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Modes: Evaluation on Kinase Inhibitor Cross Docking
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Efficient treatment of conformational changes during docking of drug-like ligands to receptor molecules is
a major computational challenge. A new docking methodology has been developed that includes ligand
flexibility and both global backbone flexibility and side chain flexibility of the protein receptor. Whereas
side chain flexibility is based on a discrete rotamer approach, global backbone conformational changes are
modeled by relaxation in a few precalculated soft collective degrees of freedom of the receptor. The method
was applied to docking of several known cyclin dependent kinase 2 inhibitors to the unbound kinase structure
and to cross-docking of inhibitors to several bound kinase structures. Significant improvement of ranking
and deviation of predicted binding geometries from experiment was obtained compared to docking to a
rigid receptor. The inclusion of only the soft collective degrees of freedom during docking resulted in improved
docking performance at a very modest increase (doubling) of the computational demand.

Introduction

In recent years, considerable progress has been achieved in
modeling the conformational flexibility of ligands during
computational ligand—receptor docking.'™ Available ap-
proaches include geometric hashing in combination with frag-
ment based docking® and Monte Carlo (MC)®™ or genetic
algorithm'® searches or conformational ensembles.'" Although
of similar importance, the problem of appropriate treatment of
receptor flexibility has not been solved satisfactorily so far.
Methods developed to tackle this problem are often computa-
tionally very demanding, including for example molecular
dynamics (MD)“ or MC simulations or methods based on
docking to an ensemble of different receptor conformations.
Especially during virtual screening of large drug-like compound
libraries, the target protein structure is typically kept rigid or
flexibility is allowed only for a few selected amino acid side
chains. However, often ligand binding to a protein is ac-
companied by a variety of conformational changes on a local
structural level (side chain or loop motions) as well as on a
global level affecting the protein backbone geometry upon
complex formation. It is desirable to include such conformational
changes during receptor—ligand docking simulations. The
increased availability of protein model structures generated
based on homology to a known structure holds the potential to
use such structures also in ligand—receptor docking studies.
Depending on the degree of sequence similarity to the known
structure, a structural model can contain errors of both side chain
and backbone conformation that requires the inclusion of
backbone and side chain flexibility during docking.

Several available docking programs can include side chain
conformational changes at a proposed ligand binding site at the
level of searching for optimal discrete side chain dihedral angle
combinations (rotamers). However, this is computationally
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already much more demanding than docking to a rigid receptor.
Therefore, explicit inclusion of side chain and backbone
coordinates has been considered even less frequently because
of the significant further increase of the computational de-
mands.'? Part of the protein backbone can be treated by discrete
sets of (rigid) backbone structures compatible with the three-
dimensional fold of the protein.'> Other docking methods
approximately account for flexibility by representing the target
receptor as an ensemble of (rigid) structures.'"'* Although fully
flexible methods (for example based on MD simulations) have
also been used to evaluate ligands docked into receptor binding
sites'* the applicability is restricted to one or a few ligands and
possible binding sites because of the large computational
demand. '’

In addition to appropriately accounting for conformational
changes, realistic scoring of predicted solutions is another
important issue during docking. The difficulties of flexible
docking and scoring are often considered separately. However,
because scoring functions are often exclusively parametrized
using crystal structures of protein—ligand complexes, it is
important to generate high-quality structural models already in
the sampling phase. Appropriate treatment of conformational
flexibility during docking is tightly connected to the improve-
ment of scoring of a docked ligand—receptor geometry. Highly
accurate scoring of a ligand placement is only possible if the
complex geometry has also been predicted with high precision.
A scoring function that tolerates many errors in a given complex
can only provide limited specificity to distinguish between
incorrect placements of the ligand and/or to rank realistically
high affinity vs low affinity ligands. Consequently, there is a
direct relation between the robustness or softness of a scoring
function and the number of false positives obtained in a virtual
screen. The design of more rigorous and more specific scoring
functions requires at the same time an improvement of the
prediction accuracy of binding modes in terms of deviation from
the experimental binding geometry.

