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We have systematically analyzed the variation of protein binding cavity volume of 200 protein-ligand
complexes belonging to eight protein families. Wide variation in protein binding cavity volume for the
same protein is observed on binding different ligands. Analysis of individual protein families shows high
correlation between atom-atom interactions in binding site and ligand volume. This study implies the
significance of protein flexibility in docking small molecule inhibitors on the basis of protein binding cav-
ity volume with respect to ligand volume.

© 2009 Elsevier Ltd. All rights reserved.

Structure based drug design (SBDD) aims at the identification of
potent lead compounds from the library of compounds and accu-
rate prediction of binding affinity for the particular enzyme/recep-
tor, by docking'~ and scoring? studies. When the 3D structure of a
protein is available, potential binding sites can be identified using
appropriate algorithms such as Pocket finder,> SURFNET,® Pocket-
Picker,” CASTp® etc. and small molecules compatible with the bind-
ing sites are chosen for docking/virtual screening studies. In
docking studies, other than ligand flexibility, protein flexibility is
also a major issue to identify the correct binding mode (pose) of
the ligand binding with receptor. In molecular recognition, binding
partner influences the proper conformation from the ensemble of
rapidly interconverting conformational species of unbound en-
zyme molecule.®'° In ‘induced fit’, binding of the ligand to a pro-
tein may cause conformational changes that align the residues
involved in binding in their correct orientation.''='® Incorporation
of protein flexibility and mobility in SBDD using methods such as
molecular dynamics simulation methods, graph theoretical and
geometry based approach and harmonic methods have been dis-
cussed elaborately by Teague'# and Fradera and Mestres.'>

Ligand binding causes variation in protein binding cavity vol-
ume (PCV) due to protein flexibility. A change in PCV for each con-
formation in a single binding site has been observed upon complex
formation. In the case of docking studies, mostly flexibility of the
ligand alone is considered and protein/receptor conformation re-
mains rigid. A number of studies have highlighted the importance
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of protein flexibility in docking.'®-22 Prior to docking, knowledge of
the extent of flexibility of receptor obtained from experimental
studies will enrich the procedure of finding the correct pose of li-
gand and receptor.

In the present work, we have analyzed PCV in 200 protein li-
gand complexes from eight different protein families viz. Throm-
bin, Trypsin, Cyclin Dependent Kinase-2 (CDK-2), Carbonic
anhydrase, HIV-1 Protease, FactorXa, Acetylcholine esterase and
HSP 90. We have compared the variation of predicted PCV change
on complex formation with a set of diverse ligands in individual
protein families. An extensive analysis on the atom-atom interac-
tions in the binding site and its relationship with ligand volume
has been carried out where the number of interactions in the bind-
ing site at a distance of 2.5-4.5 A was calculated.

Information regarding the 200 protein-ligand complexes for all
the eight protein families, as well as their corresponding PDB IDs
were collected from Binding MOAD database.?> The atomic co-
ordinates of both apo and holo structures were obtained from RCSB
Protein Data Bank (PDB).2* PDB IDs and their corresponding ligand
hetero atom (HETATM) IDs (www.rcsb.org) of protein-ligand com-
plexes of eight different protein families are given in Supplemen-
tary data in Table S1. PCV of a protein-ligand complex was
predicted using Pocket finder.® Ligand volume (LV) was calculated
using molinspiration server (www.molinspiration.com).2> For each
ligand, SMILES obtained from Protein Data Bank (PDB) was used as
input to calculate the LV. Protein-ligand complexes included in the
dataset are of resolution less than 2.5 A.

Atom-atom interactions analysis in the protein-ligand com-
plexes were carried out by calculating the number of interactions
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involving C (carbon), H (hydrogen), O (oxygen) and N (nitrogen)
atoms at a distance of 2.5-4.5 A from the ligand atoms in the bind-
ing site using an in-house perl program. Multiple linear regression
analysis of number of interactions involved with C (carbon), H
(hydrogen), O (oxygen) and N (nitrogen) at the protein binding site
versus calculated LV was evaluated to predict the LV in each indi-
vidual protein family.

Protein-ligand complexes and their corresponding apo protein
structures of the eight protein families were analyzed for PCV.
Variations in PCV for various ligands were analyzed systematically
in comparison with the respective apo protein structure. Figure 1
shows the variation of the minimum and maximum PCV for the
eight families in relationship to apo PCV.

