
Proteinase–Inhibitor Binding Free Energies 93

Applied Biochemistry and Biotechnology Vol. 96, 2001

Copyright © 2001 by Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/01/9601-3/0093/$14.00

93

*Author to whom all correspondence and reprint requests should be addressed.

Free-Energy Analysis
of Enzyme-Inhibitor Binding
Aspartic Proteinase–Pepstatin Complexes

PARUL KALRA, ACHINTYA DAS, AND B. JAYARAM*
Department of Chemistry, Indian Institute of Technology, Hauz Khas,
New Delhi 110 016, India, E-mail: bjayaram@chemistry.iitd.ernet.in

Abstract

Expeditious in silico determinations of the free energies of binding of a
series of inhibitors to an enzyme are of immense practical value in structure-
based drug design efforts. Some recent advances in the field of computa-
tional chemistry have rendered a rigorous thermodynamic treatment of
biologic molecules feasible, starting from a molecular description of the
biomolecule, solvent, and salt. Pursuing the goal of developing and making
available a software for assessing binding affinities, we present here a
computationally rapid, albeit elaborate, methodology to estimate and ana-
lyze the molecular thermodynamics of enzyme-inhibitor binding with crys-
tal structures as the point of departure. The complexes of aspartic proteinases
with seven inhibitors have been adopted for this study. The standard free
energy of complexation is considered in terms of a thermodynamic cycle of
six distinct steps decomposed into a total of 18 well-defined components. The
model we employed involves explicit all-atom accounts of the energetics of
electrostatic interactions, solvent screening effects, van der Waals compo-
nents, and cavitation effects of solvation combined with a Debye-Huckel
treatment of salt effects. The magnitudes and signs of the various compo-
nents are estimated using the AMBER parm94 force field, generalized Born
theory, and solvent accessibility measures. Estimates of translational and
rotational entropy losses on complexation as well as corresponding changes
in the vibrational and configurational entropy are also included. The calcu-
lated standard free energies of binding at this stage are within an order of
magnitude of the observed inhibition constants and necessitate further
improvements in the computational protocols to enable quantitative predic-
tions. Some areas such as inclusion of structural adaptation effects, incorpo-
ration of site-dependent amino acid pKa shifts, consideration of the dynamics
of the active site for fine-tuning the methodology are easily envisioned. The
present series of studies, nonetheless, creates potentially useful qualitative
information for design purposes on what factors favor protein-drug binding.
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The net binding free energies are a result of several competing contributions
with 6 of the 18 terms favoring complexation. The nonelectrostatic contribu-
tions (i.e., the net van der Waals interactions) and the differential cavitation
effects favor binding. Electrostatic contributions show considerable diver-
sity and turn out to be favorable in a consensus view for the seven aspartic
proteinase-inhibitor complexes examined here. Implications of these obser-
vations to drug design are discussed.

Index Entries: Protein–ligand interactions; binding free energy; computer
modeling.

Introduction

The concept of specificity is central to the action of enzymes, which are
the functional units of cell metabolism. The recognition of a specific sub-
strate by an enzyme from a myriad of molecular species leads to the proper
conduct of physiologic activities and thus the sustenance of life. Genetic
disorders can occur owing to a deficiency or a total absence of one or more
enzymes in the tissues. In other abnormal conditions, the excessive activity
of a specific enzyme can sometimes be controlled by a drug designed to
inhibit its catalytic activity (1). In such cases, estimation of the binding free
energy of the drug with its receptor is a prerequisite to determine the
potency of the drug. Recent advances that have been made in the descrip-
tion of intermolecular interactions using empirical force fields (2,3)and the
development of a new methodology for obtaining estimates of the free
energy of solvation simply but accurately using the “generalized Born-
solvent accessibility” model (4–9) now enable us to determine the various
energetic components involved in noncovalent associations.

In this article, we present a theoretical determination of the diverse
free-energy contributors to binding in the complexes of aspartic protein-
ases with the natural inhibitor pepstatin and pepstatin-like transition state
analogs (10–14) (Fig. 1A–E, Table 1). In addition, we highlight the poten-
tial utility of the methodology and results thus obtained for drug design
efforts.

