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Comparative molecular field analysis (CoMFA), a three-dimensional, quantitative structure-activity 
relationship (QSAR) paradigm, was used to examine the correlations between the calculated 
physicochemical properties and the in vitro activities of a series of human immunodeficiency virus 
(HIV-I) protease inhibitors. The training set consisted of 59 molecules from five structurally-
diverse transition-state isostere classes: hydroxyethylamine, statine, norstatine, keto amide, and 
dihydroxyethylene. The availability of X-ray crystallographic data for at least one representative 
from each class bound to the protease provided information regarding not only the active 
conformation of each ligand but also, via superimposition of protease backbones, the relative 
positions of each ligand with respect to one another in the active site of the enzyme. Once aligned, 
these molecules served as templates on which additional congeners were field-fit minimized. 
Additional alignment rules were derived from minimizations of the ligands in the active site of 
the semirigid protease. The predictive ability of each resultant model was evaluated using a test 
set comprised of molecules containing a novel transition-state isostere: hydroxyethylurea. 
Crystallographic studies (Getman, D. P.; et al. J. Med. Chem. 1993, 36, 288-291) indicated an 
unexpected binding mode for this series of compounds which precluded the use of the field-fit 
minimization alignment technique. The test set molecules were, therefore, subjected to a limited 
systematic search in conjunction with active-site minimization. The conformer of each molecule 
expressing the lowest interaction energy with the active site was included in the test set. Field-fit 
minimization of neutral molecules to crystal ligands and active-site minimizations of protonated 
ligands yielded predictive correlations for HIV-I protease inhibitors. The use of crystallographic 
data in the determination of alignment rules and field-fit minimization as a molecular alignment 
tool in the absence of direct experimental data regarding binding modes is strongly supported by 
these results. 

Introduction 
Human immunodeficiency virus (HIV) is the etiologic 

agent of acquired immunodeficiency syndrome (AIDS) 
which expresses its effects through the genetic direction 
of viral polyproteins prepared by the host. HIV-1 protease 
is the aspartic proteinase encoded by the virus responsible 
for the processing of the gag and gag-pol gene polyproteins. 
Therapeutic intervention at this proteolytic step of viral 
replication has been demonstrated to yield immature and 
noninfectious viral progeny.1,2 Using the knowledge gained 
from earlier studies on renin and other aspartic protein
ases,3,4 many peptide-based inhibitors have been developed 
which mimic the tetrahedral intermediate formed upon 
hydration of the scissile amide bonds of the substrate. 
Several transition-state analogs incorporating noncleav-
able reduced amide,5 ketomethylene,6 hydroxyethyl
amine,7-10 statine,11,12 norstatine,13 or dihydroxyethylene14 

linkages as the isosteric bond have been reported (Figure 
1). Many of these analogs express subnanomolar activity 
in vitro and, therefore, are potentially useful in the clinical 
management of HIV infection. 

Conventional structure-activity data indicate a pref
erence for the S (or its equivalent)-hydroxyl diastereomer 
in the isosteric linkage of the inhibitor positioned between 
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the Asp-25/125 carboxylate groups of the protease. Crys
tallographic data reveal that the residues of the Sl and 
Sl' pockets [Berger and Schecter nomenclature] of the 
inhibitor are mostly hydrophobic; therefore, the most 
potent inhibitors have hydrophobic residues occupying 
the Pl and Pl ' positions. The S2 and S2' protease subsites 
are also hydrophobic in nature, but a variety of function
alities are present in the P2 and P2' positions on ligands 
since both polar and nonpolar side chains are equally 
accommodated. The preference of residue is even less 
well-defined at the S3 and S3' receptor sites. Furthermore, 
it is not clear whether P3 and P3' are necessary require
ments since certain inhibitors, including L-689,502,15 lack 
residues in both of these areas. 

Although structure-activity studies have provided a 
plethora of information regarding the structural require
ments of ligands for the HIV protease, a major deficiency 
in design approaches has been the difficulty of predicting 
affinities of designed compounds for the target enzyme. 
It has been demonstrated that molecular dynamics sim
ulations with free energy perturbations (FEP) are capable 
of providing information detailing the stabilizing structural 
features of inhibitor/protease complexes and also make 
possible calculations of the relative binding free energies 
of inhibitors to the protease;16,17 however, the computa
tional requirement is excessive (ca. 100 Cray YMP hours 
for each novel inhibitor analog). Additionally, in order to 
adequately sample the relevant configurations of the 
system and to ensure thermodynamic convergence, the 
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Figure 1. Examples of transition-state isosteres found in HIV-I 
protease inhibitors. 

novel compound cannot differ greatly from the parent 
from which it is to be mutated. These and other well-
documented18 limitations preclude the use of FEP as a 
practical technique for the routine prediction of the affinity 
of novel inhibitors. 

