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ABSTRACT Although reliable docking can now

be achieved for systems that do not undergo impor-

tant induced conformational change upon associa-

tion, the presence of flexible surface loops, which

must adapt to the steric and electrostatic properties

of a partner, generally presents a major obstacle. We

report here the first docking method that allows

large loop movements during a systematic explora-

tion of the possible arrangements of the two part-

ners in terms of position and rotation. Our strategy

consists in taking into account an ensemble of pos-

sible loop conformations by a multi-copy representa-

tion within a reduced protein model. The docking

process starts from regularly distributed positions

and orientations of the ligand around the whole

receptor. Each starting configuration is submitted

to energy minimization during which the best-

fitting loop conformation is selected based on the

mean-field theory. Trials were carried out on pro-

teins with significant differences in the main-chain

conformation of the binding loop between isolated

form and complexed form, which were docked to

their partner considered in their bound form. The

method is able to predict complexes very close to the

crystal complex both in terms of relative position of

the two partners and of the geometry of the flexible

loop. We also show that introducing loop flexibility

on the isolated protein form during systematic dock-

ing largely improves the predictions of relative

position of the partners in comparison with rigid-

body docking. Proteins 2005;00:000–000.

© 2005 Wiley-Liss, Inc.*
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ing minimization; loop flexibility; re-
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INTRODUCTION

Protein-interaction maps become available for whole
proteomes owing to the development of reliable methods
like yeast two-hybrid analysis, mass spectroscopy, and
phage display. They display protein interactions, stable or
transient, strong or weak, and suggest that most proteins
have interacting partners in the cell. Only a small fraction
of these potential complexes are amenable for direct
structural characterization by X-ray or NMR studies.
However, their structure may be obtained using computa-
tional tools, such as docking procedures, if the structures

of the individual components are available from precise
X-ray or NMR determination, but also from low-resolution
EM reconstruction or from homology modeling.1

Launched in 2001, the CAPRI experiment (Critical
Assessment of PRediction of Interactions) provides evalua-
tion of the docking methods on a common ground and
incentives for new methodology development.2 The motiva-
tion is to build three-dimensional structures of molecular
complexes (the biologically active species) starting from
their separate macromolecular components. The report of
the CAPRI blind predictions outcome3 and the publication
of results from research groups that docked a large bench-
mark of protein pairs4–8 provide an overview of the
current state of the docking methods. Rigid-body proce-
dures that simplify the docking problem by fitting two
complementary surface characteristics provide satisfying
results for systems that do not undergo important confor-
mational change on association.9–11 Frequently, conforma-
tional change is limited to side chains and many groups
have already tackled this difficulty. Side-chain flexibility
is accounted for implicitly using a “soft” interface which
allows penetration of the partners7,8 or explicitly during a
refinement stage following the rigid-body search.5,6,12 But
current methods are not well adapted when large back-
bone motion is observed at the interface, as noticed by
Chen et al.13 (see also Vajda et al.14) who classified 59
protein complexes based on docking difficulty. Among
them, seven cases, identified as “difficult cases,” present
substantial conformational changes between their un-
bound and bound structures that principally concern
hinge/shear domain bending or large-scale loop motion.
Rigid-body search generally yields a huge number of
solutions which are classified using scoring functions
favoring surface complementary and/or good electrostatic
and desolvation properties. For the “difficult cases,” back-

Abbreviations: MFT, mean-field theory; RMSD, root-mean-square
deviation; PCA, principal component analysis; MD, molecular dynam-
ics.
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bone movements, even limited to surface loops, can drasti-
cally modify the steric and electrostatic properties of the
protein face presented to the partner. Consequently, at
this step, correct solutions (i.e., with the ligand near its
position in the native structure) might be very badly
ranked, or even not predicted at all. The absence of a loop
in a crystal structure also represents a difficulty. This was
the case in the first CAPRI round for Target 1, where a
surface loop was missing in the unbound structure of one
partner. Predictors were expected to model possible struc-
tures for that loop to avoid the risk of missing solutions
involving interactions with it. It was reported that docking
without the loop induces a bias in the prediction re-
sults.15,16 Thus, in cases where loop movements have been
detected or a loop is missing, the use of rigid-body docking
in the first step of the docking process seems to represent a
serious limitation. New approaches are required to treat
this difficulty and presently, no method is able to introduce
loop flexibility during a complete protein–protein docking
procedure.

Such a tool would be very useful since surface loops,
consisting of roughly six to twenty amino acids, are often
observed at protein–protein interfaces.17,18 It is generally
assumed that they are more flexible than other parts of the
protein.19 Loop movements occurring during binding can
reach up to 10 Å or even more.20–22 Several types of
movements could be characterized using molecular dynam-
ics. In some cases, classical hinge motions can be well
accounted for by large changes in just two torsion angles.23

In contrast, other hinge deformations can be distributed
over more torsion angles.22,24 Sometimes, loops can un-
dergo small rearrangements over all their length, and do
not present any precise hinge region.25 Loop motion per-
mits specific interactions to form, to avoid steric clashes, or
to enhance shape complementarity in order to allow hydro-
gen bonding with the interacting partner.19,26 This is the
case for zymogen where shifts of an inhibitor loop alter the
pattern of hydrogen bonding and allow binding to chymo-
trypsinogen.27 Loop motion can prove essential in the
formation of protein–protein complexes, as it has been
experimentally established in the case of the oligomeriza-
tion of aerolysin protein28 or for the binding of Streptomy-

ces subtilisin inhibitors to proteases.29 Two models have
been proposed to interpret such conformational changes
upon association.30 In the induced fit model,31 the struc-
ture of the partner and that of the receptor adapt to each
other during association. This may occur because each
partner modifies the chemical and steric properties of the
other protein. In the preexisting equilibrium model,32

unbound proteins exist as a population of diverse conform-
ers, each separated by low energy barriers. The ligand
binding shifts the equilibrium toward the structure ob-
served in the complex. The two models can be illustrated
by the crystal structures of a monoclonal IgE antibody,
Spe7, which exits in two very different conformations
resulting from large backbone alteration of two surface
loops. Each conformer has been crystallized with structur-
ally distinct antigens.33

As already discussed, the docking of such systems
requires methods that can incorporate the loop internal
flexibility from the beginning of the docking process. Soft
representations, used for implicit treatment of side-chain
flexibility, permit an efficient docking even in case of
incorrect conformations of some interfacial side chains.7,8

But a soft representation is clearly not adapted to loop
movements since the volume scanned by such moves is
very large. Thus, it seems necessary to explicitly explore
the loop conformations simultaneously to the ligand posi-
tion. Relaxation of the protein backbone according to
precalculated collective degrees of freedom (from Principal
Component Analysis—enhanced Molecular Dynamics) was
successfully used for the docking of small ligands.34,35

