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Abstract

Anisotropic network model is used to generate a set of distinct conformations for cylophilin
A (CypA). The native structure is deformed to different extents along each of the lowest-
frequency modes (first 7 modes) both in negative and positive directions. Each node of
the elastic network represents either a single atom in the high-resolution model or a single
residue in the low-resolution model. Realistic conformations with energies close to or lower
than the crystal structure and with satisfactory internal geometry are recovered by energy
minimization using implicit solvation model. These conformations are then used for en-
semble docking to the ligand cyclosporin A for both a further test of accuracy of generated
conformers and exploration of different binding modes. Higher number of correctly docked
ligands are obtained for conformations with low deformation factors as a result of lower
root mean square distances with respect to crystal structure. Yet, surprisingly, the lowest
binding energy is obtained for one of the highly deformed conformations as a result of its
special contact with arginine side chain oriented towards binding site. Considering the fact
that the cyclic ligand’s backbone and protein’s side chains are held rigid during docking, the
conformers generated by high- and low-resolution elastic network models are almost equally
successful in providing the correct binding mode. The shape of the binding pocket that
incorporates crucial interaction sites for hydrogen bond formation is found to be another im-
portant determining factor for the success of the dock. Also, the small backbone variations of
a few Angstroms in magnitude at the loop regions surrounding the binding pocket can cause
amino acids’ side chains to be displaced by magnitudes of up to 10 A and therefore have a
strong influence on the efficiency of the conformational search during docking.

Key words: Elastic network model; Protein flexibility; Structure-based drug design; Cyclo-
philin A; Cyclosporin A; Coarse-grained model.

Introduction

Protein’s conformational dynamics underlies its biological activity, such as cataly-
sis and signal transduction. Binding of ligands to proteins is commonly accompa-
nied by special conformational changes, such as those between the open/apo and
closed/bound states (1, 2). The preexisting equilibrium/conformational selection
hypothesis (3-5) has emerged as an alternative to induced-fit mechanism (1). The
model states that the native state of a protein is described by an ensemble of closely-
related conformations in equilibrium. Binding of a ligand will only shift the equi-
librium toward a specific conformation, thus allowing a specific signal to propagate.
The dynamic ‘personality’ of a protein is an intrinsic property and is encoded in its
three-dimensional structure. In other words, the ligand does not trigger the forma-
tion of a new structure but, instead, selects a pre-existing structure. Recent experi-
mental studies have shown that the bound conformational states are also accessible
to the apo form of the protein in solution (6, 7).
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Protein’s full flexibility is a determining factor in the interaction of proteins with
ligands and other macromolecules. Thus, both main- and side-chain flexibility
needs to be taken into account for improved accuracy in docking studies (8-11).
Flexibility of the protein, especially of its main chain, has often been discarded in
docking studies due to its high cost of computation (12-14). Sometimes, only small
side-chain and backbone variations in protein’s loop regions around the binding
site are allowed during docking (15, 16). However, a more accurate description of
the conformational variations describing the protein’s intrinsic plasticity is essen-
tial for molecular recognition studies. This problem is largely solved by ‘ensemble
docking’ algorithms that provide a feasible set of conformations for the bound,
unbound, and intermediate states of the protein. Different methodologies exist
to generate conformational ensembles for flexible docking, such as normal mode
calculations (17), molecular dynamics (18), and Monte Carlo simulations (19-21).
Recent studies have used multicanonical molecular dynamics simulations (22-23)
and provided successful molecular recognitions.

However, for most MD studies, the computational cost is a major drawback. In
this respect, coarse-grained normal mode analysis (NMA) has become one of the
standard techniques in studying the conformational dynamics of proteins and their
complexes. Elastic network models, which provide analytical solutions to the equi-
librium dynamics of biomolecules (24, 25), are low-resolution models for normal
mode analysis. These models replace detailed inter-atomic potentials with uniform
harmonic potentials between close-neighboring atoms (26) or residue pairs (24, 25).
As elastic network models provide high computational efficiency and accuracy in the
prediction of functionally important collective dynamics (24,27, 28), they have been
implemented recently in various macromolecular docking algorithms (17, 29-30).

