
Chapter 2
Multiscale Protein and Peptide Docking

Mateusz Kurcinski, Michał Jamroz, and Andrzej Kolinski

Abstract The number of functional protein complexes in a cell is larger by an
order of magnitude than the number of proteins. The experimentally determined
three-dimensional structures exist for only a very small fraction of these complexes.
Thus, the methods for theoretical prediction of structures of protein assemblies
are extremely important for molecular biology. Association of two (or more pro-
teins) always induces conformational changes of the individual components. In
many cases, these induced changes are relatively small and involve mostly the
side chains at the association interface. In such cases, the approaches of rigid-body
docking of two (or more) structures are quite successful. Quite frequently, how-
ever, the docking-induced conformational changes are significant. In such cases,
prediction of the resulting structures is extremely challenging. The cases, where
experimental structures of some components do not exist, are yet even more dif-
ficult. In this chapter, we briefly overview the existing in silico docking methods
and describe a multiscale strategy of unrestricted flexible docking of proteins and
peptides.

2.1 Introduction

In eukaryotic cells, an average protein can participate in several protein–protein
(or protein–nucleic acid) complexes. The number of such complexes is larger by an
order of magnitude than the number of proteins. Since the number of experimentally
solved protein structures (about 60,000) is a small fraction of all proteins, the frac-
tion of structurally annotated protein complexes is very small. Thus, the theoretical,
in silico, prediction of molecular structures of multimeric protein assemblies is one
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of the most important task of bioinformatics and computational biology (Wodak
and Janin 1978; Valencia and Pazos 2002; Salwinski and Eisenberg 2003; Aloy
and Russell 2004). There are relatively dependable computational methods for so-
called rigid docking. These methods are applicable, provided that the structures of
individual components are known and the conformational changes of these com-
ponents induced upon docking are small. For proteins of known structures, the
last requirement is approximately fulfilled quite frequently (Ritchie 2008). Then
the problem reduces to generation of a large number of possible poses, according
to the shape complementarity of the components and scoring of binding poses by
interaction patterns of the interfaces. The latter task is by no means trivial since at
least some of the side chains at the interface certainly change their conformations
with respect to the conformations seen in the monomeric state or in different com-
plexes. At the moment, the knowledge-based statistical potentials, either atom-wise
or united-atom-wise ones, seem to be most productive in scoring of protein–protein
interactions.

The ultimate goal of the protein docking could be described as follows: having
just a set of sequences, find the structure (structures) of the possible assembles.
In general, this may appear to be not feasible, at least at present, but maybe this
is not so hopeless. Firstly, with the constant progress in protein structure predic-
tion, mainly via rectification of comparative modeling, now it is possible to predict
monomeric structures at least for a half of protein sequences and at least with a
moderate resolution. Secondly, provided that bioinformatics methods are devel-
oped for identification of structure fragments that may change upon the docking,
it should be possible to design methods for semi-flexible docking that accounts for
the allowed conformational changes of fragments of the components’ structures. A
step toward such a docking methodology is described in this chapter. The method
employs a multiscale modeling of proteins and peptides. It is based on CABS model-
ing software. CABS is a high-resolution, coarse-grained, protein modeling tool (the
acronym stands for the united atoms representing a residue in a polypeptide chain:
CA alpha carbon of the main chain, CB -beta carbon, and S – the center of side
group). The CABS protein structure representation is based on united-atom descrip-
tion of protein structure, where a single residue is represented by several (three or
four, depending on the size of side chains) united atoms. The conformational space
of CABS polypeptide chains is sampled by means of very efficient Monte Carlo
schemes. Details of the CABS design are described in the first chapter of this book
and in previous publications (Kolinski 2004). The spatial resolution of CABS allows
for quite precise reconstruction of atomic details. This reconstruction process (Gront
et al. 2007) for main-chain atoms is very fast and accurate within range of few tens
of Angstrom. The reconstruction of side groups is less accurate and depends on the
achieved accuracy of the Cα-trace fold.

