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Abstract

Flexibility and dynamics are protein characteristics that are essential for the process of molecular
recognition. Conformational changes in the protein that are coupled to ligand binding are
described by the biophysical models of induced fit and conformational selection. Different
concepts are reviewed that incorporate protein flexibility into protein-ligand docking within the
context of these two models. Several computational studies will be presented that discuss the
validity and possible limitations of such approaches. Finally, different approaches that incorporate
protein dynamics, e.g. configurational entropy, and solvation effects into docking will be
highlighted.

Keywords

Protein flexibility; protein dynamics; docking; induced fit; conformational selection; entropy;
solvation

Molecular recognition between receptors and ligands plays a fundamental role in virtually
all biochemical processes in living organisms. In many instances, ligands such as hormones
or neurotransmitters are located outside the cell and non-covalently bind to receptors, e.g. G-
protein coupled receptors (1-3) or ligand-gated ion channel receptors (4). This association
process results in conformational changes that lead to subsequent signaling events inside the
cell. Furthermore, environmental signals are also known to bind to receptors and cause
downstream signaling events; for example, odors and volatile substances bind to olfactory
and taste receptors and trigger down-stream signaling events that are ultimately translated
into smells and tastes (5;6).

In addition to molecular recognition leading to downstream signaling effect, substrate
recognition by enzymes is a process of central importance that enables the living organism's
internal processes as well as interaction with the organisms’ environment. For example,
compounds that are absorbed from the environment, including drugs, might have potential
adverse effects to the organism. Enzymes such as cytochrome P450 bind and chemically
modify these compounds to more water-soluble products that subsequently are excreted
from the body (7;8).

Analyzing examples for molecular recognition as shown in Figure 1 demonstrates that
protein flexibility coupled to ligand binding often plays a key role in protein-ligand
association (15). Individual residues in the binding site of the protein change their side-chain
conformation to bind different ligands (Figure 1, top panel) (9;10). Large-scale loop
reorganization is observed upon ligand binding to cytochrome P450 119 (Figure 1, middle
panel) (16;17). In the estrogen receptor, the binding of agonists (Figure 1, bottom left) or
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selective estrogen receptor modulators (SERM) (Figure 1, bottom right) generates different
conformations of helix 12 resulting in tissue-specific control of signals (18).

In this article, the induced-fit and conformational-selection biophysical models will be
discussed to elucidate the role of protein flexibility in ligand binding. Based on this
discussion, different approaches that incorporate protein flexibility into docking will be
presented. Additional computational studies will be presented that discuss the validity of the
different methods that incorporate protein flexibility during docking. Furthermore, three
additional important issues will be discussed that need further consideration in the
development of future flexible docking methods: The modeling of protein dynamics, i.e.
configurational entropy, the modeling of solvation effects, and the precise quantification of
the free energy associated with the protein's conformational change coupled to ligand
binding.

The mechanism of protein flexibility coupled to ligand binding

The coupling between protein conformational change and ligand binding is commonly
explained by one of two different biophysical models, either the induced-fit (19) (or
conformational-induction) or the conformational-selection (20) (or population-shift)
mechanisms. In a simplified dynamic energy-landscape model (Figure 2) the two
mechanisms can be characterized as either a path from the ligand-unoccupied open (UQO)
state to the ligand-bound closed (BC) state either via the ligand-unoccupied closed (UC)
state (in case of conformational-selection mechanism; red path in Figure 2) or via the ligand-
bound open (BO) state to the ligand-bound closed (BC) state (induced-fit mechanism; green
path in Figure 2). The two different mechanisms of protein flexibility coupled to ligand
binding, induced fit and population shift, relate to the models of Koshland-Neméthy-Filmer
(KNF) (21) and Monod-Wyman-Changeux (MWC) (22) describing allostery, respectively.

To be able to categorize protein-ligand systems by one of these mechanisms, Okazaki et al.
(23) developed a double-basin Hamiltonian quantitatively representing the dynamic energy-
landscape model of Figure 2 where two basins of the Hamiltonian describe the open and
closed protein state. A ligand-protein interaction term is added to the Hamiltonian that
characterizes the influence of the binding of the ligand to the overall Hamiltonian of the
system. From simulations using this Hamiltonian with varying strength and range of protein-
ligand interactions, the authors deduced that strong and long-range interactions favor the
induced-fit mechanism whereas weak and short-range interactions favor the conformational-
selection mechanism. The trend between ligand-protein interaction strength and mechanism
of conformational change is intuitive and can be interpreted utilizing the free-energy
landscape model (Figures 2 and 3). If the free-energy difference between apo and holo
conformation AGgc of the ligand-free protein is large (Figure 3, top panel), the unbound
protein visits the holo form infrequently. For protein systems where this situation occurs,
strong protein-ligand interactions AGp|_are required to induce and stabilize the holo
conformation and drive the overall free energy of the protein-ligand complex to a more
negative value than the unbound apo conformation. If the energy difference between the apo
and the holo protein form is small (Figure 3, bottom panel), the holo conformation is
frequently visited by the unbound protein and the ligand can bind to this protein
conformation. In this case, a weaker protein-ligand interaction is required to stabilize the
holo form of the protein. However, direct interactions between protein and ligand atoms,
such as hydrogen bonds or electrostatic interactions, are not always the dominant
contributors to AGp_. The hydrophobic association between protein and ligand moieties
often dominates the free energy of binding (24-27). Until recently, hydrophobic interactions
were considered to be always entropically driven (28). In this model water molecules form
ordered water shells (29) around hydrophobic ligand moieties or amino acids creating a
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highly ordered water structure that is entropically unfavorable compared to the structure of
bulk water with its highly dynamic hydrogen-bond network. As the ligand binds to the
protein, the water molecules in the shell surrounding the hydrophobic moieties of the ligand
and the binding site of the protein are released into the bulk solvent and gain translational,
rotational, and vibrational entropy thereby lowering the free energy of the protein-ligand
complex. However, recent studies (26;27;30;31) demonstrated that hydrophobic interactions
can also be enthalpically driven. Using a model system for hydrophobic receptor-ligand
association, McCammon and co-workers (26;27) found that disordered water molecules
with density smaller than bulk density bind to small but solvent-accessible hydrophobic
cavities. Upon ligand binding, these disordered water molecules are released into the bulk
solvent and actually loose entropy. The gain of water-water interactions is the major
contributor to the net change in enthalpy which over-compensates the loss of entropy.

