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Abstract

Macromolecular association is an integral component of numerous cellular and technologically relevant processes.
Most molecular theories of such association neglect the explicit solvent structure and rely on continuum concepts
such as surface energies for calculating short-range interactions. We present a new such method for calculating the
non-electrostatic component of the interaction-free energy, based on formalisms for calculating dispersion interac-
tions between macromolecules. The interactions are separated into a short-ranged component that is treated
atomistically, and a longer range component that is treated within the continuum Lifshitz]Hamaker approach. This
description avoids the singularities inherent in the continuum dispersion formulation, and its effectiveness in
characterizing the shape complementarity between interacting surfaces is shown to be comparable to that of surface
area-based methods of similar parametric complexity. An advantage of the new method is that it allows facile
calculation of the interaction free energy as a function of intermolecular separation, including steric effects; this
makes it suitable for use in simulations of protein solutions. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Macromolecular association mediates pheno-
mena such as protein]nucleic acid and

U Corresponding author. Fax: q1-302-831-4466; e-mail:
lenhoff@che.udel.edu

1Present address: Lyondell Inc., P.O. Box 38007, So. Char-
leston, WV 25303, USA.

protein]protein binding that are critical to the
integrity of the cellular structure. In some in-
stances, though, macromolecular association is
detrimental to the organism, as in the case of
b-amyloid plaque formation. From a technologi-
cal perspective, macromolecular association facili-
tates numerous separation processes; crystalliza-
tion of proteins is one example, and is also impor-
tant in characterizing the macromolecule itself.
Thus, understanding macromolecular association
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is an essential step in understanding numerous
cellular and technologically relevant processes.

Macromolecular interactions are governed
principally by non-covalent interactions arising
from a limited set of fundamental interactions
that are understood fairly well at the level of

w xindividual atoms 1 . Attempts to understand such
associations at a molecular level are, to a large
extent, limited by our understanding of how the
collection of atoms comprising the macro-
molecules interacts with the usual aqueous
medium, where the presence of the hydrogen
bonded structure of water adds an additional
level of complexity. In principle, the system com-

Ž .prising the solutes macromolecules and the
medium can be described by considering the in-
teraction of each atom with all other atoms com-
prising the system. In practice, though, such an
approach is infeasible for all but very small sys-
tems. Thus, there is a need for simplified repre-
sentations of the macromolecular interactions in
the solvent, retaining physical realism to the
greatest extent possible.

The interaction between two protein molecules
can be considered by accounting for different
contributions to the interaction free energy. The
non-electrostatic contributions are typically van

Ž .der Waals dispersion interactions and the free
energy changes associated with the modification
of the water structure and its influence on the
solute]solute interaction. The electrostatic con-
tributions, including to some degree hydrogen
bonding effects, are typically considered within
the framework of the macroscopic Poisson and

w xPoisson]Boltzmann equations 2,3 . The elec-
trostatic contributions are fairly well-understood
and have been used to describe numerous molec-
ular phenomena with considerable success; for
example, protein interactions in biological

w xprocesses 3,4 , electrostatic contributions to sol-
w x w xvation 4,5 , pK shifts of amino acid residues 6,7 ,

and electrostatically driven protein adsorption
w x8,9 are some of the diverse phenomena that
have been adequately described using continuum
electrostatics. The non-electrostatic interactions,
on the other hand, have proven to be much more
difficult to treat theoretically, but it is precisely
these interactions that are expected to dominate

the interaction between macromolecular solutes
˚Ž .at very small separations <10 A .

Among the short-range interactions, such as
van der Waals and solvation interactions, van der
Waals interactions are the best understood. The

Žvan der Waals interactions comprise Keesom di-
. Ž .pole]dipole , Debye dipole-induced dipole and

w xLondon dispersion interactions 10 . The most
important amongst these, for the usual case of
atomic groups with permanent dipole moments
less than approximately 1 debye, is the London
dispersion interaction, which arises due to the
correlated fluctuation of electron density in the
interacting atoms.

