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3D-QSAR models for human TRPV1 channel antagonists were developed based on comparative molecular
field analysis (CoMFA) and comparative molecular similarity analysis (CoMSIA), using a training set of
61 cinnamide TRPV1 antagonists and tested on an independent test set of 47 antagonists. Molecular alignment
procedure included weights for both internal energy and atom-to-atom matching against a reference or probe.
Sensitivity of results on partial charge assignments was explored using multiple charge sets. AM1-BCC
charge assignments gave better results for both CoMFA and CoMSIA models. For the best CoMFA model,
the statistics are,r2 ) 0.96,q2 ) 0.58,n ) 61 for the training set andr2 ) 0.50,n ) 47 for the test set. For
the best CoMSIA model, the statistics arer2 ) 0.95,q2 ) 0.57,n ) 61 for the training set andr2 ) 0.48,
n ) 47 for the test set. These models are consistent with the proposed binding modes and interactions of
known activators of the TRPV1 channel such as capsaicin, in a structural model of the TM3/4 helical region
of TRPV1.

Introduction

Transient receptor potential (TRP) superfamily of ion chan-
nels represent a class of polymodal, multifunctional cell sensors
activated by a variety of gating stimuli that integrate multitudes
of external or internal signals.1 Hence, pathogeneses of several
diseases and therefore the scope for therapeutic intervention can
be understood by studies pertaining to these channels.1-3 A
notable member of the superfamily, TRPV1,a has been targeted
in the treatment of pain and gastrointestinal disorders.4-6 TRPV1
is activated by the vanilloid, capsaicin (the pungent component
of chili peppers), and resiniferatoxin (RTX) fromEuphorbia
resinifera, as well as by endogenous activators (anandamide,
OLDA, NADA, heat, and protons).7 Based on the observations
that rabbits are insensitive to capsaicin and lack detectable RTX
binding in membranes prepared from their dorsal root ganglia,
cloned rabbit TRPV1 (highly homologous to human and rat
TRPV1) was used to identify key residues such as Tyr511, Leu/
Met547, and Thr550 in transmembrane regions (transmembrane
helices 3 and 4, TM3/4) of human TRPV1 that confer vanilloid
selectivity.3 These and additional observations such as the
pharmacological differences of the agonists of rat and human
TRPV1 were used to propose a model of the TM3/4 of rat and
human TRPV1 bound to capsaicin or RTX.3 As this model is
hypothetical without experimental verification, there is a strong
need to develop a three-dimensional quantitative structure-
activity relationship (3D-QSAR) model to aid in the develop-
ment of potent TRPV1 antagonists.3 However, previous QSAR
studies in this regard pertain only to capsaicin and related
agonists.8,9

Recently, we identified a series of potent TRPV1 antagonists,
structurally different from capsaicin and capsazepine.10-12 This
development gave us an opportunity to computationally model,
rationalize, and predict the activities of TRPV1 antagonists. In
the present report, we describe the development of 3D-QSAR
models of cinnamide antagonists to facilitate further rational
design of the TRPV1 antagonists. The present study uses
comparative molecular field analysis (CoMFA)13 and compara-
tive molecular similarity index analysis (CoMSIA)14 methodolo-
gies in an effort to gain insights into the steric, the electrostatic,
and the hydrophobic interactions governing the activity of these
cinnamides. Furthermore, consistency with the earlier proposed
models2,3 of the TM3/4 of rat and human TRPV1 bound to
capsaicin is explored, and some conclusions are drawn with
respect to the general nature of substitutions that enhance activity
for the cinnamide chemotype.

Methods

Molecular modeling tasks reported here were performed using
FLAME15 (Flexibly Align Molecules; employing MMFF forcefield16

and GB/SA solvent model17), SYBYL 7.1,18 and Gaussian9819

software packages. All CoMFA13 and CoMSIA14 calculations were
performed using SYBYL 7.1.18

Molecular Database, Reference Molecule, and Reference
Conformation. Earlier publications described the synthesis and the
structure-activity relationships of the cinnamide antagonists of
TRPV1 and their conformationally restricted analogs.11,12A set of
61 molecules belonging to the cinnamide series were considered
as the training set for the present analysis. One of the first potent
molecules identified from internal screening efforts,20 a cinnamide,
shown in Figure 1a,1 (AMG9810),11,12with an IC50 of 0.023µM,
is taken as the reference. Compound1 blocks the TRPV1 activation
induced with capsaicin (acid (pH 5), heat (45°C)), and the
endogenous activators of TRPV1 such as anandamide.20

