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The conformational flexibility of a series of diastereomeric cyclic urea HIV-1 protease inhibitors
has been examined using the Low Mode:Monte Carlo conformational search method. Force
fields were validated by a comparison of the energetic ordering of the minimum energy struc-
tures on the AMBER*/GBSA(water), OPLSAA/GBSA(water) and HF/6-311G**/SCRF(water)
surfaces. The energetic ordering of the minima on the OPLSAA /GBSA(water) surface was in
better agreement with the quantum calculations than the ordering on the AMBER*/
GBSA(water) surface. An ensemble of low energy structures was generated using OPLSAA/
GBSA(water) and used to compare the molecular shape and flexibility of each diastereomer to
the experimentally determined binding affinities and crystal structures of closely related
systems. The results indicate that diastereomeric solution-phase energetic stability, confor-
mational rigidity and ability to adopt a chair conformation correlate strongly with experimental
binding affinities. Rigid body docking suggests that all of the diastereomers adopt solution-
phase conformations suitable for alignment with the HIV-1 protease; however, these results
indicate that the binding affinities are dependent upon subtle differences in the P1/P1" and

P2/P2' substituent orientations.

Introduction

The human immunodeficiency virus (HIV) encodes an
aspartyl protease enzyme that cleaves viral polyprotein
precursors, allowing the maturation of the HIV virus
that causes the autoimmune deficiency disease (AIDS).
The development of inhibitors of the HIV-1 protease has
been the subject of intense effort and many excellent
reviews are available.l™15 A significant number of
compounds, which are highly potent HIV-1 protease
inhibitors, has been developed; however, the need to
develop even better drug candidates is an ongoing effort
due in part to the ability of the protease to mutate into
drug-resistant forms.

Potent inhibitors interact with the HIV-1 protease
through a series of electrostatic and steric interactions.
One such interaction in many inhibitors is the formation
of hydrogen bonds with the symmetrically equivalent
pair of isoleucines (ILE 50 and 50') near the flap region
at the top of the active site by coordination through a
crystallographically important water molecule.l How-
ever, a series of potent cyclic urea inhibitors were
designed to displace the structural water and to provide
a compact, rigid structure that maximizes tight binding
interactions with the protease.816-41 At least two sys-
tems, DMP323 and DMP450, were viable drug candi-
dates only to be discontinued due to high blood level
variability in humans (DMP323)?° and disappointing
antiviral potency in the presence of plasma proteins
(DMP450).32 In an effort to understand the role of
stereochemistry on binding, Kaltenbach and co-workers
synthesized nine stereoisomers of the cyclic urea shown
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Figure 1. (4*,5*,6*,7*)-Hexahydro-5,6-dihydroxy-1,3,4,7-tet-
rakis(phenylmethyl)-2H-1,3-diazapin-2-one. Degrees of free-
dom varied during the conformational searches are shown with
arrows and the wavy line indicates the bond used to open the
ring for interconversion of ring conformations.

Table 1. Experimental Binding Affinities of the Cyclic Urea
Diastereomers of 125

isomer configuration

C4-C5—C6-C7 Ki (nM)
RSSR 3.6
SRRS 3810
RRRR 1350
SSSS 560
RSRR 6.4
SRRR 6700
RSRR 6.0
SRSS 1710
RSRS 250

in Figure 1 and reported the associated binding affini-
ties of each synthetically accessible stereoisomer?®
(Table 1). While it appears that drugs based upon the
cyclic urea template, such as DMP450, are no longer in
active clinical development, the elegance of the molec-
ular design and the availability of experimental binding
affinities inspired us to use these systems to (1) ask
fundamental questions about the relationship between
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molecular flexibility and function, (2) evaluate the
predictability of the molecular mechanics treatment and
(3) evaluate the ability of the Low Mode:Monte Carlo
(LM:MC) conformational searching method to exhaus-
tively sample the resulting 14-dimensional potential
energy surface.