At the atomic level van der Waals interactions
between atoms i and j are usually described by

Ž .the Lennard]Jones LJ form

12 6s si j i j Ž .U s4e y , 1i j i j ž / ž /r ri j i j

which captures the attractive nature of the van
der Waals interactions via the sixth power depen-
dence, and the very short-range Born repulsion
due to the overlap of electron clouds via the 12th

w xpower dependence 1,10 . Here ye is the mini-i j
mum interaction energy and s is the collisioni j
diameter. In describing a collection of non-bonded
atoms using the LJ form of dispersion interac-
tions, the approximation of pairwise additivity is
usually made. Within this approximation the in-
teraction of atom pairs is described by the above
equation, but the influence of other atoms on
their interaction is neglected.

The other short-range interaction, the solvent-
mediated interaction, is less well understood. Such
interactions arise due to changes in the structure
of the solvent as the separation between the
macromolecules is varied. The macromolecules
themselves may be driven to associate due to the
resulting decrease in the free energy of the sol-

Ž .vent hydrophobic association , or the macro-
molecular association due to purely dispersion
interactions may change the solvent structure,
which in turn influences the macromolecular in-
teraction. In any case, the important physical
picture that emerges is one of a cooperative inter-
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action among numerous solvent molecules and
the solute molecules.

In general, if one were to consider the descrip-
tion of solute atoms and solvent atoms in a simu-
lation box, the LJ description would still be as-
sumed to hold for the pairwise interaction
between the constituent atoms. As mentioned
earlier, however, such a description is infeasible
for macromolecular systems as the number of
solvent molecules required for describing the sys-
tem would be orders of magnitude greater than
the number of solute atoms. To circumvent this
problem, approaches treating the solvent implic-
itly as opposed to atomistically have evolved. If
one considers the insertion of a small apolar
solute into water, it is intuitively reasonable to
expect the solvation to be proportional to the
energy required to create a cavity of an appropri-
ate size in water. This leads to the expectation
that the solvation energy should scale with the
solvent-accessible surface area. This reasoning has
been found to be true in the case of small molec-

w xular solutes 11,12 ; the molecular basis for this
phenomenological model of relating the solva-
tion-free energy to the surface area of the solute

w xcan be found in the scaled particle theory 13,14
Ž w xsee also Hummer and Garde 15 for a develop-

.ment based on perturbation theory .
Ž .Based on this accessible surface area ASA

dependence of solvation, numerous procedures
have been developed that have attempted to in-
clude the molecular characteristics in describing
macromolecular solvation, notable among them
being the solvation models of Eisenberg and

w x w xMcLachlan 16 and of Ooi et al. 17 . In either
model, the change in free energy F for the process
of solvation is approximated as a sum of atomic
terms

Ž .D Fs g A 2Ý i i
i

where the areas A are the solvent-accessiblei
areas and the g ’s are the appropriate atomici

Ž . Žsolvation parameters ASPs . We use the symbol
F throughout to denote the free energy; the
Gibbs and Helmholtz free energies are essentially

.equivalent in the systems of interest here. The

difference in ASP between the models is due to
the different processes considered: Eisenberg and
McLachlan consider the transfer of a protein side
chain from the protein interior to water, whereas
Ooi et al. consider the transfer from air to water.
In these formulations, the effects of charges are
usually included in the ASP. In cases where the
electrostatic interactions are treated separately,
the ASPs reflect just the non-polar contributions

w xdue to the constituent atoms 18 .
If this analysis is extended to binding of solutes

in solvent, the binding can be described by the
changes in ASA upon binding, scaled by the ap-
propriate ASPs. This procedure can be further
refined by partitioning the interaction free energy
into a suitably weighted sum of polar and non-
polar contributions, each of which is calculated as
a change in ASA scaled by the appropriate ASP
w x19 . Similar ideas are used in analyzing the ener-
getics of protein folding. There are other mea-
sures that can be used to describe macromolecu-

w xlar binding, for example the ‘gap index’ 20 , which
is a ratio of the volume enclosed between the two
molecules and the interfacial ASA; thus, the lower
the gap index, the greater the complementarity of
surfaces, and hence the greater the binding
strength.