Nevertheless, such approach cannot be applied to consider
large-scale or anharmonic loop motions.36 Another possibil-
ity is to pre-generate the backbone deformations and to
perform separate rigid-body docking of structure en-
sembles, sampled from NMR conformation,37 molecular
dynamics simulations,38 or principle component restrained
molecular dynamics.39 In the last two cases, the cross
rigid-body docking of structure ensembles composed of
representative snapshots appeared to improve the predic-
tions. Following the same principle, several algorithms
treat loop flexibility for the docking of small ligands.40–42

These methods generate a discrete set of receptor conforma-
tions with different loop conformations, which are then
used to perform multi-rigid receptor docking, consisting in
successively docking the ligand to each protein structure.
These approaches are not easily adaptable to larger sys-
tem, such as protein–protein complexes, which requires
much more computational time. Furthermore, flexible
loops can be found both on receptor and ligand proteins,
which increase the combinatorial possibilities of valid
complex structures. A reasonable approach consists of
explicitly taking into account an ensemble of pre-gener-
ated loop conformations using a multiple copy representa-
tion and simultaneously docking the ligand to the en-
semble, rather than successively docking it to single
conformers of the loop. This approach was recently imple-
mented in an algorithm that handles loop motion during
association.43 In that work, each loop copy results from ab
initio construction and represents one possible conforma-
tion of the loop, with rigid backbone. The ligand position is
sampled by a Monte-Carlo Simulated Annealing process.
In a test case study, the method was able to construct a
structure of a protein/DNA complex close to the native
structure and to unambiguously predict the conformation
of an interfacial loop. Based on an all-atom representation,
the method is presently restricted to an exploration around
the flexible loop and cannot be extended to systematic
searches due to its computational cost.

In the present work, we propose to use a lower protein
resolution coupled with a multiple copy representation to
treat flexible loops. A reduced protein representation, with
up to three pseudo atoms per amino acid, allows an
extensive exploration of the possible orientations of the
partners and has previously been implemented in the
program ATTRACT.44 ATTRACT considers protein sur-
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face remodeling during association by introducing side-
chain flexibility at an early stage of the docking process.
This was shown to significantly improve the prediction of
the correct interacting faces. We thus decided to apply the
same approach to the loop problem. Our multiple-copy
representation of the loop is treated by the mean-field
theory (MFT) as described by Koehl and Delarue.45 MFT is
particularly adapted to systems where a limited subset
presents many combinatorial possibilities.46 For instance,
MFT was used to determine preferential conformations of
protein side chains,47 to construct loops in protein homol-
ogy modeling48,49 and to optimize the base sequences that
favor DNA deformations.50,51 In the present approach, the
flexible loop is represented by an ensemble of copies, each
copy being characterized by a distinct rigid conformation
for the backbone and side chains. For each ligand position,
a weight is attributed to each copy following its interaction
energy with the partner. This weight roughly corresponds
to a probability that the loop adopts the conformation of
this particular copy among the other copies. The copies
contribute to the system energy in function of their own
weight. Modeling the flexible loop by an ensemble of
conformations is relevant to the pre-existing equilibrium
model. In our approach, the oncoming of a protein partner
modifies the conformation weights and thus the distribu-
tion of the conformer population. The aim of our study is to
prove that our algorithm is able to deal with several
possible loop conformations during a systematic docking
simulation.

The method has been applied to a set of eight protein–
protein complexes in which one of the two proteins pre-
sents large main-chain conformational changes between
its unbound and bound forms or in which regions of the
backbone are missing in the crystal structure of the
unbound form. Among our benchmark set, four cases
belong to the seven difficult cases of Chen et al.13 (the
three remaining cases do not present a flexible loop). The
loop copy ensemble includes the loop conformation adopted
in the unbound and bound forms of the protein, but also ab
initio built conformations. We show that our flexible loop
algorithm is able to correctly position the ligand in spite of
large loop movements at the protein interface and that
treating loop flexibility during docking significantly im-
proves the results compared to rigid-body procedures. We
also present the results of a “real-like” docking simulation
using a protein structure determined by NMR studies. In
this case, the copy ensemble is composed of several NMR
loop conformations.

MATERIALS AND METHODS

Coordinates of unbound and bound conformations of
both receptor and ligand proteins come from the bench-
mark described by Chen et al.13 for all test cases, except
1OAZ, and 1BRC.* Coordinates of these test cases were
obtained from the Protein Data Bank.52

Protein Representation and Scoring Function

Prior to the docking process, the protein partners are
translated into a reduced representation. Each residue is
represented by one pseudo atom located at the C� position
and up to two pseudo atoms for each side chain (except for
Gly). The side chains of Ala, Ser, Thr, Val, Leu, Ile, Asn,
Asp, and Pro are represented by one pseudo atom located
at the geometric center of all side-chain heavy atoms. For
the side chains of Arg, Lys, Glu, Gln, His, Met, Phe, Tyr,
Trp, a pseudo-atom is located exactly in the middle of C�

and C� and another one is calculated as the center of
geometry of all other side-chain heavy atoms. The effective
interaction (called system energy and corresponding to the
total energy) is described by a soft Lennard Jones-type
potential between pseudo atom pair i, j at distance rij:

R�rij� �

Bij

�rij�
8 �

Cij

�rij�
6 (1)

with Bij and Cij indicating repulsive and attractive LJ
parameters respectively. Only a few types of repulsive and
attractive LJ parameters are used, approximately repre-
senting the size and the chemical character of the amino
acid.44

ATTRACT Protocol

The systematic docking process consists of a series of
minimizations, the ligand center being placed at regular
positions around the receptor surface at a distance slightly
larger than its biggest radius. For each starting position,
�260 initial ligand orientations are generated. For each
starting geometry, six energy minimizations (quasi-
Newton minimizer) are performed using translational and
orientational degrees of freedom of the ligand. The first
three minimizations include a harmonic distance restraint
between the two partners in order to generate an initial
tight complex, followed by free minimization towards the
closest minimum configuration.44

Mean-Field Approach

Each loop copy is characterized by a rigid backbone and
rigid side chains in a specific conformation. For each
starting configuration submitted to energy minimization,
a weight (a probability) Ci,k is attributed to each copy k of
the loop i in function of its interaction energy Ei,k with the
ligand. Intramolecular energy of the loop is not taken into
account in the calculation of Ei,k. Given the energies Ei,l of
all Ni copies of loop i, the weight of copy k (Ci,k) is
calculated according the Boltzmann principle as:

Ci,k �

e
�Ei,k

RTeff
i

�
l�1

Ni

e
�Ei,l

RTeff
i

(2)

R is the Boltzmann constant and Teff
i the effective

temperature (see below). RTeff
i is equal to 0.592 kcal/mol

at 298 K. The Teff
i parameter can automatically increase

in response to steric clashes of the system. The term*http://zlab.bu.edu/�rong/dock/benchmark.shtml
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�
l�1

Ni
e

�Ei,l

RTeff
i permits to normalize the weights, each weight

being comprised between 0 and 1 and the sum of the
weights for the loop i being equal to 1.