DePriest et al.19 recently reported success in using a 
3-D QSAR method, comparative molecular field analysis 
(CoMFA),20 to predict the affinities for inhibitors of 
thermolysin based on the crystal structure of complexes. 
The success of a CoMFA study is completely determined 
by the quality of the "alignment rule", or the choice of 
superimposition of the molecules in the study. Many 
successful 3-D QSAR's have been generated using the 
CoMFA technique for conformationally-constrained 
systems21-24 and conformationally-flexible systems28-26 

employing a wide variety of alignment procedures. The 
availability of several structurally-diverse inhibitor struc
tures bound in the active site of the HIV protease provided 
direct experimental information detailing the molecular 
alignment of the conformationally-flexible molecules used 
in the present study. Using this empirical data in 
conjunction with field-fit minimization27 techniques (min
imization which maximizes the overlap of steric and 
electrostatic fields between that of the molecule and a 
standard field, perhaps, that of the molecule with the 
highest affinity), several alignment rules were tested to 
develop a statistically-significant QSAR model for HIV-I 
protease. 

To test the utility of the model as a predictive tool, a 
test set of inhibitors with a unique transition-state isostere 
(hydroxyethylurea)28 previously unseen by the model was 
used. Although direct crystallographic information was 
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not available, it was reported that the P2' and Pl ' subunits 
were reversed for, at least, one of the inhibitors in this 
series. A combination of field-fit minimization and 
minimization within the active site of the protease was 
employed in the generation of the alignment rule for the 
test set molecules. On the basis of energetic evidence, 
multiple binding modes for the hydroxyethylurea class of 
inhibitors are probable. 

Methods 

A. CoMFA: Alignment Rules. All conventional and 
field-fit minimizations were performed in Sybyl29 using 
the standard Tripos force field30 with an energy change 
convergence criterion of 0.001 kcal/mol. Charges were used 
as calculated using MOPAC 5.O31 and the AMI model 
Hamiltonian32 (keywords: ISCF, MMOK). The mini
mizations performed in the active site used an energy-
change criterion of 1.0 kcal/mol. All backbone atoms and 
waters of the active site were considered as an aggregate 
and were not minimized. Active-site side chains and all 
atoms of the ligand were considered interesting and were 
fully minimized. For the active site, partial atomic charges 
were loaded from the dictionary (Kollman all-atom 
method33). The partial charges of all essential water 
molecules and the nonstandard residues (protonated Asp-
125) in the active-site sphere were determined using 
MOPAC 5.0 and the AMI model Hamiltonian. 

The 59 molecules in the training set represent five 
structurally-diverse classes (hydroxyethylamine,7-10 sta
tine,11'12 norstatine,13 keto amide,13 and dihydroxyethyl
ene14) of transition-state isosteric protease inhibitors 
(Tables I-V). Seven crystal structures (Roche,7 JG365,34 

U-75875,35 AgIOOl,12 Agl002,12 AgI(XM,11-12 and L-689,-
50215) of enzyme/inhibitor complexes were superimposed 
via root mean square (RMS) fit of the backbone atoms of 
the enzyme. Once aligned, the inhibitor molecules were 
simply extracted from the complex. Additional ligands 
were then aligned by field-fit minimization using the steric 
and electrostatic fields of the most closely related crystal 
structure as template fields (Tables I-V). Subsequent 
reminimization without the field-fit option allowed the 
fitted molecules to relax to the nearest local minimum 
energy structure. This alignment will be referred to as 
alignment I. 

It must be noted that the initial alignment (alignment 
I) was determined using neutral ligands (no formal ionic 
charges). Assay conditions indicate a pH between 5.5 and 
6.4,36-10 jt J8 highly likely that the histidine and non-
amide nitrogens of the proline, piperidine, and decahy-
droisoquinoline ring systems of the various inhibitors are 
protonated under these conditions. However, changes 
involving deprotonation of the bound ligands could not 
be excluded, since the pH in the binding site is not 
necessarily that of the solution. All protonated ligands 
were submitted to open shell AMI ISCF calculations (with 
a charge of+1 on the system). To evaluate the sensitivity 
of CoMFA with respect to substantial changes in the 
electronic nature of ligands in the training set, studies 
were performed on the protonated species without altering 
the initial alignment. This alignment will be referred to 
as alignment II. Using the neutral alignment (alignment 
I) as a starting point, the charged molecules were also 
subjected to field-fit minimization and subsequent remi
nimization. This alignment will be referred to as align
ment III. 
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Table I. Compounds Included in Training Set (Alignment Rule: Field-Fit Minimization to Crystal Roche (S) Compound or Active-Site 
Minimization) 