Below, we overview briefly the techniques for rigid docking problem, docking
with a highly limited flexibility of some structural elements, and then we outline the
more flexible (and fully flexible) docking based on a multiscale approach in which
the CABS-based structure assembly is the key step of a molecular complex building
procedures.
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2.2 Rigid Docking Procedures

Suppose we know the three-dimensional structures of two proteins that form
a dimer, although we do not know how these two proteins are posed in the
complex, and which residues form the protein–protein interface. Finding the struc-
ture of the resulting complex is not a trivial task. Classical rigid docking consists of
two or three fundamental steps (Vajda and Kozakov 2009). The first one is the gener-
ation of a large number of binary structures. The second one is scoring the structures
according to the shape complementarity and interactions at the interface. Finally,
one may perform rectification of the best structures by adjustments of conformations
of the side chain at the interface. Finding plausible poses in rigid docking is not triv-
ial – this requires a very effective search algorithm. Fast Fourier Transform makes
it possible to reduce the six-dimensional problem to a one-dimensional problem. A
number of algorithms have been developed for this purpose (Katchalski-Katzir et al.
1992; Vakser and Aflalo 1994; Vakser 1995; Mandell et al. 2001; Del Carpio-Muñoz
et al. 2002; Chen et al. 2003; Carter et al. 2005; Kozakov et al. 2006; Sternberg et al.
1998). Alternatively, various geometric hashing procedures could be used (Fischer
et al. 1995). The resulting poses, usually several thousands of them, need to be
scored in order to produce a small number of plausible structures. Scoring func-
tions span a wide range, from a simple shape complementarity (Chen et al. 2003),
through the knowledge-based statistical potentials (Kozakov et al. 2006; Tobi and
Bahar 2006; Zhang et al. 2005; Cerutti et al. 2005), physics-based force fields (Koehl
2006; Sheinerman et al. 2000; Jiang et al. 2002) to data-driven docking, supported
by available biochemical information (Res and Lichtarge 2005; Res et al. 2005;
Lichtarge et al. 1996; Dominguez et al. 2003; Nilges 1995; Anand et al. 2003; van
Dijk et al. 2005). It has been also noted that rigid docking could be achieved in a
different way. Instead of ab initio computing the assembly structure, sometimes it is
more effective to predict binding interfaces of the interacting proteins and then per-
form docking in a limited conformational space. In some sense, this is yet another
variant of data-driven docking (Jones and Thornton 1997; Burgoyne and Jackson
2006).

Efficiency of various approaches to protein docking is systematically evaluated
within the framework of community-wide experiments of Critical Assessments of
PRediction of Interactions (CAPRI) (Carter et al. 2005; Janin et al. 2003).

2.3 Flexible Docking

Usually, although not always, protein association induces conformational changes
of the components (Bonvin 2006; Camacho and Vajda 2001; May and Zacharias
2005). In many cases, these conformational changes are essentially limited to the
interface side chains (Andrusier et al. 2008). RosettaDock algorithm is well suited
to deal with such cases (Gray et al. 2003; Daily et al. 2005; Wang et al. 2005). The
procedure starts from rigid docking and then the side chains are optimized using
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either a rotamer library or free-space side-chain optimization. Such an approach
proven to be very successful in blind predictions within CAPRI (Wang et al.
2007; Schueler-Furman et al. 2005). Recently, Rosetta modeling technology has
been applied to fully flexible docking, or rather “folding and docking” (Das et al.
2009), of small homo-oligomeric protein assemblies. The method utilizes available
experimental data: nuclear magnetic resonance (NMR) chemical shifts and resid-
ual dipolar coupling (RDC). Somewhat similar strategy for semi-flexible docking is
adapted in ATTRACT (the name of the algorithm comes from attractive interactions
of the interface residues) algorithm (Zacharias 2003; May and Zacharias 2007). The
method employs a coarse-grained representation of side chains and the docking pro-
cedure consists of two steps: rigid docking and optimization of the resulting poses,
allowing for flexibility of the side chains of interface residues. ATTRACT algorithm
was also used in docking simulations allowing for backbone flexibility of the loop
regions. It has been demonstrated that even limited flexibility improves the docking
results for most of the tested cases.