There are several concerns regarding the im-
plementation of such approaches; for example,
the size dependence of the solvation free energy

w xof individual macromolecules 21]23 , and incon-
sistencies among the atomic solvation parameter

w xsets themselves 24 . Despite these unresolved
issues, procedures describing macromolecular
binding based on changes in ASA should be seen
mainly in terms of the dependence of the strength
of binding on the geometric characteristics of the
interface, particularly scaling with quantities that
measure complementarity of the interfaces. As
early as 1940, Pauling and Delbruck recognized¨
such complementarity as an important determi-
nant of the ‘specific attraction of molecules and

w xthe enzymatic synthesis of molecules’ 25 .
Despite its successful use in various contexts,

the validity and utility of the ASA approach can
be questioned in several respects. Within this
formalism the macromolecular interactions are
determined purely by the solvent-exposed atoms,



( )D. Asthagiri et al. r Biophysical Chemistry 78 1999 219]231222

and the contribution of atoms that are just below
Žthe surface is largely neglected we are assuming

.that macromolecules associate as rigid bodies . As
can be seen from the LJ expression, this contribu-
tion need not be negligible. The ASA-based ap-
proach is also not fully satisfactory in computing
the interaction free energy of macromolecules at
various separations, as would be required, for
example, in a dynamic simulation of macromolec-
ular association. Firstly, there is no steric compo-
nent in the description to prevent overlap. Sec-
ondly, at contact, the ASP should reflect the
energy of transfer from water to the protein inte-
rior, but before molecular contact in the region
where solvent is excluded, the ASP should reflect
transfer from water to vacuum. Thus, using the
same ASP at all separations may be inappropri-
ate, although some authors have used this ap-

w xproach 26,27 . In such cases, the ASP should be
regarded as an empirical model parameter, and
no physical process of transfer between phases
should be ascribed to it.

In this communication we present an alterna-
tive method for calculating interaction energies
that also treats solvent effects implicitly, but that
addresses some of the issues addressed above.
This method is based on the descriptions used for
van der Waals interactions, but in a form
reparameterized empirically to account for other
short-range interactions, such as solvation, as well.

2. Theory and model formulation

As discussed earlier, the van der Waals ap-
Ž Ž ..proach utilizing the LJ formulation Eq. 1 re-

quires the atomistic description of all atoms
comprising the system. An alternative formula-
tion of dispersion interactions is via the Lifshitz]

w xHamaker approach 28 . This approach is valid
for calculating the dispersion interaction between
macromolecular solutes when the medium and
the macromolecules can be treated as continua,
i.e. at macromolecular separations large enough
that the medium is essentially a bulk solvent and
the local atomic details of the macromolecule are

Ž .inconsequential. This usually attractive interac-
tion is described in terms of the interaction free
energy D F by12

A 1132 Ž .D F sy d¨ d¨ 3H H12 1 22 6p r¨ ¨ 121 2

where r is the distance between two volume12
elements d¨ and d¨ in the two macromolecules1 2
1 and 2, and A is the Hamaker constant, which132
depends on the material properties of the two
macromolecules and the intervening medium. The
Hamaker constant is most rigorously calculated
based on the continuum Lifshitz theory, using
dielectricrabsorption data for the various media
w x28 . The calculated protein]vacuum]protein in-
teraction Hamaker constant is 23.4 kT , and the
protein]water]protein Hamaker constant is 3.1

w x ŽkT 29 k is the Boltzmann constant, and T is
.the absolute temperature . Thus the role of the

Ž .solvent is accounted for in Eq. 3 via the value
used for the Hamaker constant.

Ž . Ž .As is evident from Eqs. 1 and 3 , the disper-
sion interactions are extremely short-ranged.

