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Abstract

Molecular docking serves as an important tool in modeling protein-ligand interactions. However,
it is still challenging to incorporate overall receptor flexibility, especially backbone flexibility, in
docking due to the large conformational space that needs to be sampled. To overcome this
problem, we developed a novel flexible docking approach, BP-Dock (Backbone Perturbation-
Dock) that can integrate both backbone and side chain conformational changes induced by ligand
binding through a multi-scale approach. In the BP-Dock method, we mimic the nature of binding-
induced events as a first-order approximation by perturbing the residues along the protein chain
with a small Brownian kick one at a time. The response fluctuation profile of the chain upon these
perturbations is computed using the perturbation response scanning method. These response
fluctuation profiles are then used to generate binding-induced multiple receptor conformations for
ensemble docking. To evaluate the performance of BP-Dock, we applied our approach on a large
and diverse data set using unbound structures as receptors. We also compared the BP-Dock results
with bound and unbound docking, where overall receptor flexibility was not taken into account.
Our results highlight the importance of modeling backbone flexibility in docking for recapitulating
the experimental binding affinities, especially when an unbound structure is used. With BP-Dock,
we can generate a wide range of binding site conformations realized in nature even in the absence
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of a ligand that can help us to improve the accuracy of unbound docking. We expect that our fast
and efficient flexible docking approach may further aid in our understanding of protein-ligand
interactions as well as virtual screening of novel targets for rational drug design.
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INTRODUCTION

Molecular docking is an effective tool for predicting the structures of protein-ligand
complexes, studying the protein—ligand interactions, and evaluating the binding affinities of
such complexes.! Indeed, it has become the primary component in many drug discovery
programs especially for virtual screening.2-8 Although the first docking was pioneered in the
early 1980s,* there are still tremendous research efforts going on to improve the docking
algorithms. Particularly, recapitulating the experimentally known binding information is the
major challenge in docking, especially when the bound structure is not available.

Most of the earlier docking methods keep the receptor protein as rigid and move the target
ligand around the binding site of the protein while performing an energy minimization.>~’
The major problems associated with rigid docking are (i) proteins are not rigid and undergo
various types of conformational changes and (ii) simply relying on pure energy
minimization is an insufficient approach to predict correct binding affinities.® Thus, in recent
years, docking algorithms have significantly evolved to incorporate full flexibility of the
ligand and partial flexibility of the protein.1:>.7=2 However, direct modeling of the protein
(i.e., receptor) flexibility still represents a challenging problem due to (i) the high
dimensionality of conformational space that must be sampled, which significantly increases
the computational time and also results in a higher rate of false-positive solutions, and (ii)
complexity of the energy function.”

Some recent flexible docking approaches, such as induced fit docking (IFD), allow the
docking simulation to search for a new conformational space to perform direct changes in
the binding site conformation.? However, various IFD methods model flexibility only for a
limited number of receptor residues.1%-23 Moreover, most of these methods are
computationally intensive, making docking difficult for larger systems.%23 There are also
hinge-bent docking algorithms24-27 that allow hinge bending in docking where rigid
subdomains are docked separately, and the consistent results are then assembled.! Like IFD
methods, they also have limited ability to handle docking of unbound molecules with
significant backbone flexibility.28 In contrast to modeling protein flexibility explicitly,
ensemble docking methods account for protein flexibility prior to the actual docking by
making use of a limited number of discrete protein conformations such as Rosetta-
Backrub,2® MedusaDock,30 AutoDock,3! and IFREDA.32 Interestingly, few of the IFD
docking methods also use a pre-existing ensemble of conformations such as FlexX-
Ensemble,}4 FLIPDock,6:17 FITTED,2%-22 and DOCK 4.0.11 The docking time for these
approaches scales linearly with the number of structures in the ensemble.33 The integration
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of multiple receptor conformation (MRC) sampling into the docking algorithm might
improve computational speed and help us simplify data management.” The sources of
ensemble generation vary from experimentally determined X-ray or NMR protein
structures34-38 to computationally derived protein conformations from molecular dynamics
(MD) simulations,5-3% homology models, or normal mode analysis.6:40-43 The success of
ensemble docking approaches depends on two features of the multiple receptor
conformations: (i) a wide range of binding site conformations realized in nature should be
sampled in the ensemble of receptors and (ii) the artifact conformations that predict incorrect
poses should be excluded. Therefore, it becomes important to mimic nature and sample
binding-induced conformations using effective and intelligent sampling strategies while
generating ensembles from any of the above-mentioned approaches.®.7

In order to overcome the challenges in generating an ensemble of correct bound-like
conformations in a computationally efficient way, we developed a flexible docking scheme
called BP-Dock (Backbone Perturbation-Dock) based on perturbation response scanning
(PRS).#1-44 PRS couples the elastic network model#> (ENM) with linear response theory
(LRT).6 With PRS, we simulate the natural course of a binding event by computing
fluctuation responses of all the residues in a protein by exerting random external unit force
on a single a-carbon atom of the chain, especially those in the binding pocket.#1-44 BP-
Dock computes a ligand-induced mean-square fluctuation profile for the backbone of a
protein by using PRS, which is then followed by all atom energy minimization of the
perturbed protein conformation. This two-step multi-scale approach enables us to integrate
both backbone and side chain conformational changes of a receptor into docking, and it is
computationally efficient to model large-scale backbone movements. Indeed, we have shown
that the residue fluctuation responses obtained upon perturbation of a single residue can
capture conformational change between unbound and bound conformations.! Moreover, the
ensemble of multiple receptor conformations generated through this approach was
successful in capturing the correct binding affinities for the bound (holo) structure of PICK1
(protein interacting with C kinase) protein and its mutants.*2

“Bound” docking that reconstructs a complex using the bound structure of the receptor and
the ligand is a fairly simple problem in docking. The more challenging one is indeed
“unbound” docking where an unbound (apo) form of the structure is used along with the
ligand to obtain a complex form. As a matter of fact, the accuracy of the docking methods
decreases when the unbound receptor is used.2 The unbound structure can be an
experimental structure in the absence of a ligand or a homology model. In the present work,
we apply our BP-Dock approach on unbound structures. The two main goals are (i) to check
whether the unbound docking with BP-Dock can recapitulate the bound docking results and
(i) to test if the method accurately captures the experimental binding affinities when an
unbound receptor structure is used.

