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Abstract—The interaction of a series of indole-2-carboxamide compounds with human liver glycogen phosphorylase a (HLGPa)
have been studied employing molecular docking and 3D-QSAR approaches. The Lamarckian Genetic Algorithm (LGA) of
AutoDock 3.0 was employed to locate the binding orientations and conformations of the inhibitors interacting with HLGPa. The
binding models were demonstrated in the aspects of inhibitor’s conformation, subsite interaction, and hydrogen bonding. The very
similar binding conformations of these inhibitors show that they interact with HLGPa in a very similar way. Good correlations
between the calculated interaction free energies and experimental inhibitory activities suggest that the binding conformations of
these inhibitors are reasonable. The structural and energetic differences in inhibitory potencies of indole-2-carboxamide compounds
were reasonably explored. Using the binding conformations of indole-2-carboxamides, consistent and highly predictive 3D-QSAR
models were developed by COMFA and CoMSIA analyses. The ¢° values are 0.697 and 0.622 for COMFA and CoMSIA models,
respectively. The predictive ability of these models was validated by four compounds that were not included in the training set.
Mapping these models back to the topology of the active site of HLGPa leads to a better understanding of the vital indole-2-
carboxamide-HLGPa interactions. Structure-based investigations and the final 3D-QSAR results provide clear guidelines and
accurate activity predictions for novel inhibitor design.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Diabetes mellitus, the most common hormonal defi-
ciency disease, is characterized by chronic elevated
blood glucose levels. There are two forms of diabetes,
that is type 1 diabetes and type 2 diabetes. For type 1
diabetes, the autoimmune-mediated destruction of
pancreatic B-cell islets results in absolute insulin defi-
ciency. Type 2 diabetes mellitus, which accounts for 90—
95% of cases, is characterized by peripheral insulin
resistance and pancreatic defects in insulin secretion,
although the metabolic basis of the disease has not well
understood.! Type 2 diabetes usually leads to compli-
cations such as nerve and kidney damage, blindness,
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premature atherosclerosis, and heart disease.* Indeed, it
is now generally accepted that those late complications
are the direct result of a chronically elevated blood
glucose level. At present, therapy for type 2 diabetes
relies on diet, exercise, and hypoglycemic drugs intended
to reduce the hyperglycaemia. Unfortunately, tight
control of plasma glucose is generally impossible with
current oral hypoglycemic agents. Moreover, their
chronic use often brings, in addition to toleration, fear
of dangerous hypoglycemic episodes.’ Safer and more
effective therapy is urgently needed.

The liver is the predominant source of plasma glucose in
fasting type 2 diabetics.®® The liver produces glucose by
two pathways, gluconeogenesis (de novo synthesis of
glucose) and glycogenolysis (break-down of glycogen by
phosphorylase). A reported data, showing that much of
glucose arising from gluconeogenesis has cycled through
glycogen,'” expose a possibility that inhibition of gly-
cogen phosphorylase (GP) could suppress hepatic glu-
cose arising from both pathways.'" Furthermore, a
number of experimental and theoretical studies''? have
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been performed on GP since human liver GPa (HLGPa)
was believed to be an important target enzyme in terms
of the treatment of type 2 diabetes because of its direct
influence on blood sugar level. Most reported phos-
phorylase inhibitors are glucose or other sugar-based
analogues,'>?! which have in numerous instances been
shown to bind at the catalytic site of GP. Recently,
much attention has been paid to the indole-2-carbox-
amide analogs, which bind at the novel allosteric site of
HLGPa.!"®3! These inhibitors inhibit the enzyme
activity synergistically with glucose. The synergism
could be an important physiological feature of a GP
inhibitor, because the decrease in inhibitory potency, as
glucose concentrations decrease in vivo, should mini-

mize the risk of hypoglycaemia. Hoover et al. designed
and synthesized a series of indole-2-carboxamide ana-
logs®® derived from compound 1 (Cp91149) (Table
1(Panels A and B)). Among them, compound 14 is the
most active.

To the best of our knowledge, no previous effort has
been carried out to seek new insight into the relationship
between the structure information with the inhibitory
potency of indole-2-carboxamides employing combined
computational methods of automated molecular dock-
ing with 3D-QSAR approaches. In this paper, we
studied the binding mode of indole-2-carboxamide
derivatives” against HLGPa using automated molecu-

Table 1. Structures and in vitro phosphorylase inhibitory activity of 3-[(indole-2-carbonyl)amino]-2-hydroxy-4-phenylbutyric acid analogues (Panel

A) and N-(indole-2-carbonyl) phenylalanine analogues (Panel B)