To separate the two different mechanism of protein-flexibility coupled to ligand binding,
experimental techniques such as X-ray crystallography, NMR experiments, and kinetic
measurements are utilized to identify holo-like protein conformations pre-existing in the
ligand-free state of the protein (32-34) in agreement with the population-shift mechanism, or
to identify intermediate states (35) that potentially point towards an induced-fit mechanism.
Experiments also suggested the co-existence of both the population-shift and induced-fit
mechanisms for ligand binding to a protein (36-39). For example, X-ray crystallography and
kinetic measurements on ligand binding to the antibody SPE7 showed that ligands bind to
pre-existing conformations of SPE7 followed by induced fit generating the final high-
affinity protein-ligand complex (40). Also, single-molecule AFM measurements found that
protein-protein binding between a nuclear transport effector, RanBP1, and a nuclear import
receptor, importin g, can either follow the population-shift or induced-fit mechanism,
depending on which additional substrate binds to importin S (36).

Computational methods to simulate protein-flexibility coupled to ligand

binding

Over the past few decades, many computational concepts have emerged that incorporate
different levels of protein flexibility into the modeling of protein-ligand association. Many
methods are applied to study individual protein-ligand complexes, such as molecular-
dynamics (MD) or Monte-Carlo (MC) simulations. Such methods can be used to locally
sample energetically accessible substates of the protein-ligand complex’s free-energy
landscape. Algorithms such as free-energy perturbation (FEP) (41) or thermodynamic
integration (T1) (42) in combination with MD or MC simulations can calculate the relative
free energy of compounds binding to the same drug target within 1-2 kcal/mol of the
experimental value. Unfortunately, the procedures associated with FEP and T1 are
computationally demanding and are typically limited to the comparison of structurally
similar compounds. In addition to being computationally expensive, the application of these
techniques requires a priori knowledge of the configuration of the ligand and protein in their
bound form.

Recently, standard FEP and TI protocols have been extended to efficiently incorporate
conformational changes associated with ligand binding (43;44). Using umbrella sampling in
conjunction with the “confine-and-release” framework, Mobley et al. (43) accurately
predicted the free energy of a ligand binding to a designed binding site in T4 lysozyme
which involves a conformational change of a Val residue. In a separate study, Lawrenz et al.
(44) developed an independent-trajectory thermodynamics-integration (IT-TI) method that
computes absolute and relative binding free energies using multiple independent trajectories
to improve configurational sampling. In their study on peramivir binding to H5N1 avian
influenza virus neuraminidase, IT-TI was utilized to extensively sample the phase space
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accessible to the flexible loop regions that interact with the ligand. IT-TI was designed for
use with distributed computing and consequently allows a significantly more rapid
computation of absolute free energies of binding compared to standard TI or FEP
calculations for a series of ligands.

An alternative method designed to predict in the configuration and binding affinity of a
ligand to a specific receptor is receptor-ligand docking. Docking methods are less
computationally demanding than simulation-based free energy methods and are used to
virtually screen large libraries of existing or hypothetical chemicals with the goal of
identifying new potentially active chemotypes that bind to the target receptor. Throughout
the docking process, many different ligand orientations and conformations (binding poses)
are generated in the binding site of the protein using a search algorithm. The free energy of
binding of each pose is subsequently estimated using a scoring function.

For some target proteins, the search algorithm of a docking program may generate bioactive
conformations (RMSD < 2 A) throughout the search process for up to 90% of all ligands; for
other proteins this percentage can be as low as 40% (45). However, existing scoring
functions used in docking are not accurate enough to reliably estimate the free energy of
binding of a protein-ligand complex. Thus, the bioactive pose is not always energetically
ranked top among all poses generated throughout the search process (45). The correlation
between experimental and predicted binding affinities using scoring functions for a series of
compounds binding to the same protein is usually weak and often influenced by
considerations of ligand size rather than by the correct modeling of the underlying physico-
chemical contributions to binding affinity (46;47).