Each copy k of loop i contributes to the system energy
Esys proportionally to its own weight:

Esys � Esimple � �
i�1

Nloop

�
k�1

Ni

Ci,k � Ei,k (3)

Esimple corresponds to the part of the protein which is not
treated in a multi-copy representation. Nloop is the num-
ber of flexible loops contained in the system. Note that
Equation (3) is accurate if the multi-copy representation is
used only on one of the two partners. Otherwise crossing
terms between copies of interacting loops need to be added.

The effective energy contribution Ei,k
eff of copy k of loop i

in the system energy is:

Ei,k
eff

� Ci,k � Ei,k where Ci,k is defined in equation (2)

Thus, derivatives of the energy function with respect to the
Cartesian coordinates take into account the copy weight.
So the force contribution of atom A belonging to copy k of
loop i for one x-component of the coordinates is:

	Ei,k
eff

	xA

�

	

	xA

�Ei,k � Ci,k�



	Ei,k

eff

	xA

�

	

	xA

�e
�Ei,k

RTeff
i

� � � Ei,k � Ci,k �

	Ei,k

	xA

	Ei,k
eff

	xA

� Ci,k � �Ei,k � e
�Ei,k

RTeff
i � Ei,k�

RTeff
i � � 1� �

	Ei,k

	xA

� corresponds to the sum of the weight of all copies l

representing the loop i, � � �
l�1

Ni
e

�Ei,l

RTeff
i .

According to Equation (3), the higher the weight of a
copy, the higher its importance for the system energy and
the more the copy drives the minimization. After each
minimization step, the copy weights are readjusted using
Equation (2), which permits a continuous estimation of
copy weights at each adjustment of the ligand position.
Introduction of MFT in the minimizer did not impede a
good convergence down to very small residual energy
changes per step (�10�5 energy units per step).

The temperature value, Teff
i , is a key aspect of MFT

since it can bias the copy weights (probabilities). Increas-
ing Teff

i allows to dump the interaction energies of the copy
and to overcome situations when the system gets trapped
due to steric clashes. This happens during minimization
steps involving external distance restraint between the
two partners. After a minimization step, when all copies
present steric clashes with the ligand, the Boltzmann
probability of every copy is equal to zero (due to the limited
numerical floating point precision) at 298 K and copy
weights cannot be calculated [see Equation (2)] which
cause energy minimization convergence problems. In or-
der to remedy, the effective temperature Teff

i is gradually

increased until the Boltzmann probability of one copy k of
loop i differs from zero. When the protein presents several
flexible loops, each loop i possesses a Teff

i value indepen-
dently from the others. Note that after each minimization
step, Teff

i is reinitialized to 298 K.

Quality Measure of the Docking Predictions

A docking simulation yields several thousand solutions,
each corresponding to a ligand position and a loop confor-
mation, which are ranked by their interaction energies. To
assess the quality of the predicted complexes, two metrics
are used. First, the RMSD on C� atoms is calculated for
the ligand with respect to its position in the crystal
complex (called Lrmsd). Secondly, the fraction of native
contacts (called fnat) estimates the correctly reproduced
residue–residue contacts. The fraction of native contacts
fnat is defined as the number of native residue–residue
contacts in the predicted complex divided by the number of
contacts in the target complex. A pair of residues on
different sides of the interface is considered to be in contact
if any of their atoms are within 7 Å. Note that in the
assessment of CAPRI experiment, the distance required to
define a native contact is 5 Å.3 The lower resolution protein
representation we use necessitated increasing that dis-
tance in order to have a good agreement with the atomic
resolution. The value of 7 Å results from an adjustment
aimed at reproducing fnat values obtained at atomic resolu-
tion.

In order to evaluate the docking efficiency, we consider
the rank of the predicted geometry closest to the native
structure and the number of times geometries close to the
best one are found (same minimum). Two docked com-
plexes are counted as belonging to the same minimum if
their Lrmsds differ by less than 0.5 Å and if their energies
differ by less than 3 RT (R, gas constant and T, room
temperature). These two thresholds come from parameter-
ization of our hierarchical algorithm over the eight test
cases.

Ab Initio Generation of Loop Copies

Loop copies have been generated with the LOOP-COPY
software which is an extension of the internal coordinate
molecular mechanics program LIGAND.43 LOOP-COPY
builds an accurate ensemble of conformations accessible to
a peptide fragment within a protein by a combinatorial
approach followed by energy minimization and clustering.
The free form of the receptor is used as input of the
program and the flexible loop is separated from the rest of
the protein. Three possible (, �) pair angles, which
correspond to the most populated areas of the Ramachand-
ran plots for the 20 amino acids are attributed to each
amino acid of the loop, except for glycine, which has four
possibilities. Viable conformations are selected on the
basis of feasible loop closure and of the absence of overlap
between the loop backbone and the rest of the protein.
Closure of selected conformations is obtained by energy
minimization with respect to the backbone and side-chain
angles of the loop. Optimization of the loop/protein system
is performed using a Monte-Carlo process. Monte-Carlo
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random moves are applied on � angles of both loop side
chains and protein side chains situated next to the loop.
Loop conformations that do not present steric clashes with
the protein are clustered on the basis of pair-wise RMSD
using a hierarchical clustering algorithm.53 Conforma-
tions within a 1.5 Å clustering threshold are designated as
a group, and the lowest-energy conformation within the
set is chosen to represent the group. Among all the cluster
representative conformations, the eight or nine lowest-
energy structures are used as ab initio copies in the
present study.

RESULTS

Flexible Loop Docking Algorithm

Our proposed treatment of loop flexibility was intro-
duced in the ATTRACT software. ATTRACT performs
systematic docking without using any experimental data
concerning the native complex. The search process starts
from regularly distributed positions and orientations of
the ligand protein around the whole protein receptor. Each
starting configuration is submitted to energy minimiza-
tion. The effective interaction (called system energy) be-
tween the two proteins, represented by pseudo-atoms, is
described by a soft Lennard-Jones potential based on
amino acid size and physico-chemical character (the dock-
ing protocol is described in Materials and Methods). The
originality of ATTRACT in its early version is to introduce
side-chain flexibility during the exhaustive docking search
by a switching process between several rotamer conforma-
tions. The minimization is performed with respect to a
unique rotamer (the one with the most favorable energy)
which can change during the minimization procedure. In
the present work, flexible loops are represented by at least
two conformations (called copies), with rigid backbone and
rigid side chains, and loop flexibility is treated by the

mean-field approach (MFT) instead of a switching process.
In that way, minimization is performed with respect to the
whole ensemble of copies. All loop copies are always
present, but their weights—their probability of occupa-
tion—vary during the minimization. This is a major advan-
tage because even the copies presenting a poor weight at a
given moment participate in the system energy and can
influence the direction of the minimization (principle
illustrated in Fig. 1). For instance, a copy with unfavorable
interactions with the ligand (low weight) at the beginning
of the minimization can have a very high weight at the end
of the minimization (Fig. 2). Generally, at the end of the
minimization, the best copy presents a weight close to 1.
Nevertheless, we observed cases where two loops had
similar interactions and therefore equivalent weights at
the end of the minimization.