Biological, physical and chemical properties depend
on the nature of the accessible conformations.*? We were
interested in comparing the conformational flexibility
of these cyclic urea systems. The identification of all low
energy, conformationally accessible states yields infor-
mation about molecular flexibility and conformational
behavior, two concepts that are important in under-
standing inhibitor binding. For the results of a confor-
mational search to be representative of the actual
behavior of a molecular system, three criteria must be
satisfied.*34* First, the molecular potential energy
surface (PES) upon which the search takes place must
be well defined and include environmental effects such
as solvent. Many conformational search techniques are
performed on surfaces generated using molecular me-
chanics force fields. In these cases, it is necessary to
evaluate the accuracy of the force field used to represent
the molecular system under study. Second, conforma-
tional sampling methods must be highly efficient and
able to locate all low energy structures on the PES in a
reasonable amount of computing time. Conformational
search results may not be representative of the molec-
ular behavior and flexibility if the method is only able
to sample part of the multidimensional potential energy
surface. Third, reasonable convergence criteria should
be used to determine if a search is exhaustive. Searches
started from different points on the PES must identify
the same set of low energy structures, and the results
must be time invariant; i.e., searches must be run until
no new structures are found.

A variety of efficient conformational searching meth-
ods are available using simulated annealing,>~7 distance
geometry,*5~4° Monte Carlo®0—%5 and eigenvector fol-
lowing®6~%8 algorithms. Comprehensive reviews of con-
formational searching algorithms have been published
elsewhere.4259-61 This study employs the Low Mode56-57
(LM) and Monte Carlo®? (MC) conformational search
methods as they are implemented in the MacroModel/
Maestro molecular modeling software program.62 This
method has been shown to be highly efficient in sam-
pling the potential energy surfaces of diverse mol-
ecules.®® In the combination method, explicit MC tor-
sional rotation is combined with LM movement along
the minimum energy paths that connect low energy
structures, dovetailing the local exploration strengths
of LM with the random surface “hopping” capability of
MC.

This study will compare the solution phase confor-
mational behavior of the 10 possible stereoisomers of
1, nine of which have been synthesized and exhibit very
different experimental HIV protease binding affinities.
The LM:MC conformational search technique will be
used to sample exhaustively the potential energy sur-
face. While a significant number of energetic'6.34:353864-70
and QSARS771-75 studies of various cyclic ureas have
been reported, to our knowledge this is the first report
to describe the ensembles of low energy structures for
a diastereomeric cyclic urea series.
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Methods

The conformational ensembles that are generated in this
study were calculated using version V7.2 of the MacroModel®?
suite of software programs running on 800 MHz Athlon PCs
under the RedHat LINUX 6.2 operating system. Quantum
calculations were performed with Jaguar V4.0.7®

Conformational Searches. The Low Mode (LM) search
method®%%” was used in a 1:1 combination® with the Monte
Carlo (MC) search method®? to explore the potential energy
surfaces of the stereoisomers of 1. Each MC conformational
search step varied a random number of torsional degrees of
freedom between a minimum of two and a maximum of
fourteen, where fourteen is the total number of variable torsion
angles as shown in Figure 1. LM frequencies corresponding
to the 10 lowest eigenvectors were explored. The total traveling
distance for each step was selected randomly between 3 and
6 A. Interconversion of ring structures was enabled using the
ring-opening method of Still.””7® The wavy bond in Figure 1
is used for opening the seven-membered ring in each dia-
stereomer. Starting structure chirality was preserved through-
out the conformational searching. Searches were run in
multiple blocks of 5000 LM:MC steps until they had reached
convergence. Convergence was judged by monitoring the (1)
energy of the most stable structure, (2) number of times this
structure was visited, and (3) number of unique conformations
found within 25.0 kJ mol~! of the lowest energy minimum.
Unique conformations were determined by superimposition of
all heavy (non-hydrogen) atoms as well as reflection and/or
rotation of the atom-numbering scheme. Structures were
considered to be duplicates and rejected if the maximum
interatomic distance was 0.25 A or less following optimal RMS
superposition. Structures that were found in previous searches
were used to seed subsequent searches. Searches utilized the
usage-directed structure selection method®? that identifies the
least used structure from among all known conformations and
then uses this structure as the starting point for each new
search. This ensures that a variety of different starting
structures from different regions of the potential energy
surface are used to begin each search. During the conforma-
tional search all structures were subjected to 1500 steps of
the Truncated Newton Conjugate Gradient (TNCG)”® minimi-
zation method to within a derivative convergence criterion of
0.01 kJ A~ mol-1.