The above limitations of docking programs originate from the necessity to find a balance
between accuracy and speed in order to screen large ligand libraries. Consequently, scoring
functions quantify a simplified representation of the full protein-ligand interaction by
typically including only elements such as hydrogen bonds and hydrophobic contacts, and
typically neglecting effects such as solvation, polarization, and entropy. The individual
terms of the scoring function are weighted by pre-factors that are optimized using a training
set of protein-ligand complexes. As a consequence of the simplified representation of the
physics of protein-ligand interactions and the optimization procedure, the success of scoring
functions for binding pose prediction and virtual screening is known to be protein-system
dependent (45). In addition to using a simplified scoring function to reduce the
computational time required to screen ligand libraries, only critical degrees of freedom of
the ligand are considered during the search algorithm to limit the conformational space that
must be sampled (i.e. translation, rotation and torsional rotations of ligand). Based on the
need to keep the computational costs low, protein flexibility is commonly only partially
incorporated into docking, e.g. side-chain flexibility. Only considering side-chain flexibility
in the binding site, typically containing between 10-30 residues, there are approximately
20-70 rotatable bonds that represent the protein’'s degrees of flexibility. The computational
cost significantly increases if additional degrees of freedom, representing the backbone
motion, of the protein are incorporated.

Concepts that incorporate protein conformational changes into receptor-
ligand docking

As several reviews have been published (48-54) that discuss existing methods and software
used to model conformational changes during docking, it is not the aim of this article to
produce a detailed description of each method. Instead, general concepts that include protein
flexibility during docking are highlighted in the context of their relation to the two
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biophysical mechanism of protein flexibility coupled to ligand binding, the induced-fit
versus conformational-selection mechanism.

In general, algorithms can be divided into two categories (Figure 4). The first class of
methods generates an ensemble of protein structures (EPS) prior to docking. Based on the
ideas of conformational selection, each ligand in the library is then subsequently docked to
each member of the EPS. The second category of methods generates alternative protein
conformations on-the-fly in parallel to the pose generation of the ligand during docking. In
this concept, additional degrees of freedom are selected that describe important
contributions of protein flexibility. Variables that characterize the magnitude of the
conformational change along the selected degrees of protein flexibility are optimized in
parallel to the ligand degrees of freedom, such as translational, rotational and torsional
changes. As the accessible conformational space to the protein-ligand system scales, in the
worst case, as polynomial with the number of degrees of freedom, the degrees of protein
flexibility must be selected very carefully. This approach can be interpreted as an
implementation of the induced-fit idea into docking.

Docking with conformational change represented by additional degrees of freedom

Many docking programs allow side chains of selected binding-site residues to be flexible
throughout the search process. Alternative side-chain conformations are either generated by
an exhaustive search (55;56), by selecting states from a pre-generated rotamer library
(57-59), or by a minimal change in conformations to resolve steric clashes between protein
and the current ligand binding pose (60). The estimation of free-energy changes between
different protein conformations is an important issue when including protein flexibility. The
energetic cost associated with torsional changes of side chains is typically estimated in one
of two ways: The interaction between the flexible residues and the rest of the protein is
computed using the same scoring function used to estimate the protein-ligand interactions
(61;62) or an empirical energy function is used that is proportional to the size of torsional
changes (60). The later estimation assumes that only small changes in the torsion angles are
observed.

The question arises as to whether the inclusion of selected side chains is sufficient to
accurately model protein flexibility in docking. For protein systems such as neuraminidase
(shown in Figure 1, top panel) this may be the case, but for other systems (e.g. HIV
protease, CAMP-dependent protein kinase, CYP450 (Figure 1, middle panel) or estrogen
receptor (Figure 1, bottom panel)) protein flexibility beyond the side chain level plays a
significant role during ligand binding.

To incorporate protein-backbone flexibility into docking, it is possible to include
conformational fluctuations of the protein structure in terms of collective motions, or
“degrees of freedom”. These collective degrees of freedom are then included as additional
searchable variables in the binding-pose optimization procedure. Zacharias and co-workers
derived collective degrees of freedom by performing normal-mode analysis (NMA)
originally using a full atomistic representation of the protein (63). NMA is based on the
assumption that protein motion can be approximated by a combination of harmonic
vibrations. In NMA the Hessian matrix containing the partial second derivatives of the
potential energy with respect to the atom coordinates is diagonalized. The resulting
eigenvectors describing the lowest frequency modes characterize the slow collective or
large-scale motions of the protein. To increase the computational efficiency, Zacharias and
co-workers later used the collective variables derived from a NMA of an elastic-network
model (ENM) (64). In an ENM the residues of the protein are represented by single 3D
points that are connected by mechanical springs and the fluctuations of the protein are
governed by the difference in local particle density. An alternative approach used to reduce
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protein dynamics to a few collective degrees of freedom is principle-component analysis
(PCA) of a protein trajectory obtained from a MD simulation (65).

The previously described procedures utilize the potential function of the ligand-free form of
the protein to determine the collective degrees of freedom of the protein. Such methods
assume that the collective degrees of freedom encode the protein fluctuations necessary for
ligand binding to occur. This encoding hypothesis (66-68) is an implication of the
conformational-selection model assuming that the fluctuations in the apo protein structure
trigger frequent transitions to the holo forms of the protein (Figure 5a). To test this
hypothesis, Ikeguchi et al. (69) used linear-response theory where ligand binding was
modeled as an external perturbation to the atomic fluctuations of the apo form of the protein.
They demonstrated that upon ligand binding, the overall large-scale change (up to 15A C,,
displacement between apo and holo conformations) of three different protein systems
(ferric-binding protein, citrate synthase, and F1-ATPase) could be predicted based on five
collective modes. However, differences in the order of 2-5A between the predicted and the
experimental holo structure were observed in some portions of each protein system.