compd chiral structure P(IC60) GtM) ref 

1 
2 
3 
4 
5° 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
S 

S 

S 
S 
S 
S 
S 
S 
S 
S 

Z.Phe*[CH(OH)CH2N]Pro.04Bu 
Z.Asn.Phe*[CH(OH)CH2N]Pro.04Bu 
Z.Asn.Phe*[CH(OH)CH2N]Pro.NH4Bu 
QCAsn.Phe*[CH(OH)CH2N]Pro.04Bu 
Z.Asn.Phe*[CH(OH)CH2N]PICNH4Bu 
Z.CNA.Phe*[CH(OH)CH2N]PIC.NH*Bu 
QC.Asn.Phe*[CH(OH)CH2N]PICNH4Bu 
QCSMCPh6^[CH(OH)CH2N]PICNH4Bu 
QCAsn.Phe¥[CH(OH)CH2N]DIQ.NH4Bu 
Z.Asn.Phe*[CH(OH)CH2N]DIQ.NH4Bu 
Z.Asn.Phe*[CH(OH)CH2N]Pro.Ile.Val.Ome 
Ac.Ser.Leu.Asn.Phe¥[CH(OH)CH2N]Pro.Leu. VaLOMe 
Boc.Asn.Phe*[CH(OH)CH2N]Pro.Leu.Val.Ome 
Ac.Ser.Leu.A8n.Phe*[CH(OH)CH2N]Pro.04Bu 
Z.Phe*[CH(OH)C(0)N]Pro.NH4Bu 
Z.Phe*[C(0)C(0)N]Pro.NH4Bu 
Z.Asn.Phe*[CH(OH)C(0)N]Pro.NH4Bu 
Z.Asn.Phe*[C(0)C(0)N]Pro.NH4Bu 
Z.Val.Phe*[CH(OH)C(0)N]Pro.NH4Bu 
Z.Asn.Phe*[CH(OH)C(0)N]PICNH4Bu 
Z.Asn.Phe*[CH(OH)C(0)N]DIQ.NH4Bu 
NoA.Asn.Phe¥[CH(OH)C(0)N]Pro.NH4Bu 
NoA.Val.Phe*[CH(OH)C(0)N]Pro.NH4Bu 
2-NoA.Asn.Phe*[CH(OH)C(0)N]Pro.NH4Bu 
QCAsn.Phe*[CH(OH)C(0)N]Pro.NH4Bu 
QCAsn.Phe*[CH(OH)C(0)N]DIQ.NH4Bu 

-0.813 
0.854 
0.678 
1.638 
1.745 
1.638 
2.699 
1.921 
3.398 
2.569 
0.500 
1.187 
0.071 
1.854 
0.337 
0.222 
2.131 
1.699 
2.367 
1.585 
1.076 
3.237 
2.721 
2.886 
2.959 
1.569 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
7 
8 
8 
8 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 

" Crystal (template) structure. 

Table II. Compounds Included in Training Set (Alignment Rule: Field-Fit Minimization to Modified Crystal JG365 Compound (28) or 
Active-Site Minimization) 

compd chiral structure P(IC60) (j*M) ref 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
R 
R 

QC.Asn.Phe*[CH(0H)CH2N]PICNH4Bu 
Ac.Ser.Leu.Asn.Phe*[CH(OH)CH2N]Pro.Leu. VaLOMe 
Boc.Asn.Phe*[CH(OH)CH2N]Pro.Leu. VaLOMe 
Z.Asn.Phe*[CH(OH)CH2N]Pro.04Bu 
Ac.Ser.Leu.Asn.Phe*[CH(OH)CH2N]Pro.04Bu 
Z.Asn.Phe*[CH(OH)CH2N]Pro.He.Phe.OMe 
QCAsn.Phe*[CH(OH)CH2N]Pro.Ile.Phe.OMe 
Z.Asn.Phe¥[CH(OH)CH2N]DIQ.NH4Bu 
Z.Asn.Phe¥[CH(OH)CH2N]Pro.Ile.Val.OMe 
Z.Asn.Phe*[CH(OH)CH2N]DIQ.Ile.Val.OMe 
Z.Asn.Phe*[CH(OH)C(0)N]Pro.NH4Bu 
Z.Asn.Phe¥[CH(OH)C(0)N]Pro.Il6. VaLOMe 

0.328 
2.469 
1.796 
0.523 
1.854 
2.398 
2.638 
0.500 
1.886 
0.500 
•0.491 
1.602 

9 
8 
8 
8 
8 
8 
8 
7 
7 
7 
13 
13 

° Crystal (template) structure. 

Table III. Compounds Included in Training Set (Aligment Rule: Field-Fit Minimization to Crystal U-75875 (4) Compound or 
Active-Site Minimization) 

compd structure [RJi] P(IC60) UM)* ref 

39 
40° 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

NoA.His.Leu*[CH(OH)CH(OH)]Val.Ile.Amp 
NoA.His.Cal*[CH(OH)CH(OH)]Val.Ile.Amp 
NoA.His.Cal*[CH(OH)CH(OH)]Leu.Ile.Amp 
NoA.His.Leu*[CH(OH)CH(OH)]Leu.Ile.Amp 
NoA.His.Phe*[CH(OH)CH(OH)]Phe.Ile.Amp 
NoA.His.Cal*[CH(OH)CH(OH)]Cal.Ile.Amp 
Boc.Phe.His.Leu*[CH(OH)CH(OH)]VaLIle.Amp 
Boc.Phe.His.Leu*[CH(OH)C[S]H(OH)]Val.Ile.Amp 
NoA.His.Leu*[CH(OH)CH(OH)]D-Leu.Ile.Amp 
Boc.Phe.His.Leu*[CH(OH)CH(OH)]Val.Mba 
PoA.His*[CH(OH)CH(OH)]Val.Ile.Amp 
PoA.His*[CH(OH)CH(OH)]Val.Mba 
PoA.His.Cal*[CH(OH)CH(OH)]Val.Ile.Amp 
HacHis.Cal*[CH(OH)CH(OH)]Val.ne.Amp 
Gly.His.Cal*[CH(OH)CH(OH)]Val.Ile.Amp 
Cha.Cal¥[CH(OH)CH(OH)]Val.Ile.Amp 