The experimental analysis of protein motions and results of
MD simulations in recent years indicate that in many cases the
conformational fluctuations near an equilibrium state can be
described by a few collective degrees of freedom.'®'? These
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degrees of freedom can be obtained by the principle component
analysis of the covariance of atomic fluctuations during MD
simulations (also termed essential dynamics analysis).'® Alter-
natively, normal-mode analysis, that is, the analysis of the
curvature of the potential energy function around an energy
minimum, can be used to extract collective degrees of large
mobility in proteins. Zacharias and Sklenar suggested the use
of such softest modes from a normal-mode analysis as additional
variables during flexible docking and applied it to ligand binding
to the DNA minor groove.?® Instead of normal modes, it is also
possible to employ essential modes from the MD simulations
as has been explored for flexible docking of an immunosup-
pressant to an “unbound” protein receptor structure using the
program PCRelax.?' Use of soft modes as additional variables
allows for rapid relaxation of the receptor structure during
docking (induced fit) and for an estimation of the receptor
deformation energy. The amplitude of motions in soft modes
during docking is much larger than during typical force field
based energy minimization in independent Cartesian coordinates
of protein atoms. The approach can in principle lead to a
dramatic reduction of the computational complexity to account
for receptor flexibility during docking. This may form the basis
for systematic docking, including global conformational changes
in the receptor.

Gaussian network models (GNM) and related anisotropic
network models (ANM) of protein motion'”*> have become
popular to investigate the conformational flexibility of proteins
based on a simple spring model and on the assumption that the
mobility of a protein region is mainly determined by the local
density (or the locally available free space). Harmonic mode
analysis of this simple energy function allows one to very rapidly
identify possible flexible (soft) collective degrees of freedom
(soft modes) of the protein within a few minutes of computer
time.?> Tama and Sanejouand® found that such approximate
mode calculations resulted in predicted soft modes that show
significant overlap with observed conformational changes in
proteins determined experimentally under different conditions
(e.g., different crystal forms or apo vs bound form of a protein
molecule). In some cases, over 50% of the conformational
difference between two structures of a protein, determined, for
example, by X-ray analysis of two crystal forms or as ligand-
free and bound forms, could be assigned to a single approximate
soft mode of the protein.*?

The application of ANM derived soft modes as flexible
variables during protein—protein docking was systematically
explored by May and Zacharias®*>® by employing a reduced
(coarse-grained) model for the protein partners. Inclusion of up
to five softest modes for protein partners during docking
improved the docking results at a very modest increase of
computer time by a factor 2—3 compared to rigid docking.
However, the systematic test on several protein—protein com-
plexes also indicated that, in order to achieve realistic docking
predictions, both side chain flexibility and global flexibility need
to be accounted for simultaneously during docking.?

In the current study, such an approach is presented and applied
to the problem of ligand docking to protein kinases. Protein
kinases are important drug targets and the 3D structures of many
protein kinases in complex with different inhibitors have been
determined using X-ray crystallography. The unbound (apo)
structure of protein kinases often differs significantly both in
terms of side chain but also in terms of the backbone structure
around the inhibitor binding site (typically near the ATP binding
site) from the inhibitor bound form (by several Angstroms). In
addition, even the structures of inhibitor-bound forms show
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significant variability, especially of the protein backbone
structure. Hence, application of one selected inhibitor bound
form as a docking target to search for new putative ligands may
miss putative ligands because of the neglect of backbone
conformational adaptation during docking. The set of known
structures of the protein kinase CDK2 (cell-cycle dependent
kinase 2) in complex with different inhibitors offers to test the
docking methodology by cross-docking the inhibitors to the apo
form and to different bound receptor structures. Application of
the precalculated soft modes as flexible variables both with and
without inclusion of side chain flexibility resulted in improved
ranking as well as ligand placement during docking. Especially,
the application of conformational relaxation in normal modes
alone gave already a significant improvement of the docking
results compared to rigid docking at very modest increase in
computer time. The method could therefore be applicable for
virtual screening of large numbers of putative ligands of a given
protein receptor molecule.