We test our flexible docking approach for a data set of protein—peptide as well as protein—
small ligand complexes. The data set used for this study comprises five diverse sets of
protein—ligand complexes of HIV-1 protease, carbonic anhydrase 1, alcohol dehydrogenase,
alpha-thrombin, and cytochrome C peroxidase, where we compared the experimental
binding affinities of each individual set with the binding energy scores obtained from
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unbound docking by BP-Dock. In addition to these sets, we also analyze another 20
individual protein complexes with available bound and unbound experimental structures.
Overall, the unbound/bound pairs in our data set cover a wide range of root-mean-square
distance (RMSD) between bound and unbound conformations ranging from 0.103 to 1.65 A
(Table S1, Supporting Information), which enables us to rigorously test the performance of
BP-Dock on unbound structures having a diverse set of RMSDs from the bound structures.
Furthermore, 13 proteins ranging from 59 to 537 residue long chains that are in complex
with various types of ligands, including peptides with different lengths (from 2 to 10 mers),
are chosen to provide an extensive pool of flexible degrees of freedom. We also perform
“rigid docking” that does not incorporate the flexibility of the backbone and side chains
outside the binding pocket, using both bound and unbound experimental structures. This
enables us to compare the performance of unbound docking with BP-Dock with respect to
rigid bound and unbound docking. To further determine the accuracy and sensitivity of our
docking method, we also perform cross-docking tests for HIV and postsynaptic
density-95/DIg/Z0-1 (PDZ) domain proteins. Overall, our analysis yields that BP-Dock is a
computationally efficient approach to incorporate full receptor flexibility to generate MRCs,
as also observed in our earlier work.4243 Ensemble docking using MRC generated from
unbound conformation can capture the bound docking results. Moreover, it can improve the
binding affinity prediction in several cases. The success of the approach rests on generating
a wide range of binding site conformations realized in nature.

METHODS

Benchmark

We analyzed five different diverse sets of protein—ligand complexes (HIV-1 protease (V=
20), carbonic anhydrase Il (V= 29), alcohol dehydrogenase (N = 8), alpha-thrombin (N = 13),
and cytochrome C peroxidase (V= 18), where N is the number of complexes for each
protein set used in the study) and an individual set of another 20 proteins with available
bound (holo) and unbound (apo) structures that are retrieved from the Protein Data Bank
(PDB).#” The names of the proteins, PDB codes of their corresponding bound and unbound
structures, chain length, root mean-square distance between bound and unbound structures,
and names of binding ligand/peptide and sequences of peptides are displayed in Table S1 of
the Supporting Information. The experimental binding affinities for the five test sets (total 68
test cases) are obtained from LPDB*8 and Astex*° databases. The performance of rigid
docking versus BP-Dock is also tested in cross-docking studies on the HIV-1 protease set.
The HIV-1 protease benchmark set has 20 complexes, and cross-docking tests are performed
on 20 x 20 = 400 cases. Furthermore, we also analyze the homology model of the channel-
interacting PDZ protein (CIPP). Overall, we have a large and diverse data set of 494 docking
cases (including 400 cross-docking cases) to evaluate the performance of BP-Dock.

Ensemble Docking with BP-Dock

To generate binding-induced conformations, we use the perturbation response scanning
technique that combines the elastic network model and linear response theory.4143 In the
elastic network model, a protein structure is viewed as a three-dimensional elastic network,
and all residue pairs are subjected to a uniform, single-parameter, harmonic potential if they
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are located within an interaction range or cutoff distance, 745051 The overall potential is
given by the sum of all harmonic potentials among interacting nodes such that

B=33°% (4y) (Ry = RY)"

i j>i

where yis the interaction (spring) constant, /;is the unit vector connecting residue pairs /

and j, Ajjrepresents the elements of the adjacency matrix, and R?j is the average distance
between residues 7and /® In this study, however, we weight the interaction strength
between all residue pairs by using the inverse of the square distance of their separation rather
than using arbitrary cutoff distances.59>2 The expansion of the potential near the equilibrium
state can be written in compact notation as

E:%ARTHAR @

Here, AR is the 3A-dimensional vector of fluctuations of all residues, and A is the Hessian, a
3N x 3N matrix composed of second derivatives of potential with respect to the components
of position vectors of length . After obtaining A, a random unit force () is applied
sequentially to the a-carbon atom of each residue one at a time, and then we record the
resulting relative displacement of all residues using LRT. The overall response of residue
network is calculated through

[AR),,  =[H]]

3Nx1 3N><3N[ ]3N><L (

3)

where the AFvector contains components of externally applied force vectors on each single
residue, and A1 is inverse of the Hessian matrix. The final perturbed coordinates, Rper, for
each residue are calculated using

[Rper}stN:[Ro]squ +a[AR]3Nx1 @

where Ry is a vector containing the initial coordinates of the residues before perturbation,
and « is a scaling factor.4353 In order to present a significant conformational change on the
structure after perturbing, we multiply the response fluctuation vector with a scaling factor
as PRS is based on LRT. The scaling factor is chosen such that it yields an ensemble of
perturbed structures that have a RMSD deviation ranging from 0.25 to 1 A from the original
unbound structure.

Perturbed structures are then clustered using the A-means clustering algorithm>* to discard
similar conformations generated from perturbations of different residues in the protein. This
step is followed by an all-atom minimization of clustered structures using the AMBER 99SB
force field,%® along with a GB solvation model,>® to account for rotameric changes of side
chains and also to relieve any strain in the structure. All these steps lead to a set of
conformations that constitute multiple binding-induced receptor conformations. Finally, an
ensemble docking for all these individual conformations of MRC is performed using
Rosettaligand.10.23
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Docking with RosettalLigand

The docking simulation for each structure in the ensemble is performed using the
Rosettaligand10:23 protocol in the Rosetta program. RosettaLigand incorporates ligand
flexibility by changing the torsional angles and backbone of the ligand, while optimizing the
side chain of the binding pocket. In this study, we perturb the ligand position and orientation
randomly with translation of mean 0.1 A and rotations of mean 3°, respectively. For each
case, coordinates of the ligand are taken from the crystallographic complex of the bound
protein. We compute 10,000 trajectories to generate a comprehensive ensemble of
conformations of receptor—ligand complexes for each protein, which also produce a well-
converged distinct binding funnel in energy score/RMSD plots. Final docked conformations
are selected based on the lowest free energy pose in the protein-binding site.1923 The lowest
free energy pose has the lowest Rosetta energy score among all other docked poses. The
scoring function of Rosetta is a weighted sum of 12 different energy terms including van der
Waals, solvation, hydrogen bonding, torsional, Coulombic, and harmonic restraints.1°

Assessing the Scoring Accuracy with X-Score

After selecting the lowest Rosetta energy score pose, we reassess the binding energy score of
the complex using X-Score.5” X-Score is an empirical scoring function developed to re-rank
the protein—ligand complex obtained from various docking approaches and gives a more
accurate estimation of the binding free energies. X-Score was also shown to have the best
correlation with the experimental binding affinities as compared to other available scoring
functions in a study by Wang et al.58 Likewise, our binding affinities obtained by rescoring
the lowest energy pose with X-Score provide a better correlation with experimental
affinities.