Clustering Ensembles. Ensembles generated for each of
the 10 stereoisomers were grouped into geometrically similar
families using the XCluster®® program. XCluster calculates the
pairwise distance between each structure, in either torsional
or Cartesian space, and partitions the conformations into
geometrically similar subsets in an agglomerative, hierarchical
fashion. The process begins with every structure as the only
member of its own cluster. Individual structures are then
grouped into clusters using the shortest distance between
points as the threshold distance. At each clustering level the
next shortest distance is used to form new, agglomerative
clusters, with later clusters formed from groupings of earlier
clusters. This process continues until all structures are a
member of the same final cluster. The goal is to find the
clustering level at which the distance between members of
clusters is much smaller than the distance between clusters,
i.e., the minimum separation ratio. Separation ratios greater
than 2 that occur at high clustering level indicate significant
clustering.®° For a given clustering level, the full distance
matrix was used to visualize the clustering of molecular
structures in each ensemble. The clustering mosaics were used
to illustrate how the clusters agglomerated as the clustering
proceeded from the first level to the N-1 level.

Results and Discussion

Four contiguous chiral centers give rise to 10 stereo-
isomers. Of these 10 stereoisomers there are four
enantiomeric pairs, RRRR/SSSS, RSSR/SRRS, RSSS/
RRRS and RSRR/SSRS, and six unique diastereomers
in an achiral environment (RRRR, RSSR, RSSS, RSRR,
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Table 2. LM:MC Conformational Search Results within a 25 kJ mol~! Energetic Window of the Lowest Energy Structure for Unique

Diastereomers of 1

R R R R R R R R R R R R R R R R R R

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

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

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

number of steps number of conformations found number of lowest minimum visits minimum energy (kJ mol~1)

5000 19 42 17 80 28 8 67 28 46 97 27 518 546 725 46.0 664 61.8 249
5000 22 45 17 82 28 8 191 91 139 211 63 1033 546 725 46.0 664 618 249
5000 20 45 17 81 28 8 201 156 223 305 88 1552 546 725 46.0 664 618 249
5000 19 45 18 82 28 8 236 217 306 406 118 2101 546 725 46.0 66.4 61.8 24.9
5000 20 44 18 82 28 8 247 260 373 496 154 2648 54.6 725 46.0 66.4 61.8 249
5000 19 44 18 82 28 8 251 310 442 610 183 3151 546 725 46.0 66.4 618 249
5000 20 45 18 82 28 8 271 385 509 670 212 3666 546 725 46.0 66.4 61.8 24.9
5000 19 45 18 82 28 8 280 462 588 796 250 4202 546 725 46.0 664 61.8 249
5000 19 44 18 83 28 8 296 504 679 985 278 4679 546 725 46.0 664 618 249
5000 19 45 18 83 28 8 314 568 742 1085 299 5211 546 725 46.0 66.4 618 249
5000 19 45 18 82 28 8 319 647 815 1176 326 5704 546 725 46.0 66.4 61.8 24.9
Total: 55000 19 45 18 82 28 8 319 647 815 1176 326 5704 546 725 46.0 66.4 61.8 24.0

RSRS and RRSS). In this study, we will investigate the
conformational flexibility of these diastereomers.