In this study, we employ a so-called reverse-mapping technique, where elastic net-
work models at different resolutions are used to generate realistic flexible confor-
mations with full atomistic details. Alternative conformations are generated by
deforming the native x-ray structure of a protein along the low-frequency collective
normal modes of the elastic network. The new conformers are then brought back
to local minima by means of energy minimization using implicit solvation model,
which removes steric clashes and unrealistic geometries due to forcing the native
structure along harmonic directions. Here, each conformation is generated by de-
formation along a single mode, which does not guarantee a complete search of the
conformational space and identification of all binding modes. However, it is known
that one of the low frequency modes often correlates with the direction of confor-
mational transition, specifically for proteins showing large conformational changes
upon binding (31, 32), which justifies our approach. Moreover, it is straightforward
to modify our reverse-mapping technique to perform simultaneous deformation
along several modes for conformer generation.

Elastic network models can be employed at different resolutions, namely atomistic
(33), residue-level (using C* atoms as nodes) or even lower resolutions (34). Here,
we will assess the atomistic and residue-based networks in terms of ensemble genera-
tion and their subsequent application in ligand docking. We are especially interested
in the capability of the residue-based, low-resolution model to generate a representa-
tive set of conformers to be used in docking, compared to atomistic, high-resolution
model. This study will confirm the accuracy of our model in generating realistic con-
formers that can be used in detailed molecular recognition studies such as docking.

The protein chosen for validation of our elastic network models and reverse-map-
ping technique is cyclophilin A (CypA) with 165 residues, which catalyzes the
cis-trans isomerization in proteins. Independent from its catalytic activity, it is a
target for the immunosuppressive drug cyclosporine A (CsA), a cyclic undecapep-
tide. The tightly bound complex formation of CsA/CypA, which targets the protein
phosphatase calcineurin A (35), is required for immunosuppressive activity.



Here, we will employ the ensemble docking approach in order to test the validity
of our conformations and to bring out new and more favorable binding modes.
Zavodsky et al. (36) also studied the same protein-ligand complex and generated
multiple receptor conformations via a graph-theoretical approach called FIRST
(37) by identifying rigid and flexible regions based on the protein bond network
and considering the flexibility of each loop region, independently. The major dif-
ference of our methodology lies in the fact that loop motions and resulting con-
formations are correlated with each other and the rest of the protein, as they are
generated based on the collective normal modes.

Materials and Methods
Reverse-mapping Procedure

New protein conformations are generated using the low-frequency normal modes
from the anisotropic network model (ANM) (24). Here we employ both coarse-
grained and atomistic ANM, where the positions of the nodes are defined by the
coordinates of a-Carbons and heavy atoms (excluding H atoms), respectively, in
the folded three-dimensional (3D) structure of the protein. The node pairs that fall
within a specific cutoff distance are connected by identical harmonic springs rep-
resentative of the bonded and nonbonded interactions between the node pairs. The
total potential energy of the structure is expressed as a Gaussian form

V = (1/2)AR"THAR [1]

where AR is a 3N-dimensional vector of the positional fluctuations of the residues,
ART is its transpose, and H is the Hessian matrix. By performing an orthogonal
transformation of the Hessian matrix, the overall motion can be expressed as a sum
over the (3N-6) normal modes. The mean-square fluctuation of the i node based
on the k™ non-zero normal mode is given by

kT \ (uy)?
(ARZ), = 41) 5 2]

with the corresponding eigenvalue A, and the displacement vector u, (the i ele-
ment of the k'™ eigenvector). Here k, is the Boltzmann constant, 7 is the absolute
temperature, and y is the uniform spring constant.

Harmonic vibrational analysis of the protein network is performed around an equi-
librium/native structure of the protein in the bound form (PDB code: 1bck.pdb). It
should be noted that our choice of the X-ray structure in the bound form cannot pro-
duce biased results, since the bound and unbound (PDB code: 2cpl.pdb) forms of
the protein are almost indistinguishable with a root mean square distance (RMSD)
of 0.22 A with respect to each other. New conformations are generated by deform-
ing the native structure along both positive and negative directions of the selected
low-frequency eigenvectors representing collective motions.

