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Protein–ligand interactions include two components: energetic contributions and shape

complementarity.

Introduction

Protein–ligand recognition and interactions are governed
by two major factors: geometry and chemistry. Geometry
implies the complementarity of the molecular surfaces of
the two molecules involved, while chemistry implies the
existence of favourable chemical interactions, particularly
the hydrophobic effect, hydrogen bonds and electrostatic
interactions and consideration of water. We address these
components here, seeking to illustrate their critical
importance in binding.
Protein–ligand complexes include a very large and

variable set of molecules. The ligands may be small or
large, and may include different types of molecules: for
example, small drugs, cofactors, single- or double-stranded
nucleic acids, such asRNAandDNAandproteins. Protein
ligands vary considerably in size, from small inhibitors and
peptides to large subunit complexes. The types of interac-
tions and the contributions of each of the components
mentioned above, i.e. hydrophobicity, hydrogen bonds,
electrostatics and solvation, also vary. In some cases the
hydrophobic effect is as strong as that observed in the
interior of protein monomers, whereas in others electro-
static interactions play an important role.
Amajor goal in studies of the interactions that take place

in molecular associations is the prediction of protein–
ligand bound configurations. However, even if the
structures of the two associating molecules are known in
advance, the task of correctly predicting their complexed
structure is extremely difficult. Nevertheless, some insight
into the problem has been gained, and efficient ways of
handling the huge conformational space which needs to be
sampled have been developed.

In this article we review the major determinants of
protein–ligand interactions. We address the geometrical
aspects of shape complementarity and the elements
responsible for a chemically favourable binding. In the
sections on the energetic contribution of each component,
we focus on protein–protein associations, only briefly
commenting on other types of intermolecular associations.
Detailed reviews of small molecule binding are cited. On
the other hand, in thedescriptionofmolecular surfaces and
their use in seeking shape complementarity, we assess all
molecule types. These are put within the context of
predicting protein–ligand complexed configurations, with
particular emphasis on the accomplishments achieved to
date, and the major difficulties still facing us.

The Energetic Contribution

This section focuses on protein–protein associations. In
reviewing the energetic contribution of each component, it
is useful to compare with the situation existing within the
protein monomers. The former is reviewed in detail in
Stites (1997) and the latter by Robertson and Murphy
(1997).

The hydrophobic effect

Study of the amino acid composition in the interior of
protein monomers reveals that although the hydrophilic
amino acids aremore frequent on the interfaces than in the
protein interiors, they are even more frequent on protein
surfaces. This suggests that hydrophilic interactions
contribute more to the stabilization of protein–protein
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binding than to protein folding. Consistently, the hydro-
phobic effect is stronger than expected based both on the
nonpolar accessible surface area and the amino acid
composition on the surface of the monomers. Never-
theless, the distribution of the strength of the hydrophobic
effect is broad, reflecting a range of variability between the
different protein–protein complexes (Tsai et al., 1997).
Figures 1 and 2 illustrate examples of the variability in the
strength of the hydrophobic effect.
While the hydrophobic effect is critical for protein–

protein binding, it is not as dominant as in the case of
protein folding. While the hydrophobic effect at the
interface is not as strong as that observed in monomers,
it is still stronger than expected based on the composition
of the accessible surface. This fact reflects a compromise: a
stronger hydrophobic effect in the interface would have
resulted in the higher stability of the complex, but had it
been too high, it might have destabilized the isolated
monomer.
By classifying a structurally nonredundant protein–

protein dataset (Tsai et al., 1996) according to the
difference in the sizes of the two interacting molecules,
the following categories have been generated: subunit–
subunit, receptor–ligand and enzyme–inhibitor (for exact
definitions see Tsai et al., 1997). The strength of the
hydrophobic effect in each class has been assessed from a
calculation of the nonpolar surface areas. While the