Small conformational changes, induced by docking, could be accommodated to
some extent by reduced representations or/and coarse-grained potentials describ-
ing the interface residues. This is probably one of the reasons for surprisingly
good performance of docking procedures based on just shape complementarity and
smoothened details of the surface. Recently it has been shown that smoothed low-
resolution representation of the surface residues leads to more consistent shape
complementarity (Zhang et al. 2009). Another way to increase recognition speci-
ficity of the interfaces could be achieved by use of multibody knowledge-based
potentials. For instance, four-body statistical pseudo-potentials proven to be useful
in protein–peptide docking, allowing for full flexibility of the peptide moieties (Aita
et al. 2010). Before the applications in protein docking, four-body potentials proven
to be very effective efficient in scoring protein decoys (Krishnamoorthy and Tropsha
2003; Feng et al. 2010).

In summary, while small, local conformational changes accompanying protein
docking are relatively well handled by a variety of docking algorithms, large defor-
mations of components are more difficult to predict. RosettaDock is one of few
exceptions, where de novo prediction of new (compared to known structures of
components) structures is sometimes feasible. The multiscale approach described
below, based on CABS modeling software, bootstrapped with all atom molecular
mechanics, is a step toward fully flexible docking of proteins and peptides.

2.4 Multiscale Flexible Docking with CABS

CABS (the acronym stands for the united atoms representing a residue in a polypep-
tide chain: CA – alpha carbon of the main chain, CB – beta carbon, and the center
of side group). Cα trace in CABS is restricted to a high-resolution cubic lattice grid,
where the lattice spacing is set to 0.61 Å. Cα−Cα distances in CABS are allowed
to fluctuate near the 3.8 Å. An additional pseudo-atom is located in the center of
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the Cα−Cα bond and supports a model of main-chain hydrogen bonds. The accu-
racy of a projection of high-resolution protein structure onto the lattice is of about
half of the lattice spacing. The coordinates of beta carbons and side chains are not
restricted to the lattice and are defined in the reference frame defined by the Cα

trace. Due to the lattice representation, computations of local conformational transi-
tions of the model chains are extremely fast and, in most cases, they are reduced to
straightforward shuffling of integer numbers. Similarly, most of interactions could
be computed via simple references to large hashing tables. Such computations with
CABS are about two orders of magnitude faster than it would be possible for –
otherwise equivalent – continuous space model (Boniecki et al. 2003). It should be
pointed out that, due to the fine grid of the lattice representations, the model does
not exhibit any lattice artifacts. Actual accuracy of the molecular models gener-
ated by CABS is lower than the resolution resulting from the lattice representation.
The results of free modeling, when successful, are accurate within a low-resolution
range of 2.5–5 Å. Comparative models are more accurate and their accuracy depends
on the quality of templates from which the distance restraints between Cα atoms
are extracted. The best models have an accuracy of about 1 Å. CABS allows for
easy implementation of various restraints, not only Cα−Cα distances from tem-
plates but also restraints from sparse experimental data, as chemical shifts, residual
dipolar coupling, side chain–side chain contacts from mutagenesis, etc. This opens
a convenient framework for the treatment of docking flexibility at various levels. A
geometric fidelity of the CABS representation is sufficient for a reasonably accu-
rate all-atom reconstructions (Gront et al. 2007). A good measure of this fidelity
is an experiment of projecting the structure onto CABS lattice followed by subse-
quent reconstruction of atomic details. The reconstruction consists of two stages:
the first one is a very fast rebuilding of the main chain and beta carbons, executed
by Backbone Building from Quadrilaterals (BBQ) program, the second one could
be side-chain fitting via side-chain replacement with rotamer libraries (SCWRL)
program by Dunbrack (Canutescu et al. 2003). The accuracy of such a reconstruc-
tion cycle is within a range of few tens of angstroms for the main-chain atoms and
a range of 1.5–2 Å for the side-chain atoms, depending on the structure. The all-
atom structures could be generated at any stage of the docking and scored by force
fields other than CABS. Details of the CABS knowledge-based force field (Kolinski
2004) and description of combinations of CABS with all-atom molecular mechanics
(Kmiecik and Kolinski 2007, 2008; Kmiecik et al. 2007) could be found in earlier
publications.

