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A set of 100 novel 2-heterosubstituted statine derivatives inhibiting human immunodeficiency 
virus type-1 proteinase has been investigated by comparative molecular field analysis. In order 
to combine the structural information available from X-ray analyses with a predictive 
quantitative structure-activity relationship (QSAR) model, docking experiments of a prototype 
compound into the receptor were performed, and the 'active conformation' was determined. 
The structure of the receptor was taken from the published X-ray analysis of the proteinase 
with bound MVT-101, the latter compound exhibiting high structural similarity with the 
inhibitors investigated. The validity of the resulting QSARs was confirmed in four different 
ways. (1) The common parameters, namely, the cross-validated r2 values obtained by the leave-
one-out (LOO) method (r2

cv = 0.572-0.593), and (2) the accurate prediction of a test set of 67 
compounds (q2 = 0.552-0.569) indicated a high consistency of the models. (3) Repeated analyses 
with two randomly selected cross-validation groups were performed and the cross-validated r2 

values monitored. The resulting average r2 values were of similar magnitudes compared to 
those obtained by the LOO method. (4) The coefficient fields were compared with the steric 
and electrostatic properties of the receptor and showed a high level of compatibility. Further 
analysis of the results led to the design of a novel class of highly active compounds containing 
an additional linkage between Pi ' and P3'. The predicted activities of these inhibitors were 
also in good agreement with the experimentally determined values. 

Introduction 
The proteinase (PR) is a key enzyme in the life cycle 

of the human immunodeficiency virus (HW).1'2 It is 
responsible for proteolytic processing of the gag precur­
sor protein in the late stage of HIV replication. Thus 
the inhibition of HIV proteinase (HIV-PR) has become 
an important therapeutic target with potential useful­
ness for the chemotherapy of the acquired immune 
deficiency syndrome (AIDS).3-5 Recently, first evidence 
of clinical effectiveness of an HrV-PR inhibitor in HIV-
infected patients was reported.6 

Extensive work has been performed on this enzyme: 
In this context the structures of more than 170 different 
HIV-I proteinase/inhibitor complexes have been eluci­
dated by X-ray analysis.7 These studies clearly revealed 
that the proteinase is structurally conserved8 and highly 
independent from the cocrystallized inhibitor molecules. 
A single water molecule (herewith referred to water-
511) has been found in many of the complexes and 
appeared to be important for binding of the inhibitors 
of the enzyme via H-bond formation. Despite this large 
body of structural information, its predictive use in drug 
design has not yet been possible.8 In an attempt to 
overcome this obstacle, a combination of different 
computational chemistry methods, i.e., docking experi­
ments and 3D-quantitative structure—activity relation­
ships (3D-QSAR), was applied. 

Comparative molecular field analysis (CoMFA) is a 
well-established 3D-QSAR method which aims to es-
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tablish a relationship between biological activities of a 
set of compounds and their steric and electrostatic 
properties.9,10 After the selection of the 'active confor­
mation', 3D-representations of the molecules are gener­
ated correspondingly and superpositioned according to 
predefined rules. Consequently, the steric and electro­
static interaction energies between a probe atom of a 
given charge/size and each of the structures are calcu­
lated at the surrounding points of a predefined grid. In 
order to derive linear equations from the resulting 
highly underdetermined matrices, a regression method 
called partial least squares (PLS) is applied.11 This 
statistical method is not sensitive to possibly colinearity 
of the underlying descriptor matrix as it operates with 
latent variables and is usually applied in combination 
with cross-validation,12 in order to check for consistency 
(predictiveness) of the model under consideration. 

The main use of CoMFA studies is to predict the 
target properties (the biological activities) of newly 
designed compounds. Additionally, an inspection of 
displays of the CoMFA results may help in understand­
ing the steric and electrostatic features of the com­
pounds necessary for good activity, thus aiding in the 
design of new compounds. In particular, the QSAR 
coefficient contour maps give a 3D-display of the QSAR 
with its hundreds or thousands of terms (coefficients). 
By plotting contour maps of the coefficients of high 
magnitude, those regions can be identified in which 
structural (steric) or electrostatic modifications of the 
compounds have significant influence on the respective 
target property. Also very useful is the analysis of the 
so-called a-fields which reveal the areas of high- and 
low-electrostatic or steric-variability, indicating those 
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Table 1. Structures, Measured Activities, and Residuals of the Training Set 

R— A N ' ^ ^ ^ H B — R'" 
H OH O 

SDZ 

282215 
282310 
282311 
282312 
282314 
282327 
282329 
282349 
282350 
282351 
282365 
282366 
282382 
282388 
282389 
282390 
282391 
282392 
282395 
282396 
282412 
282423 
282429 
282450 
282453 
282455 
282456 
282457 
282479 
282480 
282518 
282529 
282539 
282540 
282541 
282542 
282547 
282558 
282632 
282658 
282659 

282664 
282666 
282700 
282701 
282713 
282714 
282747 
282748 
282749 
282751 
282752 
282753 
282756 
282779 
282796 
282797 
282807 

282808 

282822 
282823 
282824 
282825 

R' 

PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
Boc 
H 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
Boc 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
2-quinolinoyl 
PhCH2OCO 
2-PyCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
Boc 
2-quinolinoyl 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
2-quinolinoyl 
PhCH2OCO 
PhCH2OCO 
Boc 
3-methyl-(2S)-

hydroxybutanoyl 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
2-pyridylCH2OCO 
PhCH2OCO 
PhOCH2CO 
PhOCH2CO 
PhOCH2CO 
Boc 
H 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
(2S)-PhCH2CH(OH)CO 
9-(fluorenyl)CH2OCO 
PhCH2OCO 

PhCH2OCO 

PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 

A 

VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
lie 
Abu 
VaI 
VaI 
VaI 
GIn 
Leu 
Ala 
Asn 
bond 
VaI 
VaI 
VaI 
Ser 
VaI 
His 
VaI 
t-Leu 
VaI 
VaI 
VaI 
bond 
VaI 
VaI 
VaI 
VaI 
Asn 
VaI 
VaI 
bond 
bond 

VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
t-Leu 
Asn 
VaI 
i-Leu 
t-Leu 
VaI 
VaI 
VaI 
t-Leu 
t-Leu 
VaI 

VaI 

VaI 
VaI 
VaI 
VaI 

R" 

HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HN(CH2)3CH3 

HNPh 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HN(cyclohexyl) 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HN(CHa)2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HN(CH2)2-2-indolyl 
HNCH2-l-naphthyl 
HNCH2-3-pyridyl 
SCH2Ph 
HNCH2Ph 
SCH2Ph 
HN(CH2)2-2-pyridyl 
HNCH2-P-(OCH3)Ph 
HNCH2Ph 
HNCH2-P-(Cl)Ph 
HN(CH2)2-p-(OH)Ph 
HNCH2Ph 
HNCH2Ph 

HNCH2-P-(Cl)Ph 
HNCH2-m-(OCH3)Ph 
p-(HN)biphenyl 
p-(HN)biphenyl 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-P-(Br)Ph 
HNCH2-p-(Br)Ph 
HNCH2Ph 
HNCH2Ph 
czs-HN(4-hydroxy-

cyclohexyl) 
trarcs-HN(4-hydroxy-

cyclohexyl) 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 

B 

VaI 
lie 
Leu 
VaI 
VaI 
VaI 
VaI 
Asn 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
t-Leu 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
bond 
VaI 

VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
bond 
bond 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 