R.new, k — (+ DF) M + R.ref )
i * oW i [2]

k

Here, R™ and R™"* refer to the coordinates of the i™ node in the reference x-ray
structure and two new conformers generated along the k™ mode (in positive and
negative directions). Deformation factor (DF) can be adjusted to produce distinct
conformations along each mode by overcoming energy barriers. We will employ the
same deformation factor along each mode, which leads to higher deformations along
lower frequency modes. In the case of coarse-grained ANM, atomistic conformers
can be generated by rigidly moving all the atoms in a residue with the corresponding
coarse-grained C* node, analogous to building block approach of Tama et al. (38).
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Figure 1: Ligand 2-Thr Cyclosporin A with rotatable
bonds on its side chain indicated with thick lines.

The deformed conformations have high initial energies due to close contacts be-
tween atoms and distorted local geometries. In order to relax these structures
into realistic conformations, energy minimization is performed using the program
AMBER (39, 40) with the ff03 forcefield parameters (41). For each conformer,
500 cycles of steepest descent algorithm are performed, followed by conjugate
gradients until the energy gradient per atom reaches 0.01 kcal'-mol-A-!'. Pairwise
generalized Born model (42, 43) is used to mimic the effect of water molecules
during the minimizations. The cutoff for non-bonded interactions is fixed at 16
A. Salt concentration for 1-1 mobile counter ions in the solution is set to 0.1 M
according to generalized Born theory based on the Debye-Hiickel limiting law for
ion screening of interactions (44).

Ensemble Docking

The latest version of the program Autodock v.4 (45), is used for docking cy-
closporin with flexible side chains against the low energy conformers of cyclophi-
lin A (CypA) obtained by reverse-mapping the ANM conformations, as described
above. A pre-calculated three-dimensional energy grid of equally spaced discrete
points is generated prior to docking, for a rapid energy evaluation, using the pro-
gram AutoGrid (46). The grid box with dimensions of 27.75 A x 18.75 A x 22.5 A
covers the entire binding site and its neighboring residues. The distance between
two grid points was set to 0.375 A.

The ligand is allowed to be flexible around 17 rotatable bonds on its side chains
only. The backbone of the cyclic conformation of the ligand is retained as in the
crystal structure of the complex (PDB code: 1bck) with all peptide bonds in trans
form (see Fig. 1). Docking is computationally challenging due to large number of
rotatable bonds. As a search method, Lamarckian genetic algorithm (LGA) (45), a
hybrid of global and local search, is employed. The ligand conformation extracted
from the crystal structure is used as a template to create a population of 200 distinct
ligand conformers with randomly assigned torsion angles to rotatable bonds, posi-
tion of the center of the ligand, and quaternion for its overall orientation. For each
protein conformation, a total of 100 independent docking runs, each starting with a
different ligand population, are performed. Each run is composed of 5 x 107 energy
evaluations, which makes a total of 5 x 10° energy evaluations for one protein con-
former only. Considering the large size of the ligand and docking conditions given
above, each docking run takes an average of 180 minutes on a 1.5 GHz/6MB L3
Cache Intel® Itanium2 processor. Same docking procedure is applied to a total of
34 protein conformers, 22 of them generated by atomistic (high-resolution) ANM
and 12 of them by coarse-grained (low-resolution) ANM.




For a correctly docked ligand, it is necessary to maintain some critical non-bonded 17

contact distances between the protein and its ligand within acceptable ranges. Table
SI given as Supplementary Materials lists the most conserved interaction sites and
their average non-bonded contact distances between cyclosporin A and cyclophilin
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A determined from X-ray crystallographic analysis (47). The first five contacts are
strongly conserved hydrogen bonds. The remaining ones on the list comprise two
C...N contacts, six C...O contacts, and six C...C contacts, mostly dominated by
MeValll of cyclosporin A, which is known to interact at six different recognition
sites on cyclophilin A. In this study, the criteria for a correct dock is to maintain a
maximum distance of 4 A for at least two hydrogen bonds, and a maximum distance
of 5 A for at least eight contacts where C atom is involved (no. 6 to 19 on the list).

Free energy scoring function used in Autodock
v.4 is an empirical binding free energy based on
AMBER force field (48). It is composed of inter-
molecular interactions (van der Waals, hydrogen
bond, desolvation, and electrostatics) between li-
gand and target protein, ligand’s internal energy, li-
gand’s torsional free energy, and unbound ligand’s
energy. Here, the ligand’s torsional free energy is
always +4.12 kcal/mol, since the same number of
allowed rotatable bonds is used for every run, and
also the energy of its unbound state is statistically
predetermined prior to docking only once and does
not change for every run. Therefore, the values of
the ligand’s torsional free energy and the unbound
ligand’s energy are not incorporated into our scor-
ing function during analysis.