1.950 
2.745 
1.950 
1.803 
1.569 
1.233 
1.201 

-0.051 
0.305 
0.092 
1.950 
0.092 
2.347 
2.046 
1.606 
1.305 

14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 

0 Crystal (template) structure. 6 See Appendix. 

The availability of crystallographic data for the protease 
offered another possibility for alignment rule—mini
mization within the active site. To reduce the compu
tational complexity of this task, a substructure sphere 24 
A in diameter centered on the ligand of the Roche inhibitor/ 
protease complex was extracted and defined as the active 

site. All molecules of both field-fit aligned training sets 
(alignment I and alignment III) were then sequentially 
merged into the active site, minimized as described above, 
extracted from the active site, and reminimized to the 
nearest local minimum energy conformation. Active-site-
minimized neutral molecules will be referred to as align-
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Table IV. Compounds Included in Training Set (Alignment 
Rule: Crystal Structures or Active-Site Minimization) 

Table VII. Summary of CoMFA Results 

compd structure P(IC60) OxM) ref 

55° Sta.Ala.Sta.Val.Val.Iva -1.079 12 
56" Ile.Gln.Sta.Asn.Phe.Ser -1.079 12 
57° Gln.Val.Ile.Sta.Asn.Gln.Ser -0.903 11,12 
0 Crystal structure. 

Table V. Compounds Included in Training Set (Alignment 
Rule: Field-Fit Minimization to L-689,502 Crystal Structure or 
Active-Site Minimization) 

compd structure" P(IC60)(MM) ref 

58 Boc.Phe*[CH(OH)CH2]Phe.Ahi 0.599 10 
59 Boc.Asn.Phe¥[CH(OH)CH2]Phe.Ahi 0.530 10 
"Ahi = l(S)-amino-2(#)-hydroxyindan. 

Table VI. Compounds Included in Test Set (Alignment Rule: 
Active-Site Minimization) 

H5N 

compd 

m3 
m4a 
m4b 
m5 
m6 
m7 
m8a 
m8b 
m9a 
m9b 
mlOa 
mlOb 
mlla 
ml lb 
ml2 
ml3 
ml4a 
ml4b 

Ri 

CH2CH(CH3)2 
CJ^CH(CHa) 2 
CH2CH(CHs)2 
CH2CH(CHs)2 
CH2CH(CHa)2 
CH2CH(CHa)2 
CH2CH(CH3)2 
CH2CH(CHa)2 
CH2CH2CH(CHa)2 
CH2CH2CH(CHa)2 
CH2CsHn 
CH2CsHn 
CH2Ph 
CH2Ph 
A-CH(CH3)Ph 
S-CH(CH3)Ph 
CH2(4-pyridyl) 
CH2(4-pyridyl) 

R2 

CH3 
(CHs)3CH3 
(CH2J3CH3 
(CH2)3CH3 
CH2CH3 
CH(CHa)2 
C(CH3J3 
C(CH3)3 
C(CHa)3 
C(CH3)3 
C(CH3)3 
C(CH3)3 
C(CHa)3 
C(CHa)3 
C(CHa)3 
C(CHa)3 
C(CH3)3 
C(CHa)3 

Ra 
Cbz 
Cbz 
Qua 
Cbz 
Cbz 
Cbz 
Cbz 
Qua 
Cbz 
Qua 
Cbz 
Qua 
Cbz 
Qua 
Cbz 
Cbz 
Cbz 
Qua 

P(IC60) (^M) 

-0.176 
0.026 
0.899 
0.285 
0.481 
0.585 
1.456 
2.221 
1.886 
2.523 
1.537 
2.301 
1.721 
2.523 

-0.813 
-0.707 
0.978 
1.721 

ref 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

ment IV and active-site-minimized charged molecules, 
alignment V. 

To evaluate the predictive ability of the resulting models, 
a test set of 18 additional inhibitors28 (Table VI) was 
utilized. These molecules represent another class of 
transition-state isostere: hydroxyethylurea. Due to our 
lack of crystallographic structures for this particular class 
of compounds, the available information concerning the 
bound conformation of one representative of this novel 
class of transition-state inhibitors was used to generate an 
alternate alignment. The test molecules were built and 
field-fit minimized to the most closely related crystal 
structure (Roche). Using this conformation as the initial 
guess, all 18 molecules of the test set were then subjected 
to a limited systematic search routine which rotated the 
residues in the P l ' and P2' positions. AU resultant 
conformers were active-site minimized, and the "active 
conformation" of each molecule to be included in the test 
set was then selected on a purely enthalpic basis as that 
yielding the lowest total energy for the enzyme/inhibitor 
complex. The selection criterion was based on the 
assumption that the difference in entropy for different 
conformations of a bound inhibitor between the completed 

I 

r2™* 0.778(6) 
sep 0.552 
r2 0.984(6) 
s 0.146 
F test 549.838 i 
p value 0.000 
contributions 

steric 0.36 
electro 0.64 

rVed 0.662 

alignment rule 

II 

0.653(8) 
0.704 
0.990(8) 
0.122 

597.130 ' 
0.000 

0.48 
0.52 
0.625 

III 

0.607(8) 
0.749 
0.991(8) 
0.112 

IV 

0.659(7) 
0.684 
0.988(7) 
0.129 

703.933 592.234 < 
0.000 

0.50 
0.50 
0.660 

0.000 

0.32 
0.68 
0.327 

V 

0.642(7) 
0.707 
0.983(7) 
0.156 

113.512 
0.000 

0.47 
0.53 
0.512 

and uncomplexed inhibitor would be approximately con
stant. Therefore, the dominant component of free energy 
of binding could be assumed to be the enthalpy of complex 
formation, thus justifying the selection of the enzyme/ 
inhibitor complex with the lowest enthalpy for inclusion 
in the test set. For the test set, only neutral molecules 
were considered (i.e. pyridyl substituents were not pro-
tonated since the pKa of pyridine is less than 5.5). 