The molecular modeling study of1 was carried out using
molecular dynamics/mechanics and ab initio quantum mechanics.
A conformational search was carried out using high-temperature
molecular dynamics. Simulations were conducted using the pro-
gram, FLAME,15 which employs the MMFF forcefield16 and the
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GB/SA solvent model17 in the aqueous medium. The low-energy
conformations of the reference compound were chosen for further
optimization by ab initio quantum mechanics. Quantum mechanical
calculations were performed using the density functional theory,
as implemented in Gaussian9819 software, utilizing the B3LYP
hybrid density functional and the 6-31G* basis set.

Figure 2 shows a conformationally restricted analog,1A (IC50

) 0.051 µM) of the reference cinnamide. Using the ab initio
calculated lowest energy conformations of the reference as tem-
plates,1A was aligned on these templates and the alignments were
compared. Additionally, a molecular mechanics-based flexible
alignment of1 and1A was performed using the “flexboth” option
of FLAME.15 The bioactive conformation of cinnamides (the
reference conformation) was assessed and arrived at based on these
calculations.

Tables 1-6 lists the molecules used in this study along with
their biological activities (with IC50 values in molar units) on
logarithmic scale, pIC50 ) -log(IC50). Reported biological activi-
ties11 were obtained by employing rat-human chimera of the
TRPV1 channel, recombinantly expressed in Chinese hamster ovary
(CHO) cells. The compounds explored include the substitutions to
the phenyl (Table 1), the substitutions to the acryl amide core (Table
2), the substitutions to the aniline part (Table 3), replacements to
the phenyl (Table 4), the replacements to the benzodioxane and
the phenyl groups (Table 5), and the replacements to the acrylamide
core (Table 6). An independent set of 47 molecules was selected
as the test set, which belongs to the same family of cinnamides
but contains several compounds with significantly different sub-
stituents relative to those in the training set. These compounds and
their activities (on logarithmic scale, pIC50) are shown in Table 7.

Alignment of the Molecules in the Training and the Test Sets.
The molecules shown in the Tables 1-7 were generated using
CONCORD,21,22version 4.08. The assessed bioactive conformation
of 1 (the reference conformation) was used as the template for the
alignment of all the molecules considered. Molecules in the training
set were aligned using a recently developed alignment method,
FLAME15. FLAME uses an alignment procedure that performs a
simultaneous optimization of internal energies and the alignment
score of two or more molecules. In this procedure, first, the initial
alignments are generated using a genetic algorithm to optimize
maximum common pharmacophores. Second, a simultaneous
optimization of internal energies and the alignment score is carried
out using a scoring function that balances internal energies of probe
(UP) and target (UT) molecules and alignment. The functional form
for this scoring function is given in eq 1 whereF is the score,UP

is the internal energy of the probe molecule,UT is the internal
energy of the target molecule,A is the alignment score for each
alignment and includes individual contributions from all probe and
target atoms to the alignment in terms of chemical matching weight,
probe weight, and target pharmacophore weight, andT refers to
“temperature factor”, a term used to control relative weights of
internal energies and the alignment.

Only the query (or target) compound was subjected to optimiza-
tion. Thus, all molecules in the training and the test databases were
subjected to pairwise alignment, with the reference conformation
of 1 as the probe and each of the other molecules being the query
(or target) molecule in turn. This scoring/optimization procedure
is applied to the entire GA-optimized population of the aligned
target structures, and the resulting alignment scores are sorted and
the best scored alignment of the query molecule is saved for
developing the 3D-QSAR models.

Comparative Molecular Field Analysis and Comparative
Molecular Similarity Analysis. SYBYL 7.118 was used to generate
the CoMFA13 steric and electrostatic fields, using the L-J and the
Coulombic potentials, respectively. The electrostatic fields were
computed using two different charge calculation methods (Gasteiger-
Huckel,18,23 AM1-BCC24) to explore the sensitivity of the charge
calculation method on the final results. Apart from this, the standard
parameters implemented in SYBYL 7.118 were used. An sp3-
hybridized carbon probe atom with a charge of+1.0 was used for
the calculation of the steric and the electrostatic fields of CoMFA.
The standard grid spacing18 (of 2 Å) is used for all the models
described here.