The aspartic proteinases form one of the major classes of proteolytic
enzymes together with the serine, thiol, and metallo proteinases. Enzymes
of this class are widely distributed, having been found in microorganisms,
plants, and mammals. They have been isolated from stomach (pepsin,
chymosin, and gastriesin), lysozome (cathepsin D), kidney and submaxil-
lary gland (renin), and so on. A number of fungal enzymes, such as those
from Rhizopus chinensis, Endothia parasitica, and Penicillium janthinellum,
have also been isolated. All these enzymes are characterized by having two
aspartyl residues in their catalytic apparatus and are inhibited by diazonor-
leucine methyl ester, epoxy (p-nitrophenoxy)-propane, and pepstatin, a
hexapeptide from streptomyces. All these enzymes have molecular weights
in the region of 35–42 kDa and pH optima for catalytic action in the range
of 1.5–5.0 with the exception of renin, which operates at a slightly higher
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Fig. 1. Molecular structural formulae of the inhibitors of aspartic proteinases inves-
tigated: (A) Iva-Val-Val-Sta-Ala-Sta; (B) Iva-Val-Val-Sta-Oet; (C) Iva-Val-Val-Stap-Oet;
(D) Iva-Val-Val-Lysta-Oet; (E) Pro-Leu-Glu-Psa-Arg-Leu.

A

B
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pH. They all possess essentially similar substrate specificity, preferring
hydrophobic residues on both sides of the scissile bond. In addition, their
catalytic action appears to involve extended subsite interactions with sev-
eral amino acid side chains of the substrate.

X-ray diffraction analyses are in progress for several of the acid pro-
teases, and three-dimensional structures have been determined for porcine
pepsin (15), pepsinogen (16), chymosin (17), cathepsin D (18), renin (19),
and the three fungal proteinases, penicillopepsin (20), endothiapepsin (21),
and rhizopuspepsin (22). The aspartic proteinases are pharmacologically
important in that they are associated with the onset of several pathologic
conditions such as hypertension (renin), gastric ulcers (pepsin), molecular
dystrophy, and neoplastic diseases (cathepsins D and E); thus, their inhibi-
tion is of considerable clinical interest. Recent discovery that the retroviral
proteinases are also related to the pepsin-like aspartic proteinases has
stimulated further interest, especially in view of the possibility that their
inhibition could retard viral replication. They are also attractive targets for
inhibitors as a consequence of their role in human pathogens such as
malarial parasites and the fungus Candida albicans (23–25).

No consensus exists on the mechanism of action of the carboxyl pro-
teinases, despite the fact that they have been widely studied. Pepstatin,
which is a natural inhibitor of acid proteinases, contains the unusual amino
acid statine, and it has been proposed that this statyl residue is responsible
for the unusual inhibitory capability of pepstatin. Studies on the mecha-
nism of inhibition of this family of enzymes by pepstatin has led to the
elucidation of the mechanism of catalysis. It is presumed that the manner
in which pepstatin binds to the enzyme leads naturally to a model in which
the substrate binds as an extended chain. Marciniszyn et al. (26) suggested
that statine-4 residue of pepstatin could be an analog of the transition state
for catalysis for the aspartic proteinases. The observed binding of pepstatin
places the hydroxyl group on the tetrahedral C-3 atom of statine-4 in direct
contact with the two catalytic aspartate carboxylates, Asp-35 and 220 (in
rhizopuspepsin), with its side chains bound in a well-defined hydrophobic
pocket. During catalysis (10), the carboxylate group of Asp-220 donates its