Introduction of loop flexibility in ATTRACT does not
imply a heavy additional time cost with respect to rigid-
body procedures. For instance, a complete process of
rigid-body docking for the system CheA/CheY (PDB code
1A0O, 283 amino acids), corresponding to a series of
energy minimizations of �35000 starting configurations,
required 12 h of CPU time on a 2.2 GHz Athlon PC.
Equivalent procedures for flexible docking using two or 10
loop copies, respectively, took 13 h and 31 h. The number of
copies representing the loop increases the number of step
necessary to achieve the convergence of minimization.

In the present work, side-chain flexibility outside the
flexible loop is not treated. However, MFT should permit to
simultaneously treat loop and side-chain flexibility during
docking and this approach will be the subject of future
work.

In order to appreciate the influence of loop conforma-
tional changes on the docking efficiency, we performed
rigid-body docking runs subsequently with the bound and

Fig. 1. Schema for the treatment of loop flexibility with the mean-field method. Green and blue lines indicate C� traces of the receptor and ligand
proteins respectively. The loop copies are represented in different colors. a: At each starting configuration, a weight is attributed to each copy following its
interaction energy with the ligand [see equation (2) in Materials and Methods]. Weights (indicated as colors) can be equivalent if the loop copies present
similar interactions with the ligand (in orange). b: During the ligand approach, best interacting copies (in red and in orange) present a high weight and
dominate the minimization. To the contrary, yellow copies present poor interaction or steric clashes with the ligand and have thus a low weight. c: At the
end of the minimization, the red copy presents a weight close to 1. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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unbound forms of the protein containing the flexible loop,
the partner being in its bound form. The results of these
simulations are then compared with flexible loop docking.
For direct and accurate comparisons of different docking
simulations relative to a same test case, identical starting
configurations around the whole receptor were used.

Benchmark Set

Docking simulations were performed on a set of eight
protein–protein complexes (Table I), composed of seven
targets from the Protein–Protein Docking Benchmark
developed by Chen et al.13 and the Ige Fv Spe7 protein
complexed with a recombinant thioredoxin.33 These test
cases were selected because they present significant back-
bone conformational change at the binding interface for
one of the two partners. The number of interface C� atoms

with RMSD larger than 2 Å between unbound and bound
structures after superposition is superior or equal to five.
The receptor is chosen as the protein that contains the
flexible loop (in most cases, except for 3HHR, the protein
with the flexible loop is the biggest between the two
partners). But it is important to note that ATTRACT can
also deal with flexible loops on the ligand protein and
provides similar results compared to using flexible loops
on the receptor. The receptors of our benchmark set
present several types of flexible loops and different ways to
imply the flexible loop in the interaction (Fig. 3). A
�-hairpin motion is detected at the interface in 1OAZ and
1TGS test cases. But, in contrast to the 1OAZ case where
the eight-residue-loop is the only contact with the ligand,
the �-hairpin of 1TGS (twelve residues) only forms a small
part of the interface. Contrary to the previous cases,
backbone rearrangements observed at the interface of
3HHR and 1A0O, respectively over twenty-six and thir-
teen residues, do not present precise hinge regions. The
deformations extend over the extremity of a helix and an
adjacent loop, and we consider this whole segment as the
flexible loop. 1CGI and 1BTH present several flexible loops
at the interface. In the case of 1CGI, a thirteen-residue-
loop is missing in the free form and another four-residue-
loop undergoes a large deformation. Two other interfacial
loops present small deformations and therefore are not
treated in this study. For 1BTH, a �-hairpin (eight resi-
dues) moves as a rigid-body while a second �-hairpin (ten
residues) undergoes large internal rearrangements. An-
other loop is missing in the free structure and is not
treated here because the corresponding loop in the crystal
structure has very few contacts with the ligand. Cases of
1GOT and 1FIN are more complicated because changes
between the unbound and bound receptor are not located
only on a loop. For 1FIN, a domain motion is observed in
addition to the hinge movement of a twenty-residue-loop
situated between the two domains. For 1GOT, the inter-
face comprises an eighteen-residue-loop and a N-terminal
helix of twenty-one amino acids, which is missing in the
unbound form of the receptor.

Rigid-Body Docking Simulations

In these simulations, proteins were considered as rigid
objects and no flexibility was allowed. The bound form of
the ligand was successively docked to the bound and
unbound forms of the receptor.

For all complexes, the docking runs using the protein
partners in their bound conformations yielded predicted
complexes very close to the experiment with Lrmsd lower
than 1.2 Å and fnat superior to 0.91 (Table II). For most
cases, predictions closest to the native structure corre-
sponded to the lowest energy predicted complexes (ranked
first) and the same minimum was found more than 100
times. An exception is the Human growth factor/receptor
complex (3HHR) for which the best-predicted complex
(0.815 Å Lrmsd) is the seventh top-ranking complex and is
only found seven times. The first six predictions present
Lrmsds greater than 2 Å.

Fig. 2. Variations of the copy weight (A 1–4), the distance between
geometric centers of the receptor and the ligand (B) and the Lrmsd value
(RMSD of the ligand with respect to its position in the crystal complex) (C)
versus minimization step during a typical docking minimization (for one
starting configuration). The copy ensemble is composed of ten loop
copies, but for clarity only four copies are represented in the graphs A1,
A2, A3, and A4 (the six others copies present low weight during the major
part of the minimization). During the 73 first steps of minimization, a force
constant is applied between the two partners in order to generate a tight
complex. At the beginning of the simulation, copy weights are almost
equivalent because the ligand is far away from the receptor. However, the
ligand approach favors the copy number 7. When the ligand adjusts to the
receptor, the copy number 2 is finally selected (weight equal to 1).
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Docking simulations using the unbound forms yielded
poor predictions for seven test cases out of eight. The
geometries closest to the X-ray structures scored signifi-
cantly worse than for simulations with the bound forms
and their Lrmsd were largely increased (the average
Lrmsd is 4.2 Å). The number of times the best geometry is
found significantly decreased. For the 1CGI test case, the
Lrmsd of the best geometry remained correct (1.21 Å) but
its ranking largely decreased (from 1 to 44). The low value

of fnat in spite of a good ligand placement is due to the
absence of the flexible loop in the unbound receptor.
Contrary to the other test cases, docking using the un-
bound form of 1TGS provided results almost as good as
those obtained using the bound form (with a reduced
number of predictions in the same minimum) with pre-
dicted geometries close to experiment (2.12 Å Lrmsd) that
are top-ranked. This may be explained by the fact that the
flexible loop has very few contacts with the ligand in the