Figure 1. (a) Cinnamide1, and (b)1A, the conformationally restricted
analog of1.

F ) UP + UT - TA (1)

Table 1. First Set of Compounds in the Training Set; the Chemotype
and Specific Substitutions are Identifieda

a All the calculated values reported in Tables 1-7 (pIC50s) are based on
Model 3 (based on IC50 values in molar units).
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The CoMSIA14 fields (the steric, the electrostatic, and the
hydrophobic) were generated using the standard parameters imple-
mented in SYBYL.18 The CoMSIA electrostatic fields were also
calculated using the Gasteiger-Huckel18,23 and the AM1-BCC24

charge sets, separately. The standard probe for CoMSIA has a unit
charge, a 1 Åradius, and a unit hydrophobicity value. The CoMSIA
hydrophobicity fields were calculated using the atomic hydropho-
bicity constants given by Viswanadhan et al.25 for the ALOGP atom
types.

For developing the CoMFA and the CoMSIA models from the
corresponding fields, a partial least-squares (PLS) analysis was
carried out as implemented in SYBYL 7.1.18 A LOO (Leave-One-
Out) cross-validation procedure was used to check the statistical
significance of results. The SAMPLS26 method enabled quick
determination of the optimal number of components. After this, a
final noncross-validated model was developed and used for the
predictions on an independent test set of 47 molecules identified
in the Table 7.

Results and Discussion

Assessment of the Bioactive (Reference) Conformation.
Compound1 (Figure 1a) was used as the reference molecule.
As the structure of TRPV1 receptor is unknown, the reference
(or the bioactive) conformation was deduced, based on (i) a

conformational analysis of the reference molecule and (ii) a
flexible alignment of the reference with a conformationally
restricted potent analog,1A (Figure 1b). As described in the
methods, FLAME15 was used to perform a conformational
analysis of1 and this was followed by an ab initio quantum
mechanics optimization of the lowest-energy conformations,
performed for each conformer at B3LYP/6-31G* level, as
implemented in the Gaussian9819 program package. This
calculation led to the identification of thes-cis-conformer of
the cinnamide moiety as the lowest-energy conformation, which
is lower in energy by 2.6 kcal/mol relative to thes-trans-
conformer.12 Using thes-cis- and s-trans-conformations of1
as independent templates,1A (which has a 4-amino pyrimidine
core, replacing the acrylamide moiety) was aligned on each
template and the two alignments were compared. It was seen

Table 2. Second Set of Compounds in the Training Set; the Chemotype
and Specific Substitutions are Identified

Table 3. Third Set of Compounds in the Training Set; the Chemotype
and Specific Substitutions are Identified
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that thes-cis-conformation of1 aligns much better with1A,
relative to the higher-energy conformation,s-trans. Not surpris-
ingly, a flexible alignment of1 and1A using FLAME15 (with
“flexboth” option which allows torsional flexibility for both
molecules) also led to the identification of thes-cis-conformation
of 1, which is then taken as the bioactive or reference
conformation. The suitability of the 4-amino pyrimidine as a
core replacement to the cinnamide series and the corresponding
SAR described earlier12 offers strong additional support to the
deduction that the global minimum energy conformation of1
(s-cis) is the bioactive or reference conformation.

Alignment of Molecules in the Training and Test Sets.
Alignment of all the analogs by FLAME15 followed an
automated procedure (described in the Methods). Equal weights
were assigned for the internal energy (based on MMFF)16 and
the alignment scores. As the molecules described in the present
study belong to the same family of cinnamides, aligned
molecules were all at (or relatively close to) the global minimum
energy (s-cis) conformation. Figure 2 shows an alignment of
some representative molecules in the training set.