Materials and Methods

Receptor—Ligand Complexes. As test systems, several complex
structures of CDK2 cocrystallized with different inhibitors were
used (PDB entries: 1E1V,?” 1E9H,*® 1FVV,* 1H1S,*° 1JSV,*
1KES5,?? as well as the structure without ligand (apo structure, PDB
entry: 1HCL*®). The structures were superimposed using the
STAMP structural alignment tool***> as included in VMD.*®
Crystal waters and heteroatoms were discarded. To approximate
unbound ligand conformations in solution, ligand structures were
subjected to conjugate gradient minimization (in Cartesian coor-
dinates) with the AMBER(parm99) force field®’ for 2000 steps
using a generalized Born term and a cutoff of 10 A. This resulted
in ligand structures with near-optimal bond lengths, bond angles,
and dihedral angles according to the AMBER force field.

Force Field and Parametrization. For the proteins standard
Amber parm99 parameters®® were used. For ligand parametrization,
the Antechamber program?® of the Amber package was employed,
i.e., the Gaff Lennard-Jones parameters.®® Partial charges were
calculated using Gaussian03*° and a restricted Hartree—Fock run
using the 6—31G* basis set and RESP fitting.*' Systematic docking
searches were performed using a C++ version of the program
PCRelax' at all-atom resolution. To calculate ligand—receptor
interactions, a Lennard-Jones energy function and an electrostatic
interaction term with a distance dependent dielectric constant was

used:
V. = Rag\'?  [Rys 6+ q94; |
rigid ™ Z Iy Ty e(rl-j)rl.j M

It was found that during the docking searches an &(r) = 4r gave
the best results in terms of positional deviation of the ligand from
experiment, whereas for the evaluation (scoring) of the docking
placements an &(r) = 20r gave results in better agreement with
experiment. Dihedral torsion energies were calculated according
to the parm99 force field, although torsion barriers were scaled
down (factor 0.25).

The objective function governing the side chain selection
procedure included the following terms: interaction energy between
receptor and ligand, intramolecular energy of the ligand consisting
of the nonbonded contributions and the scaled dihedral angle energy
from the parm99 force field, and the intramolecular energy of the
receptor consisting of the interaction of each flexible interface side
chain with the rest of the receptor. A 10 A cutoff was employed
for nonbonded interactions.

To circumvent the singularity of the nonbonded interaction at
zero distance, a soft core (separation-shifted) potential was em-
ployed during the sampling phase.**

Rz +0\° [Riz+0o) q:
Vsoft = z /;B - /;B + % qzlqj (2)
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A very small 6 = 0.001 A? was used that has a negligible effect
on the shape of the ligand binding site cavity. However, even such
a very small 0 resulted in much better convergence of the energy
minimization and a larger number of favorable docking solutions.
For scoring, the standard Amber force field function was used.

Modeling of Backbone Conformational Changes Using
Elastic Network Normal Modes. Soft collective backbone degrees
of freedom used during docking corresponded to eigenvectors of
the protein calculated using an approximate normal-mode analysis
related to Gaussian network models as described by Hinsen.?* The
normal modes were calculated with respect to the protein backbone
(Cq atoms) based on a pairwise distance dependent energy function:

V(R,, ... Ry) = V,(R,—R) 3)

Ca—pairs

with the pairwise term:

V,;=kR) (A — RY)? )

where Rij” is the pair’s equilibrium distance. The force constant
k is distance-dependent:
_ Il
k(r)=A-exp|—— (©)
o

such that small distances are strongly restrained and long distances
are weakly controlled. The constant A controls the overall flexibility.
Harmonic modes with respect to the above energy function can be
obtained by diagonalization of the second derivative matrix of the
energy function as described by Hinsen.?* In test calculations, it
was found that setting ro = 4 A gave the best overlap between the
softest nontrivial modes and the conformational difference between
apo and holo structures.?

