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A three-dimensional quantitative structure-activity relationship (QSAR) study using the
comparative molecular field analysis (CoMFA) method was performed on a series of interleukin
1-â converting enzyme (ICE) inhibitors. The compounds studied have been reported to be time-
dependent inhibitors of ICE. This study was performed using 49 compounds, in which the
CoMFA models were developed using a training set of 39 compounds. All the compounds were
modeled using the X-ray crystal structure of tetrapeptide aldehyde inhibitor/ICE complex. The
inhibitor compounds were considered both as neutral species and as P1 carboxylate ionized
species. Superimpositions were performed using two alignment rules, namely, an alignment
of the structures based on RMS fitting of the backbone heavy atoms of each structure to
compound 2 and an alignment based on SYBYL QSAR rigid body field fit of the steric and
electrostatic fields of the molecules to the fields of compound 2. Use of LUMO energies or ClogP
as additional descriptors in the QSAR table did not improve the significance of the CoMFA
models. Steric and electrostatic fields of the inhibitors were found to be the relevant descriptors
for structure-activity relationships. The predictive ability of the CoMFA model was evaluated
by using a test set of 10 compounds (r2

pred as high as 0.859). Further comparison of the coefficient
contour maps with the steric and electrostatic properties of the receptor show a high level of
compatibility.

Introduction

Human interleukin 1-â converting enzyme (ICE) is a
processing cysteine protease involved in the production
of inflammatory mediator interleukin 1-â (IL-1â).1-3 ICE
is located primarily in monocytes and specifically cleaves
the biologically inactive 31 kDa precursor interleukin
1â (ProIL-1â) at the sequence-related site Asp27-Gly28
and Asp116-Ala117 to produce the 17.5 kDa biologically
active inflammatory cytokine IL-1â.4 IL-1â has been
implicated in pathophysiology of many inflammatory
and autoimmune diseases, including septic shock, rheu-
matoid arthritis, inflammatory bowel disease, and
insulin-dependent diabetes mellitus.5 Some observations
have suggested that apoptosis6,7 (programmed cell
death) as observed in degenerative neuronal diseases
such as Alzheimer’s and Parkinson’s disease may be
regulated by ICE or a related enzyme.8 Development of
inhibitors of ICE provide a new therapeutic approach
for the treatment of inflammatory diseases and other
diseases that arise from excessive or premature cell
death.

ICE has a substrate specificity9 in which it has a
requirement of aspartic acid at the P1 position for
effective catalysis. Using the substrate specificity data,
several potent reversible inhibitors of ICE have been
designed.10,11 Tetrapeptide aldehyde is a potent, revers-
ible, transition state inhibitor of ICE.3 Krantz and
Smith12 have described peptide (acyloxy) methyl ketones
as potent, selective inactivators of cysteine protease.
These inhibitors contain a reactive group (leaving group)
or an atom vulnerable to SN2 displacements attached
to a recognition site (Figure 1) characteristic of the

substrate. Recently ICE inhibitors containing acyloxy
methyl ketones,13,14 R-((1-phenyl 3-(trifluoromethyl)-
pyrazol-5-yl)oxy)methyl ketones,15 and R,R-((diphe-
nylphosphin)-oxy)methyl ketones16 as leaving groups
have been reported. These inhibitors first bind to the
ICE active site noncovalently, and then the inactivation
proceeds through expulsion of the carboxylate leaving
group to form a thiomethyl ketone with the active site
Cys 285. Structure-activity data generated so far
suggest that the potency of these inhibitors is related
to the extent of noncovalent interactions rather than
its vulnerability to undergo SN2 displacement. Therefore
the reactivity of the inhibitors alone cannot explain the
efficiency of inhibition. The intermolecular noncovalent
interactions of the nonreacting parts of the inhibitor and
the enzyme may contribute toward enzyme affinity. To
gain further insight into the relationship between the
structure and biological activity, we have applied a
three-dimensional quantitative structure-activity re-
lationship (QSAR) approach comparative molecular field
analysis (CoMFA).17,18

CoMFA was introduced in 1988 by Cramer.17,18 In
this method a relationship is established between the

Figure 1. General structure of ICE inhibitors.

