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Abstract—A study of the quantitative structure activity relationships (QSARs) was performed based on the binding affinity (pK;)
values of 32 protein kinase C (PK-C) ligands. The QSAR study was carried out by using both three-dimensional descriptors (the
steric and electrostatic CoOMFA fields) and the physicochemical properties (log P values). The COMFA analysis provided a rea-
sonable QSAR model, with a cross-validated ¢ value of 0.671 and a conventional »* value of 0.956, which was confirmed by the
satisfactory prediction of the experimental binding affinity (pK;) values for a series of 3-alkylidene-5,5-disubstituted tetrahydro-2-
furanones included in the test set. The resultant QSAR model will be useful for designing highly potent and selective PK-C ligands.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Protein kinase C (PK-C), identified in 1977 by Nishi-
zuka and colleagues,'? is a family of serine/threonine
specific isozymes. PK-C has been extensively studied as
a pivotal enzyme in cellular signal transduction,® and is
involved in cell growth, differentiation, apoptosis, and
carcinogenesis.*”’ PK-C is activated by both the second-
messenger, diacylglycerol (DAG), and tumor promoters,
such as phorbol esters. DAG is generated either by the
phospholipase C (PLC)-mediated hydrolysis of phos-
phatidylinositol-4,5-bisphosphate (PIP,) or indirectly by
phospholipase D and phosphatidic acid hydrolase.®
DAG induces the translocation of cytosolic PK-C to the
inner leaflet of the cellular membrane. There it activates
both the calcium-dependent, classical PK-C isoforms (o,
B, and vy), and the novel, calcium-independent PK-C
isozymes (9, €, 1, and 0), by binding to the C1 domains
of the enzymes and promoting their association with the
membrane phospholipids.’
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The transiently generated DAG is less potent of an
endogenous activator than phorbol esters, by a factor of
>1000.'° Since both DAG and phorbol 12,13 dibutyrate
(PDBU) bind to the same binding site, the C1 domains
of PK-C, in a competitive manner,'! phorbol esters are
powerful pharmacological tools for studying PK-C
function. The activation by phorbol esters can persist
for a long time due to their metabolic stability, because
the conformationally rigid scaffold, unlike the flexible
glycerol backbone of DAG, can specifically direct the
hydrophilic pharmacophores.

Over the past several years, we have attempted to bridge
the affinity gap between phorbol esters and DAGs by
two independent, but mutually complementary,
approaches.'>!3 The first approach, the pharmacophore-
guided approach, seeks to reduce the entropic penalty
associated with DAG binding by constraining the gly-
cerol backbone into five-member DAG-lactones. The
second approach, the receptor-guided approach,
involves the use of highly branched alkyl chains to
improve the interaction of the DAG-lactone ligand with
a cluster of conserved hydrophobic amino acids
(Met239, Pro241, Phe243, Leu250, Trp252, and Leu254)
residing between the two B-sheets of the PK-Cd Clb
domain. Using these approaches, we recently obtained
an ideal set of branched acyl and 3-alkylidene chains
in DAG-lactones with high binding affinities (K; =
2.3nM)."* The increase in the binding affinity by the
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branched alkyl chains is probably due to a combination
of two factors: adequate membrane partitioning and
specific hydrophobic contacts with the protein.

The correlation between the PK-C binding affinity, pK;
[=log(1/K;)], and the octanol-water partition coeffi-
cient (logP) for a set of DAG-lactones with a combi-
nation of linear or branched acyl and 3-alkylidene
chains was described previously.'* The analyzes indi-
cated that the binding affinities of the branched 3-alkyl-
idene and acyl series are maximized at ca. log P = 6 and
ca. logP =5, respectively. From the parabolic depen-
dence between pK; and log P, it can be concluded that an
optimal logP for these DAG-lactones lies between 5
and 6.