Deformations in normal modes were employed exclusively for
modeling global low-frequency backbone movements. Sampling
in each normal mode was allowed for both possible deformation
directions. Side chains followed the motion of the backbone (means
the whole side chain moves as a rigid body attached to the
backbone). This separation allows in principle an independent
efficient treatment of side chain mobility (e.g., in terms of discrete
rotameric states)*® on top of the global backbone motion. During
docking, including global flexibility, the protein structure was
minimized in 10 softest modes obtained from the approximate
normal mode calculations (in addition to the 6 translational +
orientational degrees of freedom of the ligand protein). Following
earlier experience, the deformability of the protein in the soft
modes®®>*'*> was limited by a fourth-order function in the
deformation along each mode. The total energy of the system is

M
Vitex = Viigia T A z Km(RO - Rm)4 (6)
m=1

The parameter A is a scaling factor that was set to 6.0 kcal/mol
based on previous experience on protein—protein docking.?® Note,
that the parameter A was the same for all calculations and no
adjustments for the individual docking cases were introduced. R°
is the coordinate set describing the experimental structure of the
protein, IIR® — R,l is the conformational change of the protein in
mode m. The force constant «,, is the square of the eigenvalue
corresponding to mode m. M is the total number of modes
employed.

Modeling of Side Chain Conformational Changes and
Ligand Flexibility. Side chain conformational changes were
modeled using a rotamer trial (RT)** protocol employing a set of
rotamers from the backbone independent Dunbrack rotamer
library.**** In addition to the apo or native side chain conformation
from the starting structure, the 3—6 most common rotamer states
for amino acids from the library were used that corresponded to
the ones that exhibit the highest residence probability. Table 1 gives
an overview on the number of rotamer states per amino acid. Ligand
flexibility was accounted for on the level of dihedral torsion angles
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Table 1. Number of Rotamers per Amino Acid”

number of rotamer number of rotamer

amino acid states amino acid states
arginine 4 methionine 4
asparagine 3 phenylalanine 3
cysteine 3 proline 2
glutamine 3 serine 3
glutamate 4 threonine 3
histidine 3 tryptophan 3
isoleucine 3 tyrosine 3
leucine 6 valine 3
lysine 5

“For each amino acid, the rotamers with highest probability were
considered according to the Dunbrack rotamer library.**

Figure 1. Superposition of all CDK2 kinase backbone structures used
in this study to illustrate the conformational variability: 1E1V (blue),
1E9H (dark gray), 1FVV (orange), 1G5S (yellow), 1HIS (tan), 1JSV
(light gray), 1KES (green), as well as the apo structure 1HCL (red).
The backbone rmsd range of all bound structures with respect to the
apo form was 0.7—2.2 A. The ligand binding region is indicated as a
circle.

around single bonds. All bond lengths and bond angles were fixed
during docking minimization. Dihedral angles within ring systems
were left unaltered during docking runs. Full ligand dihedral angle
flexibility was switched on during all docking runs.
Ligand—Receptor Docking Protocols. The individual docking
runs involved several energy minimization runs. During each
minimization, the local degrees of freedom (presumably with a
shorter associated relaxation time) were optimized first, i.e., side
chain conformations and ligand dihedral angles. Subsequently, the
low-frequency degrees of freedom were energy minimized in a 6
+ n-dimensional space (n is the number of modes + 6 rotational
and translational degrees of freedom) as illustrated in Figure 1. For
each docking run, 15 starting positions near the ligand binding
region and 130 different orientations per start point (approximately
2000 starting structures) were generated. The starting positions were
(approximately) evenly distributed at the binding site with a
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Figure 2. Illustration of induced fit in CDK2 upon ligand binding to the apo structure. (A) Cartoon representation of the apo structure (PDB
1HCL). (B) superposition of CDK2 apo structure (red) and an inhibitor bound structure (PDB 1E9H, gray cartoon) including the inhibitor (blue
stick model). (C) Most accurate ligand placement (red) after docking of the inhibitor (from PDB 1E9H) to the rigid apo structure (gray cartoon,
only the ligand was flexible). The ligand placement as observed in PDB 1E9H inhibitor bound form is shown in green. (D) Most accurate ligand
placement (red) after docking the ligand into the flexible apo structure (gray, after flexible docking according to the RT/NM protocol: receptor
backbone and side chains, as well as the ligand were flexible). Ligand placement as observed in PDB 1E9H is shown in green.