In another study to test the encoding hypothesis, Cukier applied PCA analysis to an apo
structure of an adenylate kinase known to undergo large-scale conformational changes in the
LID and AMP binding domain to form a closed form of the binding site when the substrates
AMP and Mg2*-ATP are bound (66). The authors observed that the conformational change
of the LID domain was encoded in twelve collective modes of the apo form, whereas the
additional AMP-induced conformational change in the AMP binding domain was not
encoded in the collective modes. These examples demonstrate that holo-like protein
conformations can be generated using collective degrees of freedom from the apo protein for
many systems, but that additional induced fit may be necessary to predict a holo-like protein
conformation in some protein systems (cf. Figure 5b).

One issue with many of the studies used to validate the ability of the collective mode
approach to generate holo protein structures was that the experimental end state of the
protein is known a priori (open and closed forms of the protein were obtained beforehand
from experimental studies). Without this structural information, we are faced with the
question as to how the different collective modes should be weighted and what magnitude of
conformational change should be expected.

The weighting of the collective modes and the magnitude of conformational change to be
expected from them directly relates to the energy difference required to transition between
the apo and holo forms of the protein (represented as AGoc in Figure 3). In an attempt to
quantify this energy, May et al. (64) estimated the energy needed to transition the protein
between states as an empirical fourth-order function of the magnitude of deformation along
each collective mode m:

M
4
Vdc_fm'm:ZKm . ]Rm - R?n| 5
m=1 (1)

where |R,, — R | is the magnitude of conformational change along the m-th collective mode
and xp, is the square of the eigenvalue of mode m. This empirical quantification approach
was successfully applied to cyclin-dependent kinase 2 cross-docking studies. The
experimental holo structures for the ligands used in the cross-docking studies differ from the
apo form by rather small shifts of secondary structural elements near the binding site
(backbone RMSD: 0.7 — 2.2 A). However, it is not obvious how this quantification of AGoc
can be applied to protein systems known to undergo large-scale conformational changes
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between the apo and holo forms and are characterized by two local minima separated by an
energy barrier (see Figure 5). In this situation, the energetic penalty used in the study of May
et al. (64) would constantly increase with deviation from the apo form in contrast to the free
energy profile. In another attempt to quantify the free energy difference associated with
conformational shifts in the loop regions Cavasotto et al. (70) used a sophisticated scoring
procedure comprised of force-field energies and an implicit solvation model for the protein
region of interest, i.e. the residues in close proximity to the binding site. Even more difficult
than estimating the free energy associated with conformational shifts of secondary-structure
elements is to accurately quantify the relative free energies of large-scale conformations that
involve partial refolding of the protein structure, such as unstructured protein regions in the
absence of the ligand or significant refolding of loop conformations. As the difficulties of
this problem are related to those of ab initio protein structure prediction, an accurate
estimation (1-3 kcal/mol) of the free energy of such protein conformational changes is
currently unlikely to be achieved with current scoring procedures.

An important question concerning the use of collective variables is the number of degrees of
freedom required to generate a holo-like protein structure. The answer to this question
certainly depends on the required level of accuracy. Pande and coworkers (71) applied NMA
on four different protein systems (myosin, calmodulin, NtrC, and hemoglobin) that undergo
significant conformational changes (2.0 A — 15.1 A RMSD between experimental apo and
holo forms) during ligand binding. Using the 20 most significant normal modes, less than
50% of the observed conformational change (measured by RMSD between the projected and
the experimental target structure) was reproduced and deviations between the predicted and
the experimental target structure ranged from 2-8A. To achieve an RMSD of 2A between
the predicted and experimental structures hundreds of normal modes were required. In an
attempt to limit the number of additional degrees of freedom required to describe backbone
motion, new approaches were recently devised to project the collective variables on
important regions of the protein, or individual atoms (66;70) .

Docking into pre-generated ensemble of protein conformations

NMA, PCA or ENM can also be used to generate an ensemble of protein structures (EPS) of
alternative templates for docking (Figure 4). The simplest way to include the EPS is to
perform sequential docking into all members of the ensemble, linearly increasing the
required computational time with the size of the EPS. To speed up the docking process, the
EPS alternatively can be integrated in the docking algorithm as alternative states accessible
by the protein-ligand system during the pose generation phase (72-74) or can be combined
in an average interaction energy grid used throughout docking.(75) A detailed discussion of
different means of handling the EPS throughout docking can be found in a review by Totrov
and Abagyan (50).

Whereas the previously discussed methods focus on medium to large-scale conformational
changes of the protein, it has been recognized that small scale changes (1-2A RMSD) are
often critical for successful docking (76-78). As an alternative to using collective variables
to generate EPS, MD simulations can be conducted on the protein system. Whereas large-
scale conformational changes are typically missed using a standard MD simulation, this
approach has the ability to include small-scale backbone and side-chain fluctuations in the
EPS.

In ensemble docking studies (79), it has been recognized that using an EPS with only a few
protein conformations can increase the success rate for correctly predicting binding poses
and enrichment in virtual screening. Using a very large EPS, however, leads to a reduced
performance of docking due to the generation of a large number of false positives, thereby
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reducing the enrichment rate in virtual screening. Thus, an important consideration when
using EPS for docking is how many and which protein conformations should be utilized.