Compd X R Y 1Cso (nM) —loglCsy, AG (kcal/mol)
Panel A

1 Cl Ph CONMe, 3S,2R 110+2 6.96+0.05 -11.98
2 Cl Ph CONMe, 3R2S 1800 +320 5.74£0.07 -10.35
3 Cl Ph CONMe, 3R2R 1700 + 190 5.77+0.05 —-11.08
4 Cl Ph CONMe, 38,28 8700 % 1700 5.06+0.08 -9.43
5 F Ph CONMe, 3S,2R 170+ 16 6.77+0.04 -11.32
6 Br Ph CONMe, 3S.2R 97+11 7.01+£0.04 -12.32
7 H Ph CONMe, 3S,2R 440+ 48 6.36%0.05 -11.09
8 Cl Ph CONHMe 3S,2R 680+ 37 6.17£0.03 -11.74
9 Cl Ph CONH, 3S,2R 1700 + 140 5.77+0.03 -10.97
10 Cl Ph COOH 3S,2R 330+31 6.48 £0.04 —-11.11
11 Cl Cy?* CONMe, 3S,2R 6500% 610 5.19+0.04 -9.59
12* Cl Ph COOMe 3S.2R 210+40 6.68£0.08 -12.26
13+ Cl Ph CH,OH 3S,2R 6300+ 1700 5.17+0.10 -9.76
Panel B

R
(o)
X *
N H
H
14 Cl H CONMe, S 82+10 7.09£0.05 -12.72
15 Cl H CONHMe S 110+ 10 6.96+0.04 -11.70
16 Br H CONMe, S 1108 6.96+0.03 -11.82
17 F H CONMe, S 430+ 44 6.37%0.05 —-10.54
18 H H CONMe, S 400+ 45 6.40£0.05 -10.61
19 OMe H CONMe, S 4700 £ 300 5.33+£0.03 -9.90
20 Cl H CO (1-piperi- S 260+ 17 6.59+0.03 —-12.46
din-4-ol)
21 Cl F CO (1-piperi- S 205+ 16 6.69+0.03 -13.03
din-4-ol)

22 Cl H COOMe S 140+ 18 6.85%0.05 -12.07
23 Cl H COOH S 1700 +490 5.77+0.11 —-11.01
24¢ Cl H CONMe, R 260+ 33 6.59£0.06 —-10.46
25* Cl H CONHMe R 220+ 32 6.66+0.06 -11.12

* Compounds that were not included in the construction of 3D-QSAR models.

#Cyclohexyl.
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lar docking approach. Following the docking results,
3D-QSAR models were constructed by using ap-
proaches of comparative molecular field analysis
(CoMFA)* and comparative molecular similarity
analysis (CoMSIA).>* The aims of the present research
include three aspects. The first one is to demonstrate the
common binding mode of indole-2-carboxamide inhib-
itors with HLGPa. The second one is to predict the
binding free energy relative to the inhibitory potency of
these compounds. The last, but the most important, is to
obtain QSAR models involving the main intermolecular
interactions between inhibitors and HLGPa, which can
not only be used in rapidly and accurately predicting the
activities of new designed inhibitors, but also offer some
beneficial clues in structural modifications for designing
new inhibitors with much higher inhibitory activities
against HLGPa.

2. Computational details

The crystal structure of HLGPa in complex with its
inhibitor Cp403700 (PDB entry 1EXV)* was applied in
this research, because there was no crystal structure of
HLGPa in complex with inhibitor 1 (Cp91149, Table
1(Panel A)), and the crystal structure of HLGPa com-
plexed with compound 23 (Cp320626) is not suitable for
this system due to its monomer structure. The molecular
modeling software Sybyl 6.8%° was employed for
CoMFA*® and CoMSIA* analyses and visualization.
All calculations were performed on SGI Origin 3200
server.

2.1. Molecular docking

The crystal structure of HLGPa in complex with its
inhibitor Cp403700 (PDB entry code 1EXV) was
recovered from Brookhaven Protein Database (PDB
http://www.rcsb.org/pdb). The potential of the 3D
structures of HLGPa was assigned according to the
Amber 4.0 force field with Kollman-united-atom3®
charges encoded in Sybyl 6.8.3° The initial structures of
25 compounds (Table 1(Panels A and B)) were con-
structed based on the structure of inhibitor Cp403700
(Fig. 1) by Sybyl 6.8.3 The geometries of these com-
pounds were subsequently optimized using the
MMFF94 force field,”” MMFF94 charges,’” and Powell
method; a nonbond cutoff of 8 A% was adopted to
consider the intramolecular interaction.