minimum distance of 2 A with respect to any receptor atom and
approximately the same distance between each start point (3 A).

Four docking protocols differing in the degree of included
receptor flexibility were tested (ligand flexibility was always
included): (1) no receptor flexibility (rigid receptor protocol, run
time for a single docking minimization: ~0.2 s); (2) inclusion side
chain flexibility in the binding pocket (RT protocol, run time for a
single minimization: ~11 s); (3) inclusion of global backbone
flexibility only (NM protocol, run time for a single minimization:
~0.4 s); (4) inclusion of both side chain and backbone flexibility
(RT/NM protocol, run time for a single minimization: ~8 s). All
minimizations were performed employing the L-BFGS algorithm
developed by Liu and Nocedal,*® which is a quasi-Newton
optimization routine. For the final scoring of the ligand receptor
complexes, the complete ligand—receptor interaction energy was
used (eq 1).

Results and Discussion

Flexible docking searches have been performed using the
ligands from six different CDK2 complex structures. The
receptor structure was either one of the six bound conformations
or the apo (unbound) form of the protein. The apo as well as
the bound CDK structure deviate considerably in the backbone

Table 2. Ligand rmsdpcavy atoms from Crystal Structure (and Ranking) for
Docking Solution Closest to Experiment upon Docking to CDK2 apo
Structure (PDB 1HCL)“

lelv 1e9h

Rigid
receptor

NM (10
modes)

RT+NM | 1.2 (1)
(10
modes)

“ Ligand heavy atom rmsd for most accurate docking solution in terms
of ligand rmsd (heavy atoms) and rank (in brackets) for the four different
protocols as discussed in the Methods Section. Color coding according to
legend.

and side chain structure near the ligand binding site (Figure 1).
The overall deviation of each bound structure from other bound
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Table 3. CDK2 Inhibitor Cross-Docking: Ligand rmsdneavy atoms from Crystal Structures (and Ranking) for Docking Solution Closest to Experiment”

A lelv lelv | 1e%h 1fwv 1his 1jsv 1ke5
1.4 1.6

2)

1.6

1)

1.2

1)

1.7

()

0.8

(2)

B 1e%h 1ke5

lelv 1.3 1.8 14
1) (2) (6)

1e%h 2.0 1.0 1.1
(1) 2) (8

1fvv 1.9 1.2 1.2
3) (4) (2)

ihis 1.8 1.2 1.2 0.9 1.5
(2) (1) 1) (2) ()

1jsv 15 2.0 2.0
(1 &) @3)

lke5 | 1.4 1.4 1.3 1.4 1.7
1) (1) 1) 1) 1)

1.0-2.04

“ Ligand heavy-atom rmsd and rank (in brackets) for most accurate solution in terms of ligand rmsd of individual cross-docking runs for different protocols:
(A) docking to rigid receptor; (B) docking including side chain rotamer search; (C) inclusion of normal mode relaxation during docking; (D) inclusion of
side chain rotamer search and normal mode relaxation. In each panel, column 1 corresponds to receptor structures, whereas row 1 corresponds to ligand

structures.