CoMFA 3DQSAR Models.Using CoMFA13 default param-
eters for the training set, predictive 3D-QSAR models were
obtained, as determined by cross validation. An optimal number
of components for each cross validated model (based onq2)
was determined using the SAMPLS method.26 Gasteiger-
Huckel18,23 and AM1-BCC24 partial charge sets were used to
develop the CoMFA models. The use ofregion focusing27 (as
implemented in SYBYL 7.118) improved the models. Cross-
validated R2-guided region selection27 (Q2-GRS) or region
focusing27 optimizes the CoMFA/CoMSIA models by (i)
subdividing the rectangular lattice (obtained initially with
conventional CoMFA/CoMSIA models) into a number of
smaller boxes, (ii) performing independent analyses for these
boxes to decipher the regions which contribute significantly to
the model, and (iii) combining these regions, resulting in a better
model, eliminating noise. The results are shown in the Table 8.
It can be seen from the Table 8 that the AM1-BCC24 charge

Table 4. Fourth Set of Compounds in the Training Set; the Chemotype
and Specific Substitutions are Identified

Table 5. Fifth Set of Compounds in the Training Set; the Chemotype
and Specific Substitutions are Identified

Table 6. Sixth Set of Compounds in the Training Set; the Chemotype
and Specific Substitutions are Identified

3D-QSARs of Human TRPV1 Channel Antagonists Journal of Medicinal Chemistry, 2007, Vol. 50, No. 235611



Table 7. Set of Compounds in the Test Set; the Chemotype and Specific Substitutions are Identified
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set gives better statistical results (q2 andr2 for the training set
andr2 for the independent test set) than the Gasteiger-Huckel
charge set.

Figure 3a,b shows the CoMFA steric and electrostatic fields
overlaid some representative compounds. In Figure 3a, the green
and the yellow contours represent sterically attractive and
repulsive regions, respectively. The large alkyl groups such as
thet-butyl are preferred at thepara-position of the phenyl ring,
while even larger groups such as the phenyl are not preferred
due to the overlap with the repulsive region (the small yellow
contour). Two other prominent repulsive regions include the
region close to the central acryl amide moiety and another at
the 2,3-dihydro[1,4]benzo-dioxine ring. Figure 3b shows CoM-

FA electrostatic fields, with blue contours representing prefer-
ence for electropositive and red contours representing preference
for electronegative atoms/groups. Two prominent red regions
show the significance of carbonyl of the amide and electrone-
gative groups (e.g., CF3) attached to thepara-position of the
phenyl.

CoMSIA 3D QSAR Models.CoMSIA,14 a newer 3D-QSAR
technique, allows more incisive dissection of different binding
affinity contributions, including the steric and electrostatic
contributions as well as the entropic effects, which are harder
to quantify. For modeling this contribution, CoMSIA
integrates an empirical field based on a set of atomic hydro-
phobicity constants into a formalism similar to CoMFA type

Table 7. Continued
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analyses. An important feature of this formalism is the use of
a Gaussian function to probe the similarity of each molecule
with respect to a probe atom scanning a lattice embedding all
aligned molecules, with no cutoffs for inside and outside of a
molecule.

Table 9 shows the statistics of CoMSIA models for the
training and the test sets. Comparison of the results of model 1
with those of models 2 and 3 shows that models using the AM1-
BCC24 charge sets give better results compared to those using
the Gasteiger-Huckel charges. A slightly betterq2 was obtained
whenregion focusingis included (model 3) for the training set.
Tables 1-7 show the training and the test set data (pIC50s,
observed and predicted, based on the CoMSIA model with
region focusingincluded), respectively. A strong influence of
the AM1-BCC24 charge sets in obtaining better results is clearly
seen for the test set. However,region focusingdoes not appear
to have much influence on the test set results. Figure 4a-c
shows isopotential contours elucidating (a) the steric, (b) the
electrostatic, and (c) the hydrophobicity CoMSIA fields, re-
spectively. Figure 4a shows sterically favored (green) and
disfavored (yellow) regions. The two prominent green regions
show that steric bulk in these regions contributes to binding
affinity (as in the case of24), whereas a prominent disfavored
region (shown in yellow) indicates a loss in binding affinity
when that region is occupied (as in the case of22). The
significance of an amide group is highlighted in Figure 4b by
the cyan and the red contours, which favor the electropositive
and the electronegative groups, respectively. Several compounds

(57-60, see Table 6) lacking this amide show some loss of
potency. In the case of61, because of the configuration of the
cinnamide, the molecule does not align well with1 and loses
activity. The hydrophobic field contours (Figure 4c) identify
the favored (pink) and the disfavored (gray) regions overlaid
on 17. These hydrophobicity contours are also helpful in
rationalizing the activity of several compounds. Compound4,
for example, lacks the hydrophobic substituents at the
phenyl (a pink region in Figure 4c), causing a loss of activity.
Compound18, with a bigger hydrophobic group at R1 (favored,
at a pink region), is more potent relative to17. Contrasting

Figure 2. Alignment of some molecules in the training set. Compounds
shown are1 (light brown),3 (pink), 7 (dark green),9 (light gray),17
(yellow), 19 (light green),22 (orange),32 (white),33 (cyan),45 (blue),
and53 (purple).