From the graph, wide variation in PCV of the bound state in
comparison with the apo protein for each protein family was ob-
served. Further, it showed how PCV changes when different ligands
bind to the protein. More or less rigid binding site was observed in
Trypsin®® and Factor Xa. Maximum, minimum PCV for Trypsin and
Factor Xa was found to be 100 A2 (PDB ID: 1GHZ) (Fig. 2a), 181 A3
(PDB ID: 1AQ7)and 151 A3 (PDB ID: 1EZQ), 285 A (PDB ID: 1NFW),
respectively. High PCV variation was observed in CDK2 with the
minimum and maximum PCV of 515A3 (PDB ID: 10IQ) and
1694 A3 (PDB ID: 1PXN) (Fig. 2b), respectively, which is due to loop
flexibility.?”?® In HIV-1 protease, apo PCV tends to be much smal-
ler than minimum PCV because of the conformational flexibility in
the flap domains.?®

Variation in PCV in increasing order for the eight protein fami-
lies are given as Trypsin < FactorXa < Carbonic anhydrase < Throm-
bin < Acetylcholine esterase < HIV-1 Protease < HSP 90 < CDK-2.
Erickson et al. (2004) have studied the effects of ligands and pro-
tein flexibility on molecular docking accuracy and have reported
the effect of protein movement in decreasing the docking accu-
racy.>® The decrease in docking accuracy shows the trend Tryp-
sin < Thrombin < HIV-1 Protease, which seems to accord with the
results observed in the present study. There is low correlation be-
tween PCV and LV (Fig. 3), PCV and ligand molecular weight in all
protein families. Earlier studies by Liang et al. (1998)3! showed a
linear correlation between the ligand volume (LV) and binding site
volume, when binding site volume is <700 A3, inspite of the fact
that binding site volume varies largely for different protein
families.

Evidence of any relationship between LV and PCV can be ob-
tained from Figures 1 and 4 by comparing Trypsin and CDK-2. In-
spite of its rigid binding site Trypsin accommodates ligands with
high LV, as ligands are only partially buried in the binding cavity.
On the other hand, inhibitors are completely buried in the binding
cavity of CDK-2; hence, it implicitly binds smaller ligands with
higher PCV.

The ratio was evaluated between maximum and minimum LV,
and maximum and minimum PCV to observe the proportion of
change in PCV and LV in eight protein families (Fig. 5). A ratio of
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1:5 was obtained for LV in Thrombin, followed by a uniform ratio
of 1:4 (approximately) for Trypsin, Cyclin Dependent Kinase-2
(CDK-2), Carbonic anhydrase and Acetylcholine esterase families
and 1:2 for HSP 90, HIV-1 Protease and FactorXa families. A ratio
of 1:2 (approximately) was observed for PCV in most of the protein
families. Virtual screening of ligands not far from the minimal and
maximal LV values may reduce the ligand decoys from the large
group of small molecular compounds. Further, an average LV of
200 PDB structures included in this analysis was found to be
426 A3 approximately.

Flexible nature of protein shows diverse binding modes for even
structurally similar ligands.3? In contrast single binding site has
similar binding volume for structurally diverse ligands.>*> In our
study, ligands with identical volume which shows different PCV
in the same protein (1DX6, 1QTI, TW6R, 1GPK, 1VOT, 2C4H,
2C58, 119L, 1G1D, 1IF8, 11F7, 1CE5, 1F0T, 1GI4, 1GI1, 2]34, 2]38,
INFY, 2(JI, 1UY7, 1UY8, 2BTO and 2CDD) and vice versa (1AID,
1HPV, 1HPO, 1G2K, 1G4J, 1I19L, 1BN1, 2FNN, 1F0T, 1Gl4, 1G36,
1QBO, 103I, 1TNG, 1C1R, 1TNH, 1C5S, 1FOU, 2EX6, 2BZA, 1C5Q,
1DI8, 1R78, 2(JI, 1F0S, 2CDD, 2BTO, 1UY8 and 2FWY) were ob-
served in 52 protein-ligand complexes.