For the purpose of tackling the interacting mode of in-
dole-2-carboxamides (inhibitors) with HLGPa (en-
zyme), the advanced docking program AutoDock
3.0.3142 was used to perform the automated molecular
docking. The Lamarckian genetic algorithm (LGA)*
was applied to deal with the inhibitor-enzyme interac-
tions. Briefly, the LGA described the relationship be-
tween the inhibitors and the enzymes by the translation,
orientation, and conformation of the inhibitors. These
so-called ‘state variables’ were the inhibitors’ genotype,

Figure 1. Conformational comparison of Cp403700 from the crystal
structure (green) and that from the AutoDock result (magenta).

and the resulting atomic coordinates together with the
interaction and the intramolecular energies were the
inhibitors’ phenotype. The environmental adaptation of
the phenotype was reverse-transcribed into its genotype
and became heritable traits. Each docking cycle, or
generation, consisted of a regimen of fitness evaluation,
cross-over, mutation, and selection. A Solis and Wets
local search®® performed the energy minimization on a
user-specified proportion of the population. The docked
structures of the inhibitors were generated after a rea-
sonable number of evaluations. The whole docking
operation could be stated as follows.

First, the HLGPa molecule was checked for polar
hydrogens and assigned for partial atomic charges, the
PDBQs file was created, and the atomic solvation
parameters were also assigned for the macromolecules.

Second, the 3D grid with 60x60x80 points and a
spacing of 0.375 A was created by the AutoGrid algo-
rithm* to evaluate the binding energies between the
inhibitors and the HLGPa. In this stage, the HLGPa
was embedded in the 3D grid and a probe atom was
placed at each grid point. The affinity and electrostatic
potential grid were calculated for each type of atom in
the inhibitors. The energetics of a particular inhibitor
configuration was found by trilinear interpolation of
affinity values and electrostatic interaction of the eight
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grid points surrounding each of the atoms in an inhib-
itor.

Third, a series of the docking parameters were set on.
Not only the atom types but also the generations and the
number of runs for the LGA algorithm were edited and
properly assigned according to the requirement of the
amber force field. The number of generations, energy
evaluations, and docking runs were set to 27,000,
1,500,000, and 20, respectively. The kinds of atomic
charges were taken as Kollman-united-atom® for
HLGPa and MMFF94% for the inhibitors.

Finally, the docked complexes of inhibitor-enzyme were
selected according to the criteria of interacting energy
combined with geometrical matching quality. These
complexes were used as the starting conformation for
further energetic minimization and geometrical optimi-
zation before the final models were achieved.

2.2. Binding free energy prediction

Typically, three binding energy terms used in the pre-
vious versions of AutoDock* were included in the score
function: the van der Waals interaction represented as a
Lennard-Jones 12-6 dispersion/repulsion term, the
hydrogen bonding represented as a directional 12-10
term, and the Coulombic electrostatic potential. So, the
binding energy of indole-2-carboxamide compounds
with HLGPa could be simply described as the electro-
static, van der Waals, and hydrogen-bonding interaction
energy, respectively.

On the basis of the traditional molecular force field
model of interaction energy, a new score function at the
level of binding free energy was derived and adopted in
the version of AutoDock 3.0.3.4'%? Not only the
restriction of internal rotors, the global rotation, and the
translation were modeled depending on the number of
torsion angles of the ligand but also the desolvation
upon binding and the hydrophobic effect (solvent en-
tropy changes at solute-solvent interfaces) were calcu-
lated. The total binding free energy was empirically
calibrated based on the above-stated terms and a set of
coefficient factors.*> Thus, the new score function was
sufficient to rank the inhibitors in the different levels of
binding affinities. The same rationale was applied to the
system of indole-2-carboxamide compounds and
HLGPa in order to evaluate the binding properties more
precisely than the traditional molecular mechanics
method did, and the total binding free energy between
indole-2-carboxamides and HLGPa was calculated
using the algorithm in the AutoDock 3.0.3 program.*#

2.3. 3D-QSAR analyses

To more fully explore the specific contributions of
electrostatic, steric, and hydrophobic effects in the
binding of indole-2-carboxamides to HLGPa and to
build predictive QSAR models, CoMFA® and CoM-
SIA3* studies were performed for these inhibitors based

on the conformational alignments predicted from the
molecular docking.

2.3.1. CoMFA . Usually, steric and electronic field ener-
gies were probed using an sp® carbon atom and a +1 net
charge atom, respectively. Steric and electrostatic inter-
actions were calculated using the Tripos force field®
with a distance-dependent dielectric_ constant at all
intersections in a regularly spaced (2 A) grid. The min-
imum ¢ (column filtering) was set to 2.0kcal/mol to
improve the signal-to-noise ratio by omitting those lat-
tice points whose energy variation was below this
threshold. A cutoff of 30 kcal/mol was adopted, and the
regression analysis was carried out using the full cross-
validated partial least-squares (PLS) method (leave one
out) with CoMFA standard options for scaling of
variables. The final model (noncross-validated conven-
tional analysis) was developed with the optimum num-
ber of components equal to that yielding the highest ¢*.