Amaro et al. (80) utilized different approaches, e.g. hierarchical clustering based on pair-
wise RMSD between MD snapshots, to reduce the initial EPS generated by MD simulations
to a structurally diverse subset of protein structures representing the configurational space
sampled by MD. This procedure allowed the authors to reduce the initial size of the EPS by
90-99% without any observable loss of accuracy in virtual screening experiments. Bolstad et
al. (81) developed a method for selecting protein conformations from the EPS based on their
ability to conserve the relative orientations of a core of amino acids critical for binding.
Using dihydrofolate reductase (DHFR) as a test case, atoms of binding site residues that
have a conserved relative position in various DHFR co-complexes with ligands were
manually identified. Distances between these protein atoms were computed for all MD
snapshots and compared with the conserved distances in the X-ray structures. Only MD
snapshots that approximately preserve the interatomic distances between the selected protein
atoms were chosen as members of the EPS used for docking. This procedure allowed the
reduction of the initial EPS by 50-75% increasing the efficiency and ranking accuracy of
ensemble docking.

Armen et al. (82) studied the influence of different levels of modeled protein flexibility on
cross-docking accuracy using p38a. MAP kinase which displays significant side chain and
loop flexibility in the binding site. The level of protein flexibility was defined by the number
and size of segments of non-restrained atoms or torsions in the MD simulations utilized to
generate alternative template structures, ranging from a rigid protein structure over flexible
side chains, flexible loop regions to the fully flexible protein for which no restraints on
protein atoms or torsions are applied. They found that limiting the modeled protein
flexibility to the fewest degrees of freedom necessary to adequately represent the
experimentally observed flexibility (i.e. binding-site side chains and two flexible loops in
the studied test case) showed superior cross-docking performance compared to using rigid or
fully flexible proteins as template structures for docking. The authors reasoned that fully
flexible protein models displayed decreased docking performance because incorporating
unnecessary degrees of protein flexibility or alternative protein structures into docking
increased the potential for generating many non-holo like protein conformations or protein-
decoy complex structures that were highly ranked due to insufficient scoring functions.

Independent of the approach used to generate the EPS, each method is based on the
conformational-selection model. However, it must be noted that existing computational
methods and infrastructure typically only allow the protein to sample a portion of the
configurational space accessible to the protein system. In other words, even if the
population-shift mechanism is the dominant mechanism of protein flexibility associated with
ligand binding, can we actually identify the holo conformation by computational means? Xu
et al. (78) recently performed docking to an EPS generated by long MD simulations on two
different protein systems that involve only small-scale conformational changes between the
apo and the holo structures (RMSD < 1A). Despite the long simulation time, docking to an
EPS generated by short MD simulations with bound ligands clearly out-performed docking
to the EPS generated by long MD simulations on the apo form of the proteins. Two possible
conclusions were drawn from the results: Either there are too many alternative protein
conformations generated by the long MD simulations, making the identification of the
relevant holo-like structures difficult and ultimately causing many false positive poses, or
ligand binding was required to induce the holo conformation of the protein.

The docking results on the apo MD ensemble led Xu et al. (78) to the development of the
ligand-model concept that is capable of sampling protein conformations that are relevant for
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binding structurally diverse ligands. In this method, MD simulations are preformed with a
dynamically changing set of restrained functional groups in the binding site of the protein,
essentially representing a large hypothetical ensemble of different chemical species binding
to the same target protein. Beginning from an apo structure, the ligand-model approach was
used to derive an EPS used for docking and the results outperformed docking to an EPS
generated from an apo-MD simulation. Furthermore, the method was only slightly less
successful than docking to the experimentally known holo form of each individual protein-
ligand complex.

All four previously discussed studies demonstrated that utilizing a large EPS generated from
an apo MD simulation significantly increased the required computing time without
necessarily improving the docking performance. A reduction of the EPS to a small set of
protein structures relevant for ligand binding, or the reduction of protein flexibility to the
smallest relevant number of degrees of freedom has been shown to not only increase the
efficiency but also the accuracy of ensemble docking.

Concepts that incorporate protein dynamics into receptor-ligand docking

As mentioned previously, a significant problem in current docking protocols is the failure to
accurately score the different docking poses and different ligands. Even if the docking study
incorporates all inherent conformational changes coupled to ligand binding, for example by
retrospective docking using the experimentally determined holo protein structure for each
ligand, often no correlation between experimental and predicted binding affinity is observed
(46). An important factor contributing to the failure of docking to accurately predict binding
affinities is the lack of inclusion of dynamic information of the protein-ligand complex.
Even if conformational changes of the protein are included, the docking-predicted free
energy of binding is generally based on a single protein-ligand structure. However, in reality
the protein-ligand complex samples local substates in the conformational vicinity of a given
binding mode (Figure 6).

From statistical mechanics, the free energy of binding 4GP at standard concentration C° can
be determined by integrating over all configurations accessible to the protein-ligand
complex, and the protein and ligand in their unbound state: (83;84)

0 —
AG= — RT In _C_ fexp[ B (rp, )] dry, .

872 [exp[~B (U (r,)]dr, - fexp[-p(U ()] ") @

UpL, Up and U are the potential energy for protein-ligand, protein and ligand as a function
of their internal coordinates. The potential energy includes the solvation of the individual
entities. By reformulating equation 2, the free energy of binding can be calculated, for
example, using the molecular-mechanics Poisson Boltzmann or generalized Born surface
area (MMPBSA/GBSA) (85;86) method to determine the average potential energy of the
protein-ligand complex, the free protein, the unbound ligand, as well as the difference in
configurational entropy:

AGOZ <UPI,> - <UP> - (UL> -TAS config 3)
The average potential energy terms given in equation 3 are determined using an implicit
solvation model, either PBSA or GBSA for example, and thus include a simplified

representation of entropic contributions of solvation typically represented by a cavity term
AGg,y that is proportional to the difference in the solvent-accessible surface between the
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bound and the unbound form of the protein-ligand complex. AG¢,y, represents the entropy
penalty associated with the reorganization of water molecules around the solutes (86). The
ensemble of protein-ligand, free protein, and unbound ligand configurations used in the
averaging process are typically sampled by means of MD or MC simulations.