TABLE I. Target Set†

Complex Receptor name Ligand name RMSD (Å)a C�b

1OAZ (1) 1OAQ: Ige Fv Spe7 (100:107) Thioredoxin 2.1/0.65 5
1A0O (1) 1CHN: CheA (89:101) CheY 3.8/0.77 9
3HHRc (3) 1HGU: Human growth hormone (42:69) Receptor 5.5/3.14 24
1CGId (2) 1CGH: �-Chymo-trypsinogen

(143:153)(190:193)
Pancreatic secretory trypsin inhibitor xd�5.3/0.88 14

1TGS (2) 2PTN: Trypsinogen (143:154) Pancreatic secretory trypsin inhibitor 7.0/0.86 17
1FINc (3) 1HCL: CDK2 cyclin-dependent kinase 2

(146:164)
Cyclin 13.2/2.18 59

1GOTc (3) 1TAG: Transducin Gt-C (196:213) GT-�-� 6.1/0.99 30
Gi-C� chimera

1BTHc (2) 2HNT: Thrombin mutant (48:55)(77:86) Pancreatic trypsin inhibitor 3.8–5.7/
0.81

18

†The set includes antibody/antigen (1), enzyme/inhibitor (2), and other complexes (3). The receptor is the protein that contains the flexible loop(s).
The extremities of the flexible part of the loop are indicated in parenthesis.
aRMSD on C� atoms calculated on the flexible loop/RMSD on C� atoms calculated on the receptor without the flexible loop, between unbound and
bound forms of the receptor after superposition.
bNumber of interface C� atoms with RMSD larger than 2 Å between unbound and bound receptor structures after superposition.
cTarget that belongs to the seven “difficult” cases of the benchmark cited by Chen et al.13

dThe first flexible loop (143:153) is missing in the unbound receptor structure.

Fig. 3. Set of targets composed of eight protein–protein complexes. The free structure of the receptors is superposed to the corresponding crystal
structure in the complex. The unbound and bound forms of the receptor are respectively represented in blue and red. The ligand of the crystal complex is
represented in green.
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crystal structure and might not be a critical element for
ligand binding.

It must be noted that energies of systems resulting from
the docking of unbound or bound receptors are not compa-
rable, since one of the two forms may lack some residues.
We have checked that the number of missing residues is
small and that they are not at (or near) the binding
interface. To the contrary, it is possible to compare the
energies of predictions involving the unbound receptor,
whether they are obtained using rigid-body docking (Table
II) or using flexible loop docking (see following results).

Flexible Loop Docking Simulations

In these simulations, the ligand is docked to the un-
bound form of the receptor and the flexible loop is repre-
sented by two copies: the loop conformations present in the
unbound receptor (called unbound loop) and in the bound
receptor (called bound loop). 1CGI test case is not included
in the following benchmark subset because the flexible
loop is absent in the free form of the receptor.

For six test cases out of seven, the results are largely
improved in comparison with rigid-body docking using the
free form of the receptors (Table III). For the test cases
1OAZ, 1A0O, 3HHR, 1GOT, and 1BTH, the Lrmsd values
of the geometries closest to the native structure are much
smaller than those obtained using rigid-body docking to
the unbound receptors, even if these Lrmsd values do not
reach those of the best predictions obtained using the rigid
bound receptor (in the present simulations the best Lrmsd

values are comprised between 1.04 and 3.19 Å). More
generally, the ranking of the best geometries is largely
improved in comparison with the results of rigid-body
docking involving the unbound receptor. It is important to
note that for predictions belonging to the same minimum
as the best predicted complex, the selected copy always
corresponds to the bound loop. Even for the case 1BTH

where two flexible loops are treated, the selected copy for
each flexible loop corresponds to the bound loop. Predic-
tions where the selected copy is the unbound loop show
high Lrmsd and bad ranking. Interestingly, even for 1GOT

and 1FIN for which the conformational changes are not
only located at the interfacial loop, predictions are im-
proved. For 1GOT, the best Lrmsd value decreases from
5.53 Å to 3.19 Å and the ranking changes from 134 to 40.
Note also that the number of predictions in the correspond-
ing minimum increases (from 11 to 44). For 1FIN, the
ranking of the geometry closest to experiment (6.69 Å
Lrmsd) is largely improved (from 80 to 5). It seems that for
these two test cases, the supplementary conformational
changes may impede the ligand from approaching close to
its position in the crystal complex. This hypothesis was
checked by performing simulations using the bound recep-
tor and where the flexible loop was represented by the
unbound and bound loops. Results are excellent since the
best Lrmsd is 0.56 with top ranking in case of 1FIN and
the bound loop is selected in all predictions close to
experiment.

The notable exception to all previous remarks again
concerns the 1TGS test case for which predictions are close
to those obtained using rigid-body docking to the unbound
and bound receptor. However, the number of predictions
within the same minimum is smaller and the selected copy
corresponding to this minimum is the unbound loop. In
this test case, selection of the unbound loop copy does not
prevent a good ligand position in the best predictions. A
possible explanation of the algorithm failure is that the
flexible loop represents only a very small part of the
interface and shows very few interactions with the ligand.

Influence of the Number of Loop Copies

Flexible docking with two loop copies largely improves
the prediction of the complex geometry compared to rigid-
body docking. A pertinent question is how the number of
copies will influence the predictions. We performed a set of
simulations (called set A) using the unbound receptor, in
which the flexible loop is represented by an ensemble of
loop copies comprising both the unbound and bound loops
and eight additional copies with different conformations.
Another question arising is how the predictions will evolve
if the copy ensemble does not contain the bound loop. In
order to answer that question, a set of simulations (called
set B) was performed using the unbound receptor with an
ensemble of loop copies comprising the unbound loop and
nine copies. We have chosen to build additional loop
conformations ab initio rather than using geometries
issued from MD simulation, NMR studies, or loop data-
banks. The risk of MD simulations is to observe only small
rearrangement movements (large-scale loop motions occur

TABLE II. Docking to the Bound and Unbound
Forms of the Receptor†

Energy (RT) Lrmsdb (Å) fnat
b Rankc

Bound receptor
�18.7 0.81 1.00 3 (179)
�20.8 0.74 1.00 1 (146)
�25.1 0.81 0.91 7 (7)
�34.4 1.12 0.97 1 (198)
�27.1 1.04 0.95 1 (110)
�45.2 0.54 0.97 1 (18)
�36.0 0.63 1.00 6 (124)
�32.9 0.83 0.97 1 (180)