Generating Potential Energy Surfaces. Seven
different force fields are available in the MacroModel
program. It is important to choose a force field that is
well parametrized for the molecular system under
study. Accurate torsional parameters are particularly
important in flexible molecular systems since they
control conformational interconversions. AMBER*8! and
OPLSAA 828 as implemented in MacroModel V7.2,
contained the fewest low quality torsion parameters for
the cyclic urea stereoisomers, and these force fields were
used without modification. Solvent effects were included
using the Generalized Born/Surface Area (GBSA) con-
tinuum model®4-89 for water. GBSA has been shown to
reproduce accurately the hydration free energies for
various molecular systems.®6 Nonbonded interactions
within 8 A for van der Waals’ and 20 A for electrostatic
interactions were included in all calculations employing
the GBSA model.

Initially the AMBER™ force field was utilized, along
with the GBSA(water) model, because the AMBER*
method is capable of performing united-atom calcula-
tions where hydrogens on carbon atoms are not explic-
itly considered but described with the “super-atom”
approach.®® However, the lowest energy structures on
the RSSR united-atom AMBER*/GBSA(water) and all-
atom AMBER*/GBSA(water) surfaces were significantly
different after 50 000 LM:MC steps and not in structural
nor energetic agreement with the available experimen-
tal structures. Because of this, high level quantum
calculations were performed in order to evaluate the
other force fields available in the MacroModel program.
The OPLSA-AA force field was found® to accurately
reproduce the energetic and structural features of this
system and was used for all subsequent conformational
searches.

Conformational Search Results. The conforma-
tional flexibility of each of these systems was investi-
gated using the LM:MC conformational search method
(Table 2). Each search appears convergent with respect
to the number of structures found, the energy of the
lowest conformer and the number of times this structure
is visited. Very few new structures are found after the
first block of 5000 steps although each new block of
searching begins at a new point on the potential energy

RRSS

RSRR

Figure 2. Lowest energy structures of the diastereomers of
1 found after 55 000 LM:MC search steps on the OPLSAA/
GBSA(water) surface.

RSSS

surface. Further evidence of convergence was obtained
by performing the same calculation on the SRRS
enantiomer (data not shown), which resulted in the
same ensemble as for the RSSR system. This suggests
that the lowest energy structures found are, indeed, the
global minima for each diastereomer (Figure 2) and that
the generated ensembles are representative of the low
energy structures of 1 on the OPLSAA/GBSA(water)
surface.

Analysis of the Diastereomeric Global Minima.
The RSSR stereoisomer displays the highest experi-



Conformational Behavior of Cyclic Urea HIV-1 Inhibitors

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 20 4841

Table 3. Comparison of Energetics for the Lowest Energy Diastereomers 12

E E E E E E solvation GB SA ring
structure  K;j(nM) total E (str) (bnd) (tor) (o—p)  (vdw) (elec) energy energy  energy  conform.
RSSR 3.6 248 17.18 33.26 63.91 1.46 73.25 —104.19 —60.00 —78.51 18.52 chair
RSRR 6.0 46.0 16.59 36.92 80.00 1.82 69.15 —112.80 —46.56 —65.39 18.83 chair
RSRR 6.4 61.8 18.47  37.36 89.20 121 84.54  —108.13 —60.85 —79.64 18.79 chair
RSRS 250 66.4 22.86 61.66 54.67 1.44 99.30 —110.18 —63.39 —82.93 19.54 boat
RRRR 1350 54.6 17.46 26.21  109.79 0.87 84.12 —125.16 —58.69 =77.72 19.03 boat
RRSS na 725 20.99 36.26 102.79 0.36 85.85 —118.11 —55.63 —73.41 17.78 boat

a All energy terms are in kJ mol 2.

mental binding affinity for the HIV-1 protease?® and is
the most energetically favored of the cyclic urea isomers
studied here (Tables 1 and 2). The least stable dia-
stereomer is RRSS. This is the only diastereomer for
which a synthesis was not successful. With the exception
of the RRRR isomer, lower energy diastereomers tend
to exhibit a higher experimental binding affinity. For
instance, the RSSR, RSRR and RSSS are three of the
four lowest energy diastereomers (the RRRR is the
fourth) and they also show the strongest binding.