Ž .However, in Eq. 3 there is no allowance for
Žmacromolecular contact via the Born repulsion

.term, for example . This leads to the mathemati-
cal breakdown of the continuum formulation at

Ž .very short-range, and at contact r s0 the in-12
teraction free energy diverges to y`. Further-
more, the continuum assumption underlying Eq.
Ž .3 breaks down for the parts of the two macro-
molecules that are closest together.

The LJ description does not suffer from the
singularities inherent in the Lifshitz]Hamaker
approach, but it suffers from the need to include
solvent molecules explicitly. Thus, although Eqs.
Ž . Ž .1 and 3 are intended to describe the same
physical behavior, the two treatments are not
easily reconciled, but the form of the equations
suggests an ad hoc marriage. In this new hybrid
method, the LJ formulation is used at short-range,
where the Lifshitz]Hamaker approach is ex-
pected to fail, and the Lifshitz]Hamaker ap-
proach is used at long-range, where the solvent
may be adequately described as a continuum.

Completing the description requires specifica-
tion of both arbitrary and empirical parameters
that account for the relative merits and short-
comings of the two contributions. Firstly, the de-
marcation of short- vs. long-range is based on the
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˚Ž .diameter of a water molecule approx. 3 A . When
the interacting surfaces are closer than approxi-

˚mately 3 A, the atomic groups comprising the
surfaces are essentially interacting across a vac-

Žuum. Groups that are separated by surface-to-
˚.surface distances greater than 3 A can do so

across at least one water molecule. Thus the LJ
formulation is used for parts of the molecules

˚closer than 3 A surface-to-surface separation, and
the Lifshitz]Hamaker approach as applied to re-

w xalistic protein shapes 29 , with a Hamaker con-
Ž .stant of 3.1 kT , for all other groups Fig. 1 . As

the implementation of a surface-to-surface delin-
eation is less efficient computationally than speci-
fication of center-to-center separations, the sepa-

˚ration can be equivalently specified by a 6-A
center-to-center distance, based on the van der

ŽWaals diameters of C, N, and O atoms in the
˚.range of 3.0]3.4 A . Secondly, the e and s

parameters for the LJ formulation can be taken
from any molecular mechanics parameter set; in
our treatment, we use the OPLS parameter set
w x30 , as this has been specially developed for
peptides and small organic molecules.

Finally, a means to reconcile the continuum
Hamaker and the atomistic LJ methods is re-
quired. Within the Hamaker approach at long-
range, the role of solvent is predominantly that of
modulating the protein]protein dispersion inter-

Fig. 1. Schematic showing the atomistic LJ and continuum
Lifshitz]Hamaker approaches based on demarcation of short-
and long-range between atom pairs. The shaded part repre-
sents the region where water is present, and the unshaded
part represents the region sterically inaccessible to water.

actions, and this is adequately captured by the
protein]water]protein Hamaker constant. The LJ
interaction at short-range is deficient in not ac-
counting for solvent effects at all. However, we
postulate that because of the strong geometric
dependence of the short-range interactions, the
LJ approach correctly captures the trends in the
interaction energy, but we include an empirical
parameter a to correct the magnitude empiri-
cally.

The final form of our non-electrostatic con-
Ž .tribution D F to the potential of mean force,ne

used at all separations, is thus

Ž .D F sD F qaD F 4ne Ham LJ

where D F and D F represent the contribu-Ham LJ
tions of atom pairs described by the
Lifshitz]Hamaker equation and by the LJ equa-
tion, respectively.

The electrostatic contribution to the binding
free energy, D F , is modeled by solving theelec
continuum Poisson equation for the potential in
the protein interior and the linearized
Poisson]Boltzmann equation for the potential in

w xthe exterior aqueous solution 3,4,31 . As in the
case of the non-electrostatic component, the sol-
vent is described as a continuum with a high

Ž .dielectric constant s80 . In a continuum sol-
vent, all solvation effects attributable to elec-
trostatics alone are implicitly described by this
formulation. Specifically, for example, if some
charged groups are buried in the interface in the
binding process, the desolvation penalty would be
reflected as a positive contribution to the elec-
trostatic component of the interaction free en-
ergy. For a spherical solute with a net charge at
its center, the above formulation leads to the
Born solvation model, if the dielectric constant of
the solute is taken to be 1.