In an attempt to rapidly predict native binding poses and rank libraries of compounds,
scoring functions used in docking neglect the averaging process over multiple protein-ligand
conformations. Entropic contributions to ligand binding are incorporated into scoring
functions in simplified forms. For example, terms describing hydrophobic contacts between
the protein and the ligand are used to model changes in solvation entropy upon protein-
ligand binding (87;88); a count of the number of rotatable bonds is utilized as measure of
conformational restriction of the bound ligand (61;89). Changes in vibrational, translational
and rotational entropy upon ligand binding, however, are typically neglected. Furthermore,
changes in the configurational entropy of the protein upon ligand binding are typically
neglected in standard scoring functions (90;91). Nevertheless, the entropic contributions
associated with protein-ligand binding commonly neglected in today's scoring functions are
important contributions to the binding affinity and current research tries to develop
extensions to current scoring schemes that try to address such factors.

Post-processing of docking poses

One category of methods, named post-processing, incorporates the dynamic information of
the protein-ligand system after the docking process has been completed. The top-scored
binding pose, or several low-scored poses, are used as input for subsequent MD or MC
simulations. In combination with free energy methods such as FEP, T, MMPBSA/GBSA,
or linear interaction energy analysis (LIE) (92) a more accurate estimation of the free energy
of binding is possible (93). This post-processing step can significantly improve the
successful prediction of binding affinities (93;94). However, this process is relatively time-
consuming and therefore requires that the bioactive binding mode is within the top-ranked
binding poses for each ligand.

Modeling of configurational entropy in docking

A second category of methods tries to directly estimate the configurational entropy or
averages over the predicted free energy of similar protein-ligand configurations generated
throughout docking. Chang et al. (95) utilized a simple cluster size method to estimate the
configurational entropy of each binding mode. For each pose generated by the docking
program, all conformationally related poses (RMSD < 2 A) are identified. The number of
poses within this RMSD range is used as a measure for accessible configurational entropy of
the protein-ligand system at a particular local minimum. The underlying assumption is that
the search algorithm of the docking software (AutoDock4) more easily identifies binding
poses in wide energy wells compared to narrow wells. Based on this assumption, the
probability of identifying similar binding poses correlates with the width of the energy well
and the accessible configurational entropy of the ligand in the binding site of the protein. A
similar estimate of configurational entropy has also been implemented in a knowledge-based
scoring function (96).

Ruvinsky et al. (97;98) clustered the ensemble of binding poses based on their pairwise
RMSD values to estimate the configurational entropy of each unique binding mode. The
entropy of each unique binding mode was calculated by measuring the variance in
translational (measured by relative translational coordinate r), the rotational (measured by
Euler angles @1, @, ®3), and the torsion (torsion angles ©y) values among the members of
a cluster:
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tor

3 3
AS=AS—k,T In l_[ (max (r;) — min (r;)) - I—] (max ((I)j) — min (CI)J-)) . ]_[ (max () — min (y))

i=1 j=1 k=1 (4)

The underlying concept of this method is that binding modes that are restrained within the
binding site (i.e. smaller variation in translational, rotational and torsion variables) result in a
larger loss of entropy upon binding to the protein than less restrained binding modes (Figure
6) and are energetically less favorable.

Applying the previously described methods to estimate the configurational entropy of 22
ligands binding to APS reductase (95) a significant improvement in identifying native
binding poses as the highest ranked was observed for all utilized entropy measures. Whereas
the simple cluster-size method relies on the details of the search algorithm throughout
docking, the method of Ruvinsky et al. (97;98) was conceptually designed to represent
characteristics of the underlying free energy landscape of a given binding mode. However,
analysis revealed (95) that the results of the latter method were strongly dependent on the
number of poses generated in a binding-mode cluster and therefore primarily correlate with
cluster size rather than the underlying free energy landscape.

Unwalla and co-workers (99) derived a scoring method, titled the partition function-based
scoring (PFS) method, that includes an estimate for the change in ligand entropy upon
binding:

Nbound poses
PFS=- ]\’BT In Z exp (_ﬁ . f - Score;) +kBT In Nunbound conformations -
i=1 (6)]

The first term includes estimates for the remaining conformational, positional, and rotational
entropy of the bound ligand and the second term estimates the conformational entropy of the
unbound ligand; Npound poses IS the number of distinct binding poses identified by the
docking program, and Nynbound conformations iS the number of ligand conformations within 5
kcal/mol of the lowest identified ligand conformation. An initial study using PFS (99)
suggested that this method can improve ranking of compounds with similar number of
rotatable bonds, a benefit that is inaccessible to the frequently used approximation that adds
a constant entropy penalty per rotatable bond. In addition, the study also suggested that the
PFS method would be more accurate if the scoring function accurately mimics the form of
the free energy landscape. However, a simple scaling of existing scoring functions (factor f
in eq 5) is unlikely to provide such a mimic.

Compared to the previously discussed method for incorporating protein dynamics into
docking, the Mining Minima approach (100-103) is computationally more expensive.
Mining Minima aims to directly calculate the configurational integrals in eq 2, e.g.