forms or the apo form was in the range of 0.6—2.2 A (protein
backbone, Figure 1). However, near the ligand binding site, the
pairwise deviation could reach more than 3 A. It has already been
shown in a number of studies that soft modes obtained from elastic
network models (ENMs) can show a significant overlap with
experimentally observed conformational changes.'”'*** The cur-
rent flexible protein—ligand docking approach includes soft
collective degrees of freedom of protein structures as additional
variables during docking minimization (illustrated in Figure 2).
Analysis of the current protein kinase example indicated that
about 50% of the conformational difference between apo and
bound forms can be described by deformations in 5—10 softest
modes calculated for the unbound structure. A similar overlap
was found when comparing two structures bound to different
ligands (data not shown). However, often the overlap of
observed conformational changes and calculated normal modes
is distributed among several soft modes (not concentrated in
just the first or second softest modes). As a compromise between
computational demand and accurate representation of possible
conformational changes during the docking simulations, the
number of soft modes was limited to the first 10 softest modes
of the ENM analysis. Inclusion of more soft modes did not

change the results significantly but increased the computer time
for energy minimization. During docking minimization, all
interactions between ligand and receptor and between flexible
side chains and other parts of the protein were treated explicitly
based on the Amber parm99 force field. However, the energetic
changes associated with global deformations of the protein along
the soft collective modes were included based on a force
constant derived from the ENM analysis (see Methods Section
for details). This treatment makes the relaxation in the soft
modes computationally highly efficient (computational demand
only 2 times larger compared to docking to a rigid receptor).

Docking to the apo Structure of CDK2. As a first test, the
performance of different docking protocols was compared for
the systematic docking of the six ligands to the apo receptor.
The results indicate that the rigid receptor hypothesis (even with
full dihedral flexibility on the ligand) leads to unsatisfactory
results for most of the ligand cases both in terms of the
placement and orientation of the ligand (given as rmsd: root-
mean-square deviation from the experimental placement) and
the ranking of this solution (Table 2). In only one case, the
rigid receptor approximation resulted in a ligand placement close
to experiment and a reasonable ranking (first entry in the Table
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Figure 3. Cross-docking of ligand from PDB 1FVYV to receptor from PDB 1E1V. (A) Most accurate ligand placement (red) after docking to the
rigid receptor structure (gray: PDB 1E1V) (only the ligand was flexible), ligand placement as in PDB 1FVV shown in green. (B) Most accurate
ligand placement (red) after docking to the flexible receptor structure (gray, PDB 1E1V, after flexible docking) (receptor backbone and side chains,
as well as the ligand were flexible), ligand placement as in PDB 1FVV shown in green.

2). Allowing for side chain flexibility at the receptor binding
site (RT protocol) leads to significant improvement of both the
rmsd and the ranking of the docking solution closest to
experiment (termed the near native docking solution). Interest-
ingly, receptor relaxation in the 10 softest modes (no receptor
side chain flexibility) also gave a very significant improvement
of ranking and rmsd of the near-native docking solutions. The
ranking was overall slightly better in case of including side chain
flexibility at the rotamer level. One should keep in mind,
however, that inclusion of normal mode relaxation only doubles
the required computer time compared to docking to a rigid
receptor. Inclusion of a search for the best rotameric side chain
states during the optimization of ligand placement increased the
computer time by a factor of ~50. Applying the combined
relaxation in soft modes and search for best side chain rotamers
resulted on average in the best ligand rmsd, but the ranking of
the best solution among alternative docking geometries was
slightly better with the RT protocol. Interestingly, the combined
RT/NM approach was compuationally faster than the RT
approach due to a more rapid convergence of the energy
minimization (the inclusion of flexibility in NMs may soften
the energy landscape such that fewer energy minimization steps
are sufficient for convergence).

