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A Priori Prediction of Activity for HIV-1 Protease Inhibitors Employing Energy
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We have observed a high correlation between the intermolecular interaction energy (Einer)
calculated for HIV-1 protease inhibitor complexes and the observed in vitro enzyme inhibition.
A training set of 33 inhibitors containing modifications in the P;” and Py’ positions was used to
develop a regression equation which relates Einer and pICso. This correlation was subsequently
employed to successfully predict the activity of proposed HIV-1 protease inhibitors in advance
of synthesis in a structure-based design program. This included a precursor, 47, to the current
phase II clinical candidate, L-735,524 (§1). The development of the correlation, its applications,
and its limitations are discussed, and the force field (MM2X) and host molecular mechanics
program (OPTIMOL) used in this work are described.

Introduction

There has been considerable recent interest! in the
application of what has been termed rational or struc-
ture-based drug design, in which novel ligands for
biological receptors are proposed and/or evaluated prior
to synthesis based on structural information. This
structural information can be (a) explicit as in the
availability of a single crystal X-ray structure of the
protein target or (b) implicit as in the availability of
enough structure/activity data for a variety of ligands
to develop a 3D pharmacophore map. In either case, a
prediction of binding affinity for a proposed ligand can
be accomplished in a qualitative or quantitative sense.
Ideally, one would wish for a quantitative prediction
which would also be rapid, thus avoiding the problem
of having to make a “prediction” retrospectively, i.e.,
after a putative ligand has been synthesized and as-
sayed. We report herein the use of a simple, rapid
method for predicting a priori the in vitro enzyme
activity of proposed HIV-1 protease inhibitors which
employs a single crystal X-ray structure of the enzyme
and a limited set of structure/activity data.

The HIV-1 protease is a proteolytic enzyme which is
responsible for processing the polyprotein precursors to
the structural proteins and enzymes (reverse tran-
scriptase, integrase, and the protease itself)? of the
HIV-1 virus. Inactivation of the protease via site-
directed mutagenesis of one of the catalytic residues has
been shown to result in the production of noninfectious
virions.? Thus, the HIV-1 protease has been an attrac-
tive target for chemotherapeutic intervention in the
treatment of the acquired immunodeficiency syndrome
(AIDS).4

Due to widespread interest in developing AIDS thera-
pies, the design of HIV-1 protease inhibitors has been
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the subject of intense effort, and concomitantly the
HIV-1 protease has become arguably the most studied
enzyme crystallographically.5 Knowledge of the three-
dimensional structure of the HIV-1 protease active site
has led to many reports of structure-based inhibitor
design in a qualitative sense® but to only a few reports
of a more quantitative nature which employed free-
energy perturbation (FEP) methods,” comparative mo-
lecular field analysis (CoMFA),2 or the hypothetical
active site lattice (HASL) method.® While FEP methods
clearly have the potential for providing accurate evalu-
ation of relative binding free energies of HIV-1 protease
inhibitors, they are very expensive in a computational
sense. The CoMFA and HASL approaches are more
promising in terms of making rapid predictions of
activity for proposed inhibitors in a rational design
process. However, we have found that simple energy
minimization of the proposed inhibitor in the enzyme
active site leads to an intermolecular energy (Einter)
which correlates highly with enzyme inhibition (pICs).10

Modeling

The native,!! acetylpepstatin-inhibited,!2 and L-689,-
502-inhibited1® HIV-1 protease X-ray coordinates were
employed in this study. For acetylpepstatin, the enzyme
coordinates matching the first orientation of the inhibi-
tor were chosen; for L-689,502, a preliminary set of
coordinates was employed which did not discriminate
the two orientations of the inhibitor. Based on a pH of
5.5 for the in vitro enzyme assay,l* protonation states
for titratable residues were chosen as follows: all
titratable residues were charged with the exception of
Tyrse and one of the pair of catalytic aspartic acids,
Aspass. The latter protonation state was chosen based
on pH rate profiles which suggest that the catalytic
aspartates of (a) the fungal aspartyl proteases Penicil-
lopepsin and Rhizopus Pepsinl® and (b) the HIV-1
proteasel® share one negative charge. For this study
the proton on the Aspass carboxyl was placed on Os; as
proposed by Suguna et al.17 for Rhizopus pepsin.

© 1995 American Chemical Society
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For convenience in cross-site comparisons, the two
inhibited enzyme structures were aligned onto the
native enzyme using the backbone atoms of the catalytic
triad, Aspags-Thrase-Glyasr and Aspgpzes-Thrpeze-Glysazr
(Aspggs-Thrpee-Glypgy in the native enzyme). All crys-
tallographic waters were removed with the exception,
in the two inhibited structures, of the tightly bound
water (305 in acetylpepstatin and 407 in L-689,502)
which is involved in hydrogen bonding with the NH’s
of the flap residues Ileaso and Ileggso and the P; and
Py’ 18 carbonyl oxygens of the inhibitors described
herein. In the acetylpepstatin-inhibited enzyme, four
other waters (303, 304, 319, and 324), which are located
in crevices in the floor of the active site, were also
included. No significant difference in results was
observed when these were included, so they were
omitted from the L-689,502-inhibited enzyme.