2.3.2. CoMSIA. For the CoMSIA calculation, three
physicochemical properties, namely steric, electrostatic,
and hydrophobic fields, have been evaluated. The steric
contribution was reflected by the third power of the
atomic radii of the atoms. Electrostatic properties were
introduced as atomic charges resulted from molecular
docking. An atom-based hydrophobicity was assigned
according to the parametrization developed by Ghose
et al.* The lattice dimensions were selected with a suf-
ficiently large margin (>4 A) to enclose all aligned
molecules. Singularities were avoided at atomic posi-
tions in CoMSIA fields because a Gaussian type dis-
tance dependence of the physicochemical properties was
adopted, thus no arbitrary cutoffs were required. In
general, similarity indices, A x, between the compounds
of interest were computed by placing a probe atom at
the intersections of the lattice points using Eq. 1,

n
Apxe(j) = — Z Worobe i Wik e_ai’,«zq (1)
i=1
where ¢ represents a grid point; i is the summation index
over all atoms of the molecule ; under computation; W,
is the actual value of the physicochemical property £ of
atom 7; and Wyope s 18 the value of the probe atom. In the
present study, similarity indices were computed using a
probe atom (Wyobex) Wwith charge +1, radius 1A,
hydrophobicity +1, and attenuation factor o of 0.3 for
the Gaussian type distance. The statistical evaluation for

the CoMSIA analyses was performed in the same way as
described for COMFA.

3. Results and discussion
3.1. Interactions between inhibitors and HLGPa
3.1.1. Inhibitor’s conformation. The automated molecu-

lar docking may produce several options of binding
conformation for each inhibitor. The conformation
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corresponding to the lowest binding energy with
HLGPa was selected as the possible binding confor-
mation. The conformational superposition of Cp403700
from the X-ray crystal structure and that from the
AutoDock result is shown in Figure 1. The root mean
square deviation (RMSD) between these two confor-
mation is ~0.50 A, indicating that the parameter set for
the AutoDock simulation is reasonable to reproduce the
X-ray structure. The AutoDock method and the
parameter set could be extended to search the binding
conformations of other inhibitors accordingly. Figure
2A represented the 3D model of inhibitor-HLGPa
complexes, and Figure 2B demonstrates the probable
binding conformational alignment for these indole-2-
carboxamide inhibitors extracted from the AutoDock
inhibitor—-HLGPa complexes. Just like Cp403700 co-
crystallized with HLGPa, indole-2-carboxamides locate
in the region of the central cavity, at the subunit inter-
face, and share some common binding features for each
other. All of the indole-2-carboxamides are bound in the
novel allosteric site of HLGPa in a similar conformation
of Cp403700 in the X-ray structure cocrystallized with
HLGPa (Fig. 2), and the binding conformations of in-
dole-2-carboxamides could be aligned fairly well overall.

3.1.2. Interactions of subsites. To illustrate the interac-
tion mechanism, inhibitor 14, the most potent inhibitor
among the 25 indole-2-carboxamides, was selected for
more detailed analysis. In the latter discussions, all the
descriptions referred to the inhibitor 14 unless otherwise
noted. Figure 3A generally represents the interacting
model of inhibitor 14 with HLGPa. In general, the in-
dole-2-carboxamides can be separated into the indole
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and carboxamide moieties. While the latter can be
considered in detail to comprise three parts, namely, the
acidamide, benzyl, and Y substituent.

The indole moieties of all the 21 indole-2-carboxamide
compounds of the training set locate much at the same
site (Fig. 2). It can be seen from Figure 3A that the
chloroindole moiety of compound 14 is surrounded by
residues Vald(0’, Arg60, Valo4, Trp67, Trpl89, and
Lys191 mainly through the hydrophobic interaction. In
addition, the indole nitrogen forms a hydrogen bond to
the backbone carbonyl of Glul90, and the guanidinium
group of Arg60 appears to have a favorable electrostatic
interaction with the indole ring. The plane composed by
the heavy atoms of the guanidinium group of Arg60 is
almost parallel to the indole ring. There is weak steric
restriction in the vicinity of X substituent, so the bro-
mine, chlorine, and fluorin substituents provide superior
inhibitory potencies over hydrogen atom. This plus the
electrostatic interaction with Arg60 is the reason why
the inhibitory activities of compounds have the order of
6>1>5>7. And the similar inhibitory activity in the
order of 16 ~14>17~18 is also due to the same rea-
sons.