VaI 

VaI 
VaI 
VaI 
VaI 

R'" 

HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
OC2H5 
HNC(CH3)3 

HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-2-pyridyl 
HNCHa-3-pyridyl 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-4-pyridyl 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-2-pyridyl 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 

HNCH2-2-pyridyl 
HNCH2-2-benzimidazolyl 
HNCH2Ph 
HNCHa-2-benzimidazolyl 
HNCHa-2-pyridyl 
HNCH2-p-(Br)Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-2-benzimidazolyl 
HNCH2-2-benzimidazolyl 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 

HNCH2Ph 

HN(CH2)2-3-indolyl 
OCH3 

OCH2-2-benzimidazolyl 
5-nitro-2-(OCH2)-

biol 
act0 

-0 .79 
-1 .64 
-1 .04 
-3 .08 
-1 .86 
-1 .36 
-0 .84 
-1 .62 
-1 .08 
-1 .13 
-0 .92 
-1 .23 
-1 .53 
-2 .33 
-2 .87 
-1 .65 
-1 .81 
-1 .53 
-1 .02 
-2 .20 
-1 .04 
-1 .53 
-1 .30 
-2 .18 
-1 .01 
-1 .46 
-0 .93 
-0 .96 
-1 .79 
-1 .41 
-0 .85 
-1 .43 
-1 .63 
-1 .00 
-2 .30 
-0 .87 
-1 .38 
-1 .23 
-1 .48 
-3 .40 
-2 .90 

-0 .81 
-0 .99 
-1 .77 
-0 .95 
-1 .43 
-1 .18 
-1 .20 
-2 .93 
-2 .14 
-2 .62 
-1 .96 
-1 .11 
-1 .18 
-1 .36 
-1 .18 
-1 .20 
-3 .15 

-3 .23 

-1 .03 
-3 .04 
-1 .46 
-1 .48 

i 

1 

0.30 
-0 .05 

0.11 
-0 .50 

0.37 
-0 .37 

0.05 
0.54 

-0 .09 
0.10 
0.23 
0.14 
1.10 
0.20 

-0 .37 
-0 .08 
-0 .42 
-0 .13 

0.34 
-0 .40 

0.15 
-0 .04 

0.10 
-0 .68 

0.48 
-0 .01 

0.28 
0.11 
0.12 
0.27 
0.23 
0.15 

-0 .27 
0.28 

-0 .76 
0.05 

-0.30 
-0 .08 

0.08 
0.02 

-0 .38 

0.24 
0.11 
0.03 
0.07 

-0 .35 
-0 .19 
-0 .02 
-0 .17 

0.72 
-0 .28 

0.24 
-0 .08 
-0 .28 
-0 .25 
-0 .09 

0.06 
-0 .48 

-0 .42 

0.55 
-0 .20 
-0 .35 
-0 .20 

•esiauar 
6 

0.20 
-0 .13 
-0 .14 
-0 .30 

0.37 
-0 .25 

0.16 
0.39 

-0 .06 
-0 .08 

0.23 
0.13 
0.94 
0.20 

-0 .22 
-0 .13 
-0 .29 
-0 .03 

0.27 
-0 .09 

0.05 
0.06 
0.04 

-0.55 
0.49 
0.14 
0.18 
0.04 
0.09 
0.29 
0.06 

-0 .07 
-0 .14 

0.15 
-0 .38 
-0 .03 
-0 .01 
-0 .25 

0.21 
-0 .07 
-0 .11 

0.25 
0.14 

-0 .07 
0.07 

-0 .28 
-0 .33 

0.01 
-0 .21 

0.63 
-0 .27 

0.38 
-0 .06 
-0 .41 
-0 .39 

0.10 
0.11 

-0 .67 

-0 .52 

0.35 
-0 .07 
-0 .06 
-0 .11 

9 

0.22 
-0 .16 
-0 .12 
-0.50 

0.44 
-0 .23 

0.27 
0.39 
0.04 

-0 .04 
0.22 
0.11 
0.82 
0.02 

-0 .11 
-0 .17 
-0 .32 
-0 .05 

0.17 
0.00 
0.12 
0.07 
0.00 

-0 .62 
0.32 
0.16 
0.18 

-0 .04 
0.09 
0.31 
0.13 
0.08 

-0 .24 
0.20 

-0 .30 
-0 .07 
-0 .10 
-0 .25 

0.29 
0.11 
0.02 

0.34 
0.32 

-0 .09 
0.28 

-0 .20 
-0 .28 
-0 .02 
-0 .21 

0.74 
-0 .52 

0.45 
0.10 

-0 .22 
-0 .39 
-0 .07 

0.03 
-0 .78 

-0 .69 

0.40 
-0 .24 
-0 .19 
-0 .18 

benzimidazolyl 
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Table 1 (Continued) 

SDZ 

282826 

282828 
282832 
282833 
282834 
282835 
282870 
282915 
282916 
282939 
282943 
282944 
282946 
282967 
282969 
282978 
282979 
282981 
282985 
282987 
283004 
283005 
283010 
283011 
283012 
283013 
283043 
283044 
283045 
283046 
283047 
283051 
283052 
283053 
283054 
283055 

R' 

PhCH2OCO 

BocNH(CH2)6CO 
PhCH2OCO 
PhCH2OCO 
PhNCH3CO 
CH3(CH2)TOCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
p-(OH)Ph(CH2)2CO 
PhCH2OCO 
H2N(CH2)6OCO 
Boc 
Boc 
H 
4-f-2-benzimidazolyl 
C 

2-pyridylCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
Boc 
PhCH2OCO 
PhCH2OCO 
PhCH2OCO 
(2-benzimidazolyl)-

CH2N(CH3)CO 

A 

VaI 

VaI 
bond 
t-Leu 
t-Leu 
t-Leu 
VaI 
VaI 
VaI 
t-Leu 
t-Leu 
VaI 
bond 
bond 
bond 
t-Leu 
t-Leu 
t-Leu 
VaI 
VaI 
VaI 
t-Leu 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
t-Leu 
t-Leu 
bond 
t-Leu 
t-Leu 
(-Leu 
VaI 

R" 

HNCH2Ph 

HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-P-(Cl)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(Cl)Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-P-(OCH3)Ph 
HNCH2Ph 
HNCH2-P-(Cl)Ph 
HNCH2-P-(Cl)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-m,p-(OCH3)2Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2Ph 
HNCH2Ph 
HNCH2-P-(OCH3)Ph 
HNCH2Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 
HNCH2-P-(OCH3)Ph 

B 

VaI 

VaI 
bond 
bond 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
bond 
VaI 
VaI 
bond 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
VaI 
GIy 
bond 
bond 
bond 
bond 
bond 
bond 
VaI 

R'" 