Table 1
Aspartic Proteinase-Inhibitor Complexes Investigated and Their PDB Codes

 PDB
 code Name of complex

1APU Penicillopepsin complexed with Iva-Val-Val-Sta-Oet
1APT Penicillopepsin complexed with Iva-Val-Val-Lysta-Oet
1PPK Penicillopepsin complexed with Iva-Val-Val-Stap-Oet
4ER2 Endothiapepsin complexed with pepstatin (Iva-Val-Val-Sta-Ala-Sta)
1PSO Pepsin 3A complexed with pepstatin (Iva-Val-Val-Sta-Ala-Sta)
6APR Rhizopuspepsin complexed with pepstatin (Iva-Val-Val-Sta-Ala-Sta)
1EPL Endothiapepsin complexed with PS1 (Pro-Leu-Glu-Psa-Arg-Leu)
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proton to the carbonyl oxygen of the substrate while a water molecule
loses a proton to Asp-35; when this proton is lost to the carbonyl oxygen of
the substrate, the carboxyl of Asp-35 becomes more electronegative and
more capable of abstracting a proton from a water molecule and vice versa.
The resulting hydroxide ion undergoes a nucleophilic attack on the carbo-
nyl carbon of the substrate, giving the first tetrahedral intermediate. This
intermediate would be in equilibrium with a second intermediate in which
the amide nitrogen is protonated. The transfer of a proton to the amide
nitrogen could be mediated by the carbonyl oxygen of Gly-37, which is
within hydrogen-bonding distance of the second hydroxyl oxygen and the
amide nitrogen. The tetrahedral intermediate is unstable and the products
are created by a single elimination step. The aforementioned mechanism,
shown schematically in Fig. 2, is a general acid-base catalysis with no cova-
lent intermediates.

Fig. 2. Mechanism of catalysis of aspartic proteinases. Rhizopuspepsin is taken as
an illustrative case. (Adapted from ref. 10.)
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The binding of pepstatin to acid proteases has been studied in order
to predict the catalytic mechanism and to design new inhibitors. The com-
plex of pepstatin with cathepsin D (27) is stabilized by numerous hydrogen
bonds between backbone atoms of the inhibitor and both main chain and
side chain atoms of the enzyme (Fig. 3). The central statine hydroxyl group
occupies the position of a water molecule that interacts with the two active-
site aspartate residues, and it is this (3S)-hydroxyl group on the P1 statine
residue that contributes substantially to the binding affinity of cathepsin D
for pepstatin. It has been found that the deoxy and R-hydroxy analogs are
much weaker inhibitors. The (S)-OH configuration permits the formation
of favorable hydrogen bonds to both Asp-33 and Asp-231. The P3' statine
residue of the inhibitor makes no obvious hydrogen bond with the enzyme
despite the presence of several donor and acceptor substituents. His-77
interacts electrostatically with the C-terminus of the inhibitor. The OH
group of Tyr-205 is hydrogen bonded to the P2' carbonyl oxygen, and Ser-
235 OG forms a hydrogen bond to the P4 carbonyl oxygen. The inhibitor
side chains make extensive van der Waals contacts with the residues such
as His-77, Tyr-78, Phe-126, Phe-131, Glu-14, Leu-303, Ile-220, Ile-311, Ile-229,
Met-307, Tyr-78, and Glu-260 in the enzyme subsites S3, S2, S1, and S2'.
The S1' and S3' subsites also interact with the C-terminal statine residue.
The central statine residue of pepstatin can be considered to be a P1-P1'
dipeptide isostere of Leu-Gly for which there is no P1' side chain substituent.

The crystal structures of the complexes of pepstatin and pepstatin
fragments with other aspartic proteinases have also been reported (10–14).
In these structures, pepstatin adopts a very similar conformation with the
central statine residue making the largest number of contacts and straddles
between the plane of the two catalytic aspartate residues. Minor differences
occur in hydrogen-bonding patterns owing to variation in the amino acid
sequence. For example, if we compare the binding of pepstatin to cathepsin

Fig. 3. Schematic representation of the residues in the active site of cathepsin D and
the residues reported to interact with pepstatin. (Adapted from ref. 27.)
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D and rhizopuspepsin, Tyr-205 is replaced by Trp-194 in rhizopuspepsin,
which points toward the P2' carbonyl group but does not form a hydrogen
bond with the inhibitor. In the S3' subsite, the presence of His-77 in cathe-
psin D affords more contacts with pepstatin. There is a serine at this posi-
tion in rhizopuspepsin. In cathepsin D, the presence of the smaller Ser-80
side chain permits the flap to move closer to the inhibitor and results in an
increase in the number of van der Waals contacts between enzyme and
inhibitor in the S2 subsite.