Compared with the indole ring, the carboxamide moiety
seems much more flexible. The carboxamide moiety is
both hydrophobic and polar. In the acidamide portion,
there is only one hydrogen bond between the amide
nitrogen next to the indole ring and Thr38'. The Y
substituent, most of which is exposed to the solvent,
forms a hydrophobic interaction contact with the side
chain of Ser192 and a hydrogen bond with Lys191.
Because of the hydrophobic interaction, the more

Figure 2. (A) The three-dimensional structural model of indole-2-carboxamide inhibitors-HLGPa complex. (B) Probable binding conformations of
indole-2-carboxamide analogues and their alignment in the novel allosteric site of HLGPa.
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Figure 3. The interacting modes of compounds 14 (A) and 6 (B) with HLGPa. The inhibitors and the important residues for inhibitor—protein
interaction are represented by ball-and-stick and stick models, respectively. The magenta dashed lines denote the hydrogen bonds.

hydrophobic substituent in Y moiety may lead to more
inhibitory activity. This may rationalize why the inhib-
itory activity of compounds have the order of 1>8>9
and 14 > 16. As for the benzyl segment, it is obvious that
the phenyl group binds the side chains of Phe53’, His57',
and Pro188’ through the hydrophobic interaction.

3.1.3. Hydrogen-bonding interactions. Following a simi-
lar binding pattern, hydrogen bonding is one important
characteristic of the interaction between the indole-2-
carboxamides and the HLGPa. There are mainly three
hydrogen bonds formed between the indole-2-carboxa-
mides and some residues in HLGPa. It can be seen
clearly from Figure 3A that the indole nitrogen of
compound 14 acts as a donor to form a hydrogen bond
with the backbone carbonyl of Glul90. Similarly, as a
hydrogen donor, the amide nitrogen next to the indole
moiety also forms a hydrogen bond with the backbone
carbonyl of Thr38'. The third hydrogen bond is formed
between the carbonyl in Y moiety of compound 14 as an
acceptor and the N¢ atom of the Lys191 side chain. The
hydrogen-bonding acts as an ‘anchor’, intensely deter-
mining the 3D space position of the indole ring and the
Y moiety in the binding pocket and facilitating the
hydrophobic interaction of the aromatic and heterocy-
clic rings with the side chain of Val40/, Phe53’, His57,
Arg60, Val64, Trp67, Prol188’, Trp189, and Ser192.

The compounds (1-13*) in Table 1(Panel A), which have
a CHOH group more than those in Table 1(Panel B),
form additional hydrogen bonds with the residues of
HLGPa besides the three main hydrogen bonds de-
scribed above. To illuminate visually, the interacting
model of compound 6 (a compound in Table 1(Panel
A)) with HLGPa was represented in Figure 3B. It is the
excessive CHOH group close to the Y moiety that leads
to the additional hydrogen bonds. Either the hydroxyl
of CHOH group forms a hydrogen bond with the N¢
atom of Lys191 as an acceptor or it interacts with the
backbone carbonyl of Thr38' as a donor (see Fig. 3B). In

addition, a weak hydrogen bond may forms between the
carbonyl of Y moiety and N atom of the backbone of
Ser192.

3.2. The correlation between binding free energy and
inhibitory activity

The predicted binding free energies of the indole-2-
carboxamides binding to HLGPa are also listed in Table
1(Panels A and B). Satisfied that the 3D structures of
indole-2-carboxamides—HLGPa complexes were indeed
reasonable, we then performed a linear regression
analysis to explore whether the inhibitory potencies of
the indole-2-carboxamide inhibitors could be correlated
with the energetic parameters. By using experimentally
determined ICsy values, we calculated the regression
equation for the inhibitory activities, —logICs, values,
using the total binding free energies, AG, as the sole
descriptor variable. A good correlation was found be-
tween the inhibitory activities and the predicted binding
energies (Eq. 2), and this relationship is graphically
shown in Figure 4. The relationship suggests that those
potential HLGPa inhibitors exhibiting stronger binding
free energies using this paradigm would, therefore, be
expected to have greater efficacy toward inhibitory ac-
tion. This good correlation further demonstrates the
reasonability of the binding conformations and binding
models for the indole-2-carboxamide inhibitors with
HLGPa.

—logICsy = 0.197 — 0.541 x AG (n =21, 2
=0.710, F = 46.578, s = 0.352) )

Based on the binding free energies and their correlation
with the inhibitory activities, we can give a more
quantitative explanation to the structure-activity rela-
tionship of the inhibitory mechanism for these inhibi-
tors. It is obvious that there would be about a 1.8 kcal/
mol difference in binding free energy if there is one order
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Figure 4. Correction between the binding free energy (AG, kcal/mol,
T = 298.15K) of indole-2-carboxamide compounds with HLGPa and
the experimental activities (—logICy,, EA). @, compounds of the
training set; A, compounds of the testing set.

of magnitude for numerical difference in the inhibitory
potency (ICsp). For example, the increased absolute
values in the binding free energies of compounds 5, 1,
and 6 as compared with compound 7 are 0.23, 0.89, and
1.23 kcal/mols, respectively. These increases of the
absolute values in the binding free energies, caused by
the substitution of F, Cl, and Br for H, can attribute to
both the favorable steric interaction and the enhance-
ment of the electrostatic interaction of the indole 5-
substituent with guanidinium group of Arg60.