5,6-dichloro-2-(OCH2)-
benzimidazolyl 

HNCH2Ph 
HNCH2Ph 
OC2H6 
HNCH2Ph 
HNCH2Ph 
HNCH2-2-benzimidazolyl 
HN(CH2)2-2-morpholinyl 
HN(CH2)2-p-(OH)Ph 
HNCH2Ph 
(IS)-HNCHPhCH2OH 
HNCH2Ph 
HNCH2-2-benzimidazolyl 
HNCH2-2-benzimidazolyl 
HNCH2-2-benzimidazolyl 
HNCH2Ph 
HNCH2Ph 
HNCH2Ph 
(IS)-HNCH(Ph)CH2OH 
d 
HNCH2-2-benzimidazolyl 
HNCH2-2-benzimidazolyl 
HN-2-benzothiazolyl 
HNCH2-2-benzimidazolyl 
HNCH2-O ,P-(OCHs)2Ph 
2(HN)benzimidazolyl 
e 
HN(CH2)2-pMS02NH2)Ph 
HNCH2-2-benzimidazolyl 
HN((2R)-hydroxyindan-(lS)-yl) 
HN((2S)-hydroxyindan-(LR)-yl) 
HN((2i?)-hydroxyindan-(lS)-yl) 
(IS)-HNCH(Ph)CH2OH 
HN((2fl)-hydroxyindan-(lS)-yl) 
HN((2S)-hydroxyindan-( li?)-yl) 
HNCH2Ph 

biol 
act° 

-1.36 

-1.32 
-3.43 
-2.66 
-2.81 
-1.15 
-0.53 
-1.38 
-1.26 
-1.11 
-2.03 
-1.52 
-1.04 
-3.36 
-2.26 
-1.43 
-1.04 
-0.92 
-1.15 
-2.74 
-0.79 
-0.88 
-1.02 
-1.01 
-0.62 
-1.00 
-1.18 
-1.15 
-1.19 
-1.16 
-3.20 
-2.17 
-1.56 
-0.98 
-3.26 
-1.01 

residual6 

1 

-0.15 

-0.03 
0.12 
0.04 

-0.67 
0.02 
0.16 

-0.16 
-0.12 

0.02 
-0.02 
-0.04 

0.61 
-0.39 
-0.11 
-0.12 

0.28 
0.27 
0.07 

-0.31 
0.15 

-0.07 
0.04 

-0.25 
0.43 

-0.03 
0.14 

-0.02 
-0.18 

0.37 
0.38 

-0.40 
0.10 
0.15 
0.04 
0.06 

6 

0.01 

0.17 
-0.05 

0.27 
-0.67 

0.11 
0.09 

-0.19 
-0.12 

0.15 
-0.33 

0.17 
0.43 

-0.33 
-0.11 
-0.05 

0.07 
0.26 
0.12 

-0.31 
-0.02 
-0.20 

0.14 
-0.32 

0.46 
-0.01 

0.15 
-0.19 
-0.25 

0.31 
0.30 

-0.40 
-0.05 

0.23 
0.11 

-0.04 

9 

-0.09 

0.03 
0.14 
0.23 

-0.93 
-0.08 

0.22 
-0.28 
-0.15 

0.05 
-0.39 

0.08 
0.64 

-0.21 
0.15 

-0.33 
0.22 
0.20 
0.14 

-0.37 
0.18 

-0.09 
0.09 

-0.16 
0.59 
0.05 
0.25 

-0.17 
-0.10 

0.31 
0.19 

-0.27 
-0.18 

0.12 
-0.07 
-0.14 

a Biological activity expressed as -log K{. 6 Residuals for the predicted activities based on the non-cross-validated analyses of 1, 6, and 
9.c (2,5-Dioxoimidazolidin-4-yl)CH2CO. d 0(CH2)2N[24-dioxo-l-(2-hyd^oxyethyl)-5-methyl-li?-pyrimidin-2-yl].e HN(2,3-dihydrobenzo[l,4]dioxin-
6-yl). 

Table 2. Structures, Measured Activities, and Residuals of the Training and Test Sets 

R R 

OH O 

SDZ R' R" * R'" B R"" 
biol 
act0 

residual6 

1 6 9 

282730= PhCH2OCO-VaI (CH2)2Ph 
282364^ PhCH2OCO-VaI CH2Ph 
282665d PhCH2OCO-VaI 
283186"* Boc 
283194d Boc 
283253d PhCH2OCO-VaI 
283489"* PhCH2OCO-VaI CH2Ph 

CH2Ph R 
CH2-p-(OCH3)Ph R 
CH2-p-(OCH3)Ph R 
CH2Ph R 

R HNCH2-P-(Cl)Ph VaI 
S HNCH2Ph VaI 

HNCH2-m-(OCH3)Ph VaI 
HNCH2-P-(Cl)Ph bond 
HNCH2-P-(Cl)Ph VaI 
HN(CH2)2-p-(OCH3)Ph VaI 

HNCH2-2-benzimidazolyl -1.23 
HNCH2-3-pyridinyl -2.15 
HNCH2Ph -0.98 
OC2H5 -3.57 
HNCH2-2-benzimidazolyl -0.95 
HNCH2-2-benzimidazolyl -1.10 

0.10 
-0.92 

0.44 
-0.58 

0.63 
-0.07 

0.15 
-1.06 

0.67 
-0.42 

0.64 
0.06 

0.08 
-1.10 

0.66 
-0.50 

0.43 
-0.11 

R (2S)-HNCH2CH(OH)Ph VaI HNCH2-2-benzimidazolyl -1.45 -0.19 -0.17 -0.32 

° Biological activity expressed as -log K\.6 Residuals for the predicted activities based on the non-cross-validated analyses of 1, 6, and 
9.c Member of the training set. d Member of the test set. 

regions where the structural and electrostatic modifica­
tions in the underlying data set are high. 

The determination of the 'active conformation' of the 
compounds under investigation is recognized to be the 
crucial step in CoMFA. If the receptor is structurally 
available, this information can be obtained either from 
X-ray data directly or by docking experiments of a 
reference molecule. Other options include a pharma-
cophoric analysis of the most active compounds or the 
'active analog approach'.1314 Although these 'inhibitor-
based' methods for determination of an active conforma­

tion aim to create a high level of internal consistency, 
it is not guaranteed that the receptor-bound conforma­
tion will be deduced. Therefore, the 'receptor-based' 
approach was chosen for the current study: We made 
use of the published X-ray structure of the HIV-I 
proteinase/MVT-101 complex15 and replaced the inhibi­
tor by our prototype compound SDZ-282870 for docking 
experiments in order to derive the 'active conformation'. 
Based on this template, the 3D-structures of all the 
other compounds were generated, and a CoMFA study 
was performed. To check the validity of such an 
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Table 3. Structures, Measured Activities, and Residuals of The Test Set 

Kroemer et al. 

SDZ R' 

283134 PhCH2OCO 
283143 (2S)-PhCH2CH(OH)CO 
283206 PhCH2OCO 
283209 PhCH2OCO 

283239 PhCH2OCO 
283240 PhCH2OCO 

283245 Boc 

283249 PhCH2OCO 
283254 PhCH2OCO 

283260 (2-benzimidazolyl)-
(CHa)2CO 

283261 PhCH2CH(A)OHCO 

283262 Boc 
283263 (p-hydroxyphenyl)-

(CHa)2CO 
283265 PhCH2OCO 

283266 PhCH2OCO 

283267 PhCH2OCO 

283268 PhCH2OCO 

283321 PhCH2OCO 

283336 Boc 

283337 Boc 
283341 PhCH2OCO 
283342 PhCH2OCO 
283343 PhCH2OCO 

283353 PhCH2OCO 

283356 Boc 

283364 H 
283365 PhCH2OCO 
283366 Boc 
283374 PhCH2OCO 
283378 PhCH2OCO 
283406 Boc 

283407 Boc 

283410 PhCH2OCO 

283412 PhCH2OCO 

283424 2-imidazo[4,5-c]pyridyl-
CH2OCO 

283426 2-imidazo[4,5-c]pyridyl-
CH2OCO 

283434 PhCH2OCO 

283436 PhCH2OCO 
283440 PhCH2OCO 
283441 PhCH2OCO 
283451 PhCH2OCO 

283471 (3-iodo-4-hydroxyphenyl> 
(CHa)2CO 

A 

t-Leu 
t-Leu 
VaI 
VaI 

VaI 
VaI 

bond 

VaI 
VaI 

VaI 

t-Leu 

VaI 
t-Leu 

t-Leu 

t-Leu 

t-Leu 

t-Leu 

VaI 

bond 

bond 
VaI 
VaI 
VaI 

VaI 

bond 

bond 
Phg 
bond 
VaI 
VaI 
bond 

bond 

t-Leu 

i-Leu 

t-Leu 

R - A - N 

R" 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

0(CH2)2(4-
morpholinyl) 