Results And Discussion

Validation of Reverse-mapped Atomistic
CypA Conformers

Slowest seven modes are used for reverse-mapping
by energy minimization. Same deformation is ap-
plied along positive and negative directions of each
eigenvector, leading to @ and b conformers, respec-
tively. Six modes [1, 2, 3,4,5, and 7] are later cho-
sen for ensemble docking, and their corresponding
reverse-mapped and energy minimized conformers
are listed in Tables I and II. The second and third
columns list final energies after minimization and fi-
nal RMSD values calculated with respect to crystal
structure based on backbone atoms only. The ener-
gy of the crystal structure indicated as x-ray in both
tables is also minimized using the same procedure.

Two different deformation factors, denoted as low
and high DF (L and H in Table I), are used to gener-
ate two distinct sets of conformations using atomis-
tic ANM. The average RMSDs of these sets (before
energy minimization) are 0.7 0.1 A and 1.7 + 0.4
A from the crystal structure, respectively. For ex-
ample H-1a refers to the conformer generated along
the positive direction of first eigenvector using the
high DF. Similarly, the modes listed in Table II are
obtained from coarse-grained ANM, where a single

Table I
Docking results for cyclophilin A conformers generated from atomistic ANM.

# of Scoring Energy

Energy® RMSD # of d

conf# calimol)  (A) comect Av(ekrfii r; X)‘“ bonds' (A
xray 4750 0 9 145/-159  41/127 149
L1a 4737 06(10) 11 148/-155  42/123 158
Lb 4755 07(1L1) 6 139/-146  32/132 142
L2a  -4753 0608 2 129/-130  35/105 145
L2b 4746 0507 5 45274155 4/132 149
L3a  -4751  03(04) 4 J140/-143 47127 148
L3b 4750 0405 10 155/-162  49/129 149
Lda 4740  05(03) N/A'

Ldb 4759  04(04)  NA'

Lsa  -4761 0507 9 146/-154  39/128 152
Lsb 4741 0407 I 12374123 3711 144
L6a 4757  02(03) N/A'

L6b 4740  03(05)  N/A'

L7a  -4765 0406 8 A5.07-153  45/132 146
L7b 4733 03(03) 13 145/-157 37712 149
Hia 4712 12022 4 126/-132  35/82 162
H-lb 4746 1220) 0 - - 137
H2a 4623 10(14) 0 - - 142
H2b 4725 11Q0) S 134/-142  26/118 152
H3a 4757 06(09) 2 138/-138  3/105 145
H3b 4739 08(L.1) 3 146/-15.1 47/13 147
Hda 4720 08(06) 0 - - 146
H4b 4745 08(08) 13 147/-158  38/126 149
H-5a 4729 1120) 9 141/-149  35/124 155
H-Sb 4718 1019 0 - - 139
H-6a 4745 05(08)  N/A'

H-6b 4751 06(09)  N/A'

H7a 4739 09(13) 4 156/-166  42/13 147
H7b 4722 08017 0 ; ; 148

* Energy of the ligand-free protein conformation after energy minimization. The first residue
Ala has been deleted from the x-ray structure due to its extremely mobility in ANM slow
modes. * RMSD with respect to energy-minimized crystal structure (1bck.pdb). The RMSD
value given in parentheses is for the loop regions located between residues 65-76, 99-108, and
143-155. ¢ Scoring energy is the sum of intermolecular energy and internal energy of the
ligand (see text for more details). Both average and minimum values are given. ¢ The number
of nonbonded interactions between ligand and protein averaged over all correctly docked
ligands. First entry is for hydrogen bonds, and the second entry is for hydrophobic contacts. °
The distance d is between two sets of residues (Arg54, GIn62) and (Asnl01, Alal02, His125)
(see text for more details). " N/A: Modes that are excluded from docking calculations due to
lower RMSDs in the loop regions, as explained in the text in more detail.
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Table II
Docking results for cyclophilin A conformers generated from coarse-grained ANM.

