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The need to account for the dynamic behavior of a receptor
has long been recognized as a complicating factor in compu-
tational drug design. The use of a single, rigid protein struc-
ture—usually from a high-quality X-ray crystal structure—
still is the standard in most applications (Zheng and Kyle,
1997; Walters et al., 1998). The choice to use a single protein
structure is usually based on speed. For example, if a large
database of compounds is to be screened for binding affinity,
several conformers of each compound will be compared with
each protein configuration. Although it is more accurate to
use many representative protein configurations, it quickly
becomes a very slow process to screen each conformer of each
ligand against each protein configuration. It is usually im-
practical to attempt such prohibitively slow calculations be-
cause there is an unfortunate but necessary trade-off be-
tween speed and accuracy in computer modeling.

Only recently have advanced methods been introduced to
aid in a more accurate description of protein flexibility and
its influence on ligand recognition. This has been aided by
the exponential growth in the speed of computer processors,
available RAM, and disk capacity—all of which are rapidly
becoming less expensive. Here, we explain the need for ac-
commodating an ensemble of protein configurations in drug
design and the computational methods available for gener-
ating and manipulating that dynamic information. Most of
the applications discussed below are improvements in ligand-
docking or in the generation of pharmacophore models for
database searching.

This work is supported in part by grants from National Institutes of Health
and the National Science Foundation.

1 This article is an invited Minireview.

2 Some terms used in this article, such as pharmacophore, force field, and
docking, may be unfamiliar to the general audience. We recommend a glossary
of terms compiled by the International Union of Pure and Applied Chemistry
(Van de Waterbeemd et al., 1997) for additional clarification of phrases.

Protein Flexibility and Its Influence
on Ligand Binding

For a single, fixed conformation to be an adequate repre-
sentation of the protein, the system would have to be very
rigid. Such a system would correspond with the “lock-and-
key” theory of binding in which the protein exists in a single
well-defined state with only one optimal complementary li-
gand. However, the energy landscape of most proteins is
frequently described in terms of a folding funnel in which
there are many highly unfavorable states that collapse via
multiple routes into possibly several favorable folded states
(Rejto and Freer, 1996; Onuchic, 1997; Shoemaker et al.,
1997; Freire, 1998; Ma et al., 1999). Figure 1 demonstrates
the theoretic implications of using a single conformation to
represent the behavior of a flexible and rigid protein. In Fig.
1, both proteins are shown to have only one favorable folded
state. However, it is implied by the width of the minima that
the folded state of the flexible system has higher entropy and,
as such, will have a larger subensemble of occupied states.
The subensemble is a collection of structurally similar and
nearly energetically equivalent conformations of the protein
that, together, make up the folded state (Fig. 2). A single
structure, even the weighted average provided by a crystal
structure, may not describe these substates adequately.

It is important to note that a conformational funnel and
the states that it represents are condition-dependent. By
altering the conditions (ionic strength, pH, temperature,
etc.), the minima can shift in favorability, changing which
state is most populated. For example, the funnel in Fig. 2
could correspond to a protein with three conformational
states, perhaps identifiable through the solution of different
crystal forms. In their review of the use of X-ray crystallog-
raphy to probe the conformational states of a protein, Rejto
and Freer (1996) note that 25 to 30% of a protein surface is in
contact with symmetry-related molecules. By changing the

ABBREVIATIONS: MC, Monte Carlo; MD, molecular dynamics.
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symmetry of the unit cell or other crystallization conditions,
the environment is altered. The resulting shift in the most
populated configuration would be attributed to crystal pack-
ing forces.

The most important point to consider is that introducing a
ligand into the system also changes the environment. It too
may effect the most populated state of the protein; such a
case would correspond to an “induced-fit” system. Recently,
Freire (1998) and Ma et al. (1999) have made compelling and
subtle arguments address this issue. Rather than viewing
the protein in a fixed state that the ligand actively deforms,
they argue that the protein most likely exists in a full com-
plement of conformations—most in the native state, some in
the induced-fit state, and some in other states. If the ligand
binds preferentially to the induced-fit state with sufficiently

Ensemble of Conformational
States for a Flexible Protein

Single Protein
Structure

[ ]

Rigid Protein
(lock-and-key)

J

Fig. 1. A single structure of a protein implies an all-or-nothing folding
funnel, perhaps best described with the mathematic singularity shown on
the right. The folding funnels on the left and in the center demonstrate
the conformational flexibility of a “standard” flexible protein and a rigid
protein, respectively. Although the rigid system may be described ade-
quately by a single structure (depending on the degree of rigidity as
reflected by the narrowness of the funnel), a typical system is not.

favorable free energy (meaning greater than the free energy
difference between the two protein states), the average struc-
ture of the protein will change. If the ligand is capable of
multiple binding modes to a protein (binding to different
folded forms or multiple binding sites of a single form), it may
be necessary to account for these additional states to predict
affinity properly (Brem and Dill, 1999).