OCH3 

OCH3 

H 

OCH3 

OCH3 

OCH3 

0(CH2)2-4-
morpholinyl 

0(CH2)2-4-
morpholinyl 

0(CH2)a-4-
morpholinyl 

0(CH2)2-4-
morpholinyl 

OCH3 

0(CH2)2OH 

0(CH2)20H 
OCH3 

OC2H5 

OCH3 

OCH3 

OC2H5 

OCH3 

H 
OCH3 

OCH3 

OCH3 

CH2NHCO(CH2)2-2 
benzimidazolyl 

CH2NHCO(CH2)2-2. 
benzimidazolyl 

0(CH2)2OH 

OC2H6 

OCH3 

(D)t-Leu OCH3 

VaI 

VaI 
t-Leu 
t-Leu 
VaI 

- t-Leu 

OCH3 

OCH3 
OC2H5 
0(CHa)2OH 
OCH3 

OCH3 

OH O 

B 

VaI 
VaI 
VaI 
VaI 

VaI 
VaI 

bond 

GIy 
VaI 

VaI 

bond 

VaI 
VaI 

bond 

bond 

bond 

bond 

bond 

bond 

bond 

— B — R " 

R'" 

HNCH2-2-benzimidazolyl 
HNCH2-2-benzimidazolyl 
6-(HN)benzothiazolyl 
2-(HN(CH2)2HN)-5-

nitropyridinyl 
HN(CH2)2N(CH3)2 

HNCH2-4-([l,2,3]thiadiazolyl)-
phenyl 

HN((2fl)-hydroxyindan-( lS)-yl) 

HN(4-amino-3-pyridinyl) 
HN(4-hydroxy-6-methyl-2-

pyrimidinyl) 
HNCH2Ph 

HN((2R)-hydroxyindan-
(lS)-yl) 

HNCH2-2-benzimidazolyl 
HNCH2-2-benzimidazolyl 

HN((2R)-hydroxyindan-
(lS)-yl) 

HNCH2Ph 

(IS)-HNCH(Ph)CH2OH 

(IS)-HNCH(Ph)CH2OH 

HN(CH2)2NHCH2-2-
benzimidazolyl 

HN((2R)-hydroxyindan-
(lS)-yl) 

HNCH2Ph 
GIu(OMe) HNCH2-2-benzimidazolyl 
VaI 
bond 

VaI 

bond 

VaI 
VaI 
VaI 
VaI 
VaI 

• bond 

• bond 

bond 

bond 

VaI 

VaI 

bond 

VaI 
bond 
bond 
VaI 

VaI 

HNCH2-2-benzimidazolyl 
HN(CH2)2CONHCH2-2-

benzimidazolyl 
HNCH2-2-cyclohexan-

(LR)-ol 
HN((2iJ)-hydroxyindan-

(lS)-yl) 
HNCH2-2-benzimidazolyl 
HNCH2Ph 
HNCH2-2-benzimidazolyl 
HNCH2-l-benzotriazolyl 
HN(CH2)a-l-benzimidazolyl 
HNCH2Ph 

HN((2J?)-hydroxyindan-
(lS)-yl) 

HN((2.R)-hydroxyindan-
(lS)-yl) 

HN((2iJ)-hydroxyindan-
(lS)-yl) 

HNCH2-2-benzimidazolyl 

HNCH2-2-benzimidazolyl 

HNCH2-2-hydroxy-4-
methoxyphenyl 

HN(CH2)a-l-imidazolyl 
HNCH2Ph 
HNCH2Ph 
HNCH2-2-hydroxy-4-

methoxyphenyl 
HNCH2-2-benzimidazolyl 

biol 
act" 

-0 .66 
-0 .78 
-1 .20 
-0 .98 

-1 .41 
-1 .15 

-2 .11 

-3 .18 
-1 .20 

-1 .00 

-1 .15 

-1 .32 
-1 .11 

-0 .98 

-1 .84 

-2 .11 

-2 .00 

-3 .11 

-1.90 

-3 .08 
-1 .04 
-1 .38 
-1 .67 

-1.20 

-1 .96 

-2 .36 
-1 .71 
-0 .89 
-1 .18 
-1 .28 
-2 .83 

-1 .61 

-1 .20 

-1.00 

-1 .28 

-2 .65 

-3 .48 

-1 .46 
-1 .57 
-1 .53 
-1 .15 

-0 .63 

residual6 

1 

-0 .12 
-0 .31 

0.40 
0.29 

-0 .18 
-0 .17 

0.05 

-1 .09 
0.28 

0.41 

-0 .06 

0.66 
-0 .67 

0.45 

0.09 

-0 .32 

0.02 

-2 .13 

0.06 

-0 .67 
-0 .24 
-0 .60 
-0 .83 

-0 .51 

-0 .08 

1.57 
-0 .46 

0.54 
0.14 
0.05 

-1 .57 

-0 .57 

0.06 

0.19 

-0 .67 

-1 .34 

-0 .99 

-0 .07 
-0 .03 

0.07 
-0 .11 

-0 .28 

6 

-0 .10 
-0 .23 

0.47 
0.21 

-0 .05 
-0 .33 

0.27 

-1 .17 
0.43 

0.22 

0.03 

0.52 
-0 .68 

0.26 

-0 .41 

-0 .21 

-0 .22 

-1 .97 

0.16 

-0 .34 
-0 .06 
-0 .56 
-0 .52 

-0 .07 

0.26 

2.13 
-0 .69 

0.60 
0.19 

-0 .01 
-1 .79 

-0 .93 

-0 .01 

0.31 

-0 .88 

-0 .72 

-0 .91 

-0 .08 
0.12 
0.03 

-0 .26 

-0 .27 

9 

-0.17 
-0.24 

0.41 
0.10 

-0 .03 
-0.40 

0.10 

-1 .25 
0.57 

0.22 

0.17 

0.52 
-0 .73 

0.22 

-0 .33 

-0 .21 

-0 .15 

-2 .37 

0.10 

-0 .46 
-0 .22 
-0 .73 
-0 .69 

-0 .01 

0.15 

1.86 
-0 .68 

0.39 
0.00 

-0 .01 
-1 .90 

-1.10 

0.07 

0.36 

-0 .96 

-0 .71 

-0 .84 

-0 .07 
0.22 
0.14 

-0 .39 

-0 .31 
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SDZ 

283472 
283478 
283479 

283480 

283481 
283490 

283494 

283497 

283498 

283516 

283519 

283520 
283521 

283522 

283532 

283537 
283549 

283550 

283559 
283560 
283567 
283568 
283569 
283570 

283573 
283579 

283580 

R' 