Modeling Unbound Proteins and Non-Native Peptides

The homology model of CIPP is constructed using MODELER®® with a minimal sequence
similarity of 50% to the target. Before introducing flexibility in the homologue structure of
CIPP, it is subjected to an energy minimization of 50 steepest descent iterations followed by
1000 conjugate gradient iterations using the AMBER 99SB force field,>® along with a GB
solvation model.>8 We also model mutated unbound proteins for the HIV-1 protease and
cytochrome C peroxidase test sets. The starting unbound structures are obtained from PDB4’
(2PCO for HIV-1 protease and 1CCP for cytochrome C peroxidase). The mutations
corresponding to the desired bound protein are introduced in the unbound structure using
PyMOL,59 which is followed by an all atom energy minimization on the modeled unbound
protein following the same procedure performed on CIPP. This all atom energy
minimization helps to accommodate the necessary side-chain rotamer changes around the
residue subjected to the point mutation. For a non-native peptide docking to PDZ proteins,
we use the original crystal structure of the native peptide and mutate each position in the
native peptide to the corresponding amino acid of the desired peptide and perform an all-
atom energy minimization on the modeled peptide—protein complex using the AMBER
99SB force field,5 along with a GB solvation model.>¢
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Ensemble Docking with Backrub

We use the backbone sampling method®? from the RosettaBackrub design server?® to
generate multiple receptor conformations for ensemble docking. The server utilizes the
“Backrub” method for flexible protein backbone modeling that was first described by Davis
et al.52 Briefly, this method randomly makes one of three types of moves: (i) a rotamer
change (50% of the time), (ii) a local backbone conformational change (Backrub move)
consisting of a rigid body rotation of a random peptide segment about the axis connecting
the endpoint C-a atoms (25% of the time), or (iii) a composite move with a Backrub change
and one or two rotamer changes (25% of the time). After each move, the positions of the C-5
and H-a atoms are modified to minimize bond angle strain.61 We dock these ensembles of
proteins obtained from Backrub to their respective peptides using RosettaLigand.10

RESULTS AND DISCUSSION

Previously, we have shown that the BP-Dock approach gives better correlation with
experimental binding affinities compared to conventional rigid docking for the bound
structure of PICK1 protein and its mutants.#2 In this study, we extend our approach to the
unbound structure in order to test if we can predict the binding affinities of several peptide/
ligands when they are docked into an unbound structure.

Docking Results for Five Different Test Sets and Their Correlation with Experimental

Binding Affinities
We first compare the performance of our flexible docking with rigid docking for five
different sets of protein—ligand complexes: HIV-1 protease (PR), carbonic anhydrase 11 (CA
I), alcohol dehydrogenase (AD), alpha-thrombin (AT), and cytochrome C peroxidase
(CCP). For each set, we have different bound structures (i.e., with different ligands) but only
one unbound structure. For HIV-1 protease, we perform docking using an apo wide open
conformation to test the accuracy of the BP-Dock approach in predicting the binding
specificity observed in a closed holo structure using an open unbound form. Thus, we aim to
determine whether our BP-Dock approach can capture the different bound conformations
with correct binding energies through generating an ensemble of conformations from a
single unbound structure in a quick and efficient manner. Rigid docking is also performed on
crystal structures for both bound and unbound structures using Rosettal_igand.1? For PR and
CCP, we use the modeled unbound structure due to point mutations in bound structures (see
Methods). The lowest RosettaLigand energy scores and X-Scores for (i) rigid bound and
unbound docking and (ii) flexible docking for unbound structures using BP-Dock for all five
different data sets are reported in Table I. The available experimental binding affinities for
all the test cases are obtained from LPDB*8 and Astex*® databases and are reported in Table
I. The correlation plots of X-Score energies for (i) rigid bound, (ii) rigid unbound, and (iii)
BP-Dock unbound versus the experimental binding free energies for the five test sets are
plotted in Figure 1. The X-Score energies of BP-Dock unbound docking have a higher
correlation with experimental binding energies compared to rigid unbound docking for all
the five test sets. Interestingly, both the BP-Dock unbound X-Score and Rosettaligand
energy scores for HIV-1 protease show a much better correlation with experimental binding
energies than rigid unbound docking. Indeed, unbound docking by BP-Dock is even better

J Chem Inf Model. Author manuscript; available in PMC 2016 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bolia et al.

Page 8

than rigid bound docking for PR and CA 1l. Moreover, when we compare the Rosettal.igand
energy scores, we observe that BP-Dock provides better correlation with experimental
binding energies than rigid unbound docking for all five test sets (Figure S1, Supporting
Information). Strikingly, rigid unbound docking scores are negatively correlated with the
experimental binding energies for CA 11, AD, and CCP data sets when the complexes are not
re-evaluated by X-Score. On the other hand, BP-Dock performs better than rigid unbound
docking and is also better compared to rigid bound docking for all the test sets except AD.
The overall RMSDs of the ligand from the lowest energy docked poses for each docking
case shows a similar trend, indicating that the backbone flexibility introduced by BP-Dock
also improves the orientation of the ligand compared to rigid unbound docking (Table S2,
Supporting Information).

The overall correlation coefficients (/) of X-Score energies with binding experimental
energies for all 68 test cases clearly show the success of BP-Dock through incorporation of
backbone flexibility (R = 0.65). It is significantly higher than rigid unbound docking (R =
0.56) and also higher than rigid bound docking (/R = 0.60). Moreover, when we consider
proteins having relatively larger conformational changes upon binding (bound-unbound
RMSD > 1 A), we still observe the same trend, in which the rigid unbound docking cannot
capture correct binding conformations for such cases (/R = 0.44), whereas BP-Dock provides
a better correlation (/= 0.56) in estimating native-like binding affinities, and is even slightly
better than rigid bound docking (/R = 0.49). This is due to the fact that rigid docking can only
optimize side chains lining the binding pocket and cannot sample large backbone
movements (or conformational changes) associated with binding unlike BP-Dock.
Therefore, incorporating backbone flexibility in an unbound structure becomes even more
crucial in proteins with larger RMSD difference. With BP-Dock, we can significantly
improve the binding affinity predictions for proteins with larger conformational changes by
integrating both backbone and side-chain flexibility through our multi-scale approach.