An examination of the various component energies for
each diastereomer reveals that the greatest variability
is in the torsional component (Table 3). RSRS is high
in energy because of a large bending strain energy and
unfavorable VDW interaction while RRSS is high in
energy due to a large torsional strain energy. RRRR also
possesses a large torsional energy: however, this is
offset by the ability to adopt a conformation in which
there is a larger than average stabilizing electrostatic
energy. The large torsional strain energies in these
systems are caused by the energetic preference for the
boat conformation. RSRR is higher in energy than the
other chair structures (RSSR and RSRR) due to rather
small increases in destabilizing interactions (i.e. stretch-
ing, bending, torsional, van der Waals) along with a
small decrease in stabilizing electrostatic interactions.

To interact with the protease, this diastereomeric
series of inhibitors must be at least partially desolvated.
The free energy associated with this process contributes
to the overall binding free energy.®* The GBSA energy
has been previously shown®! to be an accurate ap-
proximation for determining the free energy of solvation.
With this in mind, the relative free energy of solvation
of these diastereomers in the absence of the protease
was estimated using the GBSA energies for each of the
global minima shown in Figure 2. The GBSA method
computes the free energy of solvation as

G, =G, +6

sol = “cav

+ Gpol

vdw

where the solvent—solvent free energy of cavitation
(Gcav) and the solute—solvent van der Waals interaction
(Gvaw) are described using the solvent accessible surface
area (SASA) and the free energy of polarization is
described using a modification of the Generalized Born
(GB) method. An analysis of the SASAs indicates that
the shapes for these diastereomers are similar due to
the rigid nature of the seven-member ring scaffold (ave.
SASA = 733.1 A2 std. dev. = 23.0 A?). The smaller
SASA for RRSS (693.0 A2) is due to a “tighter” arrange-
ment of benzylic arms relative to the other global
minima; in this structure each benzyl group is almost
perfectly perpendicular to the plane of the ring and
parallel with respect to its symmetrically equivalent

benzylic partner. The ~16 kJ mol~! range in solvation
free energies among these diastereomeric global minima
is mainly due to variability in the GB polarization
energy (Table 3). The least negative GB energy and
hence the smallest favorable solvation energy occurs for
the RSRR diastereomer; however, experimentally this
structure is one of the tighter binders. The GBSA-based
solvation free energy analysis predicts that RSRR is less
soluble in bulk water but less energy is necessary to
desolvate this diastereomer prior to binding with the
protease. However, the SRSR enantiomer does not
display a high binding affinity (Table 1) indicating that
favorable desolvation energy is a necessary but not
sufficient criterion for high binding affinity in this
diastereomeric series. The most negative solvation
energy corresponds to RSRS, and this diastereomer
possesses one of the smallest binding affinities in the
series. From this analysis, it is concluded that RSSR,
RSRR and RSRS have the largest free energies of
solvation, RSRR has the smallest free energies of
solvation, and these energies of solvation show very
little correlation with experimental binding affinity.

Crystal structures for RSSR cyclic urea inhibitors
that are similar to 1 have been determined in the
presence of the active site818.2021,26,27,30,33.36,37.39 gnd as
the free ligand.163639 |n addition, an NMR solution
structure is available.?® In all of these studies the RSSR
inhibitor adopts a chair conformation in the presence
and absence of the active site and in the liquid and solid
phase, indicating that the system is preorganized for
binding to the HIV protease. The global minimum
energy structures shown in Figure 2 reveal that the
isomers with highest binding affinities (RSSR, RSRR
and RSRR) are in the chair conformation while those
with much lower binding affinities (RSRS, RRRR,
RRSS) occur in the boat conformation. Of course, in an
achiral environment the enantiomeric partner to these
tight binders (RSSR/SRRS, etc.) is also in the chair
conformation. Therefore, a comparison of the binding
affinities with the global minimum structures suggests
that the ability to adopt a low energy chair conformation
is a necessary but not sufficient requirement for binding.
Each diastereomer is shown superimposed on the NMR
ligand structure in Figure 3.