Table 8. Statistics of CoMFA Models for the Training and Test Sets

CoMFA

parameter model 1a model 2b model 3c

Training Set
r2 0.95 0.93 0.96
SEE 0.23 0.28 0.22
fraction:

steric 0.47 0.45 0.46
electrostatic 0.53 0.55 0.54

q2 0.49 0.48 0.58
No. of
components (opt)

8 5 8

No. of
compounds

61 61 61

Test Set
r2 0.25 0.45 0.50
SD of residuals 0.72 0.57 0.57
p value 0.0003 <0.0001 <0.0001
No. of compounds 47 47 47

a Results with two fields and Gasteiger-Huckel18,23charges.b Results with
two fields and AM1-BCC24 charges.c Results with two fields and AM1-
BCC24 charges,region focusing27 included.

Figure 3. (a) CoMFA steric fields overlaid on17 (color code: favored,
green; disfavored, yellow). (b) CoMFA electrostatic fields overlaid on
52 (color code: increase in positive charge favored, blue; increase in
negative charge favored, red).

Table 9. Statistics of CoMSIA Models for the Training and Test Sets

CoMSIA

parameter model 1a model 2b model 3c

Training Set
r2 0.88 0.94 0.95
SEE 0.36 0.25 0.24
fraction:

steric 0.18 0.16 0.21
electrostatic 0.45 0.48 0.45

hydrophobic 0.37 0.36 0.34
q2 0.49 0.52 0.57
No. of
components (opt)

5 7 8

No. of
compounds

61 61 61

Test Set
r2 0.24 0.51 0.48
SD of residuals 0.67 0.45 0.47
p value 0.0005 <0.0001 <0.0001
No. of compounds 47 47 47

a Results with three fields and Gasteiger-Huckel18,23charges.b Results
with three fields and AM1-BCC24 charges.c Results with three fields and
AM1-BCC24 charges,region focusing27 included.
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63 and 64 (in the test set) provides an example of how the
3D-QSAR models may be used prospectively. These
compounds differ from1 (the reference) by the presence of an
additional cyclopentyl group at the R5 (63) or R3 (64) position
(Table 7). Contours shown in Figure 4c correctly identify the
position (R3) appropriate for a hydrophobic substitution and in
these cases, the predictions agree well with the experimental
results.

Comparison of the CoMSIA and CoMFA Field Maps and
the Results. As the CoMFA13 and CoMSIA14 models are
basically different ways of creating and comparatively repre-
senting the interaction fields around the ligands, it should be
interesting to compare and contrast the two types of field
contours in light of the activity data. Unlike CoMFA,13 the
hydrophobic and steric fields are differentiated by CoMSIA,14

and this aspect was helpful in identifying the precise nature of

substituents (polar or nonpolar) that can improve activity. On
the other hand, the CoMFA fields are fewer and simpler to
analyze.

The yellow region near one of the oxygens of dihydro[1,4]-
dioxine ring in CoMFA steric field map (Figure 3a) corresponds
to the gray region in the CoMSIA hydrophobic field map at
that ring (Figure 4c). These regions indicate unfavorable
interactions when that region is accessed with hydrophobic
atoms (e.g.,32, 34, or 35). Activities for other related
compounds (see Table 3), such as38, can be understood by
considering both the electrostatic and hydrophobic CoMSIA
contours. In that region (of dihydro[1,4]dioxine ring), the
CoMSIA field contours show two electronegative or red regions,
one electropositive or blue region (Figure 4b), as well as pink
(favorable) and gray (unfavorable) regions (Figure 4c) relating
to hydrophobicity. Thus, for these regions, the CoMSIA contours
offered more useful detail than CoMFA contours.