Sampling protocols of CABS employ various Monte Carlo-based algorithms.
When the folding mechanisms are of interest, simple simulated annealing or isother-
mal Monte Carlo dynamics could be appropriate. Since CABS conformational
updating employs various local rearrangements controlled by a pseudo-random
mechanisms, the trajectories from such simulations represent solutions of a cer-
tain Master Equation of motions and thereby provide a coarse-grained picture of
the system dynamics. In this respect, CABS differs from the most of other structure
assembly-reduced models, such as Rosetta (Rohl et al. 2004). There are, however,
reduced space models enabling similar studies. The continuous models (like united
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residues (UNRES), (Ołdziej et al. 2005) allow for Molecular Dynamics simulations
and, similarly to CABS, for Monte Carlo dynamics. When just structure predic-
tion is a goal, more effective than simulated annealing are various multicopy MC
algorithms. Most docking experiments with CABS proceed according to a combina-
tion of Replica Exchange Monte Carlo (REMC) (simulated tempering) (Hukushima
and Nemoto 1996) with simulated annealing. During a typical simulation, a large
number of replicas (50) are subject to slow annealing of the entire stack.

2.4.1 Treating of Flexibility

CABS facilitates various levels of docking flexibility. Schematically, different
instances of docking could be outlined as follows:

A. A semi-flexible docking of two or more proteins of known structures.
B. Docking of a fully flexible (unrestrained folding) protein or peptide on a semi-

flexible scaffold of other proteins.
C. De novo assembly (fully flexible, free folding) of protein (peptide) complex.

Obviously, the success rate and accuracy of the resulting structures decreases
from A to C. The unrestricted de novo assembly of a protein complex (C) is now
feasible only for relatively small and structurally not too complex proteins. Various
symmetry-resulting (as for homo-dimers, trimers, etc.) restraints could be easily
implemented (similarly as it was done before for RosettaDock), increasing the
docking accuracy significantly.

In semi-flexible docking (A), intra-protein restraints are read from the unbonded
structures and the corresponding distances are allowed to fluctuate around their
unbonded values. The poses could be generated by the CABS REMC in an unre-
stricted fashion or the initial poses (structures placed at starting replicas) could be
obtained from various fast docking shape-complementarity-based algorithms. To
speed up assembly, centers of gravity of the assembled molecules are subject to a
weak generic attractive force acting at distances larger than the plausible estimated
distance within the complex. In such procedures, trivial flexibility related to differ-
ent conformations of the interface side chains is approximately accounted for at the
stage of the all-atom reconstruction. Flexibility of interacting proteins does need to
be treated in a uniform fashion. It is easy to restraint just parts of each molecule,
allowing the remaining portions to freely adjust during the docking. Prediction of
flexible fragments could be achieved in various ways, including structural compar-
ison of different complexes of proteins of interests, normal modes, or Gaussian
Network, analysis of these proteins, etc. A relative strength of restraints could be
also included in the input data for the docking.