B. CoMFA: Interaction Energies and Regression 
Techniques. All CoMFA studies were performed on 
Silicon Graphics Iris Indigo R4000 computers running 
SYBYL 6.O.29 The steric and electrostatic field energies 
were calculated using an sp3 carbon probe atom with a 
charge of-1 and a distance-dependent dielectric constant 
at all intersections of a regularly-spaced (2 A) grid of 
dimensions 36 X 26 X 22 A. Steric and electrostatic 
contributions were truncated to a value of ±30 kcal/mol, 
and the electrostatic contributions at lattice intersections 
yielding maximal (±30 kcal/mol) steric values were ignored. 

All regression analyses were done using the Partial Least 
Squares (PLS)41 algorithms in SYBYL.29 Initial analyses 
were performed using full cross-validation42 (leave-one-
out method) and 10 principal components (PCs). The 
optimal number of components to be used in the non-
cross-validated (conventional) analyses was defined as that 
which yielded the highest cross-validated r2 value. For 
component models with identical values, the component 
number producing the smallest standard error of prediction 
(SEP) was selected. To minimize the influence of noisy 
columns, all cross-validated analyses were performed with 
a minimum a (column filter) value of 2.00 kcal/mol. 

C. "Predictive" i2 Values. The "predictive" r2 was 
based only on molecules not included in the training set 
and is defined as: predictive r2 = (SD - "press")/SD where 
SD is the sum of the squared deviations between the 
affinities of molecules in the test set and the mean affinity 
of the training set molecules and "press" is the sum of the 
squared deviations between predicted and actual affinity 
values for every molecule in the test set. It should be 
obvious from the equation that prediction of the mean 
value of the training set for each member of the test set 
would yield a predictive r2 = 0. This is analogous to the 
cross-validated r2 definition42 and can result in a negative 
value reflecting a complete lack of predictive ability of the 
training set for the molecules included in the test set. 

Results 

A. CoMFA of HIV-I Protease Inhibitors. The 
results of the CoMFA studies are presented in summarized 
form in Tables VII and VIII. The initial analysis based 
on alignment I yielded a correlation with a cross-validated 
r2 of 0.778 (F = 549.838) using six principal components 

Sta.Ala.Sta.Val.Val.Iva
Ile.Gln.Sta.Asn.Phe.Ser
Gln.Val.Ile.Sta.Asn.Gln.Ser


4156 Journal of Medicinal Chemistry, 1993, Vol. 36, No. 26 Waller et al. 

Table VIII. Differences between Predicted and Actual 
Activities for Test Set Molecules 

alignment rule 

compd 

m3 
m4a 
m4b 
m5 
m6 
m7 
m8a 
m8b 
m9a 
m9b 
mlOa 
mlOb 
mlla 
ml lb 
ml2 
ml3 
ml4a 
ml4b 

I 

0.302 
0.067 
0.846 

-0.324 
-0.256 
-0.142 

1.223 
0.264 

-0.883 
0.013 

-1.271 
-1.007 
-0.627 
-0.408 
0.257 
0.525 

-0.339 
-0.030 

0.486 

II 

0.565 
0.633 
0.547 

-0.088 
0.291 
0.194 
0.861 

-0.032 
-0.625 
-0.002 
-1.253 
-0.874 
-0.559 
-1.543 
0.875 
1.265 

-0.403 
0.191 

III 

0.482 
0.703 

-0.177 
0.082 
0.281 
0.190 
0.757 

-0.472 
-0.407 
-0.307 
-0.829 
-0.902 
-0.737 
-O.800 
0.933 
1.105 
0.571 
0.002 

IV 

0.718 
0.042 

-0.373 
-0.336 
-0.353 
-0.561 
0.910 

-1.110 
-1.520 
-0.602 
-1.098 
-0.998 
-1.553 
-1.240 

1.043 
0.294 

-0.817 
0.131 

Average Absolute Errors 
0.533 0.541 0.754 

V 

0.571 
0.170 

-0.094 
-O.408 
0.079 

-0.442 
0.345 

-1.071 
-0.784 
-0.512 
-1.462 
-0.547 
-1.134 
-1.045 

1.035 
0.791 

-0.849 
0.044 

0.630 

actual 

-0.176 
0.026 
0.899 
0.285 
0.481 
0.585 
1.456 
2.221 
1.886 
2.523 
1.537 
2.301 
1.721 
2.523 

-0.813 
-0.707 
0.978 
1.721 

(PCs). The conventional r2 for this analysis was 0.984. 
This model expressed good predictive ability for the test 
set of hydroxyethylurea compounds (r2

pred = 0.662) with 
all compounds predicted within 1.27 log unit (1.7 kcal/ 
mol in binding affinity) of their actual activities with an 
average absolute error of 0.49 log units (0.6 kcal/mol) across 
a range of 3.03 log units. 