The final form of the overall calculated binding
free energy is then of the form

D F sD F qD F qD Fcalc ne elec ent

Ž .saD F qD F qD F qD F 5LJ Ham elec ent

D F is the free energy loss due to entropicent
effects, arising from the reduction in the transla-



( )D. Asthagiri et al. r Biophysical Chemistry 78 1999 219]231224

tional and rotational degrees of freedom upon
binding and the concomitant changes in the vi-
brational modes and degrees of freedom upon
binding. This contribution is difficult to calculate
directly, but has been variously estimated as 6.2

w x w xkcalrmol 19 , 7]15 kcalrmol 32 , 20 kcalrmol
w x w x33 and 15 kcalrmol 34,35 , all based on a 1 M
standard state. In this study, we estimate its value
empirically.

To summarize, our formulation has two ad-
justable parameters, a and D F . Their valuesent
are determined by fitting the calculated binding
free energy D F to the corresponding experi-calc
mental value D F for representative macro-expt
molecular binding pairs.

3. Methods

3.1. Electrostatics

Electrostatic interactions in proteins arise from
the ionizable sites on amino acid residues, with
the charge at each of these sites being dependent
on the solution pH. As mentioned above, these
interactions are modeled within the macroscopic
Poisson equation for the protein interior and the
linearized Poisson]Boltzmann equation } the
Debye]Huckel approximation } for the poten-¨
tial in the exterior aqueous electrolyte medium.
Charges are assigned to ionizable side chains

w xusing intrinsic pK values 36,37 , with the charge
locations and the molecular geometry obtained
using the atomic coordinates from the Protein

Ž .Data Bank PDB . The governing electrostatic
equations are then solved using the boundary

w xelement technique 31,38]40 . The electrical po-
tential calculated in this way is used to compute
the electrostatic contribution to the binding free

w xenergy 40 .
Although it is possible to describe the molecu-

w xlar geometry accurately 8,40 , in this work we
have adopted a simplified geometrical representa-
tion of the protein for reasons of computational
efficiency. The protein molecules are represented

Ž .as spheres of low dielectric constant s4 , with
the radii scaled according to their molecular
volumes. The angular distribution of charges is
similar to that in the protein, but the radial

positions are scaled such that the distance of each
charge below the dielectric interface is similar to
that in the actual protein, which for most charges

˚is approximately 1.7 A. Although this description
represents a significant approximation, it is ade-
quate for the present study, where the dominant
interactions are short-ranged and non-electro-
static: as is shown later, the electrostatic con-
tributions are typically only approximately 10% of
the short-range component. Furthermore, the ap-
proximation captures the key trends found from

w xcalculations using the full structural details 41 .

3.2. Short-range interactions

The short-range interactions are calculated us-
ing the full structural details of the proteins from
their PDB files. The calculations are based on use

w xof molecular groups 42 ; in the LJ calculations, in
the context of the OPLS parameterization, the
molecular groups are referred to as united atoms
w x30 . For calculating the Hamaker contribution

˚for groups separated by )6 A center-to-center
w xseparation, the procedure of Roth et al. 29 is

followed, with a Hamaker constant of 3.1 kT. Eq.
Ž .1 is used directly with the OPLS parameter set

˚for groups separated by -6 A. For calculating
the interaction free energy at various separations,
the macromolecules are translated along the line
connecting their centers.

Calculations were also performed in which the
LJ and Lifshitz]Hamaker approaches were com-
pared directly for interactions in vacuum. For this
situation the same method was used for all atom
pairs regardless of separation distance. In the
case of the Lifshitz]Hamaker calculations, a Ha-
maker constant of 23.4 kT was used, correspond-

w xing to protein]protein interactions in vacuum 29 .