We performed a three-dimensional quantitative struc-
ture activity relationship (3D-QSAR) analysis, based on
the structural and physicochemical descriptors from
comparative molecular field analysis (CoMFA) and
log P, to clarify the correlation of the binding affinity
and the CoMFA interaction energies with the logP
values. The ultimate purpose of this research is to con-
struct a robust QSAR model to facilitate the identifi-
cation of compounds with potent binding affinities for
PK-C.

2. Results and discussion

The statistical results of the CoOMFA analysis are sum-
marized in Table 1. The resulting QSAR model shows
good correlation between the experimental and pre-
dicted values for a set of DAG-lactones with a combi-
nation of linear or branched acyl and 3-alkylidene
chains (cross-validated ¢*> = 0.671, optimum number of
components=35, and conventional 7* =0.956). The
maximum number of components recommended for a

(a) branched 3-alkylidene analogues
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Table 1. Statistical results of the CoMFA analysis

Cross-validated ¢* 0.671
Standard error of prediction 0.699
Optimum number of components 5

Conventional 7 0.956
Standard error of estimate 0.255
Predictive 72 0.885
F value 87.894

Relative contributions of parameters

CoMFA steric 0.453
CoMFA electrostatic 0.383
LogP (KowWin) 0.164

partial least square (PLS) analysis is about four or five
compounds per component.'” In this study, an appro-
priate optimum number of components was obtained
with the 26 DAG-lactone derivatives included in the
training set.

Structure activity relationship studies of the DAG-
lactones revealed that the highly branched alkyl chains
in the compounds enhanced the receptor binding
potency by interacting with the hydrophobic amino
acids in the binding pocket of the PK-C C1 domains. To
acquire more information about the role of the hydro-
phobic alkyl chains, the log P (octanol-water partition
coefficient) values were calculated and correlated with
the binding affinities (pK;’s). In the cases of the branched
(1-8, 13-16, 22, 29-32) and linear (9-12, 20, 21, 23-25)
3-alkylidene series, the binding affinities are propor-
tional to the log P values as shown in Figure la and b,
respectively. The correlation coefficients (#2) of the
branched and linear 3-alkylidene series were measured
to be 0.91 and 0.60, respectively. The log P values of
branched 3-alkylidenes are better correlated with the pK;
values than those of linear 3-alkylidenes. However, the
binding affinities of the remaining compounds (17-19,

(b) linear 3-alkylidene analogues
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Figure 1. Correlation between binding affinity (pK;) and log P values of 32 DAG-lactone derivatives.
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26-28) are not correlated with the logP values
(7> = 0.031) as represented in Figure lc. The correlation
coefficient for a set of DAG-lactones with a combina-
tion of linear and branched 3-alkylidene series (1-16,
20-25, 29-32) was calculated as 0.75 as shown in Figure
1d. QSAR analysis was repeated, without log P values,
to investigate its influence on CoMFA results. The
cross-validated ¢> was dropped from 0.671 to 0.611 with
4 being the optimal number of components, and the
noncross-validated > was decreased correspondingly
from 0.956 to 0.925. Therefore, the differences between
the actual and calculated pK; values for the training set
were increased: QSAR with the CoMFA fields (stand-
ard deviation = 0.30, maximum = 0.67, and minimum =
—0.54) and QSAR with the CoMFA fields and logP
values (standard deviation = 0.23, maximum = 0.50, and
minimum = —0.43). The contributions of the steric and
electrostatic interaction energies and log P were 45.3,
38.3, and 16.4%, respectively. As expected, the steric
interactions significantly contribute to the QSAR
model’s information, and thus explain the binding
affinity variations.