AutoDock scoring function is expressed as a sum of van
der Waals, electrostatic, hydrogen bonding, loss of
entropic term (torsional freedom), and desolvation
terms. The binding free energy of the inhibitors and
protein can be, in general, decomposed as electrostatic
and nonelectrostatic parts (Table S1 in the Supporting
information). It can be estimated that the average elec-
trostatic contribution to the inhibitor—-HLGPa binding
is about 6.1%, indicating that the nonelectrostatic
interaction dominates the binding of inhibitors to
HLGPa. This is in agreement with the structural prop-
erties of the binding pocket of HLGPa, which is much
hydrophobic.*

3.3. 3D-QSAR models

3.3.1. CoMFA. Although CoMFA is not able to
appropriately describe all of the binding force, being
based principally on standard steric and electrostatic

molecular fields to model substrate—enzyme interactions,
it is still a widely used tool for the study of QSAR at the
3D level. The major objective of CoMFA analysis for
the indole-2-carboxamides is to find the best predictive
model within the system. We picked up 21 indole-2-
carboxamide inhibitors for CoMFA analyses, the other
four as testing compounds for the model validations.
PLS analysis results based on least-squares fitting are
listed in Table 2, which shows that all of the statistical
indexes are reasonably high. The predicted activities
(PA) of the 21 indole-2-carboxamide inhibitors from the
3D-QSAR model versus their inhibitory activities (EA)
are compiled in Table 3, and the correlation between PA
and EA is presented in Figure 5A. As listed in Table 2, a
CoMFA model with a cross-validated ¢ of 0.697 for six
components was obtained based on the binding con-
formations and their alignment in the active site of
HLGPa. The noncross-validated PLS analysis was per-
formed with the optimum components of six, as deter-
mined by the cross-validated analysis, to give a
conventional 72 of 0.996, F = 662.217, and the estimated
standard error of 0.045. These values indicated a good
conventional statistical correlation as shown in Figure
5A, and a satisfactory predictive ability of the CoOMFA
model.

3.3.2. CoMSIA. CoMSIA analysis results are also
summarized in Table 2. A CoMSIA model with a cross-
validated ¢* of 0.622 for four components and a
conventional 7> of 0.965 was obtained. These data
demonstrate that the CoMSIA model is also fairly pre-
dictive. The predicted inhibitory potencies of indole-2-
carboxamides against HLGPa are listed in Table 3 and
their correlation is shown in Figure 5B. The high value
of the conventional ? relating to five different descriptor
variables (steric, electrostatic, hydrophobic, hydrogen-
bond donor and acceptor) illustrates that these variables
are necessary to describe the interaction mode of indole-
2-carboxamide inhibitors with HLGPa, as well as the
field properties around the inhibitors. The correspond-
ing field distributions (Table 2) of these five descriptor
variables are 9.0%, 24.2%, 17.8%, 19.2%, and 29.9%,
respectively, which indicates that hydrogen bond inter-
actions play a crucial role in locating the indole-2-car-
boxamide compounds in the novel allosteric site of
HLGPa. The CoMSIA field distributions also indicate
that the nonelectrostatic interaction dominates the
binding between the inhibitors and HLGPa, which is

Table 2. Statistical indexes of COMFA and CoMSIA models based on 21 indole-2-carboxamide compounds binding conformers

Cross-validated

Conventional

7’ Optimal comp. r s F
CoMFA 0.697 6 0.996 0.045 662.217
CoMSIA 0.622 4 0.965 0.133 110.330
Field distribution (%)
Steric 51.8 9.0
Electrostatic 48.2 24.2
Hydrophobic 17.8
H-bond donor 19.2
H-bond acceptor 29.9
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Table 3. Predicted activities (PA) versus experimental activities (EA,
—loglCs;) and residues (0) by COMFA and CoMSIA