A study of the mode of binding of various inhibitors to an enzyme can
be used for designing new inhibitors. The protease family of enzymes gen-
erally involve an acidic residue in their catalytic action. A study of the
inhibitors of one class of enzymes can be exploited in terms of their effi-
ciency of binding for another class. For example, the mode of binding of
phosphonamidate and phosphonate inhibitors to carboxypeptidase A (28)
and thermolysin (29), respectively, led to the development of these inhibi-
tors for penicillopepsin. A free-energy component analysis can then be
carried out on these new inhibitors, and the factors that dominate the bind-
ing of a ligand can be elucidated. It is hoped that such studies will lead to
the emergence of suggestions on new inhibitors that are of use in the phar-
maceutical industry.

Theory and Methodology

In this study, the net standard free energy of binding is treated as a
sum of a near-comprehensive set of individual contributions (30,31). With
the assumption of additivity (32) and an arbitrary although rational selec-
tion of terms, component analysis is not theoretically rigorous. One can
expect at best only a semiquantitative account (33,34), and hence, expecta-
tions must be framed accordingly (35). However, for complex processes
such as protein-inhibitor binding, no viable alternative currently exists,
and simple identification of the important terms, estimates of their relative
magnitudes, and determination of whether they make favorable or unfa-
vorable contributions to the free energy of complexation provides poten-
tially useful new knowledge.

The thermodynamic cycle for protein-inhibitor binding in solution
used in this study is presented in Fig. 4. Here, the net binding process is
decomposed into six steps. Step I is the process of converting the uncomplexed
protein denoted P, to the form P* in which the protein has adapted its
structure to that of the inhibitor bound form. The free energy of this step is
given as

∆GI
0 = ∆G1

adpt,P (1)

Step II is the corresponding structural adaptation of the inhibitor required
to convert the uncomplexed form I to the complexed form I* in solution.
The free energy is thus

∆GII
0  = ∆G2

adpt,I (2)
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The next two steps (III and IV) involve desolvation of P * a..nd I* from
aqueous medium to vacuum. The free energy of each of these steps is writ-
ten as a sum of four components:

∆GIII
 0  = ∆G3

el,P + ∆G4
vdw,P + ∆G5

cav,P + ∆G6
DH,P (3)

∆GIV
 0  = ∆G7

el,I + ∆G8
vdw,I + ∆G9

cav,I + ∆G10
DH,I (4)

This involves contributions from electrostatic effects of desolvating the
macromolecule (el), the van der Waals interactions with the solvent (vdw),
elimination of the solvent cavity (cav) in which the molecule is accommo-
dated and the change in added salt effects (DH). The transfer from aqueous
medium to vacuum in steps III and IV involves the loss of favorable elec-
trostatics and van der Waals interactions with the solvent and a gain from
the cavity term, the latter being, of course, the reverse of the free energy of
cavity formation. The free energy of interaction with added salt is also lost
on desolvation.

In step V, the protein and the inhibitor associate as a noncovalently
bound complex. The thermodynamics of this step can be described as

∆GV
0 = ∆H11

el,C + ∆H12
vdw,C – T∆S13

tr+rot – T∆S14
vib+conf (5)

Complexation involves introducing the electrostatic and van der Waals
interactions between the protein and the inhibitor in vacuo. A change in
external entropy owing to loss of translational and rotational degrees of
freedom occurs, which always disfavors complexation. The lost external
modes are converted into low-frequency internal vibrational and configu-
rational degrees of freedom in the complex and are reflected along with
motional changes occurring as a consequence of the burial of amino acid
side chains on complexation in the corresponding change in vibrational
and configurational entropy (36).

Fig. 4. Thermodynamic cycle used for a componentwise estimation and analysis of
the binding free energies of enzyme-inhibitor complexes.
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In step VI, the complex is transferred from vacuum back to aqueous
solution, and the free energy change is owing to solvation of the complex:

∆GVI
 0  = ∆G15

el,C + ∆G16
vdw,C + ∆G17

cav,C + ∆G18
DH,C (6)

Here, again, an electrostatic component, a van der Waals component, a
cavity formation component, and added salt effects are involved. Whereas
the cavitation term is unfavorable to complexation, all the other terms are
favorable.