Understandably, the electrostatic field maps (Figure 3b and
Figure 4b) of CoMSIA14 and CoMFA13 have similar charac-
teristics, as both methods are based on the AM1-BCC24 charge
sets. Both do identify the region close to the amide carbonyl
(shown in red) as favoring the electronegative atoms on the
ligands (this explains why59 is much less active relative to1).
The electropositive and the electronegative regions on the lower
right (common to CoMSIA and CoMFA) arise from differences
in charge distributions of compounds in the training set, as this
region is generally occupied halogens, small polar groups such
as methoxy and hydroxyl, or small hydrophobic groups such
as the chloro, the trifluoro methyl, or thet-butyl groups in the
training set. At the bottom of the fused ring on the top left, one
may see some red and blue regions in CoMFA electrostatic maps
but not in the corresponding CoMSIA maps. The CoMFA model
interprets the activity of46, 38, and 42 as arising from the
electrostatic interactions of the endocyclic amide group with
the receptor. In the case of the CoMSIA model, this region is
occupied by a gray contour, which represents an unfavorable
hydrophobic interaction (i.e., favorable to polar interactions)
consistent with the CoMFA model.

The CoMFA steric fields contain the characteristics of both
the hydrophobic and the steric fields of CoMSIA. For17, Figure
4c shows the CoMSIA hydrophobic field map, whereas Figure
3a shows the CoMFA steric map. The CoMFA steric maps
(Figure 3a) show sterically attractive regions (in green) at the
para-position of the phenyl ring on the right-hand side. These
regions are also captured by the CoMSIA hydrophobic field
(Figure 4c). However, CoMSIA makes a distinction between
the hydrophobic and the hydrophilic substituents and this helps
rationalize the loss of activity when the polar (or the partly polar)
groups are placed in these regions (e.g.,8, 9, and10 relative
to 1).

A repulsive region to the right of thepara-substituted phenyl
is seen in both the CoMSIA and the CoMFA steric maps and
this accounts for the loss of activity when a larger substituent
such as phenyl is added at thepara-position of the ring (e.g.,
7). The steric field maps of both CoMFA and CoMSIA capture
the loss of activity when the amide NH is capped (60), as
indicated by the small yellow (repulsive) region close to the
amide proton in CoMFA and CoMSIA steric maps. CoMSIA
additionally captures two attractive regions in the hydrophobic
field maps, which are not reflected in the CoMFA maps. The
magenta-colored region at the top left of dihydro[1,4]dioxine
ring indicates the importance of occupying that region with
relatively more hydrophobic atoms (consider41 which has an
amide in that region, and is less active). Thus, these CoMSIA

Figure 4. (a) CoMSIA steric fields overlaid on24 (color code: favored,
green; disfavored, yellow). (b) CoMSIA electrostatic fields overlaid
on 1 (color code: increase in positive charge favored, blue; increase
in negative charge favored, red). (c) CoMSIA hydrophobic fields
overlaid on17 (color code: favored, pink; disfavored, gray).
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contours offered additional insights into the nature of the groups
contributing to activity.

As shown in Tables 8 and 9, CoMFA and CoMSIA gave
similar results for both the training and the test sets, with some
improvement whenregion focusing27 is included in the models
(model 3), particularly for CoMFA. Tables 1-6 list the CoMSIA
predictions (from the cross validation runs of the model 3) along
with the observed activities. Table 7 also lists the CoMSIA
predicted values for the test set (molecules not included in the
training set). Figure 5a,b shows the scatter plots of CoMFA
predictions and Figure 6a,b shows the scatter plots of CoMSIA
predictions. In both cases, the results from the models 2 and 3
are shown in different colors, along with the fitted lines. The
model 3 (withregion focusing27) predictions do not appear to
be better in all cases, though they are arguably closer to the
fitted line for more active compounds. The scatter plots for the
CoMFA models indicate that molecules that are less active are
less accurately predicted.

Sensitivity of Results to the Choice of Methodology and
Charge Models.The methodology of 3D-QSAR models and
the treatment of electrostatics are two aspects that deserve a
careful consideration in developing a predictive model. Though
the use of semiempirical charge sets is common in 3D-QSAR
literature13,14,28as a better treatment of electrostatics relative to

the Gasteiger-Marsili23 (or Gasteiger-Huckel18,23) charge sets,
they are “population” quantities based on the occupancies of
atomic orbitals and are not meant to reproduce electrostatic
potentials (ESPs) of the molecule, an obviously better choice
in modeling receptor interactions or quantitative comparison of
molecules as in 3D-QSAR.28 However, the older HF/6-31G*
ESP-derived charges could be “unstable”, that is, can exhibit
considerable variation for similar functional groups resulting
in exaggerated differences in assigned partial charges.29 Hence,
HF/6-31G* RESP-derived charges are more appropriate for
molecular simulations.29 Jakalian et al.24 developed a quick and
efficient method (AM1-BCC) based on AM1 semiempirical
charge calculation and parameterized bond charge corrections
(BCCs). As AM1-BCC charge sets24 are of comparable quality
to HF/6-31G* RESP charge sets,29 we decided to investigate
their suitability for our 3D-QSAR analyses.