H 
PhCH2OCO 
[4-bis(benzylphosphono)-

phenyl]-(CH2)2CO 
(4-phosphonophenyl)-

(CH2)2CO 
Boc 
PhCH2OCO 

PhCH2OCO 

Boc 

PhCH2OCO 

PhCH2OCO 

Boc 

Boc 
Boc 

Boc 

PhCH2OCO 

PhCH2OCO 
PhCH2OCO 

PhCH2OCO 

H 
PhCH2OCO 
PhCH2OCO 
Boc 
2-quinolinoyl 
Boc 

PhCH2OCO 
(imidazo[l,2-a]-

pyrimidin-2-yl)C0 
Boc 

A 

i-Leu 
VaI 

• i -Leu 

i-Leu 

bond 
VaI 

VaI 

bond 

i-Leu 

i-Leu 

bond 

bond 
bond 

bond 

i-Leu 

VaI 
i-Leu 

i-Leu 

bond 
VaI 
VaI 
bond 
i-Leu 
bond 

VaI 
i-Leu 

i-Leu 

R" 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

OCH3 

CH2NHCO(CH2)2-2-
benzimidazolyl 

CH2NHCO(CH2)2-2-
benzimidazolyl 

CH2NHCO(CH2)2-2-
benzimidazolyl 

CH2NHCOOCH2Ph 

0(CH2)2OH 
CH2NHCOCH3 

CH2NHCONHPh 

CH2NHCOOCH2Ph 

OCH3 

CH2NHCONHPh 

CH2NHCOCH3 

OCH3 

CH2NH2 

CH2NHCH2Ph 
OCH3 

Br 
OCH3 

CH2NHCOPh 
OCH3 

OCH3 

B 

VaI 
bond 
VaI 

VaI 

bond 
GIu(OMe) 

VaI 

bond 

bond 

bond 

bond 

bond 
bond 

bond 

bond 

VaI 
bond 

bond 

Phg 
bond 
bond 
VaI 
VaI 
VaI 

bond 
bond 

bond 

R'" 

HNCH2-2-benzimidazolyl 
(2.R)-HNCH2CH(OH)Ph 
HNCH2-2-benzimidazolyl 

HNCH2-2-benzimidazolyl 

NH2 

HNCH2-2-hydroxy-4-
methoxyphenyl 

HNCH2-2-imidazo[4,5-c]-
pyridyl 

(IS)-HNCH(Ph)CH2OH 

HNCH2Ph 

HN(( IR )-hydroxyindan-
(lS)-yl) 

HNf (IR )-hydroxyindan-
(LS)-yl) 

HN-1-indanyl 
HN( (2R )-hydroxyindan-

(lS)-yl) 
HN(( 2R )-hydroxyindan-

(lS)-yl) 
HN((2i?)-hydroxyindan-

(LS)-yl) 
HN(CH2)2-2-benzimidazolyl 
HN( (2R )-hydroxyindan-

(lS)-yl) 
HN((2i?)-hydroxyindan-

(LS)-yl) 
HNCH2-2-benzimidazolyl 
OC2H5 

OC2H5 

N(CH3)CH2-2-benzimidazolyl 
HNCH2-2-benzimidazolyl 
HNCH2-2-imidazo[4,5-c]-

pyridyl 
OC2H5 

HN((2i?)-hydroxyindan-
(lS)-yl) 

HN((2.R)-hydroxyindan-
(lS)-yl) 

biol 
act" 

-0 .89 
-3 .40 
-0 .72 

-0 .89 

-3 .66 
-0 .78 

-0 .62 

-3 .40 

-1 .73 

-0 .61 

-1 .28 

-2 .89 
-1 .85 

-1 .52 

-1 .00 

-0 .95 
-0 .52 

-0 .76 

-1 .95 
-3 .43 
-3 .28 
-1 .08 
-0 .75 
-1 .18 

-2 .97 
-1 .36 

-2 .32 

residual6 

1 

0.66 
-1 .25 
-0 .49 

-0 .55 

-0 .79 
0.34 

0.13 

-2 .24 

-1 .25 

-0 .38 

-0 .27 

-0 .53 
0.24 

0.18 

-0 .74 

0.19 
0.49 

0.68 

1.80 
-1 .03 
-1 .76 

0.25 
0.25 
0.18 

-1 .12 
-0 .21 

-0 .67 

6 

0.76 
-1 .36 
-0 .26 

-0 .41 

-0.50 
0.62 

0.18 

-2 .50 

-1 .59 

-0 .71 

-0 .61 

-0 .34 
0.32 

0.28 

-1 .29 

0.23 
0.27 

0.58 

2.93 
-1 .57 
-1 .09 

0.32 
-0 .22 

0.27 

-0 .98 
0.11 

-0 .56 

9 

0.57 
-1 .13 
-0.30 

-0 .45 

-0 .48 
0.43 

0.08 

-2.64 

-1.54 

-0 .73 

-0 .69 

-0 .34 
0.17 

0.10 

-1.20 

0.10 
0.23 

0.58 

2.57 
-1 .31 
-1 .07 

0.20 
-0 .21 

0.07 

-0 .66 
1.07 

-0 .42 

a Biological activity expressed as -log K[. b Residuals for the predicted activities based on the non-cross-validated analyses of 1, 6, 
and 9. 

approach, the results obtained were then compared with 
the active site of the proteinase. In the present study, 
different CoMFA models were generated for a t ra in ing 
set of 100 compounds. Subsequently a tes t set of 75 
inhibitors was predicted using the best analyses. Fi­
nally, after the evaluation of the models, the resul ts 
were analyzed and novel inhibitor types were designed. 

M e t h o d s 

The compounds belonging to the class of 2-heterosubstituted 
statine derivatives were synthesized and tested for enzyme 
inhibition according to previously described methods.16 En­
zyme inhibition is expressed as the negative logarithm of the 
IC50 (Tables 1-3). 

For the docking experiments, we made use of the published 
X-ray structure of the HIV-I proteinase/MVT-101 complex.15 

The inhibitor was removed and compound SDZ-282870 manu­
ally built into the active site. Subsequently, the resulting 
complex was partially minimized. The protein backbone and 
all side chains, except the residues constituting the active site 
(residues 8-18, 23-32, 46-56, 76-87, 108-110, 123-132, 
146-156, 176-187), were excluded from the minimization as 
performed in two steps. First, distance constraints corre­
sponding to a set of hydrogen bonds (Figure 1) were applied. 
These were removed before the second cycle. The DISCOVER 

force field was used and the conjugate gradient minimization 
technique applied;17 convergence criteria were set to be 0.001 
kcal/A. 

The compounds were built starting from the docked struc­
ture of SDZ-282870 using SYBYL 6.0 and 6.0418 and their 
structures minimized using the standard TRIPOS force field 
without electrostatics, applying the Powell minimization 
technique.1920 The convergence criteria were set to be an 
energy change of <0.05 kcal/mol in two consecutive steps. 
Finally, the compounds were refitted to SDZ-282870 using the 
carbonyl functions (C and O) in Pi and Pi' which form H-bonds 
to water-511. 

In order to find a quick and reliable charge calculation 
method,21 a comparison of semiempirical (MNDO, AMI) with 
empirical procedures (Gasteiger-Marsilli, Gasteiger-Hiickel, 
Delre, Pullmann) was performed for molecule SDZ-282870.22"27 

Of the empirical methods, the Gasteiger-Marsilli approach 
showed the highest correlation (Table 4) with the semiempiri­
cal ones and was, therefore, selected for the calculation of 
partial charges. 