# of Scoring Energy

Energy* RMSD # of d

£ e
conf # (kcal/mol) (A C;Oricst Avfl::agﬁ rfl 2’11)‘“ bonds¢ (A)
X-ray -4750 0 9 -145/-159 417127 149
la (4a) 4734 09 (1.7) 3 129/-133 23793 141
1b (4b) -4587 08 (1.5) 9 -146/-153 47123 159
2a (1a) 4726 08 (1.1) 2 -138/-149 35/10. 159
2b (1b) -4739 12(1.7) 0 - - 139
3a (2b) -4706 0.7 (0.9) 9 153/-157 32/119 153
3b (2a) 4737 09 (1.1) 1 126 4.710. 142
4a (3a) 4747 0.6 (0.6) 2 134/-145 35/105 148
4b (3b) 4731 0.6 (0.7) 0 . § 14.6
5a (5a, 6a) 4733 09 (1.5) 3 A119/-12.1 23/10. 147
5b (5b, 6b) 4723 09 (14) 0 - - 144
6a (7a, 8) 4753 0.7(09)  N/A®
6b (7b, 8b) 4741 06(06)  N/A®
7a (7a) -4740 0.5(0.7) 1 129 4.712. 147
7b (7b) 4731 04 (0.5) 7 136/-14.8 36/123 149

*¢ Same explanations as in Table I. f The coarse-grained ANM modes are listed with their
corresponding atomistic ANM modes given in parenthesis. ®* Mode 6 is excluded from docking
calculations due to its correspondence with atomistic modes 7 and 8 at the same time as shown
in Figure 2.

high DF is used to generate conformations with an average RMSD of 1.7 +0.3 A
from x-ray structure. DF values are adjusted so that the extent of deformation be-
fore energy minimization is almost identical for the coarse-grained and the highly-
deformed atomistic conformers.

All reverse-mapped conformers are aligned in Figure 3 with their flexible loop re-
gions (residues 65-76, 99-108, and 143-155) shown in different colors. The x-ray
structure is also shown in red. The mean RMSD values with respect to crystal struc-
ture are 0.4 0.1 A,09 +0.2 A, and 0.8 + 0.2 for the low, highly deformed atom-
istic and coarse-grained ANM conformers after energy-minimization, respectively
(see Tables I and II for final RMSDs).

The correspondence between the atomistic and coarse-grained ANM modes can be
observed from the overlap matrix plotted in Figure 2. This matrix gives the abso-
lute values of the dot products between the two eigenvector sets based on only the
a-carbons, where values close to one indicate high correspondence. First column
of Table II also indicates the coarse-grained ANM modes with their corresponding
atomistic ANM modes given in parenthesis.

Among the atomistic reverse-mapped conformers, those generated along modes 4
and 6 have the lowest RMSD values for the loop regions with respect to the crystal
structure (see Table I). As a result, we initially excluded modes 4 and 6 from the
ensemble. However, mode 4 for the high deformation cases was later included
because of the high correspondence between atomistic mode 4 and coarse-grained
mode 1 (similarly, between coarse-grained mode 4 and atomistic mode 3).

The initial energies, i.e., those after deformation of the x-ray structure along har-
monic modes, are quite high due to the unrealistic bonded and nonbonded interac-
tions, ranging between 102 to 10'2 kcal/mol. However, the conformers after en-
ergy minimization have reasonable energy values, when compared with the x-ray
structure, indicating low energy conformations around the native state. The im-
plicit solvation model employed during minimization allows a direct comparison
of the energies obtained for different conformers. The final energies fall between
-4765 and -4623 kcal/mol for conformers from atomistic ANM and -4747 and
-4587 kcal/mol for conformers from coarse-grained ANM, most of which are only



slightly higher than the x-ray’s energy which is -4750 kcal/mol. Final energies of
the conformers indicate that the nodes of the network can be successfully reverse-
mapped to realistic atomistic structures.

A strict validation of the energy-minimized conformers is performed using the Mol-
Probity web-server (49, 50) and given in Table III. MolProbity provides both all-
atom contact analysis and dihedral angle diagnostics on main and side-chains. No
steric overlaps have been detected in the reverse-mapped conformers due to the
energy minimization procedure. Our conformers give a few Ramachandran outliers
(< 1.3%) and rotamer outliers (< 3.2% for atomistic with high DF and < 4.7% for
coarse-grained ANM conformers). There are slightly more outliers in conformers
generated by the coarse-grained ANM, even though their deformation factors are
lower than the atomistic case. Considering the existence of rotamer outliers (~1.6%)
in the native structure, some of the outliers stem from the original x-ray model.