distributions of the differences between the expected and
the observed nonpolar surface areas of subunit–subunit
and receptor–ligand resemble the overall average, the
enzyme–inhibitor category shows a stronger hydrophobic
effect. This is understandable, given that these complexes
need to be particularly stable in order to reliably block
enzyme active sites. However, in all categories, protein–
protein interfaces are hydrophobic. This is reflected in the
fact that the average of the observed hydrophobicities is
larger than the expected value by about 2.6–1.7%. For the
entire dataset of interfaces the average difference in
hydrophobicities is 6.5%, yet the difference between the
standard deviation and the observed and expected hydro-
phobicities reflecting the distribution of the observed
versus expected hydrophobicities shows that there are a
considerable number of interfaces where the observed
hydrophobicity is smaller than the expected value.
The possibility of a correlation between the size of the

buried surface area at the interface and the extent of the
hydrophobic effect has been explored by dividing the
interfaces into small (under 120 nm2) and large (over
240 nm2). The hydrophobic effect in large interfaces is
stronger than that observed in the small ones. Further-
more, the hydrophobic effect in interfaces with larger
fractions of buried surface areas (buried surface areas
divided by the sum of the accessible surface areas of the
isolated molecules) is closer to the hydrophobic effect

Figure 1 Examples of protein–protein interfaces. (a) Cytochrome C’ (PDB code 1bbhAB) displays a strong hydrophobic effect. The two chains are
displayed in different colours and the backbones of the amino acids belonging to the interface are shown in darker colours. Only the side-chain of the
residues which are actually in contact across the interface as well as on the surface are drawn. The hydrophobic residues are yellow and hydrophilic residues
are in cyan.
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observed in protein cores. Hence, protein associations
involving a higher percentage of surface area at their
interfaces are driven by the hydrophobic effect. The
threshold of the hydrophobic associationmaybe estimated
from the percentage of the relative area which is buried
(18%) or the absolute area buried (319 nm2) in the
relatively large interfaces category (Tsai et al., 1997).

Hydrogen bonds

To examine the quality of the hydrogen bonds, their
geometries have been compared with those observed in
protein monomers (Xu et al., 1997a). The distribution of
the distances between the donor and the acceptor, and
between the hydrogen and the acceptor in the protein
interfaces is similar to that observed in themonomers. This
suggests that the packing at the interfaces is similar to that
observed in the protein monomers. In both the interfaces
and the monomers the hydrogen bonds are not strong,
showing a wide distribution in their geometries. Never-
theless, an analysis of the angles between the donor, the
hydrogen and the acceptor, and in particular an examina-
tion of the angles between the hydrogen, the acceptor and
the acceptor antecedent and of the angles between the

donor, the acceptor and the acceptor antecedent, shows
that the quality of the hydrogen bonds at the interfaces is
less optimal than that observed in protein monomers. The
geometries of the interfacial hydrogen bonds also show a
wider distribution.
The lower quality of the interfacial hydrogen bonds, as

compared to that existing in monomers, is the direct
outcome of the larger number of main-chain–side-chain,
and side-chain–side-chain hydrogen bonds found between
bound receptor–ligand protein–protein pairs. Certainly,
the chemical bonds which link atoms in proteins constrain
their arrangement in both folding and binding. These
bonds prevent high-quality hydrogen bonds, like those
observed in amino acid crystals, resulting in a wider
distribution in both monomers and interfaces. However,
there is also a difference between main-chain–main-chain
hydrogen bonds and main-chain–side-chain and side-
chain–side-chain. Main-chain–main-chain bonds are in-
volved in secondary structure formation, as inahelices and
in b sheets. On the other hand, a hydrophilic side-chain
frequently possesses several polar atoms. Consequently,
the dipole moments of donor–hydrogen and/or acceptor–
acceptor antecedent cannot be simultaneously aligned
optimally. The side-chains move upon binding to accom-
modate the hydrogen bonds. Yet, the alignment is

Figure 2 Barnase barstar complex (PDB code 1bgsBF) displays a weak hydrophobic effect. The colour scheme is the same as in Figure 1.
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restricted by bond lengths and angles in the amino acids.
These movements of the side-chain atoms drive them off
equilibrium from their relaxed state. Thus, the more the
hydrophilic side-chains are buried and packed, the more
frustration they would experience.