A model of 1 was constructed in the Merck molecular
modeling program AMF° based on the X-ray structures
of inhibitors of endothiapepsin?® and Rhizopus pepsin.17
Models of all other inhibitors employed the model of 1
as a template. All inhibitor models were neutral (no
ionic charge). The flexibility of each inhibitor was
manually explored as necessary to obtain a satisfactory
fit in the enzyme active site, which also corresponded
to a low-energy conformer.

Inhibitor models were minimized in the three enzyme
active sites using the MM2X force field implemented
in the program OPTIMOL (see below). In all cases, the
inhibitor was completely flexible while the enzyme was
completely static. Where different favorable conforma-
tional or orientational possibilities existed, the final
inhibitor model was chosen on the basis of the lowest
total energy, i.e. a balance between favorable intermo-
lecular and intramolecular energies. Final cartesian
coordinates for the training set of inhibitors (1, 3—34)
as minimized in the L-689,502-inhibited enzyme are
provided as supplementary material.

The MM2X force field was developed at the Merck
Research Laboratories as an extension of the MM2 force
field; it differs from MMZ2 principally in that lone pairs
on heteroatoms are not used and in that electrostatic
interactions take place between atom-centered charges,
allowing proper treatment of charged systems. For
intramolecular vdW interactions, the default choice for
MM2X (and the choice made in this work) is to use the
MM2 exp-6 potential; for intermolecular interactions,
MM2X by default uses the Lennard-Jones 9—6 form (the
12—6 form can also be selected). Electrostatic interac-
tions are calculated from Coulomb’s law using atom-
centered charges, obtained for intramolecular interac-
tions from MM2’s bond—dipole parameters in most
cases, and for intermolecular interactions obtained from
a companion set of “bond charge increments” chosen to
reproduce electrostatic-potential-derived charges. Di-
electric constants of 1.5 for intramolecular interactions
and 1.0 for intermolecular interactions are normally
used. MM2X, the resident force field in OPTIMOL
when the work reported in this paper was done, has
been parameterized for a wide range of functional
groups but shares many parameters with MM2. A more
complete description of MM2X and of its implementa-
tion in OPTIMOL is given in appendix A, and a
complete list of MM2X parameters is included in the
supplementary material. The molecular modeling pro-
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gram OPTIMOL was developed by one of us (T.AH.)
and colleagues at the Merck Research Laboratories.
Graphics visualization was performed using AMF,
Quanta,?! and c_view.22 Correlation plots were pro-
duced using Kaleidagraph;2? however, R, R?, and cross-
validated R2? values for the correlation plots were
calculated using RS/1.2¢ The cross-validated R? values
were computed using a leave-one-out approach.25

Results and Discussion

Like other known aspartyl protease inhibitors, HIV-1
protease inhibitors have generally been designed to
mimic the tetrahedral intermediate formed during
hydrolysis of the scissile amide bond of the substrate.
The HIV-1 protease inhibitor 1, containing the hydroxy-
ethylene isostere as tetrahedral intermediate mimic,
was optimized from an initial renin inhibitor lead? and,
as a small subnanomolar inhibitor, served as a conve-
nient starting point for molecular modeling studies.

A model of 1 was developed as described above and
is shown in the native enzyme active site in Figure 1.
The binding elements (Ps, P1, Py, and Py’) are labeled
using the Schechter and Berger nomenclature for pro-
teases.!® Use of this model of 1 led to the successful
qualitative design of an improved inhibitor, L-689,502,
2,13 which capitalized on the solvent accessibility of para
substituents on the P;’ benzyl.

1,R=H
an)

2,R=0CH2CH2N O
—

Our success with such qualitative predictions led us
to try a more quantitative approach, i.e., examining
correlations between calculated properties and in vitro
enzyme inhibition (ICs). On the basis of previous
promising results®? using a human renin model to aid
the design of renin inhibitors, we focused on a possible
correlation between the calculated interaction energy
(Einter), i.e., the intermolecular component of the total
energy, and the observed ICso. Here, Einter corresponds
to the sum of the van der Waals (Eyq4yw) and electrostatic
(Eeiec) interactions between the inhibitor and the enzyme
when the inhibitor is minimized in the rigid enzyme
active site. It does not include the intramolecular
energy of the inhibitor, the only other variable compo-
nent of the total energy in this case.

E

E,.+E

inter — Lvdw elec

The proposed correlation was premised on two
assumptions: (1) that Einr might be proportional to the
enthalpy of binding (AHping) and (2) that the entropy of
binding (AShinq) might be small or more likely constant.
Thus, Einer might be proportional to the free energy of
binding (AGhing) and correlate with the experimental
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Figure 1. Stereoview of L-685,434, 1, as modeled in the active site of the native enzyme. The active site cavity is represented
by a wire-mesh molecular surface and the enzyme is depicted as a ribbon. The catalytic aspartates (solid blue sticks), Aspass and
Asprss, are highlighted for reference. The inhibitor binding elements are labeled following the Schechter and Berger nomenclature

for proteases.!®

Figure 2. Overlaid models of the training set inhibitors 1 and 318, which contain modifications of the Py’ substituent, illustrated
in the native enzyme active site. The active site cavity is represented by a wire-mesh molecular surface and the enzyme is depicted
as a ribbon. The catalytic aspartates (solid blue sticks), Aspass and Aspsgs, are highlighted for reference.