Cross-Docking Results for the HIV-1 Protease Set

In cross-docking studies, a ligand A (say, from protein A) is docked to a different receptor
(say, protein B, bound to a different ligand) to evaluate the performance of a docking method
in recapitulating the protein conformational changes associated with ligand binding.
Therefore, in this study, we performed cross-docking using the flexible BP-Dock as well as
the rigid docking approach on the protein B-ligand A complex for the 20 bound structures
from the HIV-1 protease set leading to 20 x 20 = 400 test cases. The lowest RosettaLigand
energy docked pose from the protein B-ligand A cross-docking experiment is then
compared with the experimental bound structure of protein A-ligand A to check the
accuracy of prediction of conformational changes, following the analysis of Osterberg et
al.53 and Shin and Seok.84 We investigate the flexibility of two ARG8s and two ILE50s from
the two chains of HIV-1 protease. ARG8 and ILES50 are purposefully selected because they
have the largest steric clashes caused by swapping ligands.6® Thus, we compare the
prediction accuracy of the side-chain 1 angle of the cross-docked complex (i.e., ligand A
from protein A, in complex with receptor from protein B) to y1 angle of the native complex
(i.e., experimental structure of protein A bound to ligand A) for flexible residues ARG8 and
ILES0 from the two chains. The predicted 1 angle is considered accurate if its value is
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within a range (angle threshold (deg)) of the native y1 angle. The plots of prediction
accuracy of the y1 angle as a function of the y1 angle threshold (deg) for the flexible BP-
Dock and rigid cross-docking results are shown in Figure 2. The plots for the two flexible
residues (ARGS of the two chains) are shown in Figure 2A and that for four flexible residues
(two ARGS8s and two ILE50s) are shown in Figure 2B. Clearly, for both the cases, the BP-
Dock approach shows better prediction accuracies for y1 angle compared to the rigid cross-
docking, which confirms that even in the case of lower backbone deviation, incorporating
backbone flexibility improves proper side-chain orientations during docking.

Analysis of Unbound Docking for 20 Individual Bound—-Unbound Pairs

Table Il shows the Rosettal igand energy scores and X-Scores of 20 individual proteins for
(i) rigid bound and unbound docking with RosettaLigand and (ii) flexible docking for
unbound structure using BP-Dock. The RMSD (A) values between the ligand positions of
the lowest energy docked poses from rigid bound, rigid unbound, and flexible BP-Dock
docking of these 20 individual proteins and that of the bound crystal structure are also shown
in Table S2 of the Supporting Information. In most of the cases, rigid docking with a bound
structure shows a better affinity prediction as compared to rigid docking of an unbound
structure. This is unsurprising because the prediction accuracy of docking calculations
decreases with the quality of receptor from bound to unbound protein to modeled
structures.? However, the flexible BP-Dock scheme does a similar or better job in indicating
bound-like binding scores for most of the unbound proteins as compared to rigid unbound
docking. Overall, these results support the fact that improvement obtained with our flexible
docking approach relies on correctly predicting binding relevant motions through
perturbation of unbound structures. Moreover, in order to have a better understanding of the
advantages and limitations of BP-Dock, we investigate various test cases separately,
including the receptors with larger conformational changes upon binding, receptors with
larger chains, and those in complex with large peptides.

Unbound Docking for Proteins Having Critical Conformational Changes upon Binding

For proteins such as aldose reductase, the bound and unbound conformations do not
necessarily have a large RMSD difference; however, loops and regions near the binding
pocket may differ significantly. These loops are often related to diverse biological functions
that can change their conformation upon ligand binding. For example, the bound (PDB id:
2FZB) and unbound (PDB id: 2ACR) structures of aldose reductase (AR) are quite similar to
each other with a RMSD of 0.36 A; yet there is a significant difference in the loop region
near the binding pocket (residues 121-130) (Figure 3A). The all-atom RMSD of the loop
between the bound and unbound conformation is ~0.6 A. Upon applying perturbations (i.e.,
an external Brownian kick) to the unbound structure of AR and computing response
fluctuation profiles of the whole chain, we generate an ensemble of conformations that
mimics the complete ligand-binding event. Interestingly, one conformation in the ensemble
is very similar to the native bound-like conformation as shown in green in Figure 3A, where
the loop perfectly aligns with the bound conformation (shown in red). This indicates the
capability of our flexible approach in correctly predicting the binding-induced
conformational changes when an unbound form of protein is used, even without the presence
of any ligand. Moreover, it also shows that BP-Dock is distinctly different from other
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multiple receptor docking approaches based on normal mode analysis. Indeed, a recent study
has shown that selecting the most relevant mode/modes related to binding is rather difficult
in those approaches and makes the method more restricted because some higher frequency
modes can be responsible for binding-induced conformational changes.3° However, with the
BP-Dock approach, the most relevant modes are automatically induced by perturbing the
individual residues of the receptor; therefore, we do not need to search for correct modes
that are most related to binding.

The flexible BP-Dock results for docking of four tolrestat molecules (TOL4) to unbound AR
shows a binding energy prediction of —8.96 kcal/mol (RosettaLigand score, —876.52 kcal/
mol), even more favorable than the rigid docking prediction of the bound structure (X-Score,
—8.73 kcal/mol; RosettaLigand score, —782.2 kcal/mol). On the other hand, the rigid
docking of unbound AR leads to a less favorable binding energy score for TOL4 (X-Score,
—8.04 kcal/mol; RosettaLigand score, —721.69 kcal/mol). When we compare the docked
poses of unbound conformation from rigid and flexible docking, we observe that the ligand
forms only three hydrogen bonds in the case of rigid unbound docking (Figure 3B), whereas
TOLA4 forms four hydrogen bonds with Tyr 48, Trp111, Leu301, and Cys303 in the case of
BP-Dock docking (Figure 3C). The loss of a hydrogen bond could possibly explain a less
favorable binding energy score for rigid unbound docking, as these residues have been
shown critical for binding.66:67 Previously, Sotriffer et al.56 have shown that the specificity
binding region of AR, constituted by the residues Leu300, Trp111, and Thr113, can only be
accessible to ligand by the correct orientation of Leu300.56 Interestingly, in the analysis of
the BP-Dock pose, we observe that the side chain of Leu300 and Trp111 get shifted to open
up a wider space in the binding pocket compared to that of the unbound complex, thus
avoiding any clashes with TOL4. This emphasizes that by introducing perturbations and
computing the response, our approach may have led to this specific orientation change,
which in return made the binding site of aldose reductase much more feasible and
approachable to tolrestat, especially near the specificity region.