373J. Med. Chem. 1999, 42, 373-380

10.1021/jm9708442 CCC: $18.00 © 1999 American Chemical Society
Published on Web 01/27/1999



biological activities of a set of compounds and their
steric and electrostatic properties. An “active conforma-
tion” of the ligands are generated and superimposed
according to predefined rules. These molecules are then
placed in a box of predefined grid size. The steric and
electrostatic interaction energy between each structure
and a probe atom of defined size and charge are
calculated at each grid point using the molecular
mechanics force fields. A multivariate data analysis
technique called partial least squares (PLS)19,20 was
used to derive linear equations from the resulting
matrices. PLS was used in combination with cross-
validation to obtain the optimum number of components
(latent variables). This ensures that the QSAR models
were selected based on their ability to predict the data
rather than to fit the data. The advantages of the
CoMFA studies are in the ability to predict the target
properties of the compounds and to graphically present
the QSAR in the form of coefficient contour maps. The
identification of the bioactive conformation of the ligands
under investigation is one of the crucial steps in CoMFA.
Various successful examples of CoMFA studies on
conformationally constrained small molecules have been
reported including steroids,17,21 clodronic acid esters,22

flavones,23 angiotensin-converting enzyme inhibitors,24,25

pyrazoloacridines,26 polyhalogenated dibenzo-p-dioxins,
dibenzofurans, biphenyls,27 and acetyl cholinesterase
inhibitors.28,29 The bioactive conformation of the con-
formationally flexible ligands can be obtained from
X-ray crystallographic and NMR studies. The use of
such structural data in a CoMFA study have been
reported for human immunodeficiency virus-1 pro-
tease,30 human rhinovirus-14,31 thermolysin, renin,32

and protein tyrosine kinase33 inhibitors.
In this paper we present a study of CoMFA of ICE

inhibitors. Since no NMR or X-ray crystallographic data
on the conformations of these inhibitors were available,
we have employed the X-ray crystallographic data of
tetrapeptide aldehyde inhibitor bound to ICE34 for
molecular modeling of these inhibitors. CoMFA was
applied to rationalize the relationship between ICE
inhibitor structures and their activities. Thus it is hoped
that CoMFA can help to describe the important struc-
tural features essential for enhancing the biological
activity that can be used to design new ICE inhibitors.

Methods
Biological Data. We have selected 49 diverse inhibitors

of ICE whose activity was expressed as second-order rate
constant for inactivation.13-16,35 These kinetic constants were
measured by two research groups. Both authors have used
similar methods to determine ICE inhibitory activity. 13,14 The
enzyme used in these assays was obtained from same source,
monocytic THP-1 cell line. The error in the measurement of
rate constant was below 10%. The logarithm of the measured
rate of inactivation was used in CoMFA, thus correlating the
data linearly to the free energy change. The structures of 49
compounds used in the present study are tabulated in Tables
1-3. These inhibitors included 2 tetrapeptides, 17 tripeptides,
10 dipeptides, 9 monopeptides, and 11 peptidomimetic35

inhibitors. It is essential to assess the predictive power of
models by using a test set of compounds. This was achieved
by arbitrarily setting aside 10 compounds as a test set (test
set 1) with a regularly distributed biological data. The mean
(standard deviation) of the biological activity of the training
and test set was 4.48 (1.23) and 4.44 (1.28), respectively.

Molecular Modeling. Molecular modeling and CoMFA
studies were performed on a Silicon Graphics INDY R5000

computer. Structural manipulations were performed with
molecular modeling package SYBYL 6.2236 using the standard
TRIPOS force field.37 Partial atomic charges of ligands were
calculated using the AM1 model Hamiltonian38 within MOPAC
6.039 (keywords 1SCF, MMOK). (Coordinates of all the mol-
ecules in Sybyl mol2 format are available from the authors
upon request; email, vishalk@giasbmc.vsnl.net.in.)

Table 1. Structures and Measured Activities of the Peptidic
ICE Inhibitors Used as Training Set

compd structure
biologicala

activity ref

1 Ac-Tyr-Val-Ala-Asp-CH2OC(O)-[2,6(CF3)2]Ph 5.98 13
2 Ac-Tyr-Val-Ala-Asp-CH2OC(O)-[2,6(CH3)2]Ph 6.04 13
3 Ph(CH2)2C(O)-Val-Ala-Asp-CH2OC(O)-