observation, i.e., ICsp.
AGying = AHying — TASy;0q

The inhibitors that were chosen for the training set
are shown in Table 1. The space they occupy in the
active site is illustrated in Figures 2 and 3. They are
all related to 1 and were selected for variety of structure
(16 inhibitors with modifications in the P;’ site and 16
inhibitors with modifications in the Py’ site) and for

spread in ICj (5 orders of magnitude). Initially, these
inhibitors were modeled in the native enzyme active
site, but subsequently as the acetylpepstatin!! and
L-689,502!2 inhibited enzyme active sites became avail-
able, these were used to repeat the correlation calcula-
tions. As shown in Figure 4, a good correlation was
observed between Ejner and pICsp for all three enzyme
active sites. Equations 1—3 were derived for the native,
acetylpepstatin, and L-689,502 enzyme active sites,
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Figure 3. Overlaid models of the training set inhibitors 19—34, which contain modifications of the P’ substituent, illustrated
in the native enzyme active site. The active site cavity is represented by a wire-mesh molecular surface and the enzyme is depicted
as a ribbon. The catalytic aspartates (solid blue sticks), Aspass and Aspggs, are highlighted for reference.
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Figure 4. Plot of calculated enzyme—inhibitor interaction
energy vs experimental enzyme inhibition (pICsy) for the
training set of inhibitors 1, 3—34 (circles = native enzyme
active site, squares = acetylpepstatin-inhibited active site,
diamonds = L-689,502-inhibited active site).

respectively. The corresponding R, R?% and cross-
validated R? values are given following each equation.

native:
pIC,, = —0.15435(E,,,,,) — 8.069 1)
R =0.8524, R>=0.7265, cross-validated R* =
0.6910
acetylpepstatin inhibited:
pIC;, = —0.17302(E,,,.,) — 14.901 (2)
R=0.7623, R>=0.5811, cross-validated R* =
0.5244
L-689,502 inhibited:
pIC,, = —0.16946(E,,,..) — 15.707 (3)

Figure 5. A comparison of the X-ray coordinates of the native
enzyme (dashed) and the complex (solid) with L-689,502, 2
(ball and stick). The two enzymes are represented as C, traces
to illustrate the difference in position of the flaps (at the top
of the figure) which in the native enzyme X-ray structure are
too distant to interact with the inhibitor.

R =0.8852, R?=0.7835, cross-validated R* =
0.7551

In all three cases the R? and cross-validated R values
are comparable, indicating that no one data point is
overly influential in deriving the correlation equation;
thus, the derived model should be predictive.

Note that the correlation in eq 1 compares favorably
with that in eq 3. This is somewhat surprising since in
the native enzyme the flaps which contribute to binding
in the Sg, S1, 81/, and S’ pockets are involved in crystal
packing interactions and are not within reach of the
modeled inhibitor, as illustrated in Figure 5. The
correlation thus seems to be relatively independent of
the position of the flaps. This may be explained by two
factors: (1) there are specific hydrogen bonds between
the inhibitor and the floor of the active site which force
the inhibitor to adopt an appropriate bioactive confor-
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Table 1. Calculated Enzyme—Inhibitor Intermolecular Energies and Experimental ICso Values for the Training Set of HIV-1
Protease Inhibitors

oMy O on ¢
OTNM No A\ .Rs >roTn \/k/g( R,
04 o 0’ o
No R; Rz Rs Ry ENative? I':Ac}’epb Esp2¢ ICsp PIC5OC
kcal/mol kcal/mol kcal/mol (nM)
1 CH2Ph H H -108.3 -134.8 -145.1 025 9.6021
3 CH2Ph CH3 H -106.3 -131.1 -140.4 77 81135
4 CHCHPCHPPh H OH -113.0 -139.2 -143.6 019 9.7212
5 CH?2-4-CF3Ph H H -114.0 -141.3 -149.6 0.26 9.5850
6 (E)-CH)CH=CHPh H H -113.4 -138.3 -147.1 023 9.6383
7 CH2CgF5 H H -115.3 -139.1 -149.4 06 92218
8 CH?2-4-CH3Ph H H -109.1 -135.4 -146.5 029 9.5376
9 CHj-4-NH2Ph H H -110.4 -137.1 -146.1 0.31 9.5086
10 CH2-4-NO2Ph H H -1184 -147.7 -151.4 0.27 9.5686
11 H H H -98.6 -125.0 -129.2 2934 55325
12 CH2-4-OHPh H H -110.7 -136.6 -149.7 0.16 9.7959
13 CHCH=CH2 H H -102.9 -131.5 -137.8 27.5 7.5607
14 CH2-4-IPh H H -113.4 -140.4 -148.4 072 9.1427
15 CH2C(O)Ph H H -114.2 -141.3 -150.3 542 8.2660
16 CHp-4pyridyl H H 1116 -1344 1449 053 9.2757
17 CH2S5Ph H H -112.3 -138.9 -146.0 025 9.6021
18 CH2-4-t-butylPh H H -113.3 -137.0 -150.9 017 9.7696
19 NHCH>Ph -94.3 -1223 -131.5 114 69431
20 OH -98.2 -128.1 -132.9 9.53 8.0209
HN,, @
21 HN,’8 -97.4 -124.7 -135.5 3425 7.4653
22 HN A~ o -103.1 -135.0 -134.1 690 6.1612
m
23 OH -96.6 -127.7 -130.8 161 6.7932
HN A o
A
24 CH -106.1 -134.6 -139.3 66.3 7.1785
0y
HN, A
25 oH -91.7 -133.6 -144.0 21242 6.6728
e
26 oH -99.2 -130.6 -134.2 121.8 69144
HN.,
27 oH -109.9 -135.6 -146.7 0.7 9.1549
HN,,
28 oH -109.2 -136.4 -145.5 0.18 9.7447
HN,
&°
29 OH -94.5 -135.5 -134.5 405 7.3925
HN,
5
30 NHCH2CgH11 -88.4 -120.1 -124.1 30000 4.5229
31 HN% -94.4 -122.3 -129.8 130 6.8861
32 HNL CHs -96.5 -123.2 -134.1 146 6.8356
33 OH -111.7 -139.3 -149.1 0.1 10.000
HN;.8‘OH
34 MM o -1081 1332 1384 386 74134