Electrostatic complementarity and specificity
in binding

Electrostatic complementarity is reflected in the formation
of hydrogen bonds and of salt bridges (Xu et al., 1997b).
Inspection of the distribution of charges shows that
opposite charge pairs are substantially more favourable
than like charges. It is worth noting that a substantial
destabilization of the complex may result from even a
minor perturbation of a hydrogen bond, or of the charge
network across the binding interface. Binding specificity
may be defined by electrostatic complementarity. It is
revealed by a conserved pattern of hydrogen bonding
network (Xu et al., 1997a). Binding selectivity may be
achieved through preserved hydrogen bonds. A recent
study of the binding of chorismate mutases from yeast and
from bacteria to a common transition state analogue has
shown that thebinding function is conservedvia a common
mechanism and common salt bridges and hydrogen bonds,
rather than via conserved sequences or global structures.
On the other hand, we should bear in mind that atom-

based complementarity is not an absolute requirement.
There are cases where hydrogen bond donors or acceptors
that are completely buried in the binding interface do not
form hydrogen bonds. There are also cases of like-charge
pairs. For example, in the case of human immunodefi-
ciency virus (HIV) protease only one of the Asp25(A) and
Asp25(B) carboxyl groups is ionized. A highly unfavour-
able like-charge pair can shift the pKa of the ionizable
groups. This would result in neutralizing one or both ions.

The role of water

Water participates in the intermolecular hydrogen bond-
ing network. It can mediate between two hydrogen bond
donors or acceptors across the receptor–ligand protein–
protein interfaces. Because a water molecule is small and
flexible, when it mediates between a donor and an acceptor
it frequently forms good hydrogen bonds with both atoms.
If thewatermolecule is strippedoff, the donor andacceptor
may formonly a poor hydrogen bond, or none at all, owing
to the constraints imposed by both proteins during
binding. Hence, water molecules can broaden the range
of binding specificity, since they may adopt a variable
pattern of binding under different circumstances (Lad-
bury, 1996).
Binding sites are frequently depressions on the protein

surfaces with a greater than average degree of exposure of
hydrophobic groups. They often contain disordered, easily

displaced water molecules, and there are frequently
conformationally flexible residues at these sites. Their
plasticitymaywell be particularly useful in substituting the
disordered water by the competing ligand.

The Critical Importance of Geometry

Shape complementarity

Inspection of complexes of receptors and their ligands
shows that the surfaces of the two molecules fit together
closely. If the molecular surfaces of a pair of interacting
molecules and their interfaces are inspected, the shape
complementarity between the two molecules is striking.
Thus a convex face on one molecule interacts with a
concave face on the other, and a flat surface on one
molecule interacts with a roughly flat surface on the other.
Shape complementarity also implies that the molecules do
not interpenetrate each other.
While the notion of shape complementarity was

recognized early on (Cherfils and Janin, 1993), it was
difficult to assess its contribution to molecular associa-
tions. Such assessment is carried out using predictive
techniques (Kuntz et al., 1982; Katchalski-Katzir et al.,
1992; Norel et al., 1995; Fischer et al., 1995). An
examination of the performance of docking algorithms
based strictly on geometric shape complementarity is
particularly useful in that regard. The problem of docking
a ligand onto a receptor surface with the only input being
the atomic coordinates of the two molecules is very
difficult. The general procedure is to start by describing
the molecular surfaces of the molecules (Connolly, 1983).
If noadditional biochemical information is available about
the location of the binding sites, in principle the next step
involvesmatching of every piece of surface of onemolecule
with every piece of surface of the other, in every rotation
and translation. It can then be asked how well shape
complementarity performs in the docking of a range of
receptor–ligand cases.
In order to assess the validity of the obtained docked