Alignment II yielded poorer cross-validated (r2
cross -

0.653 with 8 PCs), conventional (r2 = 0.990), and predictive 
results (r^red = 0.625). These results are possibly indicative 
of poor molecular alignment caused by structural differ
ences represented by additional protons on charged ligands 
and the resultant changes in charge distributions. These 
results are useful in that the analysis provided an indication 
of the sensitivity of CoMFA to such changes. 

It was somewhat anticipated that, by realigning the 
charged molecules of the alignment II traning set using 
the field-fit minimization procedure, the internal consis
tency of the model represented by the cross-validated r2 

value would improve. This was not to be the case as 
another decrease in the cross-validated r2 value was noted 
(r2cross = 0.607 and 8 PCs). The conventional statistical 
results (r2 = 0.991) and the predictive ability of this model 
for the 18 test compounds (r2

pred = 0.660) were not affected 
by the changes in the molecular alignment of the training 
set. 

Alignment IV produced an internally predictive (r2CToss 
= 0.659 with 7 PCs) and statistically significant (r2 = 0.988) 
model. Although this model yielded a high cross-validated 
r2, the predictive ability for the test set molecules was 
poor (Hpred = 0.327). The model mispredicted the activities 
of the test set molecules by as much as 1.6 log units (2.1 
kcal/mol) and expressed the highest average absolute error 
(0.75 log units, 1.0 kcal/mol) in predictability. Further
more, an underpredictive tendency was noted in that the 
activities of 12 out of the 18 molecules in the test set were 
underpredicted. 

Active-site minimization of protonated ligands, align
ment V, produced a correlation with a cross-validated r2 

of 0.642 using 7 PCs. The conventional r2 for this model 
was 0.983. A respectable degree of predictability for the 
18 test set molecules was produced (r^ed = 0.512) with 
an average absolute error in predictions of 0.54 log units 

(0.7 kcal/mol). The underpredictive trend of the previous 
model also based on active-site minimization (alignment 
IV) was not as pronounced in this analysis. 

B. CoMFA Fields. The CoMFA steric and electro
static fields for the analysis based on alignment I are 
presented as contour plots in Figures 2 and 3. The field 
values were calculated as the scalar product of the 
^-coefficient and the standard deviation associated with 
a particular column in the QSAR table (stdev*coeff). The 
values corresponding to steric columns are plotted as the 
percentage of contribution to the QSAR equation. In 
Figure 2, areas of high steric bulk tolerance (80% con
tribution), represented by the green polyhedra, are noted 
in the vicinity of the P l and P l ' positions of the ligand. 
Both the active molecule (blue stick structure) (10) and 
the less active molecule (red stick structure) (34) have 
phenyl and isoquinoline substituents in those positions, 
respectively. Areas of low steric bulk tolerance (20%), 
represented by the yellow polyhedra in Figure 2, are noted 
near the P l ' position. The isoquinoline group of the less 
active molecule (34) is seen to extend into these contours. 

The electrostatic contribution contour plot from the 
analysis based on alignment I is plotted as the stdeVcoeff 
field in Figure 3. Areas of decreased tolerance for negative 
charge (20% contribution), designated by the red poly
hedra, are noted in the vicinity of the scissile bond (P l -
PlO of the inhibitor opposite the hydroxy substituent of 
both the crystal ligands (yellow stick structure is JG365 
(28) and green stick structure is U-75875 (40)). It is of 
interest to note that an area of increased tolerance for 
negative charge (80% contribution), designated by blue 
polyhedra, is localized in P2 near the histidine of 40. With 
respect to the active site (not shown), the areas of decreased 
tolerance for negative charge are located in the vicinity of 
Gly-49, Ile-50, Gly-149, and Ile-150 and opposite the active-
site aspartates (Asp-25 and Asp-125). These polyhedra 
overlap the area previously defined as being tolerant to 
increases in steric bulk (Figure 2). This suggests that this 
area of the active site may express a preference for 
hydrophobic interactions which is supportive of the 
preference for the R (or equivalent) isomer in the tran
sition-state isostere of the ligand as determined from X-ray 
crystal structures.43 

For further evaluation of the electrostatic characteristics 
of the ligands with respect to pharmacological potency, 
an analysis based on charged (protonated) molecules was 
utilized. In order to facilitate a direct comparison with 
the preceding analysis and to minimize any steric effect, 
the molecules of alignment I were protonated (if applicable) 
but not subjected to realignment. The steric plots from 
the analysis based on alignment II (not shown) were, 
therefore, not appreciably different from the neutral 
analysis (alignment I). As previously noted, increased 
negative charge appears to be desired near the P2 position. 
Both hydrophilic and hydrophobic groups (i.e. leucine and 
asparagine) groups are commonly found in the P2 position 
of molecules included in the training set. However, certain 
molecules of the training set (39-44,47, and 49-53) contain 
a positively charged residue (histidine) in this position. In 
the analysis based on alignment I, all molecules were 
represented as the neutral species; therefore, the electro
static plots were not well-defined in this region, and the 
effect of noncharged histidine residues could not be 
ascertained. In the analysis based on alignment II, all 
histidine residues of the training set molecules were 
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Figure 2. The CoMFA steric stdev*coeff contour plot from the analysis based on alignment I. Sterically favored areas (contribution 
level of 80%) are represented by green polyhedra. Sterically disfavored areas (contribution level of 20%) are represented by yellow 
polyhedra. Active molecule (10) is represented as blue stick structure. Less active molecule (34) is represented as red stick structure. 