It has been hypothesized that substituents larger
than hydrogens on the cyclic urea nitrogen atoms play
an important role in the orientation of the ring substit-
uents.®¢ X-ray and solution NMR structures of the free
and bound N,N’-substituted RSSR cyclic ureas indicate
a preference for pseudodiaxial benzylic substituents and
pseudodiequatorial hydroxyls. In the presence of the
protease the hydroxyl groups point toward the floor of
the active site and participate in hydrogen bonding with
protease aspartic acids (Asp 25 and 25'). The P1/P1' and
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Figure 3. A superposition of the diastereomeric global
minimum of 1 onto the NMR determined solution structure
from 1bvg.pdf®298 (highlighted with polytube representation).

o]

A

HN NH

HO OH

Figure 4. Top: N,N'-unsubstituted cyclic urea used to study
the effects of 1,2-allylic and 1,3-axial strain. Bottom: OPLSAA/
GBSA(water) global minimum energy structure.

P2/P2' benzylic substituents are oriented in a pseudo-
axial and pseudoequatorial manner, respectively, and
interact with the hydrophobic S1/S1" and S2/S2' pockets
of the enzyme. These conformational preferences have
been explained by invoking dominant 1,2-allylic strain
arguments for N,N'-substituted cyclic ureas such as 1
and dominant 1,3-diaxial strain arguments for N,N'-
unsubstituted cyclic ureas such as for 2 (Figure 4).
Ordinarily 1,3-diaxial strain would not allow both the
hydroxyl and N-benzyl substituents to adopt an equato-
rial arrangement; however, when the N atoms are
substituted as in 1, the partial double bond character
of the urea C—N bond results in a dominant 1,2-allylic
strain. Hence, it would be predicted that the lowest
energy structures of 1 would adopt conformations with
pseudodiequatorial, pseudodiaxial and pseudodiequa-
torial orientations at the N(1,3), C(4,7) and C(5,6) atoms,
respectively.3® N, N'-unsubstituted cyclic ureas would
adopt diaxial hydroxyl and diequatorial benzyl substitu-
ent orientations. Overall, the global minimum energy
structures of 1 shown in Figure 2 are in general
agreement with these strain arguments regardless of
chirality.

Each diastereomeric global minimum of 1 contains
pseudodiequatorial hydroxyl groups, except RSRR in
which one hydroxyl is pseuodaxial. The P1/P1' substit-

Parish et al.

Figure 5. Acyclic seco urea compound used to study the
importance of the cyclic urea ring scaffold.

uents are all pseudoaxial except RRSS and RSRR where
one substituent in each is equatorial. In these global
minima the P2 and P2’ substituents are pseudodiequa-
torial except for RSRR where one benzyl arm is pseudo-
axial. The calculated global minima obey the 1,2-diaxial
strain substituent rules with the following ring sub-
stituent orientations about the N1, C7, C6, C5, C4, N3
ring atoms: RSSR, RSRS, RRRR = eg/ax/eq/eq/ax/eq;
RSRR = eqg/ax/ax/eg/ax/eq; and RSRR, RRSS = eq/ax/
eg/eqg/eqg/eq. It is clear that the inhibitor must align
properly with the protease active site; however, all of
the diastereomeric global minima are able to adopt
conformations that are similar to the experimental
ligand as shown in Figure 3. These results indicate that
the binding affinities are dependent upon subtle differ-
ences in the P1/P1’' and P2/P2' substituent orientation.