Docking to CypA Conformers

Next, docking of the cyclic ligand cyclosporin A to certain conformers is performed,
which would serve as a further test of the validity of the reverse-mapping procedure
employed, in addition to incorporating full flexibility of the protein. Table I and II
list the docking results for twenty-two protein conformations from atomistic ANM
and twelve conformations from coarse-grained ANM, respectively. There is a strong
correlation between the average RMSD of a set of conformers with respect to x-ray
and the success rate of docking, which is measured as the number of conformers
in the set that docked to its ligand at least once. The average RMSDs for conform-
ers obtained from atomistic and coarse-grained ANM are 0.9 (atomistic, high DF),
0.8 (coarse-grained), and 0.4 (atomistic, low DF), with their corresponding success
rates of 60%, 75%, and 100%, respectively. We assume that docking to conformers

a

c =

crystal structure.
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Harmonic modes from atomistic ANM

W2 3 4 5 6 7 8 9 10

Harmonic modes from coarse-grained ANM
Figure 2: Overlap matrix for harmonic mode direc-
tions between coarse-grained and atomistic ANM. Val-
ues close to one indicate perfect overlap of correspond-
ing mode pairs.

Figure 3: Conformations with loop regions high-
lighted in varying colors. (a) atomistic ANM reverse-
mapped with low DF; (b) atomistic ANM reverse-
mapped with high DF; (¢) coarse-grained ANM. The
loops colored in red in all three figures represent the
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Table III
MolProbity** results for geometric validation of conformers generated by atomistic and coarse-grained ANM.
Ai?ﬁ 1 thamer Ramaphandran Gra(ijr?eﬁszi\lM thamer Ramaphandran
Conformers outliers (%) outliers (%) Conformers outliers (%) outliers (%)
X-ray 1.56 0.00 X-ray 1.56 0.00
H-la 234 0.63 la 3.13 127
H-1b 1.56 0.00 1b 234 0.63
H-2a 234 127 2a 3.13 0.63
H-2b 234 0.63 2b 391 0.63
H-3a 3.13 0.00 3a 3.13 127
H-3b 1.56 0.63 3b 1.56 0.63
H-4a 234 0.63 4a 1.56 0.00
H-4b 234 0.00 4b 234 1.27
H-5a 234 0.00 Sa 4.69 0.00
H-5b 234 0.00 5b 1.56 1.27
H-7a 234 0.00 Ta 1.56 127
H-7b 3.13 127 7b 234 0.00

from mode 4 with low DF value would be successful due the low RMSD values in
the loop regions (see Table I), thus leading to 100% success for low DF. However,
it is difficult to detect any strong correlation between the energies of the ligand-free
conformers and their number of correct docks, simply because the difference in
their energy values is not significant.

Also, conformers of coarse-grained ANM being close to highly deformed conform-
ers of atomistic ANM in terms of their RMSDs, produced a considerable amount
of successful docks, namely 37, with an average scoring energy of -13.4 + 1.1 kcal/
mol, compared to highly deformed conformations with 40 success docks and a scor-
ing energy of -14.1 £ 0.9 kcal/mol. This result strongly suggests that ANM, even
with a relatively more simplified approach, can successfully produce reliable con-
formations in the same manner for being used in molecular recognition studies.

Among 34 different cyclophilin conformers, only eight of them have failed to recog-
nize the ligand (Table I and II). The failed conformations were with largest RMSD
values (14 = 0.5 A in average) in their critical loop regions (residues 65 to 76, 99
to 108, and 143 to 155) with respect to crystal structure. Loop regions surround the
binding pocket and have a direct influence on conformational search during docking
that consequently determines the docking results (Fig. 3). Also, the average distance
between two sets of residues (Arg54, GIn62) and (Asn101, Ala102, His125) situated
at two opposite sites of the binding pocket was measured and found to be smaller than
that of crystal structure for all failed conformations (see last column of Table I and IT).
Arg54,GIn62, and Asn102 are key interaction sites for hydrogen bond formation with
the ligand (see Table SI). For a favorable binding, the ligand needs to be well placed
inside the cavity in order to make all five hydrogen bonds simultaneously. Failed
conformations clearly present a more closed up binding pocket (see Figure 4), which
hinders a favorable ligand fit and consequently an efficient conformational search.