[2,6(CF3)2]Ph
5.95 13

4 Ph(CH2)2C(O)-Val-Ala-Asp-CH2OC(O)-
[2,6(OH)2]Ph

5.85 13

5 Ph(CH2)2C(O)-Val-Ala-Asp-CH2OC(O)-Ph 5.45 13
6 Ph(CH2)2C(O)-Val-Ala-Asp-CH2OC(O)-

[2,3,4,5,6(F)5]Ph
6.04 13

7 Ph(CH2)2C(O)-Val-Ala-Asp-CH2OC(O)-
[4-NO2]Ph

6.11 13

8 Alloc-Asp-CH2OC(O)-[2,6(CF3)2]Ph 3.72 13
9 Alloc-Asp-CH2OC(O)-[2,6(OH)2]Ph 3.43 13

10 Alloc-Asp-CH2OC(O)-[2,6(CH3)2]Ph 2.91 13
11 Alloc-Asp-CH2OC(O)-[2,3,4,5,6(F)5]Ph 2.99 13
12 Alloc-Asp-CH2OC(O)-[4-NO2]Ph 1.79 13
13 Zb-Asp-CH2-DCBc 3.85 14
14 Z-Val-Asp-CH2-DCB 4.61 14
15 Z-Val-Ala-Asp-CH2-DCB 5.61 14
16 Z-Asp-CH2-PTPd 4.04 15
17 Z-Phe-Ala-CH2-PTP 2.70 15
18 Z-Val-Asp-CH2-PTP 4.30 15
19 Z-Val-Ala-N(Me)Asp-CH2-PTP 2.48 15
20 Z-Val-N(Me)Ala-Asp-CH2-PTP 5.37 15
21 Z-Val-Pro-Asp-CH2-PTP 5.06 15
22 Z-Val-Pip-Asp-CH2-PTP 5.43 15
23 Z-Pro-Val-Asp-CH2-PTP 2.48 15
24 Z-Asp-CH2-DPPe 4.07 16
25 Z-Val-Asp-CH2-DPP 4.70 16
26 Z-Val-Asp-CH2-HPPf 2.70 16
27 Z-Val-Asp-CH2-DCPPg 4.89 16
28 Z-Val-Ala-Asp-CH2-DCPP 5.36 16
29 Z-Phe-Ala-CH2-DPP 2.70 16
30 Z-Leu-Phe-CH2-DPP 2.70 16

a Expressed as the logarithm of the second-order rate constant
for inactivation. b Z ) benzyloxycarbonyl. c DCB ) (2,6-dichlo-
robenzoyl)oxy. d PTP ) (1-phenyl-3-(trifluoromethyl)pyrazol-5-
yl)oxy. e DPP ) (diphenylphosphinyl)oxy. f HPP ) (phenylphos-
phinyl)oxy. g DCPP ) (bis(4-chlorophenyl)phosphinyl)oxy.

Table 2. Structures and Measured Activities of the
Peptidomimetic ICE Inhibitors Containing 5-Amino
Pyrimidin-6-one System Used as Training and Test Sets

compd R1 R2 R3

biologicala

activity ref

31b Zd 4-FPh PTPe 5.20 35
32b Z 4-FPh DPPf 5.16 35
33b Z 2-thienyl DCBg 5.43 35
34b Z 3-pyridinyl PTP 5.16 35
35b PhCH2NHCO 4-FPh DCB 5.17 35
36b (2-furanyl)CO 4-FPh DCB 4.66 35
37b Me2N(CH2)5CO 4-FPh DCB 4.95 35
38b PhSO2 4-FPh DCB 4.95 35
39b H 4-FPh DCB 4.56 35
T9c Z 4-FPh DCB 5.43 35
T10c Z Me PTP 4.98 35

a Expressed as the logarithm of the second-order rate constant
for inactivation. b Member of the training set. c Member of the test
set. d Z ) benzyloxycarbonyl. e PTP ) (1-phenyl-3-(trifluorometh-
yl)pyrazol-5-yl)oxy. f DPP ) (diphenylphosphinyl)oxy. g DCB )
(2,6-dichlorobenzoyl)oxy.
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The first CoMFA model (model A) was constructed in the
neutral form based on the coordinates of the inhibitor taken
from ICE/tetrapeptide aldehyde inhibitor complex (Protein
Data Bank entry 1ICE) determined by X-ray crystallography.34