Ligand has major impact on receptor plasticity. Along these
lines, receptor flexibility should be incorporated in view of the li-
gand to be docked. Range of variability of PCV remains different
for different protein families.

Multiple linear regression analysis of atom-atom interactions
and LV showed direct correlation between calculated and pre-
dicted LV in all protein families which are plotted in a single graph
as given below (Fig. 6), which is clearly due to protein plasticity.
Numbers of interactions involving C, H, O and N at protein binding
site interacting with ligand at a distance of 2.5-4.5 A in protein-li-
gand complexes are given in Figure S1 and Table S2 of Supplemen-
tary data. In the above mentioned distance criteria almost all the
atoms in the ligand are found to interact with the protein/receptor.

In most protein families, H interactions were more numerous
compared to C, O and N interactions. Hydrogen atoms involved
in non-bonded interactions have a crucial part of energetic contri-
bution in protein-ligand complexes. Variation in H interaction
within individual protein family has high impact in recognition
of protein and ligand in each protein-ligand complex. Number of
interactions (C, H, O and N) do not increase or decrease in accor-
dance with a protein of high or low flexibility.

When a protein binds a ligand, it alters its conformation suit-
ably to accommodate the same. As the extent of conformational
changes varies widely depending on the ligands, the interactions
also vary accordingly at the binding site for the same protein. Thus,
the correlation between the atoms involved in interaction (C, H, O
and N) and ligand volume demonstrates the ligand defined protein
conformational variability and hence emphasizes the need to ac-
count protein plasticity in docking studies. This suggests that in
docking/virtual screening studies to explore the binding of differ-
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Figure 1. Bar graph showing the minimum PCV, Apo PCV and maximum PCV of eight protein families.
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Figure 2. (a) Trypsin (PDB ID: 1GHZ) in complex with inhibitor 120 partially buried, having lower PCV of 100 A. (b) Inhibitor (CK6) accommodates whole binding pocket of

CDK2 (PDB ID: 1PXN) with larger PCV of 1694 A.
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Figure 3. Two hundred complexes have less correlation (r* = 0.10) between PCV
and LV.
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Figure 4. Minimum and maximum ligand volume of eight protein families shown
as bar graph.

ent ligands to a specific receptor, one needs to pay greater atten-
tion to ligand induced protein conformational variability.®'4 Also
the volume of the ligands to be docked need not be restricted to
the PCV observed in apo form of the protein. Chemical information
present in the ligand, that is, key functional groups essential for the
activity and their possible atom-atom interactions with the pro-
tein and knowledge of the native protein binding pocket as to
whether it is flexible are very crucial for the success of virtual
screening in SBDD.

In summary, an attempt has been made to analyze the variation
of protein plasticity for different protein families of mostly studied
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Figure 5. Ratio of PCV and LV for eight protein families.
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Figure 6. Observed linear correlation (? = 0.92) between calculated and predicted
ligand volume in all eight protein families.

drug targets consisting of 200 protein-ligand complexes. The pres-
ent study has provided insight into the extent of variation of PCV
and LV in the eight protein families considered. This information
could be effectively incorporated in docking/virtual screening
studies of these drug target families in the future. Improvement
in binding affinity prediction from docking studies results from
identifying the appropriate binding mode of protein/receptor,
which remains difficult in SBDD. Single binding site accommodates
ligands of different volume and binding cavity volume also changes
accordingly. In a virtual screening or SBDD procedure, a structure
with a different or no inhibitor is generally available. Using these
protein structures in apo or ligand bound form often results in drop
of docking accuracy.?® Selecting a protein structure with appropri-



5772

ate conformation and cavity volume based on the LV and chemical
properties of ligand molecule to be docked can produce a better
binding pose. In addition to selection of protein conformation,
incorporation of flexibility of both protein and ligand may yield
accurate results. Results obtained on variation in PCV for different
ligands in individual protein families can also be used in post pro-
cessing of docking/virtual screening studies. Molecular interac-
tions exhibit the recognition of a particular ligand to the protein
in its specific conformation. Protein flexibility is mainly revealed
by the ligand to which it binds.® Future studies involving charac-
terization of binding site for conserved interactions, as well as,
the knowledge of the extent of protein flexibility available from
the crystal structure information will throw light on over all
improvement in docking/virtual screening studies.
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