We also analyze large proteins having different conformational changes upon binding to
several different ligands such as carboxypeptidase (CPA) (307 residues) and trypanosomal
triosephosphate isomerase (TIM) (250 residues in each chain A and B). For both of these
test cases, the previous docking studies have failed in predicting the correct binding
poses.10:23 From our docking results, we observe that the Rosettaligand energy scores for
rigid bound docking for CPA indicate higher affinity for .-phenyl lactate (or HFA) than for
the FVF ligand, in contradiction to experimental results.58:69 On the other hand,

Rosettal igand energy scores of flexible BP-Dock for the unbound structure of CPA are in
agreement with the experimental observations (Table I1). However, rescoring the lowest
binding energy poses with X-Score helps in correctly estimating the binding energy
preferences for all three types of dockings (rigid bound, rigid unbound, and BP-Dock
unbound). Nonetheless, for the SH3 domain of GRB2 and cyclophilin A, we also observe
that the RosettaLigand energy scores for rigid docking of the bound structures are less
favorable than those for the rigid unbound structures, but rescoring helps again in correcting
this anomaly. Furthermore, for the TIM protein, both the RosettaL.igand energy scores as
well as X-Scores for rigid bound docking fail in correctly predicting the binding affinities
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for two ligands, 2-phosphoglycerate (2PG) and glycerol-3-phosphate (G3P), whereas BP-
Dock succeeds in correctly predicting these differences.”®

Analysis of PDZ Domains

We also test whether we can predict the binding selectivities of several PDZ domain proteins
(PDZs), where the backbone dynamics are crucial in binding affinity predictions.6:42.71.72
PDZ domains have been categorized into three main classes according to the specificity of
the interaction depending on its C-terminal four amino acids of their binding peptides. Class
| type PDZs bind to a C-terminal motif with the sequence [X-Ser/Thr-X-U-COOQOH]. Class Il
type PDZs prefer the sequence [X-U-X-U-COOH]. Class Il type binds to the sequence [X-
Glu/Asp-X-U-COOH], where X is any amino acid and U is a hydrophobic amino acid.
Although the PDZ binding site is well defined and PDZ motifs are classified based on their
sequence type, there is still little information available on the binding affinity and
stoichiometry of PDZ binding motifs and blocking peptides.”® We focus on the most
common Class | and Class 1l types for this study.

Among our test PDZ cases, PSD-95 binds to a Class | peptide, whereas GRIP binds to a
Class 11.% The docking results for PDZ domain proteins (Table 11) show that the rigid
unbound docking fails to predict bound-like affinities for both PSD-95 and GRIP. However,
BP-Dock unbound docking shows similar or more favorable (for PSD-95) binding energy
scores than rigid bound docking. Furthermore, BP-Dock results on the PDZ2 domain of
syntenin indicate that it has dual specificity for Class | (IL5R-a) and Class Il (syndecan)
peptides with a slightly higher affinity toward the Class Il peptide. This result is also
consistent with experimental observations indicating that it binds slightly better to syndecan
(Kgq ~ 2.9 M) than to IL5R-a (Ky ~ 43.8 1M).”* Moreover, we are able to predict that the
Merlin (-FFEEL) peptide has the least significant affinity toward the PDZ2 domain of
syntenin as is also shown experimentally (K3 ~ 1 mM).”*

Furthermore, we also look at the binding selectivities of the homologue structure CIPP. One
of the most difficult tasks for any docking protocol is to correctly predict the binding
affinities for homologue structures. Therefore, in this study, we apply our flexible docking
approach to a homology model for CIPP of PDZ, whose binding selectivity has already been
verified experimentally.”® Table 111 shows the lowest RosettaLigand energy scores and X-
Scores of the modeled CIPP with Class | (CRIPT and IL5R-a) and Class Il (syndecan and
Erbin) peptides for rigid and our flexible docking method. The RMSD (A) values of the
lowest energy docked poses from rigid and flexible BP-Dock docking of homologue CIPP
are given in Table S3 of the Supporting Information. Figure 4A shows the Rosettal.igand
energy score vs the RMSD plot for the BP-Dock complex of CIPP with Class | (IL5R-a)
and Class Il (syndecan) peptides. The formation of a well-converged distinct binding funnel
in energy score/RMSD plots indicate successful docking.1? CIPP prefers to bind syndecan
with a higher affinity of —6.92 kcal/mol as compared to —6.33 kcal/mol for IL5R-q, which is
in agreement with experimental results.”® Further analysis of CIPP complex with both Class
I and Class Il peptides shows that CIPP residues form hydrogen bonds with both IL5R-a
(Class 1) and syndecan (Class Il) as shown in Figure 4B. The syndecan peptide forms five
hydrogen bonds via the interaction of three crucial residues Leu 13, lle 15, and Lys 68.
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However, the IL5R-a peptide forms only three hydrogen bonds with Leu 13 and Lys 68. The
lesser number of hydrogen bonds formed by the IL5R-a peptide could possibly explain its
lower binding affinity with CIPP.

Flexible Docking Comparison for Ensembles Generated with BP-Dock and RosettaBackrub

Another commonly used method to incorporate backbone movements in Rosetta is the
“Backrub” method.61:62 This method randomly perturbs a segment of 2—12 residues through
a rigid body rotation by an angle of up to 11-40° to model the conformational changes in a
protein.81:62 For comparison, we also generate ensembles of PDZs using the RosettaBackrub
server,29 and we use these ensembles for docking with RosettaLigand. Table IV shows the
docking results of six PDZ-ligand pairs for the ensembles generated by both Backrub and
BP-Dock, and the RMSDs of the ligand from the lowest energy docked poses are reported in
Table S4 of the Supporting Information. We observe that by using BP-Dock, we can
discriminate the higher binding preferences of syntenin toward syndecan (i.e., the binding
energies evaluated from X-Score for the lowest RosettaLigand score complexes are —7.85
kcal/mol and —7.16 kcal/mol for syndecan and IL5R-« peptides, respectively). However,
Backrub ensemble docking fails in estimating the binding preferences of CIPP for IL5R-a
and syndecan peptides (i.e., the binding energies of the lowest score docked poses are —6.99
kcal/mol for syndecan peptide and —7.18 kcal/mol for IL5R-a peptide).