The inhibitor was extracted and all hydrogens were added with
standard geometries. Partial atomic charges were calculated
for the tetrapeptide aldehyde inhibitor using the MOPAC/AM1
Hamiltonian. This structure was then optimized by energy
minimization using the Broyden, Fletcher, Goldfarb, and
Shannon (BFGS) algorithm to a final root-mean-square gradi-
ent of 0.01 kcal/mol. The default settings for all other mini-
mization options and a distance-dependent dielectric function
were employed throughout the calculation. All compounds
were modeled by mutating the residues of tetrapeptide alde-
hyde. A constrained minimization was performed initially in
which the unchanged residues of the new analogues were
defined as an aggregate to constrain their conformation. The
constraints were then removed, and the minimization was
repeated till the root-mean-square convergence reached to 0.01
kcal/mol Å. In our earlier studies we have performed the
docking analysis of some ICE inhibitors.40 We have compared
the conformations of these ligands with those obtained from
the docking studies. A low root mean square deviation (RMSD)
between the heavy atoms of the ligands supports our choice
of the conformations obtained from the mutation technique
for the CoMFA studies.

Model A was based on the neutral ligands. The P1 carboxy-
late of the inhibitors is essential for the recognition at the
active site of ICE.41 It is likely that this carboxylate group can
get ionized under assay conditions. Hence, to evaluate the
CoMFA with respect to changes in electronic nature of the
ligands we have developed model B. In this model all the
inhibitors containing P1 aspartic acid residue were ionized,
and partial atomic charges were assigned from open shell AM1
1SCF calculations with a charge of -1 on the system.

Alignment Rule. The alignment rule, i.e., molecular
conformation and orientation, is one of the most sensitive input
areas for CoMFA studies. In the present study two different
alignment rules were adopted.

Alignment I: This alignment involved RMS fitting of the
backbone heavy atoms of the ligands. The compounds were
fitted to the active analogue compound 2 using the R-carbon,
carbonyl carbon, and amide nitrogen atoms. Analogues which
do not have a formal R-carbon atom such as peptidomimetics
were fitted by choosing the carbon atom of the acetamido side
chain. This alignment maximizes the overlap of the backbone
heavy atoms of all the ligands.

Alignment II: The SYBYL QSAR rigid body field fit
command was used for this alignment. Field fit uses a Simplex
algorithm in SYBYL that minimizes the differences in steric
and electrostatic fields averaged over all the lattice grid points
to find the best fit. One of the most active compounds, 2, was
used as a reference compound. The more extensive fields
ensured by the size and bulky pendant groups of compound 2
facilitated the rigid body field fit. This fit is dependent on the

similarity and initial orientations of the molecules. Therefore
all the molecules were first prealigned by backbone atoms
(alignment I) before being fitted to the fields of the reference
compound to reduce the multiple local minima problem.42

CoMFA Interaction Energies. The steric and electrostatic
potential fields were calculated at each lattice intersection of
a regularly spaced grid of 2.0 Å. The CoMFA region was
defined automatically, and it extended past the van der Waal’s
volume of all the molecules in X, Y, and Z directions. The van
der Waals (Lennard-Jones, 6-12) potential and coloumbic
term which represent, respectively, steric and electrostatic
fields were calculated using the TRIPOS force field. A distance-
dependent dielectric expression ∈ ) ∈oRij with ∈o ) 1.0 was
used. An sp3 carbon atom with a van der Waals radius of 1.52
Å and a +1.0 charge served as the probe atom to calculate
steric and electrostatic fields. The steric and electrostatic
contributions were truncated to (30 kcal/mol, and the elec-
trostatic contributions were ignored at lattice intersections
with maximal steric interactions.

PLS Analysis. The partial least squares algorithm was
used in conjugation with the cross-validation (leave-one-out)
option to obtain the optimum number of components which
was used to generate the final CoMFA model without cross-
validation. The result from a cross-validated analysis was
expressed as r2

cv, which is defined as

where PRESS ) ∑(Y - YPred)2.
The r2

cv can take up values in the range from 1, suggesting
a perfect model, to less than 0, where the errors of prediction
are greater than the error from assigning each compound mean
activity of the model. Cross-validated PLS analysis using the
leave-one-out procedure employed 10 components, in which
each compound is systematically excluded from the set and
its activity was predicted by a model derived from the rest of
the compounds. Thus cross-validation by the leave-one-out
method evaluates the model not by how it best fits the data
but by how it best predicts the data. The optimum number of
components was defined as that which yielded the highest
cross-validated r2 value, which normally had the smallest RMS
error of prediction (SEP). Equal weights were assigned to the
steric and electrostatic descriptors using the CoMFA_STD
scaling option. To speed up the analysis and reduce the amount
of noise, a minimum σ (column filter) value of 2.0 kcal/mol
was used. The final PLS analysis was then performed using
the optimum number of components with no cross-validation.
To obtain the statistical confidence limits on the analysis, PLS
analysis using 100 bootstrap groups with the optimum number
of components was performed. The PLS analysis with ran-
domly interchanged biological activity was performed to
estimate the extent of chance correlation.