We performed 55 000 LM:MC conformational search
steps on the OPLSAA/GBSA(water) surface of the RSSR
N,N’-unsubstituted 2 to evaluate the competing 1,2-
allylic and 1,3-diaxial effects on the cyclic urea systems.
This is a relatively rigid system; only fourteen low
energy conformations are found within 25.0 kJ mol—!
of the lowest energy structure. The global minimum
(Figure 4) contains diaxial hydroxyls and diequatorial
benzyl substituents in agreement with the conforma-
tional hypothesis presented in the previous literature.36
Of the fourteen low energy structures found in this
study, nine are in the chair conformation with diaxial
hydroxyls and diequatorial benzyl substituents. Of the
five boat conformations, four contain structures with one
hydroxyl in the equatorial position and all five contain
structures with one axial and one equatorial benzylic
substituent. The preponderance of low energy N,N'-
unsubstituted RSSR cyclic urea conformations with
diaxial hydroxyls in the solution phase explains why
these systems show such poor binding affinity for the
protease enzyme (experimental K; = 4500 nM16), Sig-
nificant reorganization would be necessary to optimally
align the inhibitors with the active site.

The cyclic urea class of HIV inhibitors was designed
with the help of a 3D pharmacophore that searched for
molecular hits containing (1) intramolecular P1/P1'
substituent distances suitable for binding with the S1—
S1' protease hydrophobic pockets and (2) intramolecular
distances between P1/P1' substituents and hydrogen
bond donor/acceptor substituents suitable for anchoring
the inhibitor to the catalytic aspartates at the bottom
of the active site.*! The distances in each ensemble
determined in this study were measured to see if the
three-dimensional diastereomeric shape, as defined by
the pharmacophore, could be correlated to binding
affinity. The results indicate that all structures in all
diastereomeric ensembles contained distances that
matched the pharmacophore. Therefore, this evaluation
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Table 4. Analysis of the Interactions between the HIV Protease (1bvg.pdf)?29 and the Diastereomeric Global Minimum Energy

Structures Obtained after Manual Rigid-Body Docking?

RSSR RSRR RSRR RSRS RRRR RRSS

number of bad contacts: 65 76 68 81 80 105
nature of the bad contacts:

substituent/residue:

P2 /ILE 50 1 2 2 2 2 2

P2/ILE 84 1 1

P2/ILE 47 1 1

P2/Vval 32 1

P1/ILE 47 1 1

P1/ILE 50 1 1 2

P1/ILE 84 1

P1/ALA28 1

a A “1” or a “2” indicates either one or both symmetrically equivalent residues make bad contacts with the inhibitor.

of diastereomeric shape does not correlate to the binding
affinities. A schematic of the pharmacophore and a
detailed analysis of the ability of the conformational
ensembles to match the pharmacophore can be found
in the Supporting Information.

Lam et al.%® have obtained the HIV-1 binding affini-
ties of the tetrabenzyl acyclic seco urea compound 3
(Figure 5) and compared them to the binding affinities
of the cyclic RSSR diastereomer 1. They found that the
acyclic compound binds more than 2500 times less
tightly, and they estimated that should the low energy
conformers of 3 adopt mainly pseudocyclic rather than
extended low energy conformations, then the contribu-
tion to the binding energy caused by preorganization of
the side chains and diols should be approximately 4.8
kcal mol—1,

A 55 000 LM:MC search on the OLPSAA/GBSA(wa-
ter) surface (Table 4S in Supporting Information) was
performed to determine the conformational preference
of this system and to understand how the rigidity of the
ring scaffold effected the conformational behavior. The
resulting ensemble is dominated by extended conforma-
tions; i.e., only 129 of 655 structures within 25.0 kJ
mol~1 of the lowest energy structure adopted pseudo-
cyclic conformations that can be thought of as pre-
organized for binding to the protease active site. The
first pseudocyclic structure appears 11.8 kJ mol~?!
higher in energy than the lowest energy structure
(Figure 6) and the remaining such structures are
energetically scattered throughout the ensemble. From
this it can be concluded that the seco system would have
to undergo considerable reorganization in order to adopt
a conformation that would optimally project the sub-
stituents into the protease hydrophobic pockets and
align the hydroxyls with the catalytic aspartates.