4. Results and discussion

Ž .The parameter a in Eq. 4 characterizes the
weighting of the LJ contribution to the short-
range, non-electrostatic interactions to reconcile
the LJ description with the Lifshitz]Hamaker
one and to account for such effects as solvation.
One indication of the value of a comes from a
comparison of the predictions of the LJ and Ha-
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maker formulations in vacuum. Here both the LJ
formulation and the Hamaker formulation with
the protein]vacuum]protein Hamaker constant
should be applicable at separations where the
macromolecule can be characterized as a contin-
uum. A comparison of the vacuum-mediated in-
teractions between crystallographically-related

Ž .protein pairs Figs. 2 and 3 shows that for gap
˚distances greater than 2]3 A, the distance depen-

dence of the LJ-derived potential is quite similar
to that of the Hamaker-based potential. This same
behavior was seen for the interaction of a Fab

w xfragment with a protein antigen 29 . As seen
from the figures, the Hamaker energy tends to
y` at molecular contact. However, at separa-

˚tions greater than approximately 2 A, its magni-
tude is approximately half that of the LJ energy.
Thus if the LJ energies are scaled by 1r2, the two
methods agree, suggesting that a should have a
value of 1r2.

This approach does not, of course, account for
any solvation effects. A more complete way to

Ž . Ž .determine both a and D F in Eqs. 4 and 5 isent
to regress these parameters against experimen-

Fig. 2. Interaction of lysozyme molecules in crystallographically-related protein pairs. The gap distance is measured relative to the
crystallographic position. The symmetry transformations are given by nnnMMM, where n is the serial number of the symmetry

w xoperator, and MMM represents the concatenated cell translations along x, y, z with respect to the base number 555 52 .
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Fig. 3. Interaction of subtilisin molecules in crystallographically-related protein pairs. Additional information as in Fig. 2.

tally observed binding free energies, since all con-
tributions to binding are then accounted for em-
pirically. We have used the same set of systems as

w xused by Horton and Lewis 19 in order to allow
comparison between their method and ours for
calculating free energies. The calculated con-
tributions to the free energy of binding are shown
in Table 1. They show the LJ contribution to be
the dominant one, and confirm electrostatic inter-
actions as being relatively small. As discussed
earlier, the latter observation justifies the use of
economical approximations in the electrostatic
calculations.

Because of the scatter in the experimental data
Ž .Fig. 4 , a value of 1r2 lies within any reasonable
confidence interval for the regressed value of a .
We thus set as1r2, which then leads to a

Žleast-squares estimate D F s 12.8 kT 7.6ent
.kcalrmol for the second fitting parameter. The

regression coefficient, R2 s0.78, is similar to that
for the two-parameter model of Horton and Lewis
w x19 . Their fit improved when they introduced an
additional parameter via the separation of the
non-entropic contribution into a polar and a
non-polar contribution. The agreement in a
based on the regression in Fig. 4 and that inferred
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Table 1
Coordinates and binding free energies with as1r2

PDB file D F D F a?D F D F D Fexpt Ham LJ elec calc

3HFL y24.1 y5.4 y33.2 y2.6 y28.4
1FDL y19.4 y4.4 y30.6 2.6 y19.6
3SSI y27.2 y5.9 y27.5 0.0 y20.6
3SGB y25.0 y4.6 y31.8 0.5 y23.1
2PTC y31.0 y5.4 y40.7 5.0 y28.3
1TPA y30.0 y5.4 y47.4 4.2 y35.8
2KAI y21.0 y5.9 y22.2 y3.0 y21.2
2TPI y10.0 y1.9 y18.9 y1.0 y9.0
2TPI y31.0 y5.5 y45.0 0.5 y37.2
4CPA y17.0 y5.0 y28.0 y2.0 y22.3
1CHO y27.0 y5.6 y37.5 0.0 y30.3

The interaction free energies are in units of kT. All the
w xexperimental values are taken from Horton and Lewis 19

w xexcept the data for 1FDL 50 .
Abbre¨ iations: 3HFL, lysozyme-HyrHel-5 F ; 1FDL,ab

w xlysozyme-D1.3 F 50 ; 3SSI, Streptomyces subtilisin inhibitorab
dimer; 3SGB, proteinase B-third domain of turkey ovomucoid