Predictive r2 Values. The predictive ability of each
analysis was determined from a set of 10 compounds that were
not included in the training set. These compounds were
aligned, and their activities were predicted by each PLS
analysis. The predictive r2 (r2

pred) value will be based on
molecules of the test set only and is defined as

where SD is the sum of the squared deviations between the
biological activities of the test set and mean activity of the
training set molecules and PRESS is sum of the squared
deviation between predicted and actual activity values for
every molecule in the test set.

Results and Discussion
The results of the CoMFA studies are summarized

in Table 4. From this table it is evident that the CoMFA-
derived QSAR shows a good cross-validated r2 and
therefore indicates a considerable predictive and cor-
relative capacity of the models. Initial analysis of model
A using alignment I yielded r2

cv of 0.630 (6 pc) and a

Table 3. Structures and Measured Activities of the Peptidic
ICE Inhibitors Used as Test Set

compd structure
biologicala

activity ref

T1 Zb-Phe-Ala-CH2-DCBc 2.70 16
T2 Ph(CH2)2C(O)-Val-Ala-Asp-CH2-O-

C(O)[2,6(CH3)2]Ph
6.08 13

T3 Alloc-Asp-CH2-O-C(O)-Ph 2.00 13
T4 Z-Val-Ala-Asp-CH2-PTPd 5.45 15
T5 Z-N(Me)Val-Ala-Asp-CH2-PTP 3.93 15
T6 Z-Val-Aze-Asp-CH2-PTP 4.66 15
T7 Z-Val-Ala-Asp-CH2-DPPe 5.07 16
T8 Z-Val-Asp-CH2-DMPf 4.09 16
a Expressed as the logarithm of the second-order rate constant

for inactivation. b Z ) benzyloxycarbonyl. c DCB ) (2,6-dichlo-
robenzoyl)oxy. d PTP ) (1-phenyl-3-(trifluoromethyl)pyrazol-5-
yl)oxy. e DPP ) (diphenylphosphinyl)oxy. f DMP ) (dimethylphos-
phinyl)oxy.

r2
cv ) 1 - PRESS/∑ (Y - Ymean)2

r2
pred ) (SD - PRESS)/SD

Interleukin 1-â Converting Enzyme Inhibitors Journal of Medicinal Chemistry, 1999, Vol. 42, No. 3 375



conventional r2 of 0.970. This analysis displayed a good
predictive ability with r2

pred(test 1) of 0.854. A high
bootstrapped (100 runs) r2 of 0.987 ( 0.005 adds a high
confidence limit to this analysis. Ionization of the P1
carboxylate (model B) seems to increase the internal
consistency of the model with r2

cv of 0.660 (6 pc) and a
conventional r2 of 0.965. The changes in steric and
charge distributions due to ionization result in better
representation of the data set. Figure 2 displays a plot
of fitted vs observed activities of the molecules used in
building a QSAR model, and the error bars depict the
residuals. In this analysis both steric and electrostatic
fields contribute to the QSAR equation by 73.6% and
26.4%, respectively, suggesting that variation in biologi-
cal activity of inhibitors is dominated by differences in
steric (van der Waals) interactions with the ICE active
site. This analysis predicted the activities of the mol-
ecules of test set 1 with r2

pred(test 1) of 0.836. A graph
depicting the plot of predicted vs observed activities of
the test set can be found in Figure 3.