Q

a Intermolecular energy calculated in the native HIV-1 protease active site. ® Intermolecular energy calculated in the Acetylpepstatin
inhibited HIV-1 protease active site. ¢ Intermolecular energy calculated in the L-689,502 inhibited HIV-1 protease active site. ¢ pICsy =

—log (ICs0).

mation in the absence of the flaps and (2) the binding tion is obtained in eq 3, with the L-689,502-inhibited
elements contributed by the flaps are relatively constant enzyme, in which the flaps are positioned to interact
for this series of inhibitors. However, the best correla- with the inhibitor models and involved in binding of an
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Figure 6. Plot of predicted pICsy vs. observed pICs, values
for the predicted set of inhibitors 35—80. The line is one of
unit slope, i.e., predicted pICsy = observed pICs.

inhibitor, 2, which is structurally comparable to those
in the training set.

Using eqs 1—3, we were able to make predictions of
activity for many proposed inhibitors prior to synthesis,
i.e., true predictions and not post hoc explanations of
activity. Since this was done over a period of time, the
earliest predictions of activity were made using eq 1,
while the later predictions were made using either eq 2
or 3. We have chosen to report only the original
prediction for the compounds listed in Table 2 in order
to illustrate that useful predictions of activity were
made prior to synthesis using this simple model. Thus,
only two compounds are reported which were predicted
with eq 1 and only three compounds are reported which
were predicted with eq 2. This is due to a variety of
factors, including (a) the availability of the L-689,502-
inhibited (2) HIV-1 protease X-ray coordinates in a
timely manner, (b) the natural lag between prediction
and synthesis which favored prediction with the newer
model, and (c) the fact that in many cases the exact
compound which was predicted was not synthesized, but
rather a structural analog.

Holloway et al.

The relative accuracy of these predictions is il-
lustrated graphically in Figure 6, in which the line is
one of unit slope, i.e., predicted pICso = observed pICso.
There is only one significant outlier, 36, on the far right
hand side of the graph, which will be discussed in more
detail below. The average absolute error in the pre-
dicted values in Table 2 is 1.01 log units across a range
of 5.10 log units. When 36 is omitted, the average
absolute error drops to 0.79 log units, or less than a
factor of 10.

The compounds listed in Table 2 illustrate a natural
progression of activity predictions for this program and
span a range of tetrahedral intermediate mimics, e.g.,
constrained hydroxyethylene (35, 38, and 40); statine
(37); hydroxyethylamine (41—44, 46—49); and sym-
metrical hydroxyethylene (36), hydroxyethylamine (45),
and diol (50) isosteres. Each was designed to answer
specific structural questions or to address pharmacoki-
netic properties. However, only a few of the predictions
of activity will be discussed in greater detail in order to
illustrate the scope and the limitations of this simple
approach.

As mentioned above, the significant outlier in Figure
6 is 36, which was designed as a symmetrical version
of 1. Like many others,2® we believed that a sym-
metrical inhibitor might bind more tightly to the sym-
metrical active site of the HIV-1 protease. The activity
of 36 was predicted using eq 1. In this case, it was clear
even prior to the enzyme assay of 36 that the predicted
activity was substantially exaggerated, i.e., it was
predicted to have an ICsy of 0.0009 nM, while the
subsequently determined ICs was 0.69 nM. At the
time, we were concerned that our prediction was in error
due to differences in binding between our model and
experiment. However, when the X-ray structure of 36
was solved,?® there was good agreement between the
modeled and X-ray structures as illustrated in Figure
7. There are several other possible explanations for the
overprediction of activity: (1) the use of the native
enzyme model in eq 1, rather than one of the inhibited
enzyme models in eqs 2 or 3; (2) the presence of an
additional hydrogen bond to the active site which would
be overemphasized in a gas-phase molecular mechanics
calculation; or (3) the existence of a higher barrier to
obtaining the bioactive conformation necessary for bind-
ing. Of the three possibilities, the last two seem most