The CoMFA region was defined to extend the Van der Waals 
radii of the assembly of superimposed molecules by 4 A along 
the principal axes of a Cartesian coordinate system. The grid 
space was set to 2 A, and as a probe atom served a C sp3 with 
a formal charge of +1. The maximum field values were 
truncated to 30 kcal/mol for the steric and +/-30.0 kcal/mol 
for the electrostatic interaction energies. For the points 'inside' 
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Waler-511 
GLY-48 

Kroemer et al. 

GLY-48' 

ASP-29 

GLY-27 ASP-25' 
ASP-25 

F i g u r e 1. Results of the docking experiments with SDZ-282870. The lines indicate the H-bonds used as distance constraints; 
the distances shown represent the final values after minimization. Nomenclature of substi tuents is according to Schechter and 
Burger.34 

Table 4. Correlations of the Net Atomic Charges for 
SDZ-282870 Using Different Calculation Methods 

method MNI)O AMI PM3 

Gasteiger-Marsili 
Gasteiger-Huckel 
Delre 
Pullmann 

0.865 
0.827 
0.649 
0.717 

0.686 
0.647 
0.569 
0.572 

0.373 
0.392 
0.247 
0.357 

the molecule (determined by a steric energy value of 30 kcal/ 
moll, no electrostatic energy was calculated. These field values 
were set to the mean of t he corresponding column in the 
subsequent PLS analyses. In addition to calculating the 
energy values at the grid points (the standard procedure), a 
second method, referred to as volume averaging (vol avg), was 
applied.28 The interaction energy at a given grid point was 
replaced by the mean of the values at the surrounding points, 
the latter ones being located at the vertices of a cube, one-
third of the grid spacing away from the point in its center. In 
order to speed up the analysis and reduce the amount of 
noise,21 a column filter was used excluding the columns with 
a variance smaller than 1.0 or 2.0 ('minimum </). Equal 
weights for the steric and electrostatic descriptors were 
assigned using the CoMFA scaling option.21 

The overall quality of the analyses was expressed by the 
corresponding cross-validated r2 value (r2

fvl which is defined 

as 

2 = SD - P R E S S 
r c v SD (1) 

where SD is the variance of the biological activities of the 
molecules around the mean value. "PRESS" represents the 
sum of the squared differences between the predicted and 
actual target property values for every compound. By defini­
tion, the He, can take up values in the range from -°° to 1.0. 
The ideal value of 1.0 is reached when "PRESS" becomes 0.0 
(i.e., the internal prediction is perfect). Therefore, the r2

cv is 
considered to be a very critical indicator for the internal 
consistency of the analyses. The calculation of the predictive 
r2 value (q2) was based on the molecules in the test set and 
defined in analogy to the r2

cv. SD is the variance of the 
biological activities of the molecules in the test set around the 
mean activity of the training set molecules. 

The number of cross-validation groups was set either equal 
to the number of rows included (leave-one-out method, LOO) 
or equal to a value of 2. In the latter case, the cross-validation 
groups were randomly selected. The lowest 's tandard error 
of prediction' value determined the optimum number of 
components which is often lower than the number determined 
by the highest r2

cv. This procedure was chosen since the 
number of components at which the initial steep increase of 
the r2

cv s tar ts to level off has proven to give better predictive 
CoMFA models.29 

For the calculation of the Connolly surface of the active site 
of the proteinase, all amino acids (including hydrogens) located 
within 3 A of the spheres around all atoms of the inhibitor 
SDZ-282870 were considered. Charges were calculated using 
the Gasteiger—Marsilli method. For each oxygen of the free 
carboxyl group of the aspartates, a formal charge of - 0 . 5 was 
assigned. Electrostatic properties were mapped onto the 
surface using the MOLCAD software."1 

R e s u l t s a n d D i s c u s s i o n 

C o M F A M o d e l s . In g e n e r a l , t h e C o M F A mode l s 
der ived showed a h i g h deg ree of i n t e r n a l cons is tency 
(Table 5). For s t a n d a r d C o M F A s e t t i n g s (3: bo th field 
t ypes , no vo lume ave rag ing , m i n i m u m a of 2), a r2,^ of 
0 .559 could be ob ta ined . T h e c o n t r i b u t i o n s of t h e two 
field t ypes revea led t h a t t he s ter ic descr ip tors p redomi­
n a t e in model 3. However , s ince t h e m a g n i t u d e of t h e 
con t r i bu t ions m i g h t be affected by sca l ing of t h e de­
sc r ip tor m a t r i c e s or m i g h t pa r t i a l ly a r i s e from noise , 
we per formed s e p a r a t e a n a l y s e s u s i n g one field t y p e 
only. T h e s e C o M F A s ( 1 : r2

c v = 0.593) (2: r2
c v = 0.312) 

confi rmed t h a t t h e qua l i ty of model 3 is m a i n l y b a s e d 
on s ter ic in fo rmat ion . Appl ica t ion of vol av g for t h e 
ca lcu la t ion of t h e fields c h a n g e d r e s u l t s only s l ight ly . 
T h e n u m b e r of inc luded co lumns inc reased for t h e 
a n a l y s i s w i t h t h e s te r i c fields (4) a n d dec reased for t he 
one w i t h t h e e lec t ros ta t i c field (5), l e a d i n g to a h i g h e r 
T-2CV for t he e l ec t ros t a t i c s (4: r2

c„ = 0.343) a n d a lower 
one for t h e s t e r i c s (5: r2

cv = 0.546). T h e C o M F A 
inc lud ing bo th field t ypes (6: r2

cv = 0.574) showed a 
h i g h e r level of i n t e r n a l cons is tency c o m p a r e d to t h e 
s t a n d a r d m e t h o d . Lower ing t h e co lumn filter from 2.0 
t o 1.0 y ie lded a n iden t i ca l r2

cv for t h e a n a l y s e s of t h e 
s te r i c fields (7), whi le t h e r2

cv for t h e e lec t ros ta t i cs 
improved s l igh t ly (8: r2

cv = 0.366). For t h e a n a l y s i s 
i nc lud ing bo th field t ypes , a r2

cv of 0.572 w a s achieved 
(9). T h e bes t a n a l y s e s ( 1 , 6, a n d 9) were selected for 
t h e s u b s e q u e n t predic t ion of t e s t c o m p o u n d s a n d re­
p e a t e d w i t h o u t c ross -va l ida t ion . 