Z:fexp [-B (U (r;,))] dr,, for the protein-ligand complex. Local minima corresponding to
different binding modes are identified throughout the conformational search procedure. The
eigenvectors corresponding to the largest eigenvalues of the Hessian matrix in bond-angle-
torsion coordinates are determined. Protein-ligand conformations are generated along the
eigenvectors and used to compute the local configurational integral Z; for local minimum i.
The overall free energy of a compound is then computed from the sum of local

configurational integrals: AG= — k,T hlZ /Zi. This method was successfully applied to
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binding affinity predictions of ligands binding to HIV-1 protease and phosphodiesterase
(103).

Another successful approach that incorporates protein dynamics in docking is the relaxed
complex scheme (RCS) (104-106). In this scheme, MD simulations of the apo form of the
protein are used to generate an EPS. Sequential docking to the EPS is then performed and
for each ligand and similar binding poses are clustered across all EPS protein templates and
the score of all members of a cluster is averaged. Using the average score of each unique
binding mode was shown to provide a more accurate estimation of binding free energies
than using individual scores (106;107). Whereas the original RCS scheme is based on the
conformation selection model, Xu et al. (78) extended the RCS approach to allow the
incorporation of induced fit contribution to protein flexibility. In combination with the
previously discussed ligand-model concept, the RCS scheme was successful applied to
predict binding modes and affinities of structurally diverse compounds.

Incorporating solvation effects into docking

As discussed previously in this article, the change in solvation entropy plays a fundamental
role in the strength of protein-ligand binding. In empirical scoring functions, desolvation
effects are typically represented by a term characterizing hydrophobic contacts between the
protein and the ligand (87;88). In scoring functions that are based on physical terms,
desolvation of non-polar atoms is often approximated by a function that is proportional to
the solvent-accessible surface (61). A similar term has also been utilized for knowledge-
based scoring functions (96). The electrostatic component of desolvation that is dominant
for polar groups can be approximated using implicit solvation model by means of the
Poisson-Boltzmann (PB) or Generalized-Born (GB) methodology. These methods, however,
are too time-consuming for use in docking methods applied to virtual screening. To improve
the efficiency of implicit solvation models in docking, Mysinger et al. (108) recently
developed a concept that computes the fractional desolvation of a ligand atom inside of the
protein based on protein's environment surrounding the atom. The energy associated with
the atom's transfer from a high- to low-dielectric medium (i.e. water to protein) is then
weighted by the fractional desolvation of the atom; this energy estimates the desolvation free
energy of each ligand atom. The overall desolvation energy of the ligand is computed by
summing over all atomic desolvation contributions.

The previously discussed approaches are based on a continuum approximation of the
solvent, and don't include the effects associated with the directionality of water-mediated
hydrogen-bonds; the entropic contribution of desolvation is approximated by a solvent
accessibility term. Directional hydrogen-bonds, however, can play an important role in
mediating polar interactions between solute and solvent (109). Docking programs, e.g.
GOLD (109), have been modified to incorporate water-mediated interactions into docking:
Water molecules are switched on and off and are allowed to rotate throughout the docking
process. To more accurately estimate desolvation energies, Abel et al. (110) have developed
the WaterMap concept. Explicit protein-water simulations are performed, water sites are
identified based on conserved water positions throughout the MD simulation, and the
enthalpy and entropy of each water site relative to bulk water is computed using the MD
trajectory and inhomogeneous solvation theory (111;112). The desolvation contribution to
the binding free energy has been successfully predicted using WaterMap by considering the
excess enthalpy and entropy of the water molecules in the binding site that are replaced by
ligand binding (110;113;114).
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Concluding remarks

Many methods have been developed in recent years to incorporate conformational changes
of the protein in receptor-ligand docking. Most of the methods derive an EPS or collective
modes of protein motion from the apo structure of the protein, thus assuming the
conformation-selection model of protein flexibility coupled to ligand binding is valid.
However, experimental and computational studies have demonstrated that for some systems
the induced-fit mechanism of ligand binding plays an important role during protein-ligand
recognition. Furthermore, if the conformational-selection model is the dominant mechanism
of protein flexibility coupled to ligand binding, elucidating or determining holo-like
conformation on the time scale sampled in silico is still challenging. In particular, sampling
partial folding or unfolding of segments of the protein associated with ligand binding may
not be accessible with current computational methods. For such systems, novel approaches
that combine protein folding and ligand binding, may be necessary to accurately predict and
quantify ligand binding and is a current area of research (115;116).

Another area of future research is the precise quantification of protein-ligand binding in the
context of protein flexibility. Improvement is needed in scoring functions used to quantify
the direct interaction between ligand and protein. Improvement is also necessary for the
scoring procedure used to estimate the free energy associated with the different
conformational states accessible to the protein structure. In general, the inclusion of
additional degrees of freedom to simulate protein flexibility adds to the difficulty of
accurately predicting the free energy of binding. This difficulty is due to the fact that more
contributions to the free energy must be considered that vary between different poses and
different ligands, i.e. the interaction between flexible residues and the core of the protein,
and typically these additional contributions also introduce additional inaccuracies into the
calculated binding affinity. The inaccuracy of scoring protein-ligand complexes in
combination with the generation of additional possible binding poses when including protein
flexibility contributes to the failure of some virtual screening experiments that incorporate
protein flexibility (50;79). To improve the scoring process in docking, it may be necessary
to include protein dynamics, for example, by sampling conformational sub-states of a given
binding mode or by including an estimate of configurational entropy. This area of research
may contribute to a more precise estimation of binding affinities in the future.
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ABBREVIATIONS