Realignment of the compounds using rigid body field
fit (alignment II) decreased the significance of the

models. The analysis of model A yielded r2
cv of 0.520 (6

pc) and a conventional r2 of 0.983. This analysis
displayed a good predictive ability with r2

pred(test 1) of
0.859. It was hoped that by realigning the charged
molecules (model B) by rigid body field fit, the internal
consistency of the model would improve. But the analy-
sis of model B displayed a decreased r2

cv of 0.549 and a
conventional r2 of 0.940. A respectable degree of predict-
ability for the test set of molecules was produced with
r2

pred(test 1) of 0.728.
The analyses using ionized ligands (model B) show

high internal consistency as represented by cross-
validated r2 for both the alignments I and II. For both
the models, better cross-validated and conventional r2

values were obtained for alignment I as compared with
alignment II. This illustrates the sensitivity of the
CoMFA method to small changes in the orientation of
the molecules. Since the alignments used in the present
CoMFA study do not consider the entropic effects,32

precise conclusions cannot be drawn regarding the
binding modes of these ligands.

The leave-one-out cross-validation method might lead
to high r2

cv values which do not necessarily reflect a
general predictiveness of the models. Therefore, we have
performed cross-validation using two groups (leave-half-
out). In this method 50% of the compounds were
randomly selected and a model was generated, which
was then used to predict the activity of the remaining
50% of compounds. The random formation of the cross-
validation groups may have an effect on the results,
hence cross-validation was performed 100 times for all
the analysis. The mean r2

cv values were reported in
Table 5. The mean r2

cv values were slightly lower
compared to the values obtained with the leave-one-out
method. In no case were r2

cv values negative. The model
B with alignment I had the highest mean r2

cv value. The
results obtained suggest that there is a good internal
consistency in the underlying the data set.

The real test for model predictiveness is to predict the
activity of ligands which were not used in the model
generation. Our test set had 10 ligands which were
randomly kept aside as a test set (test set 1). The
CoMFA models exhibited a good predictiveness on these
ligands. To further corroborate the predictiveness of the
models we have predicted the activity of a set of 14
peptidomimetic ligands reported recently.43 These 14
ligands (test set 2) were not known to us when we began
this study. These ligands had benzoxapine acetamides,
Freidinger lactam, bicyclic turned dipeptide (BTD),
pipecolic acid, and pyridazinodiazepines as peptidomi-
metic surrogates (see Supporting Information). The
activity of these ligands was predicted using the CoMFA

Table 4. Summary of CoMFA Results

model A model B

alignment
I

alignment
II

alignment
I

alignment
II

r2
cv 0.630 0.520 0.660 0.549

SEP 0.816 0.929 0.782 0.963
r2 conventional 0.970 0.983 0.965 0.940
std error 0.230 0.177 0.251 0.314
no. of comp. 6 6 6 3
F value 175.347 299.881 146.869 182.474
P value 0.000 0.000 0.000 0.000
steric contrib 0.59 0.581 0.736 0.716
electrostatic contrib 0.41 0.419 0.264 0.284
r2

pred(test 1) 0.854 0.859 0.836 0.728
r2

pred(test 2) 0.751 0.789 0.742 0.693
r2

bs
a 0.987 0.993 0.983 0.947

SDa 0.005 0.004 0.008 0.015

a Results of bootstrapped analysis (100 samplings).

Figure 2. Calculated vs observed activity of the molecules of
the training set for the CoMFA analysis of model B using
alignment I; residuals are shown as error bars.

Figure 3. Predicted vs observed activity of the molecules of
the test set for CoMFA analysis of model B using alignment
I, residuals are shown as error bars.

Table 5. Summary of CoMFA Results with Cross-validation by
two Groups (Leave-Half-Out) and Randomized Biological
Activities

leave-half-out randomization

model A model B model A model B

Ia IIa I II I II I II

mean r2
cv

b 0.531 0.470 0.552 0.456 -0.185 -0.218 -0.232 -0.229
SDc 0.093 0.073 0.078 0.077 0.156 0.158 0.189 0.194
highest r2

cv 0.700 0.599 0.693 0.589 0.242 0.190 0.138 0.143
lowest r2

cv 0.195 0.202 0.300 0.253 -0.541 -0.737 -0.834 -0.916

a Alignment I and II. b Mean of all 100 runs. c Standard devia-
tion.
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models. A r2
pred(test 2) was calculated as stated earlier and

is reported in Table 4. The r2
pred(test 2) values obtained

suggest that the CoMFA models have good predictive
ability.