Figure 7. A comparison of the modeled (dashed) and X-ray (solid) structures of 36.
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Table 2. Calculated Enzyme—Inhibitor Intermolecular Energy and Predicted and Observed pICs; Values for the Predicted Set of
HIV-1 Protease Inhibitors

No Structure Einter? Active Siteb Predicted Observed
kcal/mol PICso pICs*
35 L -96.4 Native 6.2760 6.2299

oH Oy M

R

&

36 -123.4 Native 12,012 9.1612
37 -127.3 AcPepstatin 6.3302 6.2457
38 -140.1 AcPepstatin 10.141 8.8861
39 -140.2 AcPepstatin 10.171 10.222
40 -125.9 L-689,502 4.9099 5.8965
41 -145.5 L-689.,502 9.1493 9.6383
42 -143.6 L-689,502 8.7383 8.2676
43 -148.9 L-689,502 9.8847 10.2676
44 -141.6 L-689,502 8.30584 7.2774
45 -122.8 L-689,502 4.2394 5.1675
46 -122.5 L-689,502 4.1745 5.5229
47 -143.2 L-689,502 8.6518 8.1163

STTE.

H H T

NH
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Table 2 (Continued)
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No Structure Einter? Active Siteb Predicted Observed
kcal/mol pICso pICs*
48 W Mo, -136.3 L-689.502 7.1594 6.6402
N ~ N
Opy~ 0% NH
Q‘ - OH
Ph - -
49 W Moo ,k 120.0 L-689,502 3.6338 5.3279
>r0\n,N\:/\/N\)LO
oph/‘
50 Ph -121.4 L-689,502 3.9366 5.8617

H OH _/ o]
oy e

¢ Calculated intermolecular energy in the indicated active site. ® Active site in which minimization was performed and whose correlation
equation was used for prediction. ¢ pICso = —log (ICs0). ¢ The prediction of activity was originally made for a closely related compound;
the “predicted” activity reported here was calculated at a later date for the compound which was actually synthesized, 44.

Figure 8. An overlay of the model of 1 oriented in an N—C fashion (dashed) and the X-ray structure of 41 oriented in a C—N

fashion (solid).

likely since the activity predicted using the other two
models is also exaggerated. In particular, factor (3) may
play a key role, since 36 experienced a much larger
decrease (13.7 kcal/mol) than other inhibitors (2.5 kcal/
mol for 2) in its intramolecular energy when minimized
outside of the active site, an indication that the bound
conformation may be significantly higher in energy than
the global minimum.

The outlier 36 clearly demonstrates the limitations
of this simple model. However, in the best case, we were
able to accurately predict the relative and absolute
activities of 42 (predicted ICs, = 1.8 nM, observed ICs
= 5.4 nM) and 43 (predicted IC5, = 0.13 nM, observed
ICs0 = 0.05 nM), which differ only in the stereochemistry
of the furan ring in P2,30 a novel surrogate for the Asn
residue of Ro-31-8959, 4131 We were also able to
predict that the 6-membered lactam ring in 40 would
fit poorly (predicted ICs0 = 12.3 uM, observed ICs, =
1.269 uM) in the active site, although the analogous
5-membered lactam was a nanomolar inhibitor (IC5, =
37 nM).32

A last example, 47, serves to showcase the utility of
this model in a structure-based drug design program
in which crystallographers, molecular modelers, and
medicinal chemists work closely together. An interest-
ing feature of HIV-1 protease complexes with inhibitors

is that, due to the symmetrical nature of the enzyme,
some inhibitors are observed!213.28¢.29.33 to hind in the
active site in two directions, bothinan N—Cand a C
— N orientation with respect to the flaps, which in their
closed H-bonded form introduce the asymmetry which
is the direction marker. Comparing models of 41,
oriented in the N — C and C — N fashions in the active
site, led to the design of an active “reversed” Roche
analog, 44, in which all the binding elements remain
the same, but the amide bond directionality is reversed.
Comparing 1 oriented in an N — C fashion and 41
oriented in a C — N fashion, as illustrated in Figure 8,
led to the hypothesis that novel hybrid inhibitors such
as 47 could be developed which incorporated the P;" and
Py’ binding groups from both 1 and 41.

As predicted, 47 was an active HIV-1 protease inhibi-
tor (predicted ICso = 2.23 nM, observed ICsp = 7.65 nM)
and via excellent medicinal chemistry3* it led to the
current clinical candidate, L-735,524 (51).35 Figure 9
illustrates a comparison between the models of 47, 51,
and the X-ray structure® of a related compound, 52, as
complexed to the HIV-1 protease.