configurations, the general procedure is to pick structures
of complexes. The two molecules are separated from each
other, and no knowledge of their complexed configuration
is assumed. Following the computational docking proce-
dure, the obtained, predicted configurations are examined
to see if solutions exist resembling the crystal (or nuclear
magnetic resonance, NMR) complexed structures. Cor-
rectly predicting these so-called ‘bound’ cases is considered
to be the first, easiest test case. The more difficult cases are
the so-called ‘unbound’ ones, in which the structures of the
receptor and of the ligand have been determined sepa-
rately. Because of the molecular surface variability, the
shape complementarity of these molecules is not expected
to be as good as in the first, complexed cases, where the
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molecular surfaces have optimized their bound interac-
tions, and no intermolecular penetrations are observed.
The quality of the predicted docked configurations is
evaluated by a scoring function, which awards surface
contacts, and penalizes molecular penetrations, and ranks
the solutions accordingly. Solutions where the penetra-
tions are considered severe are rejected. Since docking
techniques are developed with the goal of being reliable
and useful predictive tools (Lengauer and Rarey, 1996),
ideally high-scoring (and hence, ranking) solutions should
achieve low root mean squared deviations (RMSDs) when
superimposed on the respective experimentally determined
(NMR, crystal) complexes.

Shape complementarity in docking

The efficacy of shape complementarity has been examined
in the docking of both the complexed, bound, protein–

protein cases, and in the unbound ones (e.g. Katchalski-
Katzir et al., 1992; Norel et al., 1995). These may be very
large ligands. It has also been examined for small ligands,
such as cofactors and drugs (Rarey et al., 1996; Jones et al.,
1997) and in protein–DNA complexes. Here we focus
primarily on protein–protein complexes.

Table 1 lists the 26 protein–protein complexed cases that
have been examined. The table lists the Protein Data Bank
(PDB) file names, the best RMSDwhich has been obtained
in the docking with respect to the crystal complex, the
ranking of the best solution whose RMSD is under a 0.5-
nm threshold, the total number of potential solutions
which have been obtained, and the docking (matching)
times (inminutes)measured on a PC. It can be seen that for
all cases, low RMSD configurations are obtained in short
docking times. The number of solutions is tractable, and
the ranking of near-native configurations is very high in the
majority of cases.

Table 1 Protein–protein bound cases

The results obtained in docking protein–protein ‘bound’, complexed cases, utilizing geometric criteria. The prime determinant is shape
complementarity. The compound name of the examples is given in the first column. The second column lists the corresponding PDB files. The
third column gives the RMSDs of the best solution obtained in the docking calculations, when superimposed on its PDB complexed counterpart;
in the next column the highest ranking near-native solution (with an RMSD under 0.5 (nm)) is given. The ranking of that solution is given in the
next column, followed by the total number of potential docked configurations. The CPU, in minutes, of the matching stage (on a 586 PC clone
running at 133 MHz) is given in the last column. E, LH, Y, I and Z are the PDB chain identifiers for the respective protein coordinate files.

Protein names PDB
RMSD 
(nm) Ranking

No. of
solutions

CPU docking 
(min)

1 α-Chymotrypsin 1-146 (E) with α-chymotrypsin 149-245 (E) 1cho 0.05 1 471 3.3
2 1G*G1 Fab fragment (LH) with lysozyme (Y) 1fdl 0.15 20 2181 17.1
3 Thermitase eglin (E) with leech (I) 1tec 0.12 1 1042 4.3
4 Trypsinogen (Z) with pancreatic secretory trypsin inhibitor (I) 1tgs 0.11 1 831 5.7
5 1G*G1 Fab fragment (LH) with lysozyme (Y) 2hfl 0.15 1 2166 20.8
6 Kallikrein a (AB) with bovine pancreatic trypsin inhibitor (I) 2kai 0.12 11 1227 4.4
7 Haemoglobin α chain with β-chain B 2mhb 0.07 1 663 14.3
8 β-Trypsin (E) with pancreatic trypsin inhibitor (I) 2ptc 0.06 1 1027 5.3
9 Subtilisin carlsberg (E) with genetically-engineered