For a more rigorous comparison, we also perform cross-docking on PSD-95 and GRIP. We
select liprin, a Class Il peptide for docking to PSD-95 and CRIPT, a Class | peptide for
docking to GRIP. As shown in Table 1V, the binding energy of a BP-Dock pose obtained
with X-Score indicates a higher affinity for the Class | peptide compared to the Class Il
peptide. Similarly, GRIP prefers a Class Il peptide in comparison to a Class | peptide.
Overall, BP-Dock ensemble docking is successful in predicting the binding affinities of
PSD-95 and GRIP. Backrub ensemble docking also correctly predicts the preference of
GRIP toward a Class Il peptide. However, in the case of PSD-95, the binding energy scores
indicate a higher affinity for a Class Il peptide (-7.31 kcal/mol) over a Class | peptide
(-6.66 kcal/mol), contradictory to the results from previous studies.® Figure 5A and B shows
the self-docking and cross-docking energy score/RMSD plots of PSD-95 when docked using
the ensembles of (i) BP-Dock and (ii) Backrub. In order to further investigate the difference
in binding energy scores for the two flexible ensemble dockings, we analyze the hydrogen
bond pattern of the complexes obtained from these two separate ensemble docking. The
lowest energy complex obtained from BP-Dock shows that P-0 and P-2 residues of the Class
| peptide form five hydrogen bonds with Leul8, Phe20, Ile22, and Ser34 of PSD-95 (Figure
5C). On the other hand, the docked pose with the lowest energy score obtained from
Backrub indicates that the peptide forms only three hydrogen bonds with Leul8, Phe20, and
Glu68 (Figure 5D). Moreover, analysis of cross-docking with the Backrub ensemble shows
that the number of hydrogen bonds has been increased to five in the case of the Class 1l
peptide docked pose. This may be attributed to an increase in the binding affinity of PSD-95
for the Class 11 peptide when the Backrub ensemble is used for docking. Overall, this
comparison suggests that in unbound ensemble docking, accuracy in predicting binding
affinity increases when the ensemble consists of correct binding-induced conformations.
Indeed, Backrub and BP-Dock can be merged to increase overall accuracy.
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CONCLUSION

Incorporation of backbone flexibility helps in sampling the bound-like conformation, which
is crucial for accurate complex geometry and binding affinity predictions especially for
docking with unbound structures. This is because small conformational changes in the
backbone upon protein binding can lead to significant changes in the side-chain orientations.
Our analysis of unbound docking in comparison with bound docking suggests that
conformations generated through perturbations should simulate similar changes that occur
when a ligand interacts with the receptor during the binding event in order to increase the
accuracy of docking. The most intriguing aspect of the BP-Dock approach is that we are able
to mimic the induced effects of peptide—ligand binding using the unbound structure, even in
the absence of any ligand or peptide. Thus, the BP-Dock approach can be utilized to increase
the accuracy of binding scores when unbound structures or unbound models are used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Correlation plots of binding energy scores evaluated from X-Score vs experimental binding
energies for HIV-1 protease (PR), carbonic anhydrase Il (CA 1), alcohol dehydrogenase
(AD), alpha-thrombin (AT), and cytochrome C peroxidase (CCP).
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Figure 2.

Plot of average accuracy of y; angle prediction as a function of y; angle threshold (deg) for
BP-Dock cross-docking and rigid cross-docking on HIV-1 protease bound structures (A) for
two flexible residues (two ARGS8s) and (B) for four flexible residues (two ARG8s and two
ILE5O0s).
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Rigid docking Flexible BP-Dock

Figure 3.
(A) Bound (2FZB) and unbound (2ACR) ribbon diagrams of aldose reductase are shown in

red and blue, respectively. The RMSD for the loop region (encircled, Phe121-Val130)
between the bound and unbound structures is ~0.6 A. One of the perturbed conformations
using the BP-Dock scheme (shown in green) is similar to the bound structure, especially
around the specified loop. Hydrogen bond interactions are shown of the best docked poses
from unbound docking of four tolrestat molecules with (B) rigid docking and (C) with
flexible BP-Dock. The specified loop region is colored red. The hydrogen bond interactions
are studied with Chimera,”® and the images are prepared using PyMOL .60

J Chem Inf Model. Author manuscript; available in PMC 2016 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bolia et al.

Page 20

-148 |
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Class I

Figure 4.
(A) RosettaLigand energy score vs RMSD of the docked complex of CIPP with Class | and

Class 11 peptides of syntenin. (B) Hydrogen bond interactions of CIPP with Class | and
Class Il peptides are shown as analyzed using the best docked pose obtained from flexible
BP-Dock docking. Ribbon diagrams are prepared using PyMOL.50
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Figure 5.
Rosettaligand energy score vs RMSD of PSD-95 with CRIPT and liprin peptides obtained

from the flexible docking with (A) BP-Dock and (B) Backrub ensembles. Hydrogen bond
interactions are shown for the CRIPT peptide with PSD-95 as analyzed using the lowest
energy docked pose obtained from (C) BP-Dock and (D) Backrub ensembles. Ribbon
diagrams are prepared using PyMOL..60

J Chem Inf Model. Author manuscript; available in PMC 2016 May 05.



Page 22

Bolia et al.

L6'TT-
12T~
62T~
887
62°0T~
v6°€T~
LLS
8e'TT-
05'0T~
9521~
€88
80T~
T8°€T-
kA
6L€T~
9T YT~
yLET-
0Z€T-
Y0'TI-
69/~
9921~
y9°CT-
16°0T~
80T~
89'8-
oV dx3