The implications for drug discovery are clear; a single
protein structure is only useful to identify ligands for that
particular narrow state of the subensemble. To obtain new
leads and properly predict activity of existing inhibitors,
multiple structures are the best option. The available com-
putational methods range in the degree of protein flexibility
that they accommodate (focusing on a narrow set of states, a
broader subensemble, or the whole conformational funnel in
Fig. 2). Here, we present the continuum of methods in the
order of increasing flexibility and complexity. Although it
often is a temptation to “rank” methods in a review, such an
attempt is premature in this area. Most of the advancements
have only appeared in the literature over the last five years,
and there are few systems to compare to experimental data.

Soft-Docking

The earliest attempts to accommodate small changes in
conformation were through the use of implicit methods
(Jiang and Kim, 1991). The protein is held fixed, but a “soft”-
scoring function is used to evaluate the fit of the ligand to the
receptor. Often, scoring functions are derivatives of force
fields from molecular mechanics, modified for use in a new
application. Soft functions allow for some overlap between
the ligand and the protein, giving a small estimate of the
plasticity of the receptor. This still restricts the successful
ligands so that they frequently will be limited to a certain
size and conformation. However, soft-docking has the benefit

Fig. 2. This conformational funnel demonstrates multiple states for a protein (represented by their weighted-average structures: l, @, and A). The
flexibility inherent in a folded state (A) is described by a subensemble of conformations (shown here as a collection of colored A). We have used a
collection of structures from an MD simulation of HIV-1 integrase (Lins et al., 1999) to demonstrate a subensemble, showing a range of flexibility with
modest sampling of the backbone and wide sampling of a small flexible loop on the left. Expanding the minimum of a single state in the subensemble
(any of the colored A) would reveal an additional series of subminima that arise from variations in the orientations of the side chains.
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of being computationally efficient (evaluating the scoring
function requires no additional calculation time) and of being
relatively easy to implement in existing programs (conforma-
tional sampling routines are unchanged). Because of these
advantages, there still are improvements being made to scor-
ing functions that use soft-docking techniques (Gschwend et
al., 1996; Schnecke et al., 1998).

Conformational Sampling of the
Side Chains in the Receptor

The simplest form of conformational sampling accommo-
dates the reorientation of hydrogen atoms. Jones et al. (1995)
allowed rotational freedom for hydrogens and lone pairs of
hydrogen-bond donor and acceptor atoms in one of the earli-
est studies using genetic algorithms for ligand-receptor dock-
ing. This created more favorable hydrogen bonding networks
between the ligand and the receptor. They noted that the
method could be extended easily to include complete tor-
sional freedom for the side chains, but the additional compu-
tational cost prevented them from including full side chain
flexibility in their study of dihydrofolate reductase, L-arabi-
nose binding protein and influenza sialidase. Many of the
methods that incorporate flexibility for the entire length of
the side chains only allow for torsional sampling—rotations
around single and double bonds. Bond lengths and angles are
held fixed, but the orientations of the side chains are almost
fully accessible through rotations around the bonds. During
ligand-docking, these can be minimized through internal co-
ordinate optimization or random thermodynamic sampling
techniques such as Metropolis sampling routines (Totrov and
Abagyan, 1997; Schnecke et al., 1998).

In one of the earliest incorporations of side chain mobility,
Leach (1994) made use of a rotamer library. Alanine, glycine,
and proline were given no rotameric states, for obvious rea-
sons. Methionine, lysine, and arginine were given 21, 51, and
55 rotameric states. The 14 additional amino acids ranged
from 3 to 10 rotameric states because of their small size
and/or rigidity. Although a rotameric library does not allow
for complete flexibility of the side chains, it does incorporate
the orientations with the lowest energies and provide a good
first estimate of the available conformations. Furthermore,
searching a rotameric library for side chain orientations that
complement a docked ligand is a relatively quick way to
search much of the conformational space available to the
receptor. The method also may reduce the limitation of con-
formational barriers; minimization routines can often be-
come trapped in poor local minima that the discrete rota-
tional states in the libraries may “hop” over.