n-acetyl eglin-c (I)
2sec 0.21 1 1114 3.5

10 Subtilisinnovo (E) with chymotrypsin inhibitor (I) 2sni 0.11 1 1367 4.4
11 Trypsinogen (Z) with pancreatic trypsin inhibitor (I) 2tgp 0.06 1 828 3.2
12 1G*G1 Fab fragment (LH) with lysozyme (Y) 3hfm 0.08 1 2274 21.3
13 Carboxypeptidase with potato carboxypeptidase a inhibitor 4cpa 0.01 3 1310 4.1
14 HIV-1 protease chain A with chain B 4hvp 0.21 1 411 2.8
15 Serine proteinase (E) with potato inhibitor pci-1 (I) 4sgb 0.19 5 591 1.8
16 Trypsinogen (Z) with pancreatic trypsin inhibitor (I) 4tpi 0.05 1 889 4.1
17 Hydrolase α thrombin (H) with chain L 1abi 0.06 1 773 12.4
18 Hydrolase α chymotrypsin (E) with eglin C (I) 1acb 0.09 1 1121 7.6
19 Subtilisin carlsberg (E) with eglin C (I) 1cse 0.13 2 1024 3.3
20 Anhydro-trypsin (E) with trypsin inhibitor (I) 1tpa 0.02 1 950 5.1
21 Subtilisin (E) with subtilisin inhibitor (I) 2sic 0.11 1 1229 6.3
22 Influenza virus haemagglutinin (E) with chain F 5hmg 0.11 1 329 35.3
23 Triosephosphate isomerase chain A with chain B 6tim 0.05 1 351 21.9
24 Fab fragment from IGG1 chain A with chain B 8fab 0.20 1 93 4.5
25 Lactate dehydrogenase chain A with chain B 9ldt 0.25 1 67 48.1
26 Ribonuclease chain A with chain B 9rsa 0.13 21 511 5.8
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Table 2 lists the results obtained for 19 unbound protein–
protein cases. As in Table 1, the docking (matching) times
are short. The RMSDs of the obtained native configura-
tions (this time with respect to the unbound superimposed
on their complexed counterparts) are still acceptable,

although they are not as attractive as those observed in
Table 1 for the bound, complexed cases. Nevertheless, in
only two cases are the RMSDs above 0.4 nm. Considera-
tion of these solutions reveals that they still represent valid,
near-native docked configurations. On the other hand,

Table 2 Protein–protein unbound cases

The results obtained in docking protein–protein ‘unbound’ cases, where the structures of the receptor and the ligand have been determined sepa-
rately. For details see the footnote to Table 1.

Protein names PDB RMSD (nm) Ranking
No. of
solutions

CPU docking 
(min)

1 1G*G1 fv frag ment
lysozyme (A)

1hfm-1lym(A) 0.30 537 11 475 23.7

2 1G*G1 fv fragment
lysozyme (B)