Docking of a fully flexible small protein (or a peptide) to semi-flexible scaffold
of other protein (a receptor) is almost always successful, without assuming a priori
anything about the pose (except the penalty for large distances between molecules)
and internal conformation of the free molecule.
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In principle, the interaction between the interface amino acids does need to be the
same as the intra-protein interactions. The interactions between the side chains in
CABS model are described by statistical pseudo-potentials derived from regularities
seen in known structures. These potentials are context dependent (accounting for
mutual orientations of the side chains and local conformations of the main chain).
Thus, the potentials account in an implicit way for complex multi-body packing
effects. Also the averaged solvent effect is encoded in these potentials. Interestingly,
potentials derived separately for the interfaces in known complexes do not differ
significantly from the potentials derived for monomeric proteins. In the example
docking simulations described in this chapter, generic CABS potentials were used.

2.4.2 Example of Peptide Docking to Receptor Protein

Frequently small peptides act as coactivators for larger proteins. Below we describe
a typical example of such a docking experiment (Kurcinski and Kolinski 2007).
The receptor protein is the vitamin D receptor (or rather the receptor part of the
entire protein). The receptor is treated in a semi-flexible fashion. A large num-
ber of Cα−Cα intra-molecular distances are extracted from the crystallographic
structure of the protein. Additionally, the secondary structure defined according
to the define secondary structure of proteins (DSSP) assignment is a part of the
simulation input. Assigned secondary structure provides a bias toward the proper
short-range geometry and favors the hydrogen-bonding patterns consistent with this
secondary structure. The simulation set-up for the receptor is schematically depicted
in the left-hand side of the flow chart given in Fig. 2.1. During the simulation, the
receptor structure oscillates around its native structure. The initial set of 50 replicas
for the REMC simulations are generated by replication of the receptor structure with
randomly placed peptide chains near the protein surface. Internal conformations of
the peptide and its location in respect to the receptor are both selected in a random
fashion. The set-up for the peptide is illustrated in the top right-hand part of the flow
chart. The starting replica with the superimposed receptor structure is shown in the
top central panel of the flow chart. The main part of the docking simulations is exe-
cuted by the CABS algorithm. CABS produces a large number of conformations,
stored in a pseudo-trajectory read from the lowest-temperature replica. Typically,
the CABS output contains some thousands of structures. Single run generates mil-
lions of states and requires several hours of a single LINUX computing unit. The
structures stored in the pseudo-trajectory are subject to a clustering procedure (hier-
archical clustering or K-means clustering). In the case of the example illustrated
here, there is only one well-defined cluster of solutions, containing majority of the
structures. Remaining structures are scattered in apparently random fashion. The
main cluster is very dense with nicely superimposed receptor structures. Only the
end and some loop residues deviate a little (0.5–1.0 Å) from the mean structure,
which is almost identical with the crystallographic structure. The cloud of the pep-
tide structures is also very well defined (bottom, right-hand panel of Fig. 2.1), with
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Fig. 2.1 Flow chart of multiscale hierarchical peptide–protein docking. See the text for details

the mean-square dispersion below 1 Å. The centroid structure from the main cluster
provides a scaffold for the all-atom reconstruction (left-hand panels) of the com-
plex. The reconstructed structure is optimized with all-atom force field and rectified
in Molecular Dynamics. The final structures obtained in such test docking are of
crystallographic resolution.

In several tests of peptide docking to various receptors, the proper pose has
always been found to be within the main cluster of solution. For longer peptides
(25–30 amino acids), the resulting coordinates of end residues of the peptide were
usually of lower accuracy (2–3 Å), although the interface contact maps were always
predicted (or rather postdicted) with high accuracy.

2.4.3 Protein–Protein Docking

The methodology described in the previous sections could be used for protein–
protein docking where one or two (or more) proteins could be treated in a fully
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flexible fashion, without assuming anything about their structures within the com-
plex. Good results of fully flexible, unrestricted docking, could be expected only
for relatively small and structurally not too complex proteins, of a size of the Rop
homo-dimer that consists of two antiparallel long-helical hairpins or the crambin
pseudo-dimer. For larger proteins, properly folded complex structures are not always
obtained. At the present status of the CABS methodology, the semi-flexible docking
simulations are more dependable, where at least parts of the modeled structures are
controlled by weaker or stronger intra-molecular restraints derived from non-bonded
structures or from different complexes of the proteins of interest.