€L~ 6¢' L~ vel- 90'69.— 6T¢GL~ 65°00L—
e L~ oAV €L~ ¥6'G9.— a4 TA 96°'G89—
8- 6v'L— 16— ¢819.— €¢esl— vetel-
A LV'G— 6L'G— 1810~ V19— 1S'265—
6v'8— Ly'8— 58— C6'ELL~ T09G.— 9¢'ST.-
0L0T— 26— 8L'TT-  CT'v6E- 6665~ ¢6'¢LS—
S¥'9— 609~ 8y’ L~ crele- 0€'8€5— ¢8'L15—
0¢'0T— €L°6— €CCl— VeV GY'G95— G8°LEC—
98- 98— ¢9'0T—  69'86E— 6€'€9G— S8TYr—
T7'81— 09°LT— 8G'T¢—  ¢8¢eEr— T0'665— U9l
EV'6— 11°8— 88°0T—  ¥6'18¢— ¥8°,95— G.'06¢—
06'6— 16— ¥0'TT—  80°S0V— 19'896— €39'89¢—
6€°0T— 86— LS TT— 99807~ 82695~ LLVEY—
68°0T— 866~ 4’ 6¢' 10V~ 19996~ Y9067~
60°TT— 96— €9¢T-  29'66€- 8¥7'89G— 68’816~
980T~ 60°0T— 4’ €8'66€— G/'€95— TL'961—
69°0T— G8'6— ccel—  TLT0v- L0795~ LS'ETS—
6EVT— LUV S0'6T—  B8EETV— 18285~ 8€'8¢5—
89'TT— Y0'TT— SOvI—  6S¢Ov— 29895~ CEV6E—
8€'8— 9€'8— 906~ 9y'€8E— G9°695— €6°0T¢—
T€VT- qG'CT— G9'9T-  6T°9TV— 82'985— GEV6E—
80°0T— €T6— x4’ 6€°€6E— [4cisind G2 eor—
8001~ €€'6— 11— 80°L6€E— 9€'695— 8016V~
98'8— 618— 95°0T—  0€¢ov— 28'€96— 8'79—
€C'6— 8.'8— 8¢°0T—  ¥.'06€— 0,895~ 19°LG€—
punogun  punogun  punog  punogun  punogun  punog
»20Q-d4 pibL >20Q-d4 pibu

(jowy/[edx) 81025-X

(Jowy/[ea) 8100s puebiTe138soy

652
652
65¢
652
652
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
86T
yabusj ureys

1Mz NIOT
1z NIOT
11z 10T
1Mz NAVT
Inie S00T
00de MZIT
00de 0eVT
00de dAH6
00de dAHS
00de AHd¥
00de dAHY
00de 24sT
00de SAHT
00de IAHT
00de MAHT
00de CAHT
00de IAHT
00de O1HT
00de 41HT
00de 3LHT
00de SdHT
00de AIHT
00de HIHT
00de 93HT
00de AGHT
punoqun  punoq
3pod aad

11 8sespAyue o1uoqIed

aseajold T-AIH

uisyoud

eleq |eluswiadx3

3|qe|IeAY UM $31N10NJ1S punoqun 10} Buiydoq 320Q-dg a1qixe|d4 pue ‘punoqun pibiry ‘punog pibiry 10} $3109S-X pue sa10ds ABisu3 puebijenasoy

Author Manuscript

I 91qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Chem Inf Model. Author manuscript; available in PMC 2016 May 05.



Page 23

Bolia et al.

98'G—
8-
81—
G8'¢-
1.6~
Wi
99°0T—
LSTT-
9'0T-
86'¢—
8¢'¢—
€6'¢—
L2e-
85'TT—
G.'6—
66'8—
€18~
€7'8-
90°TT—
w6-
8G'L—
€6'8-
e 9-
-
Sy'T1-
6E°CT—
8L°0T—
TT°0T-
9'0T-

oy dx3 punoqun

09— €09~ yT'9-  ¥5.68— 9€'988— ¥588.—
69'S— L'S— 8'G— ¢8'006— 65'688— 89'06.—
6¢'9- 8¢9~ ¢r'9-  96'668— 10688~ 19061~
LTS~ 6¢'G— €G- €9°168— 10°/88— T16°€5.~
¥6'8- 76— €26~ Ly'T6.— v¢'c6l— €8'Ge8—
¢9'8- ¥8'8- ¥.'8- T¢'e8L~ §6'88.— GE'€09—
56— 656~ 99'6-  v0'68.— ¥0°'S6.— €9°LT¢—
€86~ ¥0°0T— ¢c0T-  ¢ET6L- 11261~ 8E'TI8~
GG'8- 9.'8- 28'8- LL'Y8L— €C'68.— 8/°008—
19'9- €9'9- L9~ 6C'LLL~ L9°€8L— ¥'86.—
6~ €6'6— 96—  80'T6L— 7096/~ ¢'S09-
8- §'6- Er'6—  89°06L— ¥¢'96.— 8'¢T9-
€6~ 686~ 9T'0T—  91'68.— L6'V6.— 819¢9—
Yy'6- €6~ 99'6- G868/~ T¢c6.~ 68°CTS—
60'6— L0'6— ST'6—  vI'T6L— €9'96/— S6'Shy—
1% 618~ g €v8.- 66'06.— ¢'89.-
8'8- ¢6'8~ Ev'6— ¢'18L- 16.- 6'¢LS~
§6'6— 686~ T€¢CT- 829001  9V'9¥S—  €2'880T—
€007~ ¢ToT- 8¢'¢T— v1'800T—  ¥0'OVS— €5°0€6—
6L'6— ¢5'6- L[8'TT- ¢¢’'S00T—  ¢S'9€S— 157256~
L9°0T— €6'0T— €E'€T- 68'600T— 99'¢SS—  88'100T—
JAA Vo= 99'9— 65°¢96— 80'vSh— 666~
S9'L— 8€'8- 91’8~  GS9'/66— €€'9EG— LT'¥99—
1'8- L8 oT-  2'L66— L0'6E€S— T10°5€9—
88'8- €8- JAA 6001~ 189€5— ¢S9TL-
v8'L- 68'L— 8L~ S6'¢LL— ¢1'99.— §'6G/—
8'9- GL'9- €9'9- €9°€LL~ ¥9'859.— 9v'695—
€6'9- 18°9- 19'9— cLeLl~ 8169/~ 60'8¢9—
95'9— 95'9— e 9- TT€LL- ¢9'89/— 88'€C9-
punoqun punoq punoqun punoqun punog
>20d-d49 pibLA %%04-d49 pioL

(Jowy/eax) 8103S-X

(Jowy/[ea>) 8100s puebiTe118soy

T6¢
T6¢
T6¢
T6¢
90¢€
89¢
€0€
86¢
86¢
86¢
06¢
06¢
06¢
¢6¢
S6¢
86¢
vie
VL€
viE
VL€
VL€
viE
VL€
VL€
viE
65¢
65¢
65¢
65¢

y1busj ureys

[<l0}0)) a3avt
dod1 g3vi
d0d1 80VT
[<l0}0)) YoVl
1501 1LAOT
1501 SANT
1907 1dHT
1501 awmdar
1501 oMmat
1907 amat
1501 dvat
1501 deat
1907 aeat
1501 NNGT
1501 NNGT
1907 83Vl
1501 MYVT
HAav8 ol1g9¢€
HAv8 AQTT
Havs a1t
HAav8 dHT
HAv8 [OAR<])
Hav8 4avt
HAav8 oavi
HAv8 aavi
17l ™MOT
(mirs ANOT
(mir4 XNOT
17l MNOT
punoqun punoq
9p0d2 9dd

asepixosad O aWoIyd0IAd

uiquiolyi-eydpe

aseuabolpAyap |oyoale

uisyoud

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Chem Inf Model. Author manuscript; available in PMC 2016 May 05.