1hfm-1lym(B) 0.28 281 10 685 7.9

3 Trypsinogen
trypsin inhibitor

1tgn-4pti 0.18 53 2619 6.5

4 Trypsinogen
trypsin inhibitor

1tgn-5pti 0.12 1 3453 10.6

5 Trypsinogen
trypsin inhibitor

1tgn-6pti 0.17 2 1455 6.3

6 β-Trypsin
trypsin inhibitor

1tld-4pti 0.52 16 2659 4.9

7 β-Trypsin
trypsin inhibitor

1tld-5pti 0.47 619 3471 7.2

8 β-Trypsin
trypsin inhibitor

1tld-6pti 0.22 40 1512 4.9

9 1G*G1 Fab fragment
lysozyme

2hfl-1lyz 0.18 110 10 989 20.1

10 1G*G1 Fab fragment
lysozyme

2hfl-6lyz 0.11 65 10 733 25.2

11 Kallikrein a
trypsin inhibitor

2pka-4pti 0.33 29 3184 3.8

12 Kallikrein a
trypsin inhibitor

2pka-5pti 0.12 9 4222 6.1

13 Kallikrein a 
trypsin inhibitor

2pka-6pti 0.18 27 1756 3.7

14 Trypsin
trypsin inhibitor

2ptn-4pti 0.35 9 2156 5.6

15 Trypsin
trypsin inhibitor

2ptn-5pti 0.31 34 2880 8.0

16 Trypsin
trypsin inhibitor

2ptn-6pti 0.13 56 1200 5.5

17 Subtilisin novo
chymotrypsin inhibitor

2sbt-2ci2 0.26 92 3582 4.3

18 α-Chymotrypsin (A)
ovomucoid third domain

5cha(A)-2ovo 0.15 11 2194 3.3

19 α-Chymotrypsin (B)
ovomucoid third domain

5cha(B)-2ovo 0.16 2 2289 6.1
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inspection of the ranking of the ‘correct’, near-native
solutions demonstrates the difficulties inherent in the
prediction of docked configurations in the realistic cases
when the structures of the complexes are unavailable. We
return to this point below.

Other types of protein–ligand complexes

This article focuses on protein–protein receptor–ligand
interactions. We note, however, that geometric comple-
mentarity has been shown to be a critical component in
predictions of different types of complexes, such as
protein–DNA and protein–small molecules. Docking
experiments on over 150 protein–drug complexes utilizing
only the molecular surfaces and seeking shape comple-
mentarity has yielded surprisingly good results. In 109 out
of the 157 examined cases an RMSD of under 0.1 nm has
been obtained. In nine cases RMSDs between 0.1 nm and
0.2 nm have been obtained. Upon a change of the water-
ball probe size for the worst cases, only one example gave
an RMSD of above 0.2 nm (0.211).

The difficulties and the accomplishments

The difficulties encountered in predicting complexed
structures when the sole inputs are the atomic coordinates
are well known (Dunbrack et al., 1997). In the absence of
specific information about the location of the binding sites,
entire molecular surfaces are considered. Under such
circumstances achieving high-quality solutions, and in
particular, having the ‘correct’ bound associations ranking
at the top of the list is extremely difficult. The ability of
docking methods to predict correct bound configurations
depends on the degree of conformational flexibility and
surface variability displayed by the associating molecules.
Treating the molecular surfaces as relatively rigid entities
may result in intermolecular penetrations. Even straight-
forwardly superimposing the structures of the molecules
when determined separately and in a complex,may already
result in fairly severe molecular overlaps. On the other
hand, allowing the molecules to be completely flexible in
such docking calculations is unrealistic owing to the
magnitude of the problem. Hence, rigid body docking
methods are successful when the extent of flexibility/
variability is not too large. When a higher degree of
flexibility is observed, flexible docking methods can be
employed. These in turn will be successful if the ligand is
relatively small (suchasdrugsor cofactors, e.g.Rarey et al.,
1996; Jones et al., 1997), or if the ligand and/or the receptor
can be divided into relatively rigid parts. These parts are
then allowed to swivel with respect to each other (Sandak
et al., 1998).
Despite the difficulties which are yet to be overcome, the

results described here demonstrate the critical role played
by shape complementarity. In particular, if additional data

regarding the location of binding sites are available (either
via mutagenesis; via modelling, or computationally), they
can reduce and constrain substantially the conformational
space which needs to be sampled. Furthermore, incorpor-
ating calculations of the chemical favourability of the
obtained predictive complexed configurations can sub-
stantially improve the ranking, particularly if these are
already near-native configurations (e.g. Gabb et al., 1997;
Jackson et al., 1998).

Conclusions

Protein–ligand associations involve two components:
energetic contributions and shape complementarity. Un-
derstanding the role played by each, and being able to
break these down to the relative importance of their
constituents, is critical. Protein–ligand interactions are
studied in order to derive their ‘rules’, and hence to be able
to inscribe the code for their prediction. Correctly
predicting the structures of protein–ligand complexes,
starting from their single, unbound structures is of
immense practical value both in understanding basic
processes and in molecular design.
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