Two examples of semi-flexible docking results are illustrated in Figs. 2.2 and
2.3. In both cases, the structures of the larger proteins in the complex were strongly
restrained to their non-bonded native structures. Docking simulations modified these
structures very little (deviation range of 0.3–0.9 Å). Actually, this is very close to
the structural differences seen between the individual proteins in the complexes
and their unbound structures. The structures of larger protein are shown in gray.
The second components of the complexes had higher flexibility, the restraints were
much weaker allowing for large fluctuations, ranging within 5–10 Å. In both cases,
near-native structures were found in the largest clusters. The resulting poses are
qualitatively correct, although the details of the internal structures of these proteins
have several errors. For easy comparison, Figs. 2.2 and 2.3 show both experimental
(green) and calculated (red) structures. The drawings were done assuming the best
superimposition of the larger proteins in the complex. The resulting superimposition
of the second proteins illustrates a sum of the errors of pose and the errors of inter-
nal coordinates. The sum of these errors (coordinate Root-Mean-Square deviation
of the smaller protein after the best superimposition of the larger protein) is 2.6 Å in
the first case and 3.8 Å in the second case, respectively. Thus, qualitatively correct
poses have been predicted (nothing has been assumed about the mutual orientation

Fig. 2.2 Structure obtained
from docking procedure. The
“receptor protein” (PDB code
1ppn) shown in gray, “ligand”
protein (PDB code 2oct)
shown in green in the
crystallographic structure
(PDB code 1stf), and in red
for the final model. See the
text for details



30 M. Kurcinski et al.

Fig. 2.3 Structure obtained
from docking procedure. The
“receptor protein” (PDB code
2hnt) shown in gray, “ligand”
protein (PDB code 5hir)
shown in green in the
crystallographic structure
(PDB code 4htc), and in red
for the final model. See the
text for details

of the components) although the structural details have been distorted, especially in
the second case. Initial 50 replicas for the REMC simulations were generated by
FTdock program.

2.5 Perspectives

The problem of in silico flexible docking, especially in cases where the docking-
induced conformational changes are large, is far from being solved. Nevertheless,
there are numerous encouraging small steps toward a partial solution of this prob-
lem. Multiscale procedures, where flexible docking is performed using various
coarse-grained protein models, followed by refinement of the resulting poses by
more detailed molecular mechanics seem to be very promising. Here, we described
combinations of the CABS-reduced space modeling methodology with all-atom
refinements applied to flexible and semi-flexible protein–protein and protein–
peptide dockings. The method is now mature enough for large-scale predictions
of protein interactomes. In the large-scale applications, it may be necessary to intro-
duce a pre-screening phase employing fast docking procedures based on a shape
complementarity.

At present, the described method is limited to proteins and peptides. An extension
onto nucleic acids will require development of their coarse-grained representation,
consistent with the CABS representation of proteins. Also the treatment of small
ligands within such multiscale docking procedures requires significant extensions
of the knowledge-based force fields, and this is still an open problem.
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Another possibility of applications of the outlined method is related to the assem-
bly mechanisms of protein complexes. CABS sampling techniques and its force field
enable meaningful simulations of folding pathways (see Chapter 12). Extension of
the method on multimeric assemblies is straightforward, although it will require
larger computing resources, due to a higher complexity of the problem.

Finally, we would like to note that the coarse-grained protein models are poten-
tially very interesting in the context of yet different class of docking problem,
namely, fitting molecular structures into cryo-electron microscopy (EM) (or simi-
lar) low-resolution experimental data (Lindert et al. 2009; Orzechowski and Tama
2008; Jolley et al. 2008). This problem, however, is beyond the scope of this chapter.
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