The actual and calculated pK; values for the training set
are given in Table 2, and the data set is graphically
represented in Figure 2. All of the compounds used in
the training set have binding affinity values in the range
of 2.3-6,980nM, and the logP values ranged between
2.59 and 10.04. Among the DAG-lactone derivatives,
compounds 8, 13, and 15, which were substituted with
branched 3-alkylidene chains, exhibited potent PK-Co
binding affinities, with K; values of 2.3 and 2.9 nM. The

Table 2. Actual and calculated pK; values for 26 molecules in the
training set

Com- Ki (mM)  pK;

Calculated Residual LogP

pound pKi

1 390.00 6.41 6.44 —-0.03 2.59
2 68.00 7.17 7.10 0.07 3.57
3 12.00 7.92 7.56 0.36 4.56
4 123.00 6.91 7.04 -0.13 2.68
6 5.90 8.23 8.19 0.04 4.64
7 3.50 8.46 8.29 0.17 5.62
8 2.30 8.64 8.64 0.00 6.61
9 164.00 6.79 7.18 —0.39 2.68
10 24.00 7.62 7.63 —0.01 3.66
11 7.30 8.14 8.07 0.07 4.64
13 2.90 8.54 8.48 0.06 5.89
14 8.32 8.08 8.05 0.03 4.04
15 2.90 8.54 8.04 0.50 5.03
16 6.87 8.16 8.51 -0.35 6.88
18 4330.00 5.36 5.64 -0.28 5.01
19 6980.00 5.16 5.34 —-0.18 3.58
20 29.50 7.53 7.42 0.11 3.20
21 15.10 7.82 7.82 0.00 4.10
24 24.00 7.62 7.54 0.08 7.11
25 7.15 8.15 8.58 -0.43 6.72
26 605.00 6.22 6.18 0.04 7.95
27 3640.00 5.44 5.03 0.41 7.10
28 1970.00 5.71 5.84 -0.13 10.04
29 3.78 8.42 8.20 0.22 5.63
31 6.66 8.18 8.25 —-0.07 5.12
32 6.88 8.16 8.30 —0.14 7.86

9r

Calculated activity
2 o

*N

Actual activity

Figure 2. Actual versus calculated pK; values for the training set.

log P values of compounds 8 and 13 were computed as
6.61 and 5.89, respectively, while compound 15 had a
lower log P value (5.03). Probably, the large prediction
error (0.5) for compound 15 was caused by this lower
log P value.

The contours of the CoMFA steric and electrostatic
maps are given in Figure 3. In the CoMFA steric map,
the sterically favored and disfavored regions are repre-
sented in green and yellow, respectively. The large green
contours surrounding the linear and branched acyl
chains indicate the regions where the sterically bulky
substituents enhance the biological potency, while the
yellow contours show the areas where the bulky groups
attenuate the potency. Remarkably, the linear 3-alkyl-
idene chains are near the sterically unfavorable area
(yellow), which explains why the longer linear alkyl
chains decrease the binding affinity, as compared to the
branched chains. The CoMFA electrostatic map is
represented by the negatively charged favored (red) and
disfavored (blue) regions. The red areas near the two
carbonyls of the acyl group and the lactone ring are the
regions where the functional groups with high electron
densities are favorable for the PK-C activity, while the
small blue areas are unfavorable. The cyclopentanone of
compound 26 having lower eclectron density than the
lactone ring is near the negatively charged favored re-
gion, which interprets the 85-fold reduction in binding
affinity (K; = 605nM) by the substitution of the ester
oxygen atom with a carbon (Y = O0—CH,) compared to

Figure 3. The contours of the CoMFA steric and electrostatic maps
generated by StDev*Coeff.
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Table 3. Actual and predicted pK; values for six molecules in the test set

Compound K; (nM) pK; Predicted pK; Residual LogP
5 19.00 7.72 7.72 0.00 3.66
12 13.00 7.89 8.57 —0.68 6.61
17 429.70 6.37 5.62 0.75 3.95
22 11.00 7.96 7.75 0.21 4.10
23 35.00 7.46 7.61 —0.15 5.36
30 4.97 8.30 8.30 0.00 6.61

compound 25 (K; = 7.15nM). The investigations are
quite consistent with the biological activity trends of a
series of 3-alkylidene-5,5-disubstituted tetrahydro-2-
furanones except for compounds 18, 19, 27, and 28
displayed poor binding affinities in the training set.
Although the replacement of two ester moieties of four
compounds with either amide (Y=0O—NH) or N-
hydroxyl amide (X =0—N—OH) caused severe loss in
the binding affinity with a range of K; values of 1,970
6,980 nM, their molecular fields well fitted the resultant
CoMFA fields. It could be explained that the ether
oxygen of the lactone ring makes a hydrogen bond with
the active site of PK-C C1 domain as a hydrogen-bond
acceptor, while the amide N-H acts as a hydrogen-bond
donor. The N-hydroxyl group of compound 19 might
form a strong intramolecular hydrogen bond with the
lactone ether oxygen, suggesting it is not directly
involved in hydrogen binding with amino acids at the
active site.