A more recent method uses larger rotameric libraries and
clever search algorithms to save time (Schaffer and
Verkhivker, 1998). In a two-step process, a rotamer library is
used to generate likely conformations of the side chains, and
then the docked system is subjected to unrestricted minimi-
zation of the ligand and local side chains. Energy minimiza-
tion (sometime referred to as optimization) allows for the
strongest contacts between the ligand and the receptor, and
usually all possible orientations of the side chains and ligand
are possible. Most of the applications involving minimiza-
tions do not include the entire protein, but instead use a
subset of atoms (usually the side chains of the receptor site,
but local backbones in the receptor region can be included for
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even more local flexibility). The additional atoms outside the
receptor region are held fixed. Optimization routines can
include simulated annealing, steepest-descent minimization,
Monte Carlo (MC) sampling, or other methods. The most
interesting optimization methods involve novel algorithms
that work around the limitation of becoming trapped in local
minima. Apostolakis et al. (1998) have used a conjugate
gradient minimization technique that uses a twist from soft-
docking. Over the course of the minimization, the van der
Waals terms of the potential function are gradually switched
on. This allows the ligand to initially adopt a conformation
that is a close match to the receptor, but may have some
overlap with the side chain residues. As the nonbonded terms
are gradually incorporated, the ligand and the receptor can
make minor conformational changes to avoid overlap. An-
other technique for increasing the range of conformations
sampled with minimization routines uses multicanonical mo-
lecular dynamics (MD) simulations; Nakajima et al. (1997a)
used this method in a study of the binding of a peptide to the
Src homology 3 domain. The multicanonical algorithm
smoothes the energy surface so that unfavorable conforma-
tions can exist and barriers can be overcome (Nakajima et al.,
1997b). The conformations are evaluated later with a stan-
dard force field that reintroduces the full energy landscape,
and the binding properties can be assessed with a proper
Boltzmann-weighting of the multicanonical sampling.

This last example of minimization methods is an excellent
lead into using an ensemble of protein configurations. Sud-
beck et al. (1998) recently introduced a simple method that
qualitatively incorporates multiple crystal structures into
the drug discovery process. They overlaid the structures of
nine inhibitor complexes of HIV reverse transcriptase using
the Ca of the most stable region (residues 97-213). The
resulting positions of the nine inhibitors in the overlay were
used to create a composite binding site; a map of the surface
area that encompasses all the inhibitors was used to de-
scribed most of the available space in the receptor. Small
molecules were docked to a single structure of the reverse
transcriptase using conjugate gradient minimization of the
ligands and all residues within 5 A of the ligand. The docked
structure was then qualitatively compared with the compos-
ite binding site described by the surface area of the nine
inhibitors. Although simple and quick, this method leads to
two new and highly potent inhibitors (IC5, < 1 nM).

Generating a Subensemble

The most rigorous methods for generating a subensemble
of states and calculating thermodynamic properties are free
energy calculations with MC or MD simulations (Lamb and
Jorgensen, 1997). These methods are highly reliable and are
typically comparable with experimental data within 1 kcal/
mol. They are the best choice for accurately assessing chem-
ical modifications that can be made to existing inhibitors to
improve their binding affinity. However, comparing two li-
gands by these methods often can be much slower than
screening large libraries of compounds with the more approx-
imate methods described above. In an effort to improve speed
and computational efficiency, Luty et al. (1995) used a sim-
plified MD simulation with an implicit solvation model.
Much of the protein (trypsin) was held fixed, whereas the
active site region and the ligand (benzamidine) were fully
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sampled. To dampen the interaction between the rigid and
flexible regions of the protein, a small buffer region in a layer
between the rigid and flexible atoms was held to their crys-
tallographic coordinates by a small harmonic potential. This
method allowed for rapid simulation of the docking process,
but it was limited in its conformational sampling (much like
the methods discussed above). Using a method that enhances
sampling in MD simulations, Mangoni et al. (1999) have
studied docking between phosphocholine and the immuno-
globulin McPC603 in explicit water. Much of the sampling in
the MD simulation is treated in the standard manner, but
the center of mass of the protein is given a higher tempera-
ture (larger velocity). This encourages faster additional sam-
pling in the system, but the dampening force of the explicit
water keeps the system from deforming into less appropriate
conformations.