Conclusion

In summary, we have observed a good correlation
between a simple calculated property, Eintr, and the
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Figure 9. A comparison of the models of 47 and 51 and the X-ray structure of a related compound, 52, as complexed to the
HIV-1 protease. The side chain of Argg (solid blue) contacts the aromatic ring of the Cbz substituent in 52 and may be involved

in a specific hydrogen bond with the pyridyl nitrogen of 51.
R.
N/\l OH PhH OH
k/n Ni A
A °

51, R = 3-pyridylmethyl
52, R = benzyloxycarbonyl

observed IC; for a series of HIV-1 protease inhibitors
which differed in their P;" and Py’ groups. This cor-
relation, in particular eq 3, was subsequently used to
successfully predict the activities of proposed HIV-1
protease inhibitors. This included inhibitors which
contain modifications in Ps, Py, Py’, and P5’, as well as
different backbone structures, e.g., hydroxyethylamine,
statine, and symmetrical diol isosteres, in addition to
the hydroxyethylene isostere in the test dataset.

It must be emphasized that we made many more
predictions of activity than are reported here. Happily,
one reason for the difference is that frequently when a
prediction was unfavorable, the compound was not
synthesized. In addition, in many cases when a predic-
tion was favorable, a close analog, rather than the exact
compound which was modeled, was synthesized.

Although this simple model is easy, rapid, and has
proven successful in aiding the structure-based drug
design process, it has clearly been limited in this study
to inhibitors which are neutral and approximately the
same size. However, preliminary work indicates that
a successful correlation may also be derived employing
charged inhibitors, e.g., those containing basic amines,
or water-displacing templates, e.g., the DuPont Merck
cyclic ureas,® as well as other classes of inhibitors.

This model obviously neglects some factors which are
key to binding, e.g., (1) the flexibility of the enzyme
active site which can adjust to fit different inhibitor

structures; (2) the difference in energy between the
solution and bound conformations of the inhibitor, which
may lead to an initial energy barrier that must be
surmounted by the inhibitor prior to binding; and (3)
the solvation/desolvation of the inhibitor and the en-
zyme, which may oppose or enhance the enzyme—
inhibitor interaction. In at least one case which we have
illustrated, 36, one or more of these factors must be
important for the accurate prediction of activity. How-
ever, attempts to incorporate these effects into a predic-
tive model have been thus far unsuccessful in improving
the observed correlation. We continue to examine the
effect of these factors on our correlation in the hope of
deriving an even more accurate model which still allows
for timely prediction of activity.
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Appendix A. The MM2X Force Field and the
Molecular Mechanics Program OPTIMOL

1. The MM2X Energy Expression. The MM2X
energy expression can be written as
Eynox = D EB; + Y EA,, + YEBA,, +

Y EOOPy,; + Y ETy, + Y EvdW; + Y EQ; (A1)

where the constituent terms, each expressed in kilo-
calories per mole, are defined as shown below.



314 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 2

1.1. Bond Stretching. Like MM2,37 MM2X employs
the cubic function

kb,
EB, = 143.88—~ IAr, 71+ csAry), (A2)

where kb;; is the force constant in md/A Ari =rj —
r°s is the difference in angstroms between actual and
reference bond lengths, and c¢s = —2 A-1 is the “cubic
stretch” constant. For large Ary, as is well-known, this
function diverges to —. Accordingly, the MM2X imple-
mentation in OPTIMOL removes all cubic contributions
whenever the quadratic contribution for any particular
bond exceeds a preset maximum of 3 kcal/mol. A special
reference bond length (1.47 A) and force constant (5.0
md/A) is used when i—j is formally a single bond
between sp2-hybridized carbon atoms. In this and the
following subsections, the use of capital letters as
subscripts denotes a quantity which depends on the
MM2X atom types (e.g., r°1s) rather than on the atomic
coordinates (e.g., 7).

1.2. Angle Bending. MM2X uses the MM2 expan-
sion

IJK

9,4°(1 + sbAv Y (A3)

EA,;, = 0.043 828" o

where kayx is the force constant in md A/rad?, Aty =
Yyr — Pk is the difference between actual and refer-
ence bond angles in degrees, and sb =7 x 1078 deg~¢is
the “sextic-bend” constant. As noted in the supplemen-
tary material, special sets of parameters are used when
the three atoms comprise a 3-membered ring or liein a
4-membered ring.

1.3. Stretch-Bend Interactions. MM2X employs
the same form as is used in MM2, namely

EBA;;, = 2.511 18(kba, xAr, +
kbag ;,Ar kj)Aﬁijk (Ad)

where kbajsx and kbag; are force constants in md/rad
which couple the i—j and k—j stretches to the i—j—%
bend, and Ar and A¢ are as defined above. The MM2
parameters and rules governing when stretch—bend
terms are excluded (e.g., when i or % is a hydrogen atom)
are used.