The predictive ability of the final 3D-QSAR model was
confirmed by evaluating the experimental binding
affinity values for the test set. The actual and predicted
pK; values for the test set are given in Table 3. Com-
pound 12 produced a large prediction error (—0.68) as a
test compound. Most compounds with log P values that
were computed as approximately 6.5 have K; values in
the range of 2.3-7.15nM, while compound 12
(logP =6.61) showed a moderate binding affinity
(K; = 13.0nM). The prediction error for compound 17
was calculated as 0.75. The ester oxygen of the acyl
group in this compound was replaced by an amino
group, unlike any of the other compounds in the train-
ing set. Therefore, these types of interaction fields might
not be trained thoroughly in the COMFA analysis. All
of the other compounds in the test set were fairly well
predicted.

3. Conclusion

The quantitative structure activity relationships
(QSARs) were studied for a series of 3-alkylidene-5,5-
disubstituted tetrahydro-2-furanones, developed as
potent PK-C agonists, for the construction of a predic-
tive QSAR model. The resultant QSAR model provides
a significant correlation between the PK-C binding
affinities (pKi’s) and the COMFA fields, in combination
with the octanol-water partition coefficient (log P). The
confidence in the predictive ability of this model was
confirmed by the satisfactory prediction of the experi-
mental activities in the test set.

4. Experimental
4.1. Biological data

The binding affinity (K;) values of DAG-lactone deriv-
atives were used as the dependent variable (target
property) in the QSAR study.!*!®2! The molecular
structures and K; values of the 32 molecules used in the
QSAR analysis are listed in Table 4. In the regression
analysis, the biological activities were expressed as pK;
[=log(1/K;)]. The larger pK; values imply higher
potency for PK-C binding. Six compounds were ran-
domly chosen for the test set. The pK; values for all
analogues ranged from 5.16 to 8.64.

4.2. Generation of three-dimensional structures of DAG-
lactones

Since experimental information about the three-dimen-
sional structures of this series is not available, the initial
structure of each compound was built using the Sybyl
molecular modeling program (Tripos, Inc.). The geom-
etry was then fully optimized using the Tripos force field
with the following nondefault options (method: conju-
gate gradient, termination: gradient 0.01 kcal/mol A,
and max iterations: 10,000). The partial atomic charges
were calculated by the Gasteiger—Hiickel method in the
Sybyl program. The Grid search method was used to
evaluate the conformational properties of all rotatable
functional groups. Each torsion angle was driven from
—180° to 180° in 30° increments.

4.3. Calculations of CoMFA fields and log P values

The calculation of the CoMFA steric and electrostatic
fields requires the molecules to be superimposed in three
dimensions. The alignment procedure was performed
using the template structure with relatively simple
methyl groups at positions R; and R,, as shown in Table
4. During the alignment, all of the other molecules were
fitted to the template molecule while maintaining their
molecular geometry. The CoMFA steric and electro-
static interaction energies were generated using an sp’
hybridized carbon atom as a probe with a +1.0 point
charge. The energy calculation was performed with
4,320 grid points on a cube (28 x 30 x 34 A, 2.0 A grid
spacing). The energy cutoff for the steric and electro-
static interaction energies was set to 30 kcal/mol.