For some conformations, even with large overall and loop RMSDs (H-1a and H-2b
in the first group, Table I), successful dockings were obtained mainly due to their
more open binding pockets, allowing enough space for efficient conformational
search. This can be observed in Figures 4a-d, which represents four distinct modes
with their binding pocket highlighted. For each mode, two conformations obtained
from deformation in two opposite directions from x-ray are aligned for comparison.
For all seventeen pairs of conformers listed in Tables I and II, except for H-7a and
H-7b, higher number of correctly docked ligands is obtained for the conformer
which has the wider binding pocket than the other conformer in the pair (Tables I
and IT). Overall, it is clear that the shape of the cavity that contains the key interac-
tion sites is a crucial determining factor for the success of a dock.



Considering the fact that the protein was held rigid during docking, the overall suc-
cess rate for 34 conformations is ~76%, which is quite satisfactory and well con-
firms the accuracy of the generated conformations. In addition, 11 out of 34 confor-
mations have binding energies equal to or greater than that of the crystal structure.
One important case is shown in Figure 5a, where the conformation H-7a has the
strongest binding with a scoring energy of -16.6 kcal/mol (which is the sum of inter-
molecular and internal energies), well above the average scoring energy of the crys-
tal complex, -14.5 £ 1.1 kcal/mol. In H-7a, the side chain of Arg147 makes multiple
hydrogen bonds via its positively charged guanidium group with the bound ligand’s
carbonyl oxygens of residues 6 and 8, due to orientation of its loop region covering
residues 143 to 155. However, this type of loop orientation is absent in conforma-
tion H-7b, where the side chain of Argl147 is facing away from the binding pocket
and the guanidium group is displaced by about 18 A, therefore missing favorable
contacts that would secure the ligand in its binding mode. Consequently, conforma-
tion H-7b failed to dock any ligand. Figure 5a also shows the crystal structure with
side chain of Argl47 situated between that of H-7a and H-7b. Compared to H-7a,
crystal structure docked more number of ligands, yet with weaker binding energies;
this can be explained by the fact that in crystal conformation, the position of the side
chain of Argl47 is further away from the ligand, therefore weakening the strength
of the contact energy. However, allowing more space for conformational search,
the chance of a successful dock becomes higher for crystal structure than for H-7a.
Clearly, a small orientation of a single loop can create a large deviation of up to 18
A on the position of its side chains and consequently determine the fate of a dock.

Figure 5b shows the aligned conformations with their corresponding ligands with
strongest binding energy. All successful docks from the atomistic ANM case
are shown here. It clearly illustrates that in all conformations, the portion of cy-
closporin A (residues 1, 2, 3,9, 10, 11) which interacts with CypA preserves its
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Figure 4: Binding pocket for four modes
highlighted with critical residues (Arg54,
GIn62, AsnlO1, Alal02, and Hisl125) in-
volved in the interaction between protein
and the ligand, represented in surface repre-
sentation and colored in white and gray for
open and closed form, respectively. (a) H-1a
(open)/H-1b (closed), (b) H-5a (open)/H-5b
(closed), (¢) 2a (open)/2b (closed), and (d)
3a (open)/3b (closed) (The last two are gen-
erated from the coarse-grained ANM).
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position in the binding cavity, while the orientation of the portion protruding out
from the CypA surface, also known as the effector loop, varies in different protein
conformations. These results are in good agreement with the ensemble determined
from NMR studies shown in Figure 5c (51). Similar results are obtained for the
coarse-grained conformers (not shown).

For every conformer tested, correctly docked ligands are sorted by their correspond-
ing scoring energy, which is composed of intermolecular and internal components
only and plotted in Figure 6. For the group of atomistic ANM conformers with
low deformation (Fig. 6a), where all ten conformers were successfully docked, an
average of 6.9 + 3.9 ligands are correctly docked for each conformer. Six out of ten
conformers achieved average binding interactions equal to or stronger than that of
the crystal structure. The set of atomistic ANM conformers with high deformation
(Fig. 6b) was less successful than the first group due to their higher RMSD val-
ues, yet highly favorable binding conformations were achieved. Equally successful
docking results were obtained for coarse-grained ANM conformations as shown in
Figure 6¢, where both the number of successful docks and their corresponding scor-
ing energy were within acceptable ranges compared to atomistic ANM conformers.
However, for all three sets, it is difficult to observe any correlation between the
success rate of docking and the energies of the conformers in their ligand-free state,
because the difference between their energy values does not exceed 3%.