1.4. Out-of-Plane Bending at Tricoordinate Cen-
ters. MM2X uses the form

EOOP,;; = 0.043 szsi”‘—%uk (1 + sbyy,

(A5)

where koopzsk.r is the force constant in md A/radz, Xijk;l
is the Allinger (MM2) angle in degrees between the bond
k—! and the plane i—j—! and % is the central atom,38
and sb is as in eq A3. All three out-of-plane angle
components (all permutations of base atoms i, j, and /)
are included in the energy expression and share the
same value for the koop force constant. For atom types
having out-of-plane interactions, the “in-plane” angles
to the central atom & used in eq A5 are the projections
on the i—j—I base plane, as in MM2,

1.5. Torsion Interactions. MM2X uses the 3-fold
representation employed in MM2, where @ is the i—j—
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k—1 dihedral angle:

Elekl = 0.5(V1(1 + cos @) + V2(1 — CO0Ss 2@) +
V,(1 + cos 3®@)) (A6)

Torsion interactions are defined for atom quartets i, j,
k, and [, where i—j, j—k and k—! are bonded pairs and
i = 1. Asnoted in the supplementary material, separate
sets of torsion parameters are used when one of the
three bonds is formally a single bond between sp?-
hybridized carbon atoms or when the four atoms com-
prise a 4-membered ring. The parameters V1, V3, and
V3 depend on the MM2X atom types I, J/, K, and L.

1.6. Van der Waals Interactions. In a departure
from most force field programs, the implementation of
MM2X in OPTIMOL recognizes both what it calls a
“subject molecule” (SM) and what it calls a “context
molecule” (CM). All terms in the MM2X energy expres-
sion apply to a SM, but a CM, when supplied (e.g., an
enzyme active site), is held rigid and interacts with the
SM (e.g., bound ligand) only through vdW and electro-
static nonbonded interactions. For vdW interactions
between pairs of SM atoms, MM2X employs the MM2
exp-6 representation

Eygu, = D €1/{290 000 exp(—12.5R,/R*;)) —
2.25(R*/R,)*} (AT)

where ¢;; and R*;; depend on the MM2X atom types [
and J for the interacting atoms i{ and j. Like MM2,
MM2X computes the minimum-energy separation R*j;
as the sum of the vdw radii R*; and R*,;, computes ¢;;
as the geometric mean of ¢ and ¢, excludes 1,2- and
1,3-interactions, foreshortens C—H bonds by a factor of
0.915, and uses MM2’s special ¢;; and R*;; values for
interactions between aliphatic carbon and hydrogen.

For interactions between SM and CM atoms, in
contrast, MM2X by default uses the Lennard-Jones 9—6
form

Eaw, = D ei2R*/R)° — 3R*,/R,)®} (A8)

and employs different sets of well depths and vdW radii
(but uses the same combination rules for ¢;; and R*;;).
Alternatively, the Lennard-Jones 12—6 form can be
selected. In additon, MM2X as implemented in OPTI-
MOL can also use a Lennard-Jones form rather than
the exp-6 form of eq A7 for intramolecular interactions
between pairs of SM atoms.

1.7. Electrostatic Interactions. In place of MM2's
dipole—dipole interaction energy, MM2X uses the simple
Coulombic form

EQ, = 332.0538¢,g/(DR,), (A9)

to facilitate the description of systems containing non-
zero formal or net ionic charges. Also unlike MM2,
MM2X makes no use of lone paris on heteroatoms. In
this expression, g; and g; are partial atomic charges, R
is the internuclear separation in angstroms, and D is
the “dielectric constant” (normally taken as constant D
= 1.5, though use of a distance-dependent dielectric
constant is also supported). For interactions between
pairs of SM atoms, the partial atomic charges ¢;(SM —
SM) are constructed from initial full or fractional formal
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atomic charges (usually zero, but, e.g., —0.5 for carboxy-
late oxygens) by adding contributions from bond dipole
increments Ok, which describe the polarity of the bonds
to atom i from attached atoms &. Specifically, MM2X
computes q;(SM — SM) as

q(SM—SM) = ¢°; + Y 0y (A10)
where 0;x = —0k7. As usual, 1,2- and 1,3-interactions
are excluded. The bond dipole charges d;x are them-
selves computed from stored MM2-like “bond dipoles”
UIK as

O = — il (4.803r% ) (A11)

where ux is in Debye, %k is in angstroms, and the sign
change reflects the difference between the MM2 and
MM2X sign conventions; for MM2X, ik with I < K is
the charge contributed to atom % of atom type K from
the i—k bond by, and at the expense of, the atom i of
atom type I (thus, ks = —0d;x). For example, a C=0
bond (atom types 3 for C and 7 for O) has a bond dipole
moment u3 7 of 2.95 D (vs 2.6 D in MM2 proper), which
with 7% 7 = 1.229 A yields 637 = —0.50, thus placing a
charge of —0.50 on O and contributing a charge of +0.50
toward the final partial atomic charge on C. Although
not true in this case, in many other cases the MM2X
and MM2 bond dipole moments are the same.

For interactions between SM and CM atoms, the
requisite partial atomic charges are computed as

¢(SM—CM) = ¢ + Y oy, (A12)
from a separately defined set of bond charge increments
wig. These bond charge increments were chosen in so
far as possible to make the resultant partial atomic
charges consistent in value and pattern with the eletro-
static potential fit charges derived by Cox and Wil-
iams.?® This use of different electrostatic and vdW
parameters for interactions between SM and CM atoms
represented an attempt to combine a soundly based
intramolecular force field patterned after MM2 with an
intermolecular component which could describe inter-
molecular interactions more accurately than we felt
MM2 could. As specified in the supplementary mate-
rial, the partial atomic charges ¢{(CM — SM) and vdW
parameters for the CM itself are assigned by table look
up from recognized atom and residue names. In gen-
eral, however, these parameters are similar, if not
identical, to those that would be assigned as SM — CM
parameters for a SM of similar constitution.