Figure 7 shows the variation of the 3D-QSAR cross-validation
(LOO) results with the number of PLS components with respect
to q2 and the standard error. The CoMFA and CoMSIA results
are shown with and without the inclusion ofregion focusing.
In the case of CoMSIA, the results are shown with the
Gasteiger-Huckel and the AM1-BCC24 charge sets. As can be
seen from Figure 7, the best results are obtained whenregion
focusingis included for both CoMFA and CoMSIA, with the

Figure 5. (a) Results of the cross-validation runs. The red triangles
represent CoMFA results with AM1-BCC24 charges, and green triangles
represent CoMFA results withregion focusing included.27 (b) Results
of the cross-validation runs. The red triangles represent the CoMSIA
results with AM1-BCC charges, and green triangles represent CoMSIA
results withregion focusing27 included.

Figure 6. (a) Test set results based on the CoMFA analyses. The blue
squares represent the CoMFA results with the AM1-BCC24 charges
and the red triangles represent the CoMFA results with the AM1-BCC24

charges and includeRegion Focusing. (b) Test set results based on
CoMSIA analyses. The blue squares represent the CoMSIA results with
AM1-BCC24 charges and the red triangles represent the results with
AM1-BCC24 charges and includeregion focusing27.
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AM1-BCC24 charge sets for the electrostatic treatment. Ad-
ditionally, for both the methodologies, the best results are
obtained with eight PLS components, with respect to the
standard error andq2. When more than eight components are
included, both the standard error andq2 declined for the best
models (green and cyan). Additional details are given in Tables
8 and 9. For the best models, the fractional electrostatic
contribution is larger (at 0.54) for CoMFA, relative to CoMSIA
(0.45).

3D-QSAR Models in Relation to a Proposed Model of the
TM3/4 Domain of Rat/Human TRPV1. In the literature, three
different models2,3,30 were proposed for the capsaicin-binding
domain of the TRPV1 channel, which is likely to be the region
interacting with TRPV1 inhibitors20,32 such as those described
in this study. Jordt and Julius2 were the first to suggest an idea
for a structural model for the TRPV1 channel. These authors
identified the transmembrane helical regions and extracellular
loops of the receptor, along with certain critical residues. Though
their “model” is basically a schematic idea, it is useful to the
biologists for planning/interpreting experiments/results. Gavva
et al.3 performed additional mutation/binding experiments, which
implicated additional residues, Thr550 (common to human and
rat) and Met547 (in rat TRPV1 but Leu547 in human), and
developed their model consistent with these observations and
the schematic idea of Jordt and Julius.2 In the model by Gavva
et al.,3 the vanilloid moiety interacts with Thr550 and the “tail
end” hydrophobic group of capsaicin interacts with Tyr511,
whereas Jordt and Julius2 hypothesized that the aromatic portion
of Tyr511 interacts with the vanilloid moiety of capsaicin. The
model of Middleton and co-workers30 assumes that vanilloid
moiety interacts with Met547, Tyr511, and Tyr555, and their
model differs significantly in detail. While the postulated
interactions are different in these models, they all agree that
the TM3/4 region is the likely vanilloid-binding pocket. Ad-
ditionally, the capsaicin analogs with changes to the hydroxyl

and the methoxy groups that reduce the H-bonding potential
display weaker agonist and antagonist activities.31 It was also
shown20,32that the TRPV1 antagonists are capsaicin-competitive
and some antagonists are able to block all the activation modes
of the channel.