The ICE inhibitors used in the present study act by
forming a covalent bond with the Cys285 in which thiol
group of Cys285 of ICE acts as a neucleophile and
displaces the leaving group of the inhibitor in a SN2 type
reaction. To consider such interactions in CoMFA we
have included lowest unoccupied molecular orbital
(LUMO) energies of the inhibitors as a third regressor.
The analysis of the QSAR data table shows that LUMO
did not improve (data not shown) the statistical signifi-
cance. Multiple regression analysis of LUMO energies
with biological activity showed a r2 of 0.030. Inclusion
of ClogP,44 a physicochemical parameter for lipophilicity,
decreases the significance of the model (data not shown).
It is apparent that the steric and electrostatic fields
alone are adequate in CoMFA to characterize the
variance in biological activity of these ICE inhibitors.
A high bootstrap r2 (100 runs) in all the analyses adds
a high confidence limit to all the analyses. The correla-
tions obtained were not based on chance correlations
as can be seen from the cross-validated r2 value (Table
5). All of the analyses were repeated 100 times with
leave-one-out cross-validation each time after randomly
interchanging the biological activities (random permu-
tation testing) between the compounds. The means of
the 100 runs are reported in Table 5. In all the analyses
mean r2

cv values were negative. This indicates greater
than 99.9% likelihood that the relationship using correct
assignment of the biological activities did not arise by
chance.

To visualize the CoMFA steric and electrostatic fields
from PLS analysis, contour maps of the product of the
standard deviation associated with the CoMFA column
and coefficient (SD × coeff) at each lattice point were
generated. The contour maps are plotted as percentage
contribution to the QSAR equation and are associated
with the differences in biological activity. Though r2

cv
does not indicate a major difference in both the models,
the CoMFA contour maps generated for model B do
explain the structure-activity relationship of ICE in-
hibitors. Hence further interpretation of fields is based
on the results obtained from alignment I of model B. In
Figure 4A the regions of high and low steric tolerance
are shown in green and yellow polyhedra, respectively.
The areas of high steric bulk tolerance (80% contribu-
tion) are observed near P3 and P4 positions of the
ligands. The active compound 2 shown in Figure 4A has
valine and phenylalanine in these positions, respec-
tively. The enhanced inhibitory activity shown by the
compounds 1-7, 15, 20-22, 28, and 31-35 was due to
the presence of bulky groups in the P3 and P4 positions
surrounded by green contours in steric field plot. The
steric map also shows the presence of a green contour

in the vicinity of the leaving group of the inhibitors. This
contour was observed in the bottom of leaving group
binding pocket. The occupation of this area by a bulky
group will have a positive effect on the biological activity
as represented by compound 25, which has more activity
than compound 26 due to the presence of a bulky
diphenylphosphinoxy leaving group. A wide range of
residues are tolerated in the P2 subsite, but in the
present study sterically unfavored yellow regions were
observed near P2 subsite residue. The steric bulk in this
region has a negative effect on the activity as repre-
sented by low activity of the compounds 17 (Figure 4A),
29, and 30 that have a bulky phenyl or isobutyl
substituent embedded in this yellow polyhedra. How-
ever, low activity of these compounds could be due to
the absence of P1 aspartate residue. The CoMFA
contour maps are consistent with the active site of ICE.
The comparison of CoMFA contour plots and the active
site of ICE should be viewed very carefully as CoMFA
contour plots should not be overinterpreted as receptor
maps.17 The superimposition of CoMFA steric plots on
active site residues is shown in Figure 4B. The overlap-
ping residues of the ICE active site are given in Table
6. The sterically favorable green region was found to
occupy the cavities in the enzyme, whereas the sterically
unfavorable region overlaps with atoms of Val338,
Trp340, Arg341, His342, and Ser332.

CoMFA electrostatic fields are shown as blue and red
polyhedra in Figure 4C. A low electron density within
the inhibitors near blue and red polyhedra, respectively,
increases or decreases the activity. Though the electro-
static field contributions are less, a small change in
electrostatic interactions will have a considerable effect
on the activity. A predominant feature of the electro-
static field plot is the presence of a blue contour in the
vicinity of the amide protons of P1 and P3 residue.
Therefore, a low electron density in this area will have
a positive effect on the biological activity. These protons
are shown15 to be involved in hydrogen-bonding interac-
tions with the active site. The compounds 19 and 23
show low activity due to absence of free P1 or P3 amide
protons. A blue contour was observed near the C-2
substituent of 5-amino pyrimidin-6-one system of the
peptidomimetic inhibitors (Table 2). Therefore com-
pounds with electron-withdrawing substituents on the
C-2 carbon of 5-amino pyrimidin-6-one system show
more activity (compound 31 vs T10). The blue contours
were also observed near the leaving group, which
coincide with the sterically favorable green contour
observed at the bottom of the leaving group binding
pocket. Therefore the leaving group of the inhibitors
should have bulky substituents in the region of green
contours, and it should also contain electron-withdraw-
ing substituents. Such inhibitors can bind to ICE more
tightly, and thus the electron-withdrawing substituent
on the leaving group will reduce the electron density