Unbound receptor
�12.4 4.48 0.67 44 (38)
�17.7 3.61 0.69 5 (11)
�12.1 5.23 0.19 261 (1)
�18.3 1.21 0.57 44 (418)
�22.0 2.12 0.80 1 (65)
�17.1 5.59 0.16 80 (1)
�14.7 5.53 0.16 134 (11)
�4.1 5.38 0.35 6993 (1)

aThe PDB code of the complex is shown here for clarity, but the
unbound form of the receptor was used during docking simulations
reported in the right part of the table (refer to Table I).
bLrmsd and fnat are given for the predicted geometry that comes
closest to the experimental structure.
cIndicates the rank of this predicted geometry and, in parenthesis, the
number of times it was found in a systematic docking run.
dThe flexible loop is absent in the unbound receptor in the 1CGI

test-case.
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on time scales from 10�3 to 10�1 s54–56). NMR structures
are not always available for a given protein and loop
databanks may be incomplete especially concerning inter-
acting loops. Loop conformations built ab initio can cover a
large conformational space in order to represent geom-
etries accessible to the flexible loop.43 Among the exhaus-
tive conformational possibilities, best energy loop confor-
mations were selected to compose the copy ensemble
(protocol given in Materials and Methods) and are de-
scribed in Table IV. Due to the predefined number of
copies, these selected copies do not intend to cover the
whole space accessible to the loop and actually, only in one
test case an additional loop conformation with backbone
close to that in the crystal is present.

Simulation sets A and B were performed on test cases
1OAZ, 1A0O, 1CGI, and 1BTH for which flexible docking
with two copies yielded good results (near-native solution
among the three top-ranking predictions). Table V (left)
shows that the addition of extra loop copies tends to
improve the docking efficiency in comparison with flexible
docking with two loop copies in terms of best Lrmsd value
and ranking of the prediction closest to experiment. The
bound loop is always selected among the predictions close
to experiment, except for the 1CGI test case where the
second flexible loop is represented by the bound loop 16
times over 42. Interestingly, the number of predictions
close to the native complex has increased for 1A0O, 1OAZ,

and 1BTH. For 1A0O and 1BTH, the ranking is even
better than obtained when we used two copies (unbound
and bound loops). It might be possible that the presence of
extra loop copies favor the ligand approach near the native
binding site.

Simulations set B (absence of the bound loop in the copy
ensemble) provides interesting results. For two test cases,
the best Lrmsd value was lower than 3 Å and the predic-
tions closest to the native structure were scored among the
three-top ranking predictions. On the other hand for 1OAZ

and 1BTH, the absence of the bound loop in the copy
ensemble of set B impeded the approach of the ligand near
a position close to that in the crystal (Lrmsd 4.98 Å and
4.65 Å, respectively). However for 1BTH, the prediction
closest to experiment is ranked first and belongs to a
populated minimum. Note that the unbound loop is mainly
selected for representing the first flexible loop. For 1OAZ,
among the copy ensemble, one copy presents a backbone
conformation very similar to that of the bound loop (0.91 Å
RMSD on C� atoms) but was not selected by the program.
This comes from the orientation of one critical arginine
side chain completely differing from that found in the
bound loop. In the crystal complex, this side chain inter-
acts tightly with the ligand. Surprising results concern the
1A0O and 1CGI test cases for which the copy ensemble
does not contain any copy with backbone conformation
similar to that of the bound loop (the RMSD of the closest
loop are 3.88 Å and 4.04 Å, respectively). Nevertheless, the
docking simulations yielded ligand positions close to experi-
ment (2.92 Å Lrmsd and 1.14 Å/1.31 Å Lrmsd respec-
tively), moreover ranked at position 3 and 1, respectively.
For 1A0O test case, the fnat value is relatively low (46% of
the residue–residue native contacts are recovered), which
might be explained by the important difference in back-
bone conformation between the selected copy and the
bound loop (the flexible loop on the receptor of 1A0O

contributes to almost the whole complex interface). For

TABLE III. Docking to the Unbound Receptor Protein Including Two Loop Copies: the Unbound and the Bound Loops

Casea Energy (RT) Lrmsdb (Å) fnat
b Rank Loop copyc

1OAZ �19.2 1.04 0.94 2 (36) B
1A0O �20.2 2.43 0.76 3 (34) B
3HHR �16.6 2.1 0.78 8 (3) B
1CGId — — — — —
1TGS �22.4 2.04 0.81 2 (25) U
1FIN �30.7 6.69 0.42 5 (1) B
1GOT �21.5 3.19 0.66 40 (44) B
1BTHe �22.5 2.34 0.54 2 (18) B/B
aand bsame as Table IIa and IIb.
cIndicates the status (U: unbound or B: bound) of the loop found within the same minimum.
dThe flexible loop is absent in the unbound form in the 1CGI test-case, so this case has been excluded from the present set of simulations.
eTwo flexible loops of the receptor are treated.

TABLE IV. RMSD (C�) Between the Ab Initio Generated Loop Conformations and the Corresponding Bound Loop†

Test-case

Number of the ab initio copy

1 2 3 4 5 6 7 8 9

1OAZ (from 100 to 107) 0.91 2.83 3.14 3.39 4.06 4.51 4.75 7.01 8.24
1A0O (from 89 to 101) 3.88 4.28 4.30 4.90 5.11 5.19 5.42 5.51 6.12
1CGI (from 143 to 153) 4.04 4.36 5.28 5.79 6.65 7.09 7.86 8.22 10.47
1BTH (from 48 to 55) 3.01 3.02 3.26 4.01 5.13 5.66 5.75 6.33 7.84
1BTH (from 77 to 86) 3.31 4.05 4.82 5.10 5.18 5.54 6.26 7.27 7.54

†We checked that each conformation differs from the others within each test-case by at least 2 Å.
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1A0O and 1CGI test cases, in spite of the incorrect
backbone conformation of the selected copy, accessible side
chains point toward the same direction than the corre-
sponding side chains in the bound loop or occupy the same
space than other interacting side chains of the bound loop
(Fig. 4). The 1A0O, 1CGI, and 1OAZ test cases confirm the
importance of the orientation of several accessible side
chains on the docking efficiency, even when a reduced
protein model is used. This was already demonstrated in
previous work.44

For test case 1CGI, the simulations always selected the
same loop copy (number two, see Table IV) to represent the
geometry of the first flexible loop in the best predictions,
whether one or two flexible loops were accounted for.
Simulations considering two flexible loops did not always
select the bound form for the small second loop (Table V).

However, the 12-best energy complexes correspond to
predictions where the bound conformation is selected for
the second flexible loop. In the crystal complex, the second
loop has less contact with the ligand than the first loop,
which might explain this lack of specificity. Furthermore,
the second loop is not crucial for ligand binding as shown
by the results of docking predictions where only the first
flexible loop is accounted for (the second one being in its
unbound form).