Concluding Remarks

A reverse-mapping technique is employed to generate realistic conformers by de-
forming the native structure along low-frequency ANM modes (first seven modes)
and performing subsequent energy minimization using implicit solvation. Both at-
omistic and coarse-grained representations of the network model are used to gener-
ate the harmonic modes. With this procedure, both low- and high-resolution ANM
can generate distinct low-energy conformations for cyclophilin A. The energies of
most conformers are found to be comparable or lower than that of the x-ray struc-
ture. These conformers are also validated in terms of torsional angle preferences
and atom-atom contacts using the MolProbity server (49, 50).

For another crucial structural validation and exploration of better binding modes,
all conformers are subjected to an ensemble docking experiment. Compared to
the crystal structure, the number of cyclosporin conformations correctly bound to
the protein well exceeds the expectations, several of them having stronger bind-
ing modes, considering the fact that the protein was held rigid and the number of
allowed rotatable bonds in the ligand was substantial for a typical docking ex-
periment. In addition, conformations generated from coarse-grained ANM modes
were equally successful in producing successfully docked ligands. Also, dock-
ing with alternative conformations allowed us to explore the binding site in more
detail, such as the binding pocket’s shape and special interactions that become
determining factors for the success of a dock.

Our results encourage the potential use of reverse-mapped ANM conformers in
docking experiments. The approach of using multiple conformations as an equiva-
lent to flexible protein docking, was first introduced by Kuntz and coworkers who
have used ensembles of NMR and X-ray structures as target structures (52). How-
ever, the ensemble of conformers either determined by experiments or generated
by MD simulations may be limited and may not represent the whole range of a
protein’s global conformational variations for large systems. The new methodol-
ogy presented here was successful in generating an ensemble of distinct low-energy
conformations with significant fluctuations in the backbone of the protein’s loop
regions near the binding site, providing plenty of flexibility. As a result, a consid-
erable amount of protein conformations have produced acceptable binding modes
in a reasonable time frame due to the computational efficiency of elastic network
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model. In the future, we plan to apply this technique to sample conformations for
proteins that show large conformational changes upon binding with the aim of fur-
ther validating its use in docking experiments.

Cavasotto er al. (17) have recently used elastic network model to incorporate
loop flexibility in ligand docking to cAMP-dependent protein kinase. Several
relevant modes (falling in the range from 144" to 660" modes) that serve for the
relatively localized loop rearrangements at the binding site of protein kinase have
produced reliable conformers for ensemble docking. Our work also based on
elastic network models shows that realistic flexible conformers can be generated
using the most collective seven modes of motion for CypA, derived from either
atomistic or coarse-grained ANM.

Even though most flexible dockings allow only side chains to be flexible, it has
become crucial to take into account the flexibility of the protein’s main-chain for ac-
curacy in docking experiments. The method’s success presented in this work leads
the way to study proteins with major conformational variations, up to 10 A, and
potentially determine better binding modes that would lead to novel stronger inhibi-
tors. For this aim, successive deformation and energy minimization cycles along
a single or multiple modes may need to be performed. Specifically, we used this
approach to generate realistic conformers for triosephosphate isomerase (pdb code:
8TIM), which is a homodimeric enzyme of almost 500 residues (results not shown
here). Here, it was possible to obtain conformations by successive deformations
along the first mode, which corresponds to the closure direction of the important
catalytic loop 6, in conformity with our previous MD simulations (52).

Based on the satisfactory results of low-resolution ANM conformers, our ultimate
goal is to combine this reverse-mapping technique with the mixed resolution elastic
network models (54,55), where the parts of the structure with functional importance,
such as catalytic site or interacting interfaces, are modeled at a higher resolution
than the remainder of the structure, so that flexible conformations of large proteins
and supra-molecular assemblies can be generated for ensemble docking within a
shorter time frame and without loosing too much accuracy. High-throughput virtual
drug screening can also benefit from an accurate representation of the conforma-
tional ensemble in order to increase the number of hits with fewer false positives,
which would save money and time in drug discovery and development.

Figure Preparation
Figures 1, 3-5 are created by the graphical visualization program VMD (53).
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