Table 6. Overlap of the CoMFA Contour Maps and ICE Active Site Residues

CoMFA regions active site residues

1. sterically favored (green region) Ala284 (LGBb),a Ile282 (LGB), Gln283 (LGB), Pro343 (P3c), Val348 (P4d)
2. sterically unfavored (yellow region) Ser332 (LGB), Val338 (P2e), Trp340 (P2), Arg341 (P3), His342 (P3)
3. positive charge favoring (blue region) Cys285 (LGB), Gln283 (LGB), Ser332 (LGB), Gln385 (P3/P4)
4. negative charge favoring (red region) Arg179 (P1f), Arg341 (P1/P3)

a Letters in parentheses indicate the site in ICE active site. b LGB ) leaving group binding pocket. c P3 subsite. d P4 subsite. e P2
subsite. f P1 subsite.
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Figure 4. The CoMFA SD × coeff contour plots from the analysis of model B using alignment I. Steric contour plots: In panels A and B, favored (contribution level of 80%) and
unfavored (contribution level of 20%) areas are represented as green and yellow contours, respectively. Electrostatic contour plots: In panels C and D, positive (contribution level of
80%) and negative (contribution level of 20%) charge favoring areas are represented as blue and red contours, respectively. In panels A and C, active compound 2 (cyan) and low
active compound 17 (magenta) are shown, and in panels B and D, superimposition of steric and electorstatic contour plots on the active site of ICE are depicted.

378
J

ou
rn

al
of

M
ed

icin
al

C
h

em
istry,

1999,
V

ol.
42,

N
o.

3
K

u
lkarn

i
an

d
K

u
lkarn

i



around the methylene carbon of the methyl ketone
moiety making it more vulnerable for neucleophilic
attack. The intermolecular noncovalent interactions
between the nonreacting part of the inhibitor and the
active site of ICE may help to reduce the activation
energy of the reaction between the enzyme and inhibi-
tor. This suggests that the inherent structure of the
inhibitor and leaving group is important for inhibition
of ICE.

Very few high electron density favoring red regions
were observed in the electrostatic field map (Figure 4C).
A red polyhedra was observed near the P1 subsite.
Compounds 17 (Figure 4C), 29Z, 30, and 1T show poor
activity since they lack P1 carboxylate which is essential
for selectivity9 and high activity. The superimposition
of the electrostatic contour plot over the active site of
ICE is shown in Figure 4D. Blue contours were observed
near amino acid residues Cys285, Gln283, Ser332,
Gln385 that are favorable to the positive charge (Table
6). Red contours were observed near Arg179 and Arg341
that favor negative charge.

Conclusions

We have derived a 3D-QSAR model using the CoMFA
method to rationalize the ICE inhibitory activity of 49
compounds. The 3D-QSAR equation obtained using two
alignment rules showed a high correlative and predic-
tive ability. A high bootstrapped r2 value and small
standard deviations indicate that a similar relationship
exists in all compounds. Negative values of the cross-
validated r2 in the randomization test reveal that the
results were not based on chance correlation. Inclusion
of LUMO energies that reflect the donor-acceptor
interactions or ClogP, a lipophilicity parameter, did not
improve the significance of the CoMFA models. Clearly,
the steric and electrostatic fields of these compounds
are adequate descriptors for structure-activity relation-
ships. The CoMFA contour maps show a good compat-
ibility with the receptor properties even though the
conformations and alignments of the ligands were not
based on the receptor structure. In the present study
we have identified the importance of noncovalent in-
teractions of these inhibitors. The leaving group of the
compounds interacts in a hydrophobic pocket which
protrudes from the surface of Cys285,40 and such an
interaction seems to play a significant role in the
inactivation of ICE. This suggests that the inherent
structure of the inhibitor as well as of the leaving group
is important for biological activity. The structural
requirements of the inhibitors identified through the
CoMFA contour plots will help in designing new ICE
inhibitors with enhanced activity.
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