Cross-Docking of Ligands to Different CDK2 Bound
Structures. During virtual screening efforts to identify new
putative ligands, a receptor structure bound to a ligand is usually
preferred over the apo form of the receptor protein. The
assumption is that structural differences between complexes with
different ligands are smaller than the conformational difference
with respect to the apo structure. However, especially in case
of protein kinases, the conformational difference between bound
structures complexed to different ligands can be quite consider-
able (Figure 1). Therefore, allowing for conformational changes
during cross-docking of ligands to a bound receptor structure

crystallized in the presence of another ligand might be as
important as in the case of docking to the apo form. To further
systematically compare the performance of the different docking
protocols, we performed cross-docking searches (starting again
from ~2000 start geometries of the ligand near the known
binding site).

In the case of docking of each flexible ligand to the kinase
receptor in its corresponding rigid bound form, a placement with
very small rmsd with respect to experiment was always found
as the top-ranking solution (or second rank for one case, diagonal
entries of Table 3A). This indicates that the force field scoring
function is sufficiently accurate to reproduce the correct ligand
placement and high ranking of the near-native solution as long
as the receptor structure does not deviate from the bound
structure. However, similar to docking to the apo structure
employing a rigid receptor during cross-docking resulted in
many cases in an rmsd of the ligand >3 A from the experimental
structure and also in unsatisfactory ranking of this solution (off-
diagonal entries in Table 3A). Both the application of the RT
protocol as well as the NM protocol greatly improved the results
to on average similar degrees (Table 3B,C). The combined
protocol resulted in the best ligand placements but a slightly
worse overall ranking of the near-native solution compared to
the RT protocol (Table 3D). A comparison of the cross-docking
result using a rigid receptor and employing the RT/NM protocol
is illustrated in Figure 3. Similar to the result on docking to the
CDK?2 apo structure, the application of the NM protocol (without
considering side chain flexibility) improves the results consider-
ably at a very modest increase of the computational demand
(~factor 2) compared to docking to a rigid receptor.

Conclusions

Many proteins, including some of the most prominent drug
targets like protein kinases and HIV protease, undergo significant
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conformational changes upon complex formation with substrates
or inhibitors. Conformational changes include not only local
side chain flips but also adjustment of loop structures and global
changes of the protein backbone conformation. It has been
recognized that computational approaches to identify putative drug-
like ligand molecules for a given protein target structure need to
appropriately account for such conformational changes.'”'*** As
already mentioned, there is also a close relation between the
accuracy of the scoring of a ligand receptor complex and the
inclusion of conformational changes during docking. A soft scoring
function that tolerates inaccurate placement of a ligand in a binding
pocket or allows a large degree of overlap between ligand and
receptor atoms can principally provide only limited specificity.

It was demonstrated that using normal modes to continuously
model backbone flexibility together or without a rotamer library-
based protocol for side chain flexibility can substantially improve
docking results. Comparing average run times of the different
protocols, the gain in accuracy, when going from a rigid receptor
to a flexible receptor only in normal mode space is especially
remarkable. In contrast to the frequently applied softening of
the scoring function to allow for some overlap between ligand
and receptor at the interface, the relaxation in soft normal modes
can deform the interface in specific directions and can result in
complete removal of atom overlap. This avoids an unspecific
reduction of the repulsion due to atom overlap and can result
in the formation of an altered cavity shape that exactly fits the
ligand.

A possible extension of the approach could be the inclusion
of side chains atoms and solvent molecules at the ligand binding
site in the normal mode calculations. This would allow for small
but rapid adjustments of side chains and water molecules upon
ligand docking.

Homology modeled structures usually deviate from a realistic
experimental structure to a similar degree as the different apo
and bound structures used in the present study during cross
docking. The successful application in cross docking may
indicate that the approach could also be very useful for docking
searches that employ homology modeled protein structures.

It should be emphasized that the approach was not yet
optimized with respect to computational speed. For example, it
could be possible to design smarter strategies for generating
start structures that eliminate all configurations with too much
overlap between ligand and receptor or to eliminate ligands from
a library that are much larger than the cavity prior to docking.
Also, it might be possible to speed up the docking process by
combining it with docking approaches that are based on
incremental construction of ligands based on a library of rigid
fragments.’
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