In order to establish the advantage of the multi-copy
docking in comparison to the rigid-body docking of an
ensemble,37–39 we have performed two sets of separate
rigid-body docking simulations for each of the loop copies
on the unbound receptor of the 1A0O test case. In the first
set, the ligand was successively docked to 10 structures of
the unbound receptor, each being characterized by a

TABLE V. Docking to the Unbound Protein Receptor Where the Flexible Loop is Represented
by an Ensemble of 10 Copies Containing the Unbound Loop†

Casea Energy (RT) Lrmsdb (Å) fnat
b Rank Loopb copy

Set A: with the bound loop
1OAZ �19.0 0.76 0.95 2 (47) B
1A0O �20.6 2.57 0.78 1 (58) B
1CGId �23.9 1.66 0.66 1 (67) B
1CGIe �26.0 1.92 0.66 1 (42) B/Bf

1BTH �21.9 2.38 0.55 1 (26) B/B
Set B: without the bound loop

1OAZ �15.3 4.98 0.18 10 (14) 6
1A0O �16.9 2.92 0.46 3 (45) 5
1CGId �20.1 1.14 0.63 1 (38) 2
1CGIe �23.8 1.31 0.64 1 (31) 2/Bg

1BTH �19.22 4.65 0.32 1 (34) U/8h

†Contrary to simulation set A, set B does not include the bound loop.
aand bsame as Table IIa and IIb.
cRefers to loop number in Table IV or to unbound (U) and bound (B) loops found within the same minimum.
dIn this case, the unbound loop is unresolved in the crystallographic structure. The unbound form was replaced by another copy.
eWith two flexible loops: the first is represented by 10 copies and the second by two loop copies (unbound and bound loops).
fOnly the 16 best energy complexes present the second loop in its bound form.
gThe second loop was found 21 times in its bound form.
hThe unbound form of the first loop was predicted 31 times. Copy 8 of the second loop was predicted 24 times.

Fig. 4. Comparison between the crystal complex (left) and the predicted complex closest to native (right) for
the 1CGI test case (each sphere represents a pseudo atom in the reduced protein model). The receptor, the
flexible loop and the ligand are represented, respectively, in white, in light grey and in dark grey. Alanine 149,
asparagine 150, and threonine 151 of the predicted loop interact with the ligand similarly than observed in the
crystal complex although threonine 144 replaces tyrosine 146 of the bound loop.
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distinct loop conformation (eight ab initio loops, the un-
bound and bound loops). In the second set, the ensemble
comprises 10 conformers of the unbound receptor (nine ab
initio loops and the unbound loop). The first and the second
sets correspond respectively to the set A and B of Table V.
For the two sets, predictions are very similar in terms of
ranking and Lrmsd in comparison with equivalent multi-
copy docking. However, the number of predictions belong-
ing to the same minimum as the best prediction has
decreased (from 47 to 21 for the first set and from 45 to 15
for the second). For this example, the use of multi-copy
docking clearly led to no loss of efficiency, while the benefit
in terms of computer time is obvious since the rigid-body
docking of an ensemble of structures took 10*12 h instead
of 31 h for the multi-copy docking.

Docking With Several Loop Copies From NMR

Studies

In the previous simulations, the flexible loop was repre-
sented by ab initio built conformations, but it is also
possible to use conformations from other origins. For
instance, NMR (nuclear magnetic resonance) studies can
provide several conformational states for protein flexible
loops.

An NMR structure of a BPTI (bovine pancreatic trypsin
inhibitor) mutant57 (PDB code: 1JV8) in the unbound form

is available that still adopts the same structure as wild-
type BPTI but shows increased conformational flexibility.
The loop segment (residues 13–17) that forms the binding
interface to trypsin in the trypsin-BPTI complex was
represented by four conformational loop copies spanning a
range of possible conformations obtained from the NMR
analysis (models 1, 3, 7, and 18 of the NMR structural
ensemble). We performed a systematic flexible docking of
the BPTI ligand, in its unbound form with four representa-
tive loop copies, to its receptor �-trypsin, in its bound form,
and we obtained predictions in which the ligand position
was very close to its position in the crystal complex (PDB
code: 2PTC). The best prediction was scored first and its
Lrmsd was 0.8 Å (Fig. 5). In this case, the Lrmsd was
calculated between the predicted ligand and the unbound
form of the ligand previously superposed to the ligand in
the crystal complex, without accounting for the loop part.
In that way, the Lrmsd only measures the difference in
ligand positioning, separated from its internal conforma-
tional changes. Predictions belonging to the same mini-
mum are numerous (188) and, for all these predictions, the
algorithm was able to select the loop conformation closest
to the one presents in the crystal structure of the complex
(0.60 Å RMSD on C� atoms).

DISCUSSION

Protein–protein association is often coupled to conforma-
tional changes in protein loop regions. For a realistic
prediction of protein–protein complex geometries, it is
essential to account for such possible conformational
changes during docking simulations. Common strategies,
for example, performing a systematic search using rigid
protein partners followed by refinement of a number of
preselected complexes, may fail completely because they
disregard any favorable complex close to the realistic
binding geometry during preselection.

Our strategy for treating loop flexibility during docking
consists of treating the selected loop regions using a
mean-field approach during a multi-start docking minimi-
zation of the two partners represented by a reduced
protein model. By employing a reduced representation, it
is possible to position the ligand around the whole receptor
surface with different orientations, and thus to systemati-
cally evaluate many thousand putative docking com-
plexes. The computational efficiency is also due to the
mean-field representation of the loop by several conforma-
tional copies because the number of additional interac-
tions to be calculated during docking optimization is small
relative to the total of protein–protein interaction. Use of a
soft Lennard-Jones type interaction potential is particu-
larly well suited for mean-field approaches that employ a
discrete set of rigid conformational copies. Since the
probability or relative (Boltzmann) weight of each confor-
mation is an exponential function of its energy, softening
the repulsive part of the energy decreases the weight
dependency on transient steric clashes at a given moment.
This allows each copy with repulsive interactions to con-
serve a certain degree of contribution to the minimization
process. Nonetheless, this does not impede selection of a

Fig. 5. C� traces of the ligand position issue from the top-scored
prediction (in light grey) of a systematic docking of BPTI to its receptor
�-trypsin, compared to its position in the crystal complex (in dark grey).
The receptor is represented in black. The Lrmsd, calculated on C� atoms,
between these ligand structures is 0.8 Å (see Results). Extremities of the
flexible loop are indicated with arrows.
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favorable copy during the final ligand adjustment, when
the attractive part of the energy dominates.