A l though t h e c ross -va l ida t ion m e t h o d shou ld reflect 
t h e predic t ive power of a given a n a l y s i s , t h e L O O 
method m i g h t lead to h igh r2,.v v a l u e s which do no t 
necessa r i ly reflect a g e n e r a l p red ic t iveness of t h e u n ­
de r ly ing model.12-31 Therefore , a n a l y s e s wi th two cross-
val idat ion g roups were performed; each of t he respect ive 
submode l s consis ted of 50% of t he compounds ( randomly 
se lected) , a n d t h e r e m a i n i n g ones were p red ic ted . As 
t h e r a n d o m format ion of c ross -va l ida t ion g r o u p s m i g h t 
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Table 5. Summary of the CoMFA Results 

analysis 

1 
2 
3 
4 
5 
6 
7 
8 
9 

field 
type 

ster 
elec 
both 
ster 
elec 
both 
ster 
elec 
both 

vol 
avg 

no 
no 
no 
yes 
yes 
yes 
yes 
yes 
yes 

min (T 

2 
2 
2 
2 
2 
2 
1 
1 
1 

no. of 
col0 

334 
88 

422 
432 

41 
473 
460 
179 
639 

no. 
comp 

5 
3 
4 
5 
5 
5 
5 
4 
6 

r2 

' CV 

0.593 
0.312 
0.559 
0.546 
0.343 
0.574 
0.546 
0.366 
0.572 

STDP* 

0.488 
0.627 
0.505 
0.515 
0.620 
0.499 
0.515 
0.605 
0.503 

r2 c 

0.837 
0.566 
0.804 
0.816 
0.574 
0.841 
0.817 
0.692 
0.870 

F value 

96.507 
41.737 
97.864 
83.578 
25.321 
99.592 
83.982 
53.419 

103.746 

<72 

75d 

0.258 

0.080 

0.094 

67e 

0.569 

0.555 

0.552 

steric 
contrib* 

0.712 

0.772 

0.749 
0 Number of columns used in the analysis after the application of column filtering (min o). b Standard error of prediction. c Conventional 

r2 determined with the optimum number of components. d Predictions made for 75 compounds. e After exclusion of eight outliers, f The 
sum of steric and electrostatic contributions equals 1.0. 

Table 6. Summary of the CoMFAs with the Number of 
Cross-Validation Groups = 2 (cv = 2) and with Randomized 
Biological Activities 

mean6 

std dev' 
high01 

low5 

1 

0.452 
0.094 
0.629 
0.022 

cv = 2, r2
cv

a 

6 

0.433 
0.108 
0.659 

-0.063 

9 

0.436 
0.104 
0.643 

-0.034 

random, r2
cv° 

1 6 

-0.122 -0 .129 
0.078 0.091 
0.042 0.027 

-0 .301 -0.424 

9 

-0.132 
0.098 
0.028 

-0.490 

° Highest r2
cx found within the first five components extracted. 

* Mean of all 100 runs. c Standard deviation. d Highest value 
found. ' Lowest value found. 

have an impact on the results, this kind of analysis was 
repeated 100 times for 1, 6, and 9 (Table 6, Figure 2) 
with an identical set of cross-validation groups, respec­
tively. The mean r2

cv for each of the 100 runs was 
slightly lower compared to the values obtained with the 
LOO method, and the standard deviation for these 
values was rather low. Nevertheless, in all three cases 
a few analyses with a rather poor r2

cv could be obtained, 
indicating a certain degree of inconsistency in the 
underlying dataset. On the other hand, a few higher 
r2

cv values were obtained, too. Noteworthy, these 'ex-
trema' were found with identical cross-validation groups 
within the three sets of analyses. 

As another test, analyses 1, 6, and 9 were repeated 
100 times with LOO cross-validation, each time after 
randomly interchanging the biological activities between 
the compounds (Table 6). This was done in order to 
determine whether the quality of the models was due 
to chance correlation. In all cases the mean r2

cv values 
were negative. The highest r2

cv values in these runs 
were only slightly higher than zero, indicating that anal­
yses 1, 6, and 9, using the correct assignment of bio­
logical activities, were not based on chance correlation. 

In order to evaluate the general validity of the three 
selected models, a test set of 75 additional compounds 
was predicted (Tables 2 and 3). Interestingly, the q2 

values for the complete test set were rather low. 
However, removal of eight compounds from the test set 
yielded q2 values of comparable magnitude to the 
corresponding r2

QV of 1, 6, and 9. An analysis of these 
eight 'outliers' revealed some unique structural features 
which were not present in the training set: Compounds 
SDZ-283516, SDZ-283406, SDZ-283497, and SDZ-
283498 are characterized by a rather extended substitu-
ent in position Pi' containing a benzimidazole. SDZ-
283560 is the only molecule containing a primary amine 
in Pi'. The activities of these five compounds were 
predicted too high. This might be due to an unfavorable 
interaction with the receptor which was not explored 

Analysis 1 

30 f 

0 n n niiiiih 
T — • — I — ' — I — ' — I — ' — I — " — r 

-0.1 f2cv=2 1.0 

Analysis 6 
30 

n r. rfi 11111 ru 
T — " — I — ' — I — " — I — ' — I — ' — r 

-0.1 r2cv=2 1.0 

Analysis 9 

-0.1 r2cv=2 1.0 

Figure 2. Distribution of the r2
cv values for analyses 1, 6, 

and 9. 

by the training set. The biological activity of SDZ-
283321 was overestimated as well. It contains a ben-
zimidazolyl moiety in P2' similar to the compound SDZ-
282967 of the training set but contains an additional 
substituent in P3. SDZ-283364 and SDZ-283559, the 
only test compounds predicted significantly too low, do 
not carry substituents in P2/P3 and are therefore excep­
tionally small. In this case either different binding 
modes or exceptionally different entropic properties of 
these compounds might be encountered. 

Guidelines for New Structures. The structural 
variability of a given dataset spans the parameter space 
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Figure 4. Variance of the electrostatic descriptors. All areas 
with a variance > 2.5 kcal/mol are colored magenta. SDZ-
282870 is presented as a color-coded stick structure with 
undisplayed hydrogens. 

Figure 3. Variance of the steric descriptors. All areas with a variance > 10 kcal/mol are colored orange. SDZ-282870 is presented 
as a color-coded stick structure with undisplayed hydrogens. 

fields of analyses 1 and 6 were significantly different, 
indicating that the exclusion of the electrostatic descrip­
tors had a high influence on the analysis of the steric 
descriptors. 

In order to design novel compounds with high biologi­
cal activity, a detailed inspection of the std*coeff fields 
was performed. Substituents with positive charges 
should be located at position P / , whereas a negative 
polarization in P^ should increase binding affinity. In 
the area of the transition-state mimetic, a positive 
charge appears advantageous. Despite the low correla­
tion coefficient of the steric std*coeff fields for 1 and 6, 
the overall appearance of these fields is very similar 
(Figures 6 and 7). On both ends of the molecule, steric 
extension is favorable. Bulky substituents in P2 should 
lead to compounds with increased activity. This was 
exemplified by the substitution of valine by <er/-leucine 
in the training set. 

Of special interest were the structural features at 
Pi ' : Further substitution in P / perpendicular to the 
molecule axis will lead to repulsive interactions with 
the receptor. On the other hand, these coefficient maps 
indicated that a linkage of Pi ' with P / (the C-terminus 
of P2') should be possible. If no unfavorable interaction 
is caused, the introduction of such a linkage should lead 
to increased activity due to entropic reasons. Based on 
these findings, a novel class of compounds, referred to 
as 'paracyclophanes', was designed, synthesized, and 
tested (Table 8).32 These structures are characterized 
by an ethylene glycol ether linkage between P i ' (para 
or meta) and the C-terminus of the ¥2 amino acid.13 

Linkers of different length in the range of 4—11 atoms 
were introduced. The biological activities were pre­
dicted for two of these compounds and turned out to be 
slightly too low (40-50 nM predicted vs 8 - 1 0 nM 
experimentally). An explanation for this underpredic-
tion may be that CoMFA is a method which normally 
utilizes calculated enthalpies and correlates them with 
experimentally determined properties. The latter are 
very often related to the free energy (AG) of binding, as 
in this particular study. The introduction of an ad­
ditional linkage in the 'paracyclophanes' reduces the 
flexibility of these compounds compared to the members 
of the training set, and it consequently affects the 
entropic contributions to the AG of binding. Therefore, 
the slight underprediction of these novel inhibitor types 
seems to be related to their different entropic properties. 

