 0.2
S93A 0.0 y0.1 0.0 0.0 y0.1 1.2 1.3

Heavy chain
T30A y1.1 y0.2 0.2 0.0 y1.1 0.9 2.0
Y32A y2.2 0.0 0.0 0.0 y2.2 1.8 4.0
W52A y4.7 1.4 3.7 0.0 0.4 4.2 3.8
D54A y3.1 4.8 0.8 y0.4 2.1 4.3 2.2
N56A y4.0 0.3 0.8 y0.4 y3.3 1.2 4.5
D58A y2.4 5.7 0.2 0.0 3.5 1.6 1.9
E98A 1.6 11.4 1.3 0.0 14.3 4.2 10.1
R99A y4.9 2.7 2.5 0.0 0.3 1.9 1.6
D100A y4.3 8.5 0.6 y1.3 3.5 2.8 0.7
Y101A y18.8 3.1 3.0 0.0 y12.7 4.0 16.7

continuum models and underscores the notion
that the ‘protein dielectric constant’ represents
the contributions that are not treated explicitly.
Possible universality in « for evaluating substitu-p
tions in protein]protein complexes may be near
the value of 10, albeit it undoubtedly depends on
the electrical potential of the interface, as
observed from calculations incorporating the zinc
ion. Additionally, the magnitude of « will varyp
according to the amount of electrostatic reorgani-

Žzation incurred from mutations rigid body vs.
.conformational relaxation . Scaling the parameter

˚2g in the range of 65]68 calrmolrA gave the
best reproduction of experimental data. Without
empirically fitting the free energy function, in-
cluding the zinc ion or crystal waters reduces the
accuracy of reproducing the experimental data.
Once the mean-field parameters are determined,
continuum calculations provide meaningful physi-
cal insights into the interactions occurring at the
interface and the origins of variations in DDG
values.
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