In summary, the binding process in solution as considered here con-
sists of six well-defined thermodynamic steps each of which can be decom-
posed into physically meaningful thermodynamic components. The total
number of individual contributions to the free energy of binding in this
model is 18. Further details on the evaluation of each component as well as
the full theory and methodology for obtaining thermodynamic indices of
macromolecular complexation are described in refs. 30 and 31.

The atomic coordinates of rhizopuspepsin, endothiapepsin, pepsin
3A in complex with pepstatin, and the complexes of penicillopepsin with
pepstatin fragments Iva-Val-Val-Sta-Oet, Iva-Val-Val-Stap-Oet, Iva-Val-
Val-Lysta-Oet and that of endothiapepsin with PS1 were retrieved from the
RCSB Protein Data Bank (Table 1). Our calculations are based on all-atom
models for the enzyme and the inhibitors in which hydrogens are added
explicitly to the crystal structure. AMBER partial charges are assigned to
the enzyme atoms. Partial atomic charges for the inhibitor atoms were
derived consistent with the AMBER protocol. The charges on the atoms of
a residue were determined along with its flanking residues by generating
the electrostatic potentials with the 6-31G* basis set using GAMESS (37)
and then fitting them with the RESP module of the AMBER 4.1 molecular
modeling package (2). In relation to our earlier study on carboxypeptidase-
inhibitor complexes (31), this is a new feature here. The ionization states of
the charged residues in the inhibitor were determined on the basis of their
isoelectric points. The N-terminal residue was taken to be positively
charged and the C-terminus negatively charged. A more appropriate
method would have been to determine the pKa shifts of the charged resi-
dues of both the inhibitor and the protein. We defer this issue to a subse-
quent study. Energy minimization of the enzyme-inhibitor complex was
then performed using the Sander module of AMBER in order to relieve any
unfavorable clashes in the crystal structure. Here, 500 steps of minimiza-
tion were carried out restraining heavy atoms (50 steps of steepest descent,
SD, followed by 450 steps of conjugate gradient, CG), followed by a further
500 steps (50 SD + 450 CG) of free minimization using a sigmoidal distance-
dependent dielectric function (38,39). The electrostatic contribution to
solvation was calculated via the generalized Born model using the effective
radii parameters derived by Jayaram et al. (8) based on AMBER charges
and sizes. The nonelectrostatic contribution to solvation, which involves
molecular surface area calculations, was performed using the ACCESS
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program based on the algorithm of Lee and Richards (40). The added salt
concentration employed in the Debye-Huckel term was 0.18 M, mimicking
physiologic conditions. Results on each of the components enumerated as
contributing to binding (Fig. 4) for each system are presented next.

Results

The calculated contributions to the standard free energy of binding for
the various aspartic proteinase-inhibitor complexes studied are given in
Table 2. As per standard conventions, negative values are favorable and
positive values unfavorable to binding. The net free energy of binding is a
result of various compensatory effects, mainly between (1) the internal and
solvation electrostatics, (2) the direct van der Waals interactions between
protein and inhibitor and loss in van der Waals interactions with the sol-
vent, and (3) the cavitation effects and entropic losses of the enzyme and
inhibitor molecules on complexation.

The net contribution of electrostatics, shape complementarity, hydro-
phobic effects, structural adaptation, and so on to the binding can be
obtained from a combination of the values associated with the primary
terms in Table 2. Any such combination, however, is nonunique. With this
caveat, the contribution of structural adaptation to free energy includes
terms 1 and 2 (Table 2). Similarly, the contribution of electrostatics (exclud-
ing the small ion effects) to the free-energy result can be expressed as the
sum of terms 3, 7, 11, and 15. The van der Waals interactions, effectively the
net energetics of shape complementarity, involve the terms 4, 8, 12, and 16.
The total contribution of cavitation effects to the binding is the sum of terms
5, 9, and 17. The entropy change on complexation is described by the com-
bination of terms 13 and 14. Small ion effects on free energy, owing to added
salt in the model are obtained via the terms 6, 10, and 18. The sum of all these
terms equals the net standard free energy of binding. An analysis of the
results of Table 2 based on the net contributions from electrostatics, van der
Waals, cavitation, entropy, and added salt effects is presented schemati-
cally in Fig. 5 as averages for all seven complexes.