Page 24

Bolia et al.

90'9-
¥6'S—
¢8'G—
eer—
€LV
¢0'S—
L0~
6
4
T¢S—
96’
66'G—
o-
96'¢—

oy dx3 punoqun

G8'G— G8'G— Yo- €1°¢06— 8¢'T68— 86'€8.—
9= 9- ¢6'S—  vE'T06— v’ 168— €199/~
€16~ 9L'G— 8L'G— 18'006— 89'068— 15808~
896G~ 696G~ 69'G-  v.°006— 6¢°068— c0'LLL-
9¢'9~ 9¢'9- 1€9-  8L'T06— €C'T68— 6506/~
y€9- 9€'9— Ly'9-  SS'v06— €L'768— 60'v9.—
v,.'9- 90'9- €9 10’868~ 8¢'188— 66'€S.—
¥'9- ¥'9- 8v'9— ¢€'506— LEV68— ¢9'S6/—
§9'9- ¥9'9- 9L'9-  9€'¢06— G768~ ¢9'€6.—
86'G— 9- 109~ 16'¢06— L6168~ 15°06.—
09— T109- €09~ 1€'¢06— 1¢'168— €0°€6.~
60'9— - 9¢'9-  v0'v06— GY'€68— €56/~
99~ 1¢9- 15°9- V16— 6€°€68— 96'¢6.—
€€'G- €8'G— 6v'S— 66'706— 8'€68— €1°¢08—
punoqun punoq punoqun punoqun punog
>20d-d49 pibLA %%04-d49 pioL

(Jowy/eax) 8103S-X

(Jowy/[ea>) 8100s puebiTe118soy

T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢
T6¢

y1busj ureys

dOOT A3Vl
dodT  Navr
dodT  13vT
doot Savt
doort 03avi
dodT  0avr
dOOT  Navl
dOdT  WavI
dOOT  Mavr
doot ravi
dOdT  Havr
dodT  9avI
doot 43vt
dooT  33vr
punoqun punoq
8p00 9dd

uisyoud

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Chem Inf Model. Author manuscript; available in PMC 2016 May 05.



Page 25

Bolia et al.

L9TT-  2gTl-  GSTT- ¥8'8EET- 680TET~ LSTyT-  2dOT  09ST [o17RI3AS8) Z aselonpal suouinb
686~ €6'6- €6~ €9860T- VEEW6~  T9¥8- T4AT IANT  #29ggTyd aseulWeap auIsouspe
98- GG~ ZL'8~  €LTS9T-  GO9VST-  62¥9ST-  GVAT  MdOT VW euiziadny a5BI9)SOUI| 04| A}00R
ve8- 678~ 60'8- 89°¢0— ev'eLe— TV'e8e— ST HYTT VN dav
109~ 95~  ¥E9- €6/SYT-  62TL8-  TL00T-  WILE  INIL9 deo WIL
609~ 209~  9¥9- [EYSYI-  SOTI8-  99°0/TT-  WILE  WILy 9dz WIL
66~ 98'8-  8TO0T- 906~ 88788~  vr6z.~  TWINT  VdOL 4Nd asepndadAxogea
62~ 969~ [T/~ S67T.6- LS€88—  8YO068—  WINT  OLOT V4H asepndadAxogea
8.8~ G665~  96'8-  6EE/8-  YE'98/~  [G66/~  dOVZ  OpLI zssaal 258)0NpaJ 350p[e
968~ v0'8- €8 2998~  69TIL~  TT8L- dove  dzde v 101 asejonpal asople
598~ 668~  ¢T'6— 8Y'T8.~  80Th9-  T0'86S~  L4VI S04l 413MN aselajsuen|ALpaw
T/~ Tl- 98/~  Gl6Y—  6VE6Y— €96~  1dOz  OMVT VIdOVH Vv urjiydoofo
759~ 129~ S99~ 286y~ €9~ vy~  1dOZ  HADZ dv Vv uljiydojao
181~ 10/~ 86/~  L16/21- 866~  TIE6II- Q49T YN  ¥d¥ddAdddA 2949 30 Urewop EHS
8v',L— vi- 18- 6091~ 9g'TET— ¥2'9¢T- a4dot 90IT d1ddTd4AHY 2949 Jo urewop eHS
0L~ vZ'9-  €8'9-  TL€8T-  [PTZT-  TeeLT-  FLNT WN 73344 uluauAs
a8/~ gl 66'.~ 8817z~ TrTee- ¢Sz JINT  AQOT VA43N uluauAs
9T L~ §6'9-  62/- 19G0z-  60'GTe-  2'802-  IALNT  X€OT 4Asa uluauAs
8- v~ vI'8- 9862z  L€8Tz  9LTvz-  FINT  HINT  OSALIALY dido
el 8el~  ITl- €1z~ 6299T- 8,062~ 3491 634l ASLOM §6-ASd
(ode) (ode)  (ooy)  (ode) (ode) (ojou) (ode)  (ojou)

punoqun  punoqun  punoq punogun  punogun punoq punoqun punoq  puebijepndad uisyoud

300a-dg pIbLI >00-dd pibi 8p02 add

(jowyeay) 8103s-X (1owy/ea)a10s puebienssoy

$a.n1on.1S punoqun Joy Bujooq %90a-dg 9|qixald pue ‘punoqun pibry ‘punog pibiry 1oy $8103S-X pue $2109S ABlaug puebiqenssoy

I a1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Chem Inf Model. Author manuscript; available in PMC 2016 May 05.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bolia et al.

Rigid and Flexible Docking Predictions for Homologue Structure of CIPP

Table Il

Page 26

homologue protein
CIPP

peptide

KQTSV
DSVF

NEFYA

EYLGLDVPV

peptide class
|
|
1

Rosettaligand score (kcal/mol)

X-Score (kcal/mol)

rigid unbound  BP-Dock unbound

-135.93 -150.73
-130.02 -147

-136.26 -151.18
-137.92 -151.87

rigid unbound  BP-Dock unbound

—-7.07 -7.08
—6.43 -6.33
—-7.09 -6.92
-7.15 -7.49
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