MD molecular-dynamics simulation
MC Monte-Carlo simulation

NMA normal-mode analysis

ENM elastic-network model

PCA principal-component analysis

FEP free-energy perturbation method
TI thermodynamic integration method
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IT-TI independent-trajectory thermodynamics integration method
LIE linear interaction energy analysis
MMPBSA molecular mechanics Poisson Boltzmann surface area method
MMGBSA molecular mechanics generalized Born surface area method
RMSD root-mean square deviation
EPS ensemble of protein structures
PFS partition function-based scoring
KNF Koshland-Neméthy-Filmer model
MWC Monod-Wyman-Changeux model
SERM selective estrogen receptor modulators
DHFR dihydrofolate reductase
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Figure 1.
Three examples of different types of protein flexibility coupled to ligand binding. Top panel:
Alternative conformations of the side chain of Glu276 are observed forming inter-molecular
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hydrogen bonds between influenza A N9 neuraminidase and the inhibitor 2-deoxy 2,3-
dehydro-N-acetyl neuraminic acid (PDB-code: 1nnb (9)) and for forming intra-protein
hydrogen bonds with Arg224 when 5-acetylamino-4-amino-6-(phenethyl-propyl-
carbamoyl)-5,6-dihydro-4h-pyran-2-carboxylic acid is bound (1bji (10)). Middle panel: An
extended loop in the apo protein of cytochrome P450 119 (left; 1io9 (11)) adapts a new fold
upon binding of 4-phenyl-imidazole (right; 1f4t (12)) stabilizing the ligand. Bottom panel:
Binding of the agonist 17p3-estradiol (left; 1ere (13)) to the ligand-binding domain of the
estrogen receptor causes a different conformation of helix 12 compared to the selective
estrogen receptor modulator raloxifene (right; lerr (14)).
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Figure 2.

Scheme representing the two mechanisms of protein conformational change coupled to
ligand binding. In the conformational-selection mechanism (red line) the apo form of the
protein (unoccupied-open, UO) adapts to a certain probability a closed conformation (UC) to
which the ligand binds and stabilizes the conformation (bound-closed, BC). In the induced-
fit mechanism (green line) the ligand binds to the apo conformation of the protein (BO).
This binding event triggers the conformational change to the final BC state. The top curve
shows a model of the free energy of the unbound form of the protein as a function of an
arbitrary reaction coordinate describing the conformational change between open and closed
form; the bottom curve displays the associated model of the free energy of the bound form.
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Figure 3.

Two different free-energy models that characterize protein-ligand systems, likely
representing the induced-fit (top panel) and the conformational-selection (bottom panel)
mechanisms of binding are shown. The black curve models the free energy of the unbound
form of the protein as a function of an arbitrary reaction coordinate that describes the
conformational change between the open and closed form of the protein. The red curve
displays the associated model of the free energy of the bound form of the protein. AGoc is
the free-energy difference between the open and closed state of the ligand-free protein, and
AGp_ is the stabilizing free energy of the protein upon ligand binding. The free energy AGp_
contains many contributions including the direct protein-ligand interactions typically
affected by water screening, hydrophobic association, and the conformational and
vibrational entropy of protein and ligand.
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Figure 4.

Overview of methods discussed in this article that incorporate protein flexibility in docking
simulations. Methods that can be assigned to the conformational-selection mechanism of
protein flexibility are colored in red, methods utilizing the induced-fit mechanism in green,
and methods that have elements from both mechanisms are colored in yellow. The different
sources of protein flexibility for docking are shown in rectangular shapes, the methods to
generate these sources as rounded rectangles and the different concepts to use these sources
in the docking algorithm are shown as trapezoids. The following abbreviations are used: MD
= molecular-dynamics simulations; MC = Monte-Carlo simulations; NMA = normal-mode
analysis; ENM = elastic-network model; PCA = principal-component analysis; EPS =
ensemble of protein structures.
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Figure 5.

(a) 2D model of a free-energy landscape of a protein system with the apo structure
represented by energy minimum A and the holo structure by energy minimum B. Based on
the encoding hypothesis, protein motion can be reduced to collective variables (black
arrows). A linear combination of these collective variables allows the transition over low
energy barriers (gray arrow) to the holo structure of the protein. (b) If holo structure (C) and
apo structure (A) are separated by another stable conformation (B) the apo structure may
only encode the transition to state B and ligand binding may be necessary to stabilize state B
and induce a conformational change to the holo structure C.
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Figure 6.

Model of the potential energy U of a protein-ligand system of two different binding modes
corresponding to the two energy minima. For each binding mode, the protein-ligand system
samples slightly different configurations (blue vertical arrows and four selected protein-
ligand snapshots of one binding mode). The left local minimum with a shallow shape
(minimum potential energy U7) allows for more flexibility of the protein-ligand system and
a smaller loss of configurational entropy compared to the steeper right minimum (minimum
potential energy U,) and consequently has a lower free energy AG4 than the right minimum
(AG»). Neglecting configurational entropy would cause the binding mode corresponding to
the right minimum to be predicted as the top-ranked binding pose in disagreement with the
real free-energy values. The vertical blue arrows represent possible protein-ligand
conformations at a given temperature T. The horizontal green arrows represent the
remaining configurational entropy of the system in the two different binding modes, TAS,
and TAS,.
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