The approach was tested on several cases for which
experimental X-ray and NMR studies demonstrated signifi-
cant conformational changes of loop regions in at least one
protein partner upon complex formation. The results show
that our algorithm is able to correctly position the ligand
with respect to its position in the crystal and to select the
best fitting conformation among an ensemble of loop
conformations proposed to represent the flexible loop. The
method also shows good efficiency when dealing with two
flexible loops present on the same protein. Compared with
rigid-body docking, our two-loop copy docking procedure
systematically predicted geometries closer to that of the
native complex when applied to protein unbound forms.
Furthermore, the ranking of the best geometries was
largely improved and the number of predictions close to
the best predicted complex increased. In the same way, our
flexible docking method using nine ab initio copies showed
improvements compared to unbound rigid body docking, at
least for the four systems tested. The presence, among the
copy ensemble, of a loop copy identical to the conformation
in the protein bound form always resulted in the selection
of this bound conformation in the best prediction (except
for one case, 1TGS, where the influence of the loop to
association appears to be small). It is noteworthy that
addition of ab initio copies in the copy ensemble seems to
improve the results (in terms of ranking, ligand position,
or number of good predictions) in comparison with docking
simulations with only two loop copies (the unbound and
bound loops), for three test cases. A possible explanation is
that the presence of additional loop conformations can help
to cross barriers of individual copy energy components and
contribute to the ligand adjustment with respect to the
bound loop copy. Further investigation is needed to con-
firm this proposition. Interestingly, in the absence of a
bound loop conformation in the copy ensemble, the ap-
proach still resulted in improved docking results compared
to rigid-body docking with the unbound protein form.
However, in this case the loop conformation with backbone
closest to that of the bound conformation was not always
selected as the most favorable loop solution. Further
analysis of these cases indicates that the conformations of
the loop side chains also play a decisive role for loop copy
selection. A loop copy with an “incorrect” backbone confor-
mation might be selected because its side chain conforma-
tions are such that it interacts favorably with the binding
cavity on the protein partner. In the present study, the
method was tested for flexible loops which contain a
limited number of residues. We have shown its efficiency
for flexible parts up to 25 residues (3HHR test case). We
intend to test our copy-docking method for systems which
present a large part of the protein in a multi-copy represen-
tation (for instance domain motion).

This work demonstrated the feasibility of treating loop
motions during a complete docking procedure. Clearly, the
method must be completed in order to obtain a fully
automatic docking method. First, ab initio blind predic-
tions need to be performed on the unbound forms of both

the receptor and the ligand, which requires accounting for
protein side chain and loop rearrangements on both part-
ners. A pertinent approach may consist in treating side
chain flexibility by MFT instead of the previous switching
process of ATTRACT since MFT is particularly adapted for
multi-copy representation of elements that can interact
together. Another important point is the determination of
flexible parts of the protein. In the present study, limita-
tion of the flexible loop was determined by comparing
unbound and bound structures of the protein. An ab initio
docking simulation will require prior evaluation of flexible
regions of the free form. The flexible loops can be located
using experimental data (mutations, B-factor, disordered
regions in the X-ray or NMR structure), computational
approaches (molecular dynamics simulations, normal mode
vibrational analysis,58 Principal Component Analysis34,59

or covalent and noncovalent bond networks60) or may
correspond to a protein segment with little homology to a
template structure in comparative homology modeling.
Finally, a specific work needs to be performed concerning
the quality of the copy ensemble representing the loop,
since as discussed above, it is an important parameter
which influences the precision of the ligand position in our
predictions. In the present study, we chose arbitrarily to
represent the loop by up to 10 conformations. However, the
copy number should be derived from a pertinent clustering
of all possible loop geometries. Representative copies
issued from this clustering should sample the available
space accessible to the loop. Ab initio building allows
constructing good quality conformation ensembles for short
to medium loops (� 12 amino acids)43 but covering the
conformational space available to long loops becomes a
complicated task due to the explosion of combinatorial
possibilities. To handle this difficulty, methods issued
from robotics61 or from sequence–structure correlations
based on Bayesian statistic62 appear very promising.
However, a good sampling of the backbone conformation
may not be sufficient since it is known that side-chain
conformations play a major role in the binding dynamics.
As suggested by the results of 1OAZ, a rigid representa-
tion of loop side chains can represent a limitation in
several cases, and accounting for loop side-chain flexibility
appears necessary. This should be achieved by treating
side chains flexibility by MFT using rotamer representa-
tion. However, the two levels of multi-copy representation
(side-chain copies on loop copies) may burden the calcula-
tion of the energy function derivatives. An alternative
solution is to replicate each possible backbone conforma-
tion and to characterize each replica with different side-
chains rotamers. The reduced protein description allows
representation of the conformational loop/side chain space
by fewer copies than necessary at atomic resolution, and
consequently it is expected that the number of copies will
remain within reasonable limits. We will address this
problem in future works.

Our results suggest it should be possible to access
accurate predictions of partner binding faces within a
prospective complex using a low-resolution approach. How-
ever, the necessary information for driving genetic and
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biochemical experiments requires predicting the details of
the interaction at an atomic level. In case of complexes
containing interfacial flexible loops, translating the low
resolution model into atomic representation not only re-
quires adjusting the ligand position on the receptor surface
and optimizing side-chain conformations: Refining the
loop position and its internal backbone conformation will
also be necessary as even small loop rearrangements affect
the short-range protein association.63 MD simulations
should not be adapted to refine loop conformation since, as
showed in this study, selected loop copy in the best
predicted complex may present backbone geometry far
from that of the bound loop. However, a multi-copy ap-
proach can be used coupled to atomic protein resolution.43

The ensemble of trial loop conformations should roughly
cover the same volume as occupied by the selected low-
resolution loop copy together with a similar group position-
ing.

Protein–protein docking using protein model structures
could become one main application area of the present
multi-copy loop docking approach. For many proteins of
known sequence it is nowadays possible to build model
structures based on sequence similarity to a protein of
known structure. The accuracy of such model structure
depends significantly on the target–template similarity.64

In cases of more than 50% sequence identity between
target and template, the model structures can reach
accuracies of 1 Å with respect to the overall protein
main-chain structure. However, even in these favorable
cases the structural deviation of a model from a realistic
structure may not be uniformly distributed along the
sequence. Often in loop regions the deviation of the
structural model from a real structure might be signifi-
cantly larger than 1 Å.65,66 Errors can prevent the use of
homology-built protein models in protein–protein docking
simulations. A possible solution to this problem is to
represent such loop regions of limited accuracy as multiple
conformational copies and employ these in systematic
docking simulations using the present multi-copy ap-
proach.

CONCLUSION

In this study, we bring our contribution to one important
challenge of the docking field, which is introducing inter-
nal protein flexibility during systematic docking. We pro-
posed an original strategy to account for loop adjustment
during the docking search. By introducing the mean-field
method in the multi-start docking protocol ATTRACT, we
are able to introduce flexibility without adding heavy
additional time cost. For several cases considered difficult,
we showed that our flexible docking method largely im-
proves the predictions compared to rigid protein–protein
docking.
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