Ž .inhibitor OMTK3 ; 2PTC, trypsin-bovine pancreatic trypsin
Ž .inhibitor BPTI ; 1TPA, anhydrotrypsin-BPTI; 2KAI,

kallikrein A-BPTI; 1CHO, a-chymotrypsin-OMTKY3; 2TPI,
Ž . Ž .trypsinogen q B P TI isoleucylvaline IV ; 2TP I,

Ž .trypsinogen qIV -BPTI; 4CPA, carboxypeptidase A-potato
carboxypeptidase A inhibitor.

Žfrom the vacuum-mediated potential Figs. 2 and
.3 is surprisingly good. Considering that the two

estimates were obtained by completely unrelated
methods, this agreement appears fortuitous. The
Ž .unfavorable entropic contribution to the associ-
ation is at the lower end of the range commonly

Žfound in the literature 0]40 kcalrmol; see end
. w xof Section 2 43 .

The magnitudes of the energies calculated us-
ing the new hybrid method and those using the
ASA method can be compared by calculating the
ratio of the energy in the hybrid method interac-
tion to the corresponding change in the ASA
ŽTable 2; the energy minimum in the hybrid

.method calculation was used . Except for the
lysozyme interaction in pairs 3 and 4, the ratio is
fairly constant, varying between 0.013 and 0.029

˚2 ˚2Ž .kTrA 7.7]17.2 calrmol, A . The relative con-
stancy of this value emphasizes that geometric
complementarity, an essential component in
macromolecular association, can be captured us-
ing either a surface area description or a space-
filling description such as our hybrid method.

Fig. 4. Correlation of calculated binding free energy with
experimental data to allow estimation of D F . Line has aent
slope of 1 and an intercept of 12.8 kT.

The more general predictions of the hybrid
Ž Ž ..method Eq. 4 and the surface area method can

be compared for pairs of molecules; we show
results for crystallographically-related protein
pairs of subtilisin and lysozyme. Figs. 5]8 show
the calculated interaction energy profiles as the
molecular pairs are translated relative to their

˚crystallographic positions, defined as a 0 A gap.
For the hybrid method, although the transition
between the Hamaker formulation and the LJ
formulation is taken to be discontinuous, the in-
teraction energy curves are fairly smooth as a
function of distance because of the large number
of atom pairs involved. Except for the lysozyme

Ž .pair 3 interaction Table 2, Fig. 8 , the minimum
in the interaction profile always lies close to zero
gap distance, i.e. the experimentally determined
crystallographic configuration. For the case in-
volving the lysozyme pair 3 interaction, the mini-

˚mum is at approximately 1.8 A, and at zero gap
the interaction is calculated to be within the Born
repulsion region. This is a consequence of over-
laps of atoms of the two molecules for this
symmetry pair, which may be due to the limited
resolution of the atoms comprising this interface.
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Table 2
Protein association in crystal complexes

PDB Protein Symmetry vdW Minimum DASA Ratio
2 2˚ ˚Ž . Ž .file pair relation kT A kTrA

1LYZ 1 007556 y21.0 1193.4 0.018
2 003554 y10.2 560.1 0.018
3 003555 y1.8 211.4 0.009
4 008555 y6.4 638.3 0.010

SBT 1 001655 y5.0 203.6 0.024
2 003655 y26.4 904.1 0.029
3 004556 y13.8 789.6 0.018
4 003555 y4.6 259.3 0.019

1LIB 1 002454 y15.5 910.5 0.017
8DFR 1 002656 y1.3 91.4 0.014
1DBS 1 002656 y2.2 169.4 0.013
5PEP 1 011555 y15.2 808.4 0.019

Notes. The specified ratio is that of the minimum in the energy
profile calculated using the hybrid method, to the change in
accessible surface area at the minimum. The accessible sur-

w xface areas were evaluated using Connolly’s program 51 . The
Žproteins are referenced by their four letter PDB code coordi-