The log octanol/water partition coefficients (log Ps) are
frequently used to describe the lipophilic or hydrophobic
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Table 4. Molecular structures and binding affinities (K;) of DAG-lactones
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Compound R, R, X Y K; (nM)
1 CH; CH=C(i-Pr), O O 390.00*
2 CH;(CH,), CH=C(i-Pr), (0] (0] 68.00*
3 CH;(CH,), CH=C(i-Pr), O O 12.00*
4 CH; CH,CH(-Pr), (6] (6] 123.00*
5 CH;(CH,), CH,CH(-Pr), (0] O 19.00*
6 CH;(CH2)4 CHzcﬂ(i-Pr)z (6] (6] 5.90*
7 CH;(CH;)s CH,CH(-Pr), O O 3.50*
8 CH;(CH,)g CH,CH(i-Pr), (6] (6] 2.30*
9 CH,CH(i-Pr), CH; O O 164.00*
10 CH,CH(i-Pr), CH3(CH,), (6] (6] 24.00*
11 CH,CH(i-Pr), CH;(CH,), O O 7.30%
12 CHch(l-Pr)g CH3(CH2)8 (6] (6] 13.00*
13 CH,CH(i-Pr), CH,CH(-Pr), (0] (0] 2.90*
14 (CH;);C CH,CH(i-Pr), (6] (6] 8.32°
15 (CH;);C CH,CH[CH,(i-Pr)], (0] (0] 2.90°
16 CH,CH(i-Pr), CH,CH[CH,(i-Pr)], (6] (6] 6.87°
17 (CH;);C CH,CH[CH,(i-Pr)], NH O 429.70°
18 (CH;);C CH,CH[CH,(i-Pr)], (6] NH 4330.00°
19 (CH;);C CH,CH[CH,(i-Pr)], N—OH (0] 6980.00°
20 CHch(l-Pr)g (CH3)2 (6] (6] 2950d
21 CH,CH(i-Pr), CH,(i-Pr) O O 15.10¢
22 CH,(i-Pr) CH,CH(-Pr), (6] (6] 11.00¢
23 CH; CH;(CH,)12 O (0] 35.00¢
24 CH; CH;(CH,),CH=CH(CH,); O O 24.00¢
25 (CH;);C CH3(CH,)12 O (0] 7.15°
26 (CH;);C CH;(CH,)12 (0] CH, 605.00"
27 CH; CH;3(CH,);CH=CH(CH,), (0] NH 3640.00°
28 CH;(CH,)s CHj3(CH,);CH=CH(CH,), (6] NH 1970.00"
29 CH;(CH,),4 CH,CH[CH,(i-Pr)], (0] (0] 3.78%!
30 CH;(CH,)¢ CH,CH[CH,(i-Pr)], O O 4977
31 CsHs CH,CH[CH,(i-Pr)], (0] (0] 6.66°!
32 CH,CH[CH,(i-Pr)], CH,CH|[CH,(i-Pr)], (6] (6] 6.88%!

“Ref. 14.

P Ref. 16.

°Ref. 17.

dRef. 18.

°Ref. 19.

TRef. 20.

properties of chemical compounds. The logP values
were computed using the LogKow (KowWin) program,
which is based on the atom/fragment contribution
method, and are shown in Tables 2 and 3.??

4.4. Partial least squares (PLS) analysis

To apply a multivariate data classification to the
CoMFA models, a partial least square (PLS) analysis
was performed using the QSAR module implemented in
Sybyl. In the PLS analysis, the QSAR data sets consist
of variables with different data ranges. Consequently,
prior to the regression analysis, the variables are usually
scaled in order to give equal influence on the outcome of
the PLS analysis. In this study, the CoOMFA steric and
electrostatic fields and the log P values were scaled using
the CoMFA standard scaling option. To determine the
predictive ¢*> and the optimum number of components

for the training set, cross-validations were carried out by
the ‘leave-one-out’ procedure. The optimum number of
components corresponds to the smallest standard error
of prediction. The final 3D-QSAR model was derived by
a conventional analysis (noncross-validation) with the
optimum number of components. All computational
work was done on a Silicon Graphics O, R10000
workstation.
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