Compd EA CoMFA CoMSIA
PA 5 PA P

1 6.96 6.99 -0.03 6.88 0.08
2 5.74 5.74 0.00 5.96 -0.22
3 577 5.75 0.02 571 0.06
4 5.06 5.04 0.02 5.05 0.01
5 6.77 6.80 -0.03 6.82 -0.05
6 7.01 6.90 0.11 6.80 0.21
7 6.36 6.42 -0.06 6.48 -0.12
8 6.17 6.14 0.03 6.21 -0.04
9 577 577 ~0.00 5.62 0.15
10 6.48 6.46 0.02 6.49 -0.01
11 5.19 5.5 -0.06 522 -0.03
12* 6.68 6.20 0.48 6.69 -0.01
13 5.17 6.09 ~0.92 6.06 ~0.89
14 7.09 7.07 0.02 6.94 0.15
15 6.96 6.99 -0.03 6.80 0.16
16 6.96 6.96 -0.00 6.93 0.03
17 6.37 6.33 0.04 6.52 ~0.15
18 6.40 6.40 -0.00 6.63 -0.23
19 533 5.30 0.03 523 0.10
20 6.59 6.58 0.01 6.60 -0.01
21 6.69 6.73 ~0.04 6.73 ~0.04
22 6.85 6.86 -0.01 6.90 -0.05
23 577 5.79 ~0.02 577 ~0.00
24" 6.59 5.76 0.83 5.66 0.93
25* 6.66 6.27 0.39 6.07 0.59

7.0 y

6.5 a

< 6.0
55
»
50
50 55 60 65 70 75
(A) EA

50 55 6.0 65 7.0 75
(B) EA

Figure 5. Predicted activities (PA) by CoMFA (A) and CoMSIA (B)
models versus experimental activities (EA) of indole-2-carboxamides.
@, compounds of the training set; A, compounds of the testing set.

qualitatively in agreement with the binding free energy
distribution (Table S1 in the Supporting information).

3.3.3. Validation of the 3D-QSAR models. To validate
the stability and predictive ability of our 3D-QSAR
model, four indole-2-carboxamide compounds (com-
pounds 12*%, 13*, 24*, and 25" in Table 1) that were not
included in the construction of COMFA and CoMSIA
models were selected as the testing compounds. The
results are also listed in Table 3 (star labeled) and
simultaneously displayed in Figure 5 (in black triangle
(red in the web version)). It can be seen clearly from
Figure 5 that the predicted —logICy, (PA) values of the
four testing compounds are in good agreement with the
experimental data in a statistically tolerable error range,
72 =0.996 and 0.965 for CoOMFA and CoMSIA models,
respectively. The testing results for the four indole-2-
carboxamide compounds indicate that the CoMFA and
CoMSIA models can be further used in new indole-2-
carboxamide inhibitors design for HLGPa.

3.4. CoMFA and CoMSIA contour maps correlate with
HLGPa topology

The CoMFA map based on the alignments of the
binding conformations is illustrated in Figure 6A.
Compound 14 is displayed in the map in aid of visual-
ization. Colored polyhedra in the map show these areas
in 3D space where changes in the field values for indole-
2-carboxamides correlate strongly with concomitant
changes in inhibitory activities. Detrimental and bene-
ficial steric interactions are, respectively, displayed in
yellow and green contours, while blue and red contours
illustrate the regions of desirable positive and negative
electrostatic interactions. A large region of green con-
tour around the R group suggests that more bulky
substituents in these positions will significantly improve
the biological activities. Since many bulky groups such
as tert-butyl, cyclohexyl, and phenyl are hydrophobic,
they may also be able to take advantage of the hydro-
phobic nature of the environment around Phe53'. The
yellow polyhedron near the terminal of Y moiety indi-
cates that increased steric bulk is unfavorable for the
inhibitory activities. Adding more bulky groups around
the yellow polyhedron may bring steric clash of these
inhibitors with Lys191 and Ser192 of HLGPa, or the
substituted bulky groups may be exposed to solvent;
neither of these situations are beneficial to the inhibitor—
HLGPa binding. The blue contours around the common
chiral carbon of the inhibitors and the terminal of Y
moiety suggest that positively charged substituents may
increase the inhibitory activity. Two small red polyhedra
located in the solvent-exposed resign of Y moiety indi-
cate that high electron density may play a favorable role
in inhibitory potencies.

The steric and electrostatic field distributions of CoM-
SIA, as shown in Figure 6B, are generally in accordance
with the field distributions of CoMFA map (Fig. 6A).
Furthermore, the hydrophobic analysis of CoMSIA,
based on the hydrophobic distribution, could demon-
strate more clearly the hydrophobic interactions be-
tween the indole-2-carboxamide derivatives and
HLGPa. In the hydrophobic maps of CoMSIA (Fig.
6C), the yellow and white polyhedra represent the
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(8)