Discussion

An exhaustive quantification of free-energy contributors to the bind-
ing process of aspartic proteinases with seven inhibitors was undertaken
with a view to identifying forces favorable to complexation. Overall, the
binding free energies indicate that the nonelectrostatic contributions (i.e.,
the van der Waals interactions) and the differential cavitation effects (i.e.,
hydrophobic forces arising owing to both nonpolar and polar atoms) are
favorable for complexation (Table 3). The electrostatic contribution is
favorable for some systems while unfavorable for others. The result that
the net electrostatics is unfavorable for complexation for some complexes
does not imply that electrostatics is unimportant. In considering the rela-
tive binding process of a series of molecular or macromolecular ligands,
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differential effects of electrostatics may still be critical in the result. Salt
effects are favorable for complexation in cases in which the inhibitor mol-
ecule is negatively charged (e.g., as with pepstatin) and unfavorable in
cases in which the inhibitor is positively charged owing to charge screen-
ing. Note that the enzymes carry a net negative charge in all the systems
considered. The effect of the net entropy change is to disfavor complexation
in all seven complexes, which is expected since on formation of the complex

Fig. 5. Histogram of the calculated contributions to the binding free energy of the
aspartic proteinase complexes.

Table 3
Conventional Combination of Computed Primary Terms
Contributing to Net Free Energies of Binding (kcal/mol)

of Aspartic Proteinase-Inhibitor Complexes

1APU 1APT 1PPK 4ER2 1PSO 6APR 1EPL Average

∆G
el
0 –4.5 –50.5 10.2 –13.9 –2.8 0.7 9.2 –7.4

∆G
vdw
0 –18.9 –17.4 –18.5 –25.1 –29.3 –29.1 –37.9 –25.2

∆G
cav
0 –54.7 –55.9 –54.9 –63.3 –67.1 –63.6 –73.2 –61.8

∆G
entropy
0 37.2 35.3 34.7 38.8 39.4 39.4 42.6 38.2

∆G
D H
0 0.2 3.4 –2.4 –1.9 –3.7 –1.2 0.9 –0.7

∆G
tot
0 –40.7 –85.1 –30.9 –65.4 –63.5 –53.8 –58.4 –56.8

∆G
expt
0 –12.1 –14.8 –10.5 — — — — —
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there occurs a motional restriction on the amino acid residues of the protein
and the inhibitor.

A common feature among the three complexes of penicillopepsin-
pepstatin fragments inferred from X-ray crystallography is that the
hydroxyl group of the statine residue on the inhibitor makes hydrogen
bonds to the side chain oxygen atoms of the catalytic aspartates and also to
the Gly-76 and the Gly-215 main chain atoms of the enzyme. The valine
residue at the second position on the inhibitor (see Fig. 1B–D) makes hydro-
gen bonds by means of its main chain NH and O atoms to Thr-217 and
valine in the third position to Gly-76 and Asp-77. The net binding free
energy thus is expected to be similar in these three cases. This, however, is
not supported by either the experimental binding constant (13,14,41) data
or the theoretical estimates carried out here. Additional ion-pair interac-
tions in 1APT between the lysine side chain (substituting for statine side
chain) and Glu-16 as well as Asp-115 lead to highly favorable electrostatics
between the inhibitor and the enzyme (net electrostatics: –50.1 kcal/mol;
Table 3). Between 1PPK and 1APU the phosphorous analog is experimen-
tally observed to be a weaker inhibitor, and this also is reflected in our
results on the net binding free energies.