Ž .nates for subtilisin SBT were provided by Dr Travis Gal-
.lagher of NIST, Gaithersburg, MD, USA . The symmetry

transformations are given by nnnMMM, where n is the serial
number of the symmetry operator, and MMM represents the
concatenated cell translations along x, y, z with respect to

w xthe base number 555 52 .
Abbre¨iations: 1LYZ, hen egg-white lysozyme; SBT, subtilisin

Ž .BPN9 s88 mutant; 1LIB, lipid binding protein; 8DFR, dihy-
drofolate reductase; 1DBS, dethiobiotin synthetase; 5PEP,
pepsin.

Figs. 5]7 show the hybrid potential well to be
quite narrow, being concentrated within approxi-

˚mately 1 A of the surface. It is interesting to note
that the phase behavior of proteins and small
colloidal particles has been successfully modeled

w xusing a sticky hard sphere potential 44,45 , which
is characterized by a very short-range attractive
potential. The potential based on the hybrid
method does suggest that such an approximation
is qualitatively appropriate. In Figs. 5]8, the in-
teraction energy profiles calculated using the ASA
method are scaled by the ratios given in the last
column of Table 2. The ASA curves also vary
smoothly, but they differ from those using the
hybrid method. First, the apparent interaction
reflected is of somewhat longer range. More im-

Fig. 5. Non-electrostatic interaction for subtilisin interaction
for symmetry-related pair 1. D F sg?DASA; gs0.024ASA

˚2 Ž .kTrA Table 2 .

portantly, the ASA method provides no indication
of the location of the crystallographic contact,
and the calculated free energy would continue to
decrease if the molecules were allowed to over-
lap. This would be a drawback in Monte Carlo
and Brownian dynamics simulations, and indeed,
in typical applications of Brownian dynamics, only

Fig. 6. Non-electrostatic interaction for subtilisin pair 2. gs
˚2 Ž .0.029 kTrA Table 2 .
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Fig. 7. Non-electrostatic interaction for lysozyme pair 1. gs
˚2 Ž .0.018 kTrA Table 2 .

electrostatic interactions and short-range ex-
w xcluded volume repulsion are considered 46,47 .

The hybrid method is suitable for accounting for
short-range attraction in such applications; this
effect is likely to be important because of the

Fig. 8. Non-electrostatic interaction for lysozyme pair 3. gs
˚2 Ž .0.009 kTrA Table 2 .

Boltzmann weighting effect on the encounter rates
w x47,48 .

Two approximations are worth mentioning in
addition to those inherent in the interaction en-
ergy functions used. First, we have assumed that
the molecules associate as rigid objects, and have
made no allowance for any changes in conforma-
tion that might occur in the binding process. In
the set of macromolecular complexes that we
have chosen and in many others, this is not ex-

w xpected to be a crucial issue 19,49 , but conforma-
tional changes may be more appreciable in other
cases. Including the conformational effects in the
calculations is, of course, much more demanding.
The second approximation enters in our descrip-
tion of solvation. Whereas the non-electrostatic
contributions are included in the short-range in-
teractions, the electrostatic contributions to sol-
vation are accounted for in our solution of the
Poisson and Poisson]Boltzmann equations, where
the use of a spherical representation for a protein
is approximate. However, since this contribution
typically represents a minor part of the interac-
tion energy, the error introduced by the approxi-
mation is small.

5. Conclusions

A new hybrid method for calculating short-
range interactions between protein pairs has been
developed. Although the formulation is based on
descriptions of dispersion interactions, it does not
suffer from the singularity at molecular contact
observed for the Hamaker formulation and it is
parameterized empirically to account for solva-
tion contributions. It shares with methods based
on accessible surface area the capability of de-
scribing geometric complementarity, an important
factor in macromolecular association. However, it
allows molecular approach, including steric repul-
sion, to be captured more naturally, which gives it
greater utility than surface area-based methods in
rigid-body simulations of protein solutions.
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