Philippopoulos and Lim (1999) have addressed the issue of
conformational sampling in standard MD simulations. A
1.7-ns MD simulation of Escherichia coli ribonuclease HI was
compared with an ensemble of conformations provided from
15 NMR structures. The conformational sampling for both
the NMR and the MD structures is consistent with NMR
relaxation data in many regions, implying that the sampling
seen in both sets of structures is similar to the dynamic data.
The study finds that the MD simulation samples less confor-
mational space than does the NMR structures; the NMR
structures show more flexibility in both the side chains and
the backbone atoms. The MD and NMR structures also were
compared with two crystal structures showing a correlation
between the thermal factors in the crystal structures and the
sampling in the MD and NMR. When available, NMR struc-
tures appear to be an excellent source of protein structures
for use in drug discovery. Unfortunately, structure determi-
nation with NMR is limited to rather small proteins (~100
residues). Knegtel et al. (1997) have presented the first study
using NMR structures; their method is addressed below.

The earliest example of using MD simulations to generate
a set of protein conformations for use in docking studies was
reported by Pang and Kozikowski (1994). They obtained 69
conformations of Torpedo acetylcholinesterase from a 40-ps
MD simulation. Because of computational constraints, the
MD was relatively short and performed in vacuo with water
molecules in the active site gorge. Huperizine A was docked
rigidly to the 69 conformations of acetylcholinesterase. It was
predicted that huperizine A binds preferentially at the cata-
Iytic site at the bottom of the characteristic deep gorge—
quite an accomplishment for this early work.

We have recently used MD to generate a subensemble of
states for use in pharmacophore modeling (Masukawa et al.,
2000). At total of 11 snapshots of an uncomplexed monomer
of HIV-1 integrase were taken from an MD simulation. Each
snapshot then was held rigid because the flexibility of the
system was represented through the use of multiple struc-
tures rather than through use of a single, semiflexible struc-
ture. Methanol molecules were docked to the 11 receptor
conformations to determine complementary positions for hy-
drogen bond donating groups. The results were overlaid via
the essential residues to identify complementary binding re-
gions for the hydrogen-bond donors that were conserved over
many protein structures despite the inherent flexibility of the
active site. These conserved complementary regions describe
a “dynamic” pharmacophore model that compared favorably

with known inhibitors of HIV-1 integrase, and the model was
used later to search the Available Chemicals Directory to
identify successful inhibitors. In a follow-up study (Carlson
et al., 1999), we addressed the issue of using multiple crystal
structures to create dynamic pharmacophore models. Again,
pharmacophore models created with multiple structures
compared more favorably with known inhibitors than did
models created with a single, rigid crystal structure.

The use of grid representations of receptor sites is similar
to the use of pharmacophore models. A grid contains the
shape and specificity (hydrophobic regions, hydrogen-bond
donor and acceptor regions, charged regions, etc.) of the re-
ceptor. Docking a ligand to this type of complementary model
of the receptor often is much faster than evaluating each of
the many atomic interactions between the ligand and the
large protein. MD has been used to generate many configu-
rations of protein-inhibitor complexes and then overlay them
with respect to the bound inhibitors (H. B. Broughton, per-
sonal communication, 1999). The composite grid is created
using a weighted average of the grids that describe the re-
ceptor in each of the overlaid protein configurations. This
method showed significant improvement in evaluating
known ligands of dihydrofolate reductase. Knegtel et al.
(1997) have presented a composite grid method incorporating
multiple crystal or NMR solution structures of protein-ligand
complexes. Different methods for averaging the grid repre-
sentation of the composite receptor were examined, including
geometric averaging of the receptor structures and Boltz-
mann-weighted averaging of the scoring function grids that
describe the separate receptor structures. In this extensive
study, they incorporate five crystal structures of inhibitor
complexes of HIV-1 protease, five crystal structures of com-
plexed ras p21 protein, 25 NMR structures of uteroglobin
complexed with a polychlorobiphenyl metabolite, and five
cocrystals of bovine retinol binding protein. The use of a
composite grid improves the accuracy of the method, and,
surprisingly, it also improves the computational speed of the
docking simulations used in database searching.