Figure 6. Contour maps as compared with the topology of 14-HLGPa complex. Only residues relevant to the discussion are shown for clarity. (A)
CoMFA; (B) the steric and electrostatic field distributions of CoMSIA; (C) the hydrophobic, H-bond donor and acceptor field distributions of
CoMSIA. The residues are represented as sticks, and the inhibitor is shown in ball-and-stick. Sterically favored areas are in green; sterically
unfavored areas are in yellow. Positive-charge-favored areas are in blue; positive-charge-unfavored areas are in red. Hydrophobic favored areas are
in yellow; hydrophilic favored areas are in white. H-bond-donor-favored areas are in cyan; H-bond-donor-unfavored areas are in purple. H-bond-
acceptor-favored areas are in magenta; H-bond-acceptor-unfavored areas are in red.

regions of favorable and unfavorable hydrophobic
interactions, respectively. As shown in Figure 6C, one
large yellow contour around R group shows that this
structural moiety interacts with the side chains of resi-
dues at the binding site of HLGPa through hydrophobic
interaction. This interaction model coincides with the
hydrophobic property of the side chains of the residues
around this part, especially obvious around Phe53’. The
other yellow contour near the left part of the end of Y
moiety illustrates that more hydrophobic substituents
will increase the inhibitory activity of the indole-2-car-
boxamide compounds by forming hydrophobic inter-
action with the side chain of Lys191 and Ser192. The
white contour around the carbonyl group of Y moiety of
compound 14 suggests that more hydrophilic group
substitutions will increase inhibitory potencies due to
the hydrophilicity of the environmental residues Thr38'
and Lys191. For the hydrogen bond donor and acceptor
maps of COMSIA, as shown in Figure 6C, the cyan and
magenta contours around the binding site indicate that
hydrogen bond donors and acceptors are advantageous
in these areas, respectively. This is in agreement with the

inhibitor—protein binding model. As hydrogen bond
acceptors, Lysl91 and Ser192 form hydrogen bonds
with indole-2-carboxamide compounds; while Thr38
and Glul90 form hydrogen bonds with indole-2-car-
boxamide compounds as hydrogen bond donors. The
consistency between the CoMSIA field distributions and
the structural topological properties of the HLGPa
binding site demonstrates the reasonability of the
CoMSIA result.

The binding mode of indole-2-carboxamides with
HLGPa, which was described in the interaction mech-
anism section, can also be readily observed from the
CoMFA and CoMSIA maps by combing the CoMFA
and CoMSIA contour maps with the 3D structural
topology of the HLGPa binding site. Not only does the
field property coincide perfectly with the environmental
characteristics of the binding pocket but also indication
for some further structural modification of indole-2-
carboxamide compounds could be found. The colored
polyhedra of CoMFA and CoMSIA located in the
cavity of the binding pocket are direct indexes for the
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kinds and magnitude of the substituents in the process
of indole-2-carboxamide derivatives synthesis.

4. Conclusions

We have not only predicted the binding conformations
of indole-2-carboxamide derivatives against HLGPa,
but also obtained the reasonable prediction of the
binding free energies employing the LGA algorithm of
the AutoDock 3.0 program. The modeling results pro-
vide a satisfactory explanation for the binding mecha-
nism of indole-2-carboxamide compounds with HLGPa,
and indicate that the binding free energies of these
compounds calculated by LGA algorithm correlate very
well with the reported inhibitory potencies against
HLGPa. On the basis of the binding conformations of
indole-2-carboxamide derivatives, we have developed
stable and predictive 3D-QSAR models with acceptable
g* values by undertaking CoMFA and CoMSIA tech-
niques, and these models could be mapped back to the
3D topology of the binding site of HLGPa. This leads to
a better understanding of crucial indole-2-carboxamide—
HLGPa interactions and thus provides guidelines for the
structural modifications of the inhibitors and a predic-
tive model for scoring novel synthetic candidates.

It is essential to understand protein—ligand interactions
for designing novel synthetic candidates, however, those
interactions are difficult to describe. Structure-based
design is focused on the elucidation of enzyme—substrate
interactions but does not always lead to predictive
models. On the other hand, 3D-QSAR models do not
necessarily reflect topological features of the protein
structure. These models are generally constructed using
alignment rules, which are not always consistent with
the characteristics of the binding conformations. In this
study, these two approaches were successfully com-
bined; the complex 3D model of indole-2-carboxamide
compounds with HLGPa was obtained by AutoDock
3.0 and predictive 3D-QSAR models were derived from
the alignment conformations extracted directly from the
3D models of the inhibitor—protein complex. The pre-
dictive ability testing for the 3D-QSAR models has
validated their reliability, so the application of these
models for quantitative prediction of inhibitory poten-
cies against HLGPa is possible within a structurally
limited range. Therefore, the CoMFA and CoMSIA
models are expected to be fast and convenient tools to
design new inhibitors with higher inhibitory activities
against HLGPa.
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