In the complexes of pepstatin (4ER2, 1PSO, 6APR in Table 1 and Fig. 1A),
a similar binding pattern for the central statine residue and the two valine
residues is observed. The net van der Waals contributions are higher than
those for the pencillopepsin complexes (Table 3) because the inhibitor is
larger, leading to a tighter fit in the enzyme subsites. This is reflected in the
additional interactions of the alanine residue with Gly-37 and the terminal
statine with serine or threonine depending on the enzyme sequence. The
cavitation effects parallel the van der Waals contributions in favoring com-
plexation. In contrast to the other enzymes, in pepsin (1PSO, Table 3), it is
threonine instead of aspartate that interacts with the valine main chain
atoms of the inhibitor, leading to weaker hydrogen bonding interactions.
The subtle amino acid sequence–dependent effects on the energetics are
thus discernible.

In the carboxypeptidase A–inhibitor complexes (31) as well as in the
protein-DNA complexes (30) examined earlier, the net van der Waals and
the cavitation effects were favorable for binding and the entropy effects
were unfavorable as seen here with the aspartic proteinases. The net elec-
trostatics and the added salt effects in all cases showed considerable varia-
tion in both sign and magnitude. These observations suggest a molecular
mechanism for macromolecular binding. Given the favorable van der Waals
and hydrophobic components, which are typically size dependent, optimal
binding (with desired affinity) could be accomplished via fine-tuning of
the electrostatics, which includes both direct interactions and desolvation
components.

Regarding the quantitative predictions, the calculated binding con-
stants are an order of magnitude higher than the experimental values,
pointing to the necessity for further work on improving the computational
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protocols. By adhering strictly to the policy of deriving ab initio estimates
of free energies based on a uniform atomic-level treatment of the systems
(whether protein-DNA or enzyme-ligand) without any system-dependent
parameterization, we envision the following refinements. The structural
adaptation expenses (i.e., components 1 and 2 in Table 2) are not included
in this study, because of the nonavailability of the native protein struc-
ture. The deformation energy in principle could be estimated via con-
ducting molecular dynamics studies on the uncomplexed and complexed
protein/inhibitor with explicit solvent molecules and then noting the
difference in the energies of the two forms. Further improvements in the
results are expected via forming averages of the individual energy compo-
nents over the molecular dynamics trajectories. The molecular dynamics
simulations offer the additional advantage of making the configurational
entropies amenable to a more rigorous treatment. Also, estimation of the
ionization states on the basis of isoelectric points could be improved on as
the neighboring amino acids in the protein have a marked effect on the pKa

values. These can be predicted by carrying out an analysis of the pKa shifts
of the charged amino acid residues in the protein environment. Further-
more, the complete sequence of the sugar residues attached to the amino
acids of the proteins such as penicillopepsin (xylose attached to Thr-7 in
1APU and 1APT) is missing in the crystal structure. The problem can be
overcome by constructing these residues using computer modeling and
then carrying out molecular dynamics on the system. The inclusion of sugar
residues should improve the results for these two systems because there
would be a restriction on the conformations that the protein could adopt.
Work is in progress for a hierarchical elimination of the possible sources of
error we have discussed.

The results we have described must be analyzed in the context of the
expected uncertainties. Nevertheless, numerous new features can be
learned from these studies, such as ideas about relative magnitudes and
signs of various contributions, considerations of both initial and final states
in estimating thermodynamic components, and, above all, the rapidity with
which such binding free-energy calculations can be performed incorporat-
ing environmental effects. In this study, the objective was to demonstrate
the potential of the methodology to conduct a reliable and computationally
expeditious analysis of the energetics of protein-inhibitor complexation
based on crystal structure data.

Conclusion

The net binding free energies for seven aspartic proteinase-inhibitor
complexes were estimated using an all-atom treatment of the reactants and
a methodology that is transferable across diverse systems. The net van der
Waals and the electrostatic effects were found to be favorable with the
contributions from cavitation effects paralleling the trend in van der Waals
contributions. Salt effects were favorable whereas entropy effects were
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unfavorable for complexation. The detailed enumeration of the free-energy
contributors enables identification of forces—derived as compounded sub-
sets of the primary contributors—favorable for complexation, thus aiding
drug design initiatives.
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