Comparison of the Results with the Receptor 
Topology. As this CoMFA was based on docking 
experiments of a prototype compound into the receptor, 
we were interested to see whether the results would be 

Figure 5. Electrostatic std*coeff contour map of analysis 6. 
Areas where negatively charged substituents are disfavored 
(values > 0.010) are colored blue; areas where negatively 
charged substituents are favored (values < -0.022) are colored 
yellow. SDZ-282870 is presented as a color-coded stick 
structure with undisplayed hydrogens. 

within which prediction of newly designed compounds 
are reliable. Therefore the fields expressing the vari­
ance in the underlying descriptor matrix Co fields'; 
Figures 3 and 4) determine those regions for which 
predictions and proposals for new structures are pos­
sible. For the dataset investigated, most of the sterical 
variations could be found in P / and P3, minor variations 
in P 2 and Pi' , and virtually no modifications in P-/ and 
Pi. The variability of the electrostatic fields is mostly 
focused on one side of the molecule ( P / - P 2 ) . Minor 
variabilities could be detected in Pi and P3'. 

Another field type, the 'standard-deviation-times-
coefficient fields' (std:!:coeff fields; Figures 5—7), com­
bines information about the regions being thoroughly 
investigated and the impact of putative modifications 
on the biological activity. For the analyses 1, 6, and 9, 
these fields were compared by a pointwise correlation 
(Table 7). The high correlation coefficient for the 
corresponding fields of 6 and 9 indicates that a reduction 
of the column filter from 2.0 to 1.0 has only a minor 
impact on the results. Therefore, only analysis 6 was 
considered for further interpretation. The steric std*coeff 
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F i g u r e 6. Steric std*coeff contour map of analysis 6. Sterically favored areas (values > 0.02) are colored green; disfavored areas 
(values < -0 .02) are colored red. SDZ-282870 is presented as a color-coded stick structure with undisplayed hydrogens. 

F i g u r e 7. Steric std*coeff contour map of analysis 1. Sterically favored areas (values > 0.02) are colored green; disfavored areas 
(values < -0.02) are colored red. SDZ-282870 is presented as a color-coded stick structure with undisplayed hydrogens. 

Table 7. Comparison of the Equations of Analyses 1, 6. and 9 

analysis 

1 
6 
9 

1 

1.00 
0.31 (2560' 
0.27 (303 )' 

steric" 

6 

1.00 
0.99 I432)6 

9 

1.00 

electrostatic" 

6 9 

1.00 
0.98(41)' 1.00 

" Correlation coefficients lor pointwise comparison of standard 
deviation x coefficient fields. ' Numher of points used for com­
parison is given in parentheses. 

cons i s t en t wi th t h e s t e r i c a n d e l ec t ros t a t i c p r o p e r t i e s 
of t he ac t ive s i te of t h e e n z y m e . The re fo re , t h e coef­
ficient fields of a n a l y s i s 6 w e r e c o m p a r e d w i t h t h e 
sur face of t h e ac t ive s i te ( F i g u r e s 8 a n d 9). T h e level 
of a g r e e m e n t w a s very h igh : S te r i ca l ly forbidden r e ­
gions (negat ive coefficients) s t r e t c h e d close to t he recep­
t o r surface , w h i l e t h e ' favored ' r eg ions (posi t ive coeffi­

c ien t s ) showed a good fit in to t h e r ecep to r . Only for 
sma l l p a t c h e s w i t h r epu l s ion accord ing to t h e C o M F A 
could a d i rec t con tac t su r face from t h e r ecep to r s ide no t 
be found. A poss ible i n t e r p r e t a t i o n of t h i s d a t a is t h a t 
t h e b ind ing process involves a l so s l id ing of t h e inh ib i tor 
in to t h e cav i ty wh ich wou ld c o n t r i b u t e to add i t i ona l 
s t e r i c r e s t r i c t i ons . T h e a g r e e m e n t of t h e e lec t ros ta t i c 
fields of inh ib i to r a n d r ecep to r w a s excel lent ; p r o m i n e n t 
r eg ions for e lec t ros ta t i c in te rac t ion a r o u n d t h e inh ib i tor 
co r r e sponded w i t h c o m p l e m e n t a r y a r e a s on t h e sur face 
of t h e p r o t e i n a s e . 

C o n c l u s i o n s 

So far, t h e major p a r a m e t e r for t h e q u a l i t y of CoMFA 
s t u d i e s h a s been t h e c ros s -va l ida t ed rl v a l u e , be ing a 
m e a s u r e for t h e level of i n t e r n a l cons i s tency . However , 
a C o M F A wi th a h i g h r2

cv does n o t necessa r i ly reflect 

Table 8. Structures and Measured and Predicted Activities of Selected Paracyclophanes 

HN „ O 

HO O 

activity 

predicted' 

SDZ 

284386 
284652 

R 

(Z)-VaI 
(Z)-VaI 

R' 

(CH2)2-0-(CH2)2-0-(CH2)2 

(CH212-O-(CH212-O-ICH212-O-ICH2I2 

measured" 

-0.84 
-0.88 

1 

-1.78 
-1.65 

6 

-1.51 
-1.45 

9 

-1.45 
-1.51 

' Measured activity expressed as -log K1. * Predicted activity according to 1, 6, and 9. 
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the actual physicochemical properties of the receptor. 
This accounts especially for datasets whose molecules 
are built and aligned consistently, but the 'active' 
conformation cannot be deduced from experimental 
data. In contrast, molecular modeling studies based on 
X-ray analysis and/or NMR experiments mainly focus 
on the understanding of ligand—receptor interactions 
and do not provide any predictive models. To date, in 
most of the cases, these two approaches have been 
applied separately. In the current study we successfully 
combined these strategies. Star t ing from an X-ray 
structure of the receptor, we obtained a highly predictive 

Kroemer et al. 

QSAR model. Besides other quality assessments which 
showed a high consistency of the models generated, we 
could successfully map the results back onto the starting 
point of this study—the receptor itself. Furthermore, 
we were able to use these models for successful design 
and prediction of a novel class of inhibitors. 

With respect to the interpretation and application of 
a QSAR model, one has to keep in mind that QSAR 
methods are based on the statistical analysis of the 
variance in a given set, thus defining the parameter 
space for which the corresponding model is valid. If an 
at tempt is made to predict the target properties of 

Figure 8. Connolly surface of the proteinase with the steric std"coeff field of analysis 6 (displayed as in Figure 6). SDZ-282870 
is presented as a color-coded stick structure with undisplayed hydrogens. 

Figure 9. Connolly surface of the proteinase color-coded by the charge distribution. The electrostatic std*coeff field is displayed 
as in Figure 5. SDZ-282870 is presented as a color-coded stick structure with undisplayed hydrogens. 



compounds being significantly different from those in 
the training set, the prediction becomes uncertain and 
is likely to fail. This was, e.g., indicated by the error in 
prediction for eight compounds in the test set which 
showed significant structural differences to those of the 
training set. 

Extensive tests were performed in order to verify the 
robustness of the models. The r2

cv values obtained by 
the LOO method were slightly higher than the mean 
values resulting from 100 runs with two randomly 
selected cross-validation groups. This indicates that the 
LOO procedure overestimated the quality of the CoM-
FAs generated. Randomization tests revealed that the 
models were not based on chance correlation but showed 
a high predictive correlation between the calculated 
fields and the observed biological activities. 
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