Bouzida et al. (1999) have presented what appears to be
the closest reproduction of the process of ligand-protein rec-
ognition. We repeat the opening argument that a protein
exists in multiple conformations and that a ligand may bind
preferentially to any available conformation. Although com-
putationally expensive, Bouzida et al. (1999) actually dock a
ligand explicitly to numerous protein conformations. Just as
a ligand can bind selectively to one conformation in solution,
that same bias can be evaluated computationally by the
docking score of the ligand to each protein conformation.
Using HIV-1 protease as a test case, they dock two different
ligands to 10 different protein conformations obtained from
crystal structures of protease complexes. An MC, simulated
annealing minimization is used to dock a flexible ligand into
the rigid protein structures. Furthermore, a “soft” scoring
function is used to allow for additional implicit flexibility of
the receptor. They find that the first ligand binds preferen-
tially to only one of the protein conformations, whereas the
second can bind more broadly (almost equally to four unique
protein conformations). These results point to the cautions of
using a single rigid protein structure. Using 9 of the 10
protein structures in this study would not have properly
predicted activity for the first ligand, and the second ligand
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would only be identified if one of the proper four protein
structures were fortuitously chosen.

Predicting Loop Flexibility and
Domain Motions

The most challenging task for computational drug design is
predicting large domain motions. Sandak et al. (1998) have
addressed this issue by limiting their docking routine to
hinge-bending motions for both the protein and the ligand.
Large stable regions of the protein are identified and mod-
eled as being connected by three-dimensional rotational
hinges. Most of the protein is held rigid (all regions between
the hinge points). Hinges also are used for flexible points in
the ligand. They also note that the hinge could be restricted
to a bond rotation if appropriate. Docking is scored through
matching appropriate surface areas. A more coarse scoring
routine like this must be used, because there is no side chain
flexibility or local structure optimization. Additional meth-
ods are being developed for the prediction of domain motions
and loop fluctuations (Maiorov and Abagyan, 1997; Wriggers
and Schulten, 1997; Freire, 1999; Keller et al., 2000). Al-
though they have not been used in drug discovery applica-
tions, these methods are quite promising and most likely will
be used in the near future.

Zacharias and Sklenar (1999) use harmonic modes to de-
scribe protein flexibility. Mobility of large regions of a protein
is characterized by low vibrational frequencies. Zacharias
and Sklenar have used relaxation of the harmonic modes to
improve steric fit between DNA and a minor groove ligand.
Hayward et al. (1997) and Bahar et al. (1999) also have
developed promising harmonic approximations to estimate
global protein flexibility, but they have not yet applied these
methods in ligand binding.

Bardi et al. (1997) have used a method to calculate residue
stability factors that is a measure of the structural stability
of the protein mapped out onto the individual residues. These
stability factors can be compared with hydrogen exchange
protection factors measured by NMR. This group of research-
ers compared the residue stability for all residues of HIV-1
protease when bound to 1 of 13 inhibitors. The difference in
the inhibitors propagated into the structural and dynamic
changes throughout the protein. Stability factors compared
well with known escape mutants for the inhibitors (even
mutants far from the binding region). The stability factors
also were used to describe a dual character of the binding
pocket, showing that half of the binding region is part of the
most stable region of the protease, whereas the other half is
rather plastic before binding. Hilser et al. (1998) have con-
tinued to develop this technique; structural information like
this is quite useful in understanding the structural control in
an enzyme, the design of inhibitors, and the possible escape
mutations.

Conclusion

We have covered many of the recent improvements for
incorporating protein flexibility in drug discovery and a few
of the most promising methods for predicting large-scale
motions. It is important to point out that some of these
methods have to ignore local conformational flexibility such
as side chain reorientation when estimating large protein
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motions. It is possible that the methods presented above
could be combined to generate ensembles of protein struc-
tures representing appropriate global and local flexibility. In
conclusion, we stress the promise of some of the methods in
the last section, which can address both local and global
dynamic information (Bardi et al., 1997; Hilser et al., 1998;
Bahar et al., 1999; Keller et al., 2000).
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