To further ascertain the role of preorganization in this
diastereomeric series, a rigid body docking of each global
minimum structure with the HIV-1 protease was per-
formed. The NMR solution phase protease—ligand com-
plex2® was utilized and each calculated diastereomeric
global minima was superimposed onto the experimental
ligand in the presence of the active site. The number of
bad contacts® between each diastereomer and the HIV
protease was determined (Table 4). RSSR, RSRR and
RSRR contain fewer bad contacts than RSRS, RRRR
and RRSS. In all systems the P2/P2' benzyl arms make
bad contacts with ILE 50 and ILE 50' except for RSSR
where only one such bad contact occurs. RSRR and
RSRR, two of the better binding diastereomers, contain
bad contacts between one of the P2 substituents and

extended
20% 80%

Figure 6. Representative pseudocyclic and extended confor-
mations of 3 determined using the XCluster program (com-
parison atoms C2, N1 C7, C6, 010, N3, C4, C5, and O9 (see
Figure 1 for atom numbers). Only 20% of the low energy
structures found adopted the pseudocyclic conformation. The
lowest energy structure belongs to the extended family rep-
resented by the structure on the right and the lowest energy
pseudocylic conformer (11.8 kJ mol~ higher in energy) belongs
to the family represented by the structure on the left.

pseudocyclic

ILE 47 (RSRR) or ILE 84 (RSRR). Most notably, steric
repulsions involving P1 and/or P1' substituents occur
in the RSRS, RRRR and RRSS diastereomers, and
these are also the weaker binders. This analysis indi-
cates that while all of the diastereomers are able to
adopt conformations that are in general complementary
to the active site, inhibitors with higher binding affini-
ties are more precisely oriented for complementarity of
fit with the protease active site. These results also
indicate that less than optimal interaction with the P1/
P1' pockets plays a more important role in potency than
interaction with the P2/P2' pockets, which contradicts
previously reported theoretical results.”

Analysis of the Diastereomeric Ensembles. It is
interesting to compare the conformational behavior of
all of the structures in each diastereomeric ensemble,
as the number of low lying structures represents the
flexible nature of the molecule. If every conformation
is structurally distinct from all other conformations,
then the number of unique minima provides quantita-
tive information about the flexibility and the complexity
of each potential energy surface. A larger number of
unique minima indicate a more complex potential
energy surface. The RSSR diastereomer contains eight
low energy structures, and this is the smallest number
of conformers found for any of the diastereomers, while
the RSRS conformer contains 82 structures, the largest
number. The RSSR diastereomer shows the highest
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RSRS

RRRR

RSSS

Figure 7. Stereoviews of the ensemble of structures for each diastereomer viewed down the C=0 axis.

binding affinity for the HIV protease, while the RSRS
diastereomer is ranked fourth in binding affinity (Table
1). Assuming other convergence criteria are satisfied,
then the number of times the search revisits a particular
structure is an indication of an exhaustive search. The
RSSR diastereomer contains such a small number of
unigue minima that the lowest energy structure is
revisited more than 5000 times near the end of the
55 000 step search. Searches on diastereomers with a
larger number of minima revisit the lowest energy
structure less often; however, even in these cases the
search revisits the global minimum more than 300
times. Interestingly, the RSRS system contains the
largest number of unique minima, yet the RRRR dia-
stereomer with 19 unique minima is the system with
the smallest number of lowest energy revisits. This
indicates large regions of high energy on the PES. Since
sampling of these regions does not lead to incorporation
of more unique minima, the search becomes less ef-
ficient. According to the number of unique minima, the