Figure 3. The CoMFA electrostatic stdev*coeff contour plot from the analysis based on alignment I. Negative charge favored areas 
(contribution level of 80%) are represented by blue polyhedra. Negative charge disfavored areas (contribution level of 20%) are 
represented by red polyhedra. JG365 (28) is represented as yellow stick structure. U-75875 (40) is represented as green stick structure. 

protonated. This clearly indicates tha t positive charge in 
this area is not desired; thus, histidine in the P2 position 
is detrimental to the potency of the inhibitor. 

D i scuss ion 

CoMFA is a shape-dependent 3-D QSAR technique 
which is sensitive to both conformational and configura-
tional changes within a series of molecules. The various 

alignment rules selected for this study oriented the P l ' 
hydroxy substituent of all molecules in the training and 
test sets toward the Asp-25/Asp-125 and away from the 
"hydrolytic" water. This is consistent with the mecha
nistically-derived tetrahedral transition state of the normal 
substrate and supported by crystallographic evidence 
(Roche (5) and JG365 (28) express different chirality but 
the hydroxy is oriented similarly when the structures are 
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superimposed). Clearly, crystallographic data provided 
for additional insight into the development of the align
ment rule. Without such evidence, it is possible that the 
inversion of chirality would have been represented by a 
mistaken reorientation of the hydroxy of the inhibitor in 
the active site. 

The orientation of the P l ' hydroxy substituent produces 
a pronounced directing effect on the P2' and P3' (if present) 
substituents of the inhibitors. In compounds possessing 
the i?-isomer in the P l ' position (i.e. crystal structure of 
5), the P2' nitrogen (proline) is found as the S-isomer. The 
converse is found to be true as revealed by the crystal 
JG365 (28) structure. This effect is most clearly reflected 
in the dramatic differences in potency for equivalently 
substituted hydroxyethylamines with opposing P l ' hy
droxy chiralities. CoMFA is sensitive to this conforma
tional change as depicted in Figure 2. The isoquinoline 
group, a common feature of compounds 10 and 34, is 
redirected depending on the chirality at the P l ' and 
corresponding P2' positions. 

The CoMFA model also provides an explanation for the 
antiparallel effects on the potencies of equivalently 
substituted hydroxyethylamine (3, 5, and 10) and norsta-
tine-containing (19, 20, and 21) inhibitors with identical 
P l ' chirality (R). Within the hydroxyethylamine series, 
as the steric bulk of the P2' position is increased, increases 
in biological potency are noted. The opposite trend is 
found in the norstatine series. Examination of the 
conformations of comparable molecules (i.e. 10 and 21) 
reveals that the P2' substituent of compound 21 is 
positioned much like that of JG365 (28) (Figure 4). This 
may be attributed to the achiral nature of the P2' nitrogen. 
The nitrogen is amidic in the statine-based inhibitors and 
as such is trigonal-planar regardless of the chirality at the 
P l ' position. All CoMFA models presented in this paper 
accurately predict this trend. 

The alignment rule for the test set molecules was active-
site minimization of neutral ligands regardless of the 
alignment rule used for the training set. In the absence 
of crystallographic data for this novel class of inhibitors, 
active-site minimization seems to be a reasonable approach. 
The use of neutral ligands is justified since the pKa of urea 
is 0.1. It was previously reported that the P l ' and P2' 
substituents in at least one of the inhibitors from this 
class (m lb) were the reverse of the anticipated binding 
mode based on crystallographic data for similarly sub
stituted inhibitors from other classes. The systematic 
search and energy-evaluation routine utilized herein is 
validated in that the conformer of m4b yielding the lowest 
interaction energy with the active-site complex expressed 
this "flipped" binding mode. Only seven test set molecules 
(m3, m8a, m8b, m9b, mlOb, ml2, and ml4b) were 
predicted on the basis of molecular mechanical derived 
interaction energies to interact with the receptor in the 
"normal" mode. 

Analyses based on the field-fit minimization alignment 
rule are better (i.e. more predictive) than the corresponding 
active-site-minimized models because field-fitting of a 
ligand to a representative crystal template allows for the 
subtle changes in the binding mode between chemical 
classes of inhibitors to be better represented. That is, 
molecules of a particular class are forced to conform to the 
structural characteristics of the given template crystal 
structure and then allowed to relax to the nearest local 
minimum-energy structure. Molecular mechanics mini-
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Figure 4. Superimposed stereoview of hydroxyethylamine (10, 
black; 21, dark gray) and statine-based (28, light gray) inhibitors 
as found in alignment I. 

mization within an active site cannot possibly be expected 
to exactly simulate all of the ligand/receptor interactions 
and are limited by omission of solvent. Most recently, 
Sansom et al.44 reported that, in order to maintain the 
experimental geometry and the important inhibitor/ 
protease interactions during molecular mechanical min
imization procedures on complexes, specific constraints 
must be placed on hydrogen bonds and a-carbon atoms. 
Furthermore, during the active-site minimization proce
dure employed herein, only side-chain atoms of the 
receptor fragment were allowed to relax. The assumption 
is that the spatial positioning of the backbone atoms of 
the receptor and the distribution of essential waters do 
not change during ligand binding. This may not be the 
case, since by holding the backbone and water atoms rigid, 
the ligand may be forced to assume a nonoptimal alignment 
within the active site. A partial solution to this problem 
may lie in the use of algorithms designed to solvate 
molecules.45 This would effectively allow for the redis
tribution of waters within the active site. The details of 
such a procedure are being explored. 