2. Implementation of MM2X in OPTIMOL. OP-
TIMOL, the host molecular-mechanics platform for
MM2X, has been widely used in molecular-modeling
applications at Merck for nearly 10 years. We have
already noted that OPTIMOL treats “subject molecules”
both in isolation and in the context of an enzyme active
site. In this section, we summarize some other features
and discuss some pertinent elements related to the
implementation of MM2X.

2.1. Major OPTIMOL Features. OPTIMOL pro-
vides a variety of techniques for energy minimization,
including full or selective optimization in either Carte-
sian or torsion space using a BFGS*® variable-metric
algorithm. Rigid-body optimization with or without
simultaneous torsional optimization is also supported.
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The latter capabilities are useful in docking a ligand to
a receptor such as an enzyme site. Unlike the “subject
molecule” with which OPTIMOL is primarily concerned,
an enzyme site is represented without hydrogens on
carbon atoms and is held rigid. Enzyme sites are also
employed in creating “hydrophobic”, “hydrophilic”, and
other active-site maps for three-dimensional color graph-
ics display. These active-site maps depict regions in the
accessible space for ligand binding considered to be
appropriate for occupancy by portions of the ligand
having matching physiochemical properties.*! As such,
these maps provide qualitative guidance for inhibitor
docking and for inhibitor design.42 OPTIMOL also
provides limited conformational search capabilities. One
or two specified torsion angles can be incremented
through a specified range of values, either in “scan”
mode (rigid rotation) or in “search” mode (with simu-
laneous optimization of other degrees of freedom, sub-
ject, if desired, to imposed penalty-function restraints
on specified internal coordinates). More comprehensive
conformational searches normally are conducted by
employing OPTIMOL to refine a series of conformers
generated using the distance-geometry programs
DGEOM®* or JIGGLE* and by using various procedures
to group the optimized conformers into geometrically
related families. OPTIMOL also provides a number of
analysis capabilities, including a geometric analysis of
hydrogen bonds and an energy decomposition analysis
of the energy of the subject molecule or of its interaction
with the enzyme site. Also included is an “Analyze
Differences” facility which allows contributing force-field
interaction energies to be compared for two related sets
of Cartesian coordinates (e.g., coordinates obtained
before and after energy minimization or ligand docking).

2.2, Implementation of MM2X. OPTIMOL has
been designed to be as easy as possible for both
computational chemists and laboratory scientists to use.
The user (or the invoking modeling platform) simply
represents the subject molecule to OPTIMOL in lan-
guage familiar to the organic chemist, i.e., as a collection
of atoms joined by single, double, or triple bonds, some
atoms of which may have a non-zero formal charge.®?
Aromatic systems may be supplied in any constituent
Kekule form. Thus, the user is not required to designate
atom types, specify hybridization, detect aromaticity, or
assign partial atomic charges. Rather, OPTIMOL uses
the supplied structural information to generate all
additional information needed to carry out the calcula-
tion. It automatically “sets up” the calculation by
determining the torsional “tree structure”, perceiving
and classifying rings, defining symbolic atom types
based on local connectivity, detecting aromaticitity, and
creating appropriate lists of bond, angle, and torsional
interactions. As previously described,* the symbolic
atom types are then translated into the numeric values
used to assign force-field parameters to the force-field
interaction terms.

In establishing the relationship between parameters
and force-field interactions, the parameter files, which
are kept in “canonical order” based on indices derived
from the numerical atom types, are processed using a
rapid binary search algorithm. If present, the fully
qualified parameter corresponding to the precise set of
atom types supplied is used. For vdW, bond stretching,
stretch—bend interaction, bond charge increment, and
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bond dipole parameters, no equivalences are recognized.
For angle bending, out-of-plane bending, and torsion
interactions, however, whenever the fully qualified
parameter is not found, OPTIMOL executes a staged
“step down” procedure in which increasingly generic
values are sought. This protocol is governed by the
entries in the MM2XDEF .PAR parameter file, where
the “Level 1” atom types define the fully qualified
parameters. Entries from Levels 2—5 are employed as
needed in subsequent searches. Those at Level 5,
always “0”, serve as wild cards. Such wild card values
are used only for “wing atoms” in an angle bending or
torsional interaction or for non-central atoms in an out-
of-plane interaction. Level 4 generally corresponds to
the atomic species, Level 3 to atomic species plus
hybridization. Currently, the first two levels employ
identical numerical atom types in nearly all instances.
The protocol used in the step down procedure depends
on the interaction type (angle, torsion, out-of-plane}.?
Finally, if no parameter is found, a default rule may be
invoked. This staged-search/default-rule procedure al-
lows applications to go forward when specific param-
eters are unavailable, though inevitably with a loss in
reliability.

The MM2X parameter files and information regarding
their usage in OPTIMOL may be found in the supple-
mentary material,
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