The model of TM3 and TM4 proposed by Gavva et al.3 was
based on chimeric and mutagenesis studies on TRPV1, per-
formed after the other two models was published. Vanillyl
moiety (methoxy phenol) is common for the TRPV1 agonists,
such as capsaicin, RTX, and arvanil, which could interact with
the side-chain hydroxyl of Thr550.3 These studies identified key
residues (Met547 and Thr550) in the transmembrane regions 3
and 4 (TM3/4) of rat and human TRPV1 that confer the vanilloid
sensitivity and competitive antagonist binding. As the model
of Gavva et al.3 is consistent with these observations, we adopted
this structural model for the docking and visualization of some
representative cinnamides reported here, with the purpose of
showing plausible interactions of the antagonists with the TM3/4
helices, consistent with the 3D-QSAR models proposed here.
The model was generated by building the TM3 and TM4 helical
protein segments inR-helical conformation, with a loop con-
necting the helices, using the Biopolymer module of Insight
II.33 This structural model3 was also employed by Lee et al.34

for docking and analyzing a different class of the TRPV1
antagonists, similar in size to the current set of ligands. However,
this model should be regarded as incomplete (as the structure
of the other helices of the receptor are not modeled, which would
be significant) and partly speculative until it is confirmed by
biophysical studies of the TRPV1 channel.

Figure 8a shows the docked model of1, which was obtained
by alignment15 with the docked model of capsaicin,3 optimized
by a protocol recently described.35 During the optimization of
the complex, sidechains of the TM3/4 structural model were
relaxed, but the ligand is restrained in its docked, minimum-
energy conformation. Based on this optimization, the interactions
of this cinnamide with the TRPV1 channel TM3/4 helices were
deduced. These include the H-bonding of Arg641 to the carbonyl
of the amide, the hydrophobic contacts of thet-butyl phenyl
and Tyr511, and the interaction ofdihydro benzodioxinemoiety
with the side chains of Trp549 and Thr550. These interactions
appear to be consistent with the proposed 3D-QSAR models,
as shown in Figure 8b. This figure shows the solvent accessible
Connolly surface36 (with a probe radius of 1.4 Å) of our model
of the TM3/4 helices color-coded by the molecular lipophilicity
potential,18 calculated from the atomic hydrophobicity scale of
Ghose et al.,37 along with the docked model of1. The
electrostatic and steric contours from the CoMFA model (the
model 3 of Table 8) are also shown superimposed on the surface.
Color coding of the Connolly35 surface by lipophilicity allows
clear differentiation of the polar and nonpolar surface regions
of the helices and its correspondence to the 3D-QSAR models.
It can be seen from Figure 8b that the three green CoMFA
contours can be mapped to the van der Waals contacts of the
t-butyl phenyl moiety with Tyr511 and Arg541. Also, the red
CoMFA contour close to the carbonyl oxygen of1 is proximal
to the basic nitrogen of Arg541, consistent with the current
structural model. However, due to the incompleteness of the
current model and a lack of biophysical characterization of
TRPV1 channel, a more elaborate interpretation of the CoMFA
contours in terms of the ligand interactions with the channel is
not undertaken.

Conclusion
Two different, predictive 3D-QSAR models (CoMFA and

CoMSIA) were developed for the antagonists of TRPV1

Figure 7. Sensitivity of the 3D-QSAR cross-validation results to the
charge models and the methodology. The line plots at the top show
the standard error as a function of the number of PLS components.
The corresponding line plots (with the same color/symbol) at the bottom
show q2 (the cross-validatedr2) as function of the number of
components. The blue squares represent the CoMSIA results with the
Gasteiger-Huckel charges; the red solid triangles represent CoMSIA
results with the AM1-BCC charge sets; the green solid circles represent
the CoMSIA results withregion focusingand AM1-BCC charge sets;
the brown triangles represent the CoMFA results with the AM1-BCC24

charge sets; and the cyan circles represent CoMFA results withregion
focusing27 and AM1-BCC charges.
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channel, belonging to the cinnamide family. Predictive power
for these models was demonstrated for a separate test set of
reasonable size. Notably, the training and test sets included 10
or more different substituent positions. Hence, the derived
models are quite general and predictive for the cinnamide
analogs. It is clearly shown that the use of AM1-BCC24 charge
sets result in much improved correlations and predictions
compared to the use of Gasteiger-Huckel18,23 charge sets,
underscoring the importance of the electrostatic treatment.
Overall, the statistical results (in terms ofq2 andr2) are nearly
the same for the CoMFA and CoMSIA models. However, the
CoMSIA models offer a better qualitative delineation of
structural features contributing to binding affinity and hence
are likely to be of greater utility. These models are consistent
with a recently proposed model of the TM3/4 helices of the
TRPV1 channel, which are shown to be part of the agonist/
antagonist binding regions.
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