CoMFA was designed to evaluate the steric and elec
trostatic environments of a series of molecules and to 
correlate changes in these two properties with changes in 
biological activities. CoMFA steric and electrostatic 
interactions alone do not give explicit consideration to 
the effects of solvation and lipophilicity, two factors which 
are known to strongly influence the free energy of binding. 
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Several applications, including Amsol46 and Delphi,47 have 
been developed to calculate (estimate) the solvation free 
energies of molecules. Likewise, many methods exist for 
the calculation of lipophilicity ranging from simplistic 
additive constituitive algorithms (c log P48) to grid-type 
algorithms which are capable of directly interfacing with 
CoMFA (HINT!49). Currently, studies are being under
taken to examine the effects of the addition of regressors 
such as these to existing CoMFA models. 

Conclusions 

The development of CoMFA models should consist of 
two distinct phases which need emphasis. The primary 
goal in the construction of a successful CoMFA QSAR is 
most certainly the development of an internally self-
consistent model, that is, a model which yields an 
acceptable cross-validated r2 value. Self-consistency alone 
has traditionally been taken as a measure of predictability 
for a data set. Along these lines, others50 have attempted 
to minimize the occurrence of spurious correlations in the 
training set by selecting only those variables which 
contribute most significantly to the prediction ability of 
the model. While the utilization of this advanced variables 
selection procedure has yielded improvements in the self-
consistency of models versus normal linear PLS appli
cations, it has been demonstrated that a self-consistent 
analysis does not necessarily possess predictive ability for 
novel analogs. The accurate prediction of biological 
activity (Le. affinity) of novel compounds most assuredly 
is the ultimate goal of any QSAR analysis. As a measure 
of the "true" predictive ability of a CoMFA QSAR, we 
recommend the use of chemically novel test sets (ideally 
structurally and electronically different from the members 
of the training set) as originally proposed by DePriest et 
al.19 

The use of chemically diverse test sets as measures of 
predictive ability is not exclusively limited to the CoMFA 
QSAR technique. CoMFA would, however, seem to be 
ideally suited for test sets of this type and, in this sense, 
possess an advantage over more conventional QSAR 
techniques in that molecules are represented in the analysis 
by molecular fields—specific atom types and functional 
groups are not specified per se. A successful CoMFA QSAR 
would be one that contains sufficient information regarding 
the molecular field so as to be capable of extrapolating to 
the effect of other chemical functionalities, not represented 
in the training set, in a given area. 

Several models which sufficiently provide an internally 
self-consistent view of the variance in the biological 
potencies of a training set of structurally-diverse HIV-I 
protease inhibitors and accurately predict the activities 
of novel structures using a 3-D QSAR technique (CoMFA) 
have been presented. Presently, the output from these 
analyses in the form of contour plots is being used to aid 
in the design of novel, third-generation HIV-I protease 
inhibitors. Once constructed, candidate structures are 
aligned by active-site minimization. Using selected QSAR 
models, potential synthetic lead compounds are identified 
as those expressing high predicted potencies. The results 
of these rational design efforts will be reported in future 
publications. 
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Appendix 
All biological activities used in the present CoMFA study 

were expressed as 

BiO = ^Og10IC60 (1) 

where Bio is the biological activity, and IC50 is the 
micromolar concentration of the inhibitor producing 50% 
inhibition. 

Biological activities for the peptide series shown in Table 
III were published as Ki values.14 In order to obtain IC50 
values, the Cheng and Prusoff equation (Cheng, Y.-c; 
Prusoff, W. H. Biochem. Pharmacol. 1973,22,3099-3108) 
determined for the case involving one substrate and one 
competitive inhibitor present was used: 

IC50 = K1(I + S/KJ (2) 

where K1 is the dissociation constant of the enzyme-
inhibitor complex, S is the substrate concentration, and 
Xm is the Michaelis constant of the substrate. This 
equation is valid when the velocity in the presence of the 
inhibitor is half the velocity in the absence of the inhibitor. 
The following numerical values were used: Km = 2.0 mM38 

(Tomasselli, A. G. Personal communication, 1993), 5 = 
2.5 mM,14 and K1 as published for each inhibitor.14 

On the basis of eq 2, IC50 values for all the other 
compounds in this series (Table III) were determined using 
the calculated Km value. Results are listed in Table III. 

Note Added in Proof. The atomic coordinates for test 
set molecule (m4b) have been obtained allowing a pre
diction of P(IC50) (MM) = 0.928 (actual P(IC50) = 0.899) 
based on alignment rule I. The RMS deviation between 
the crystal and active-site-minimized structures is 0.740 
A. 

Supplementary Material Available. The atomic 
coordinates and partial atomic charges of all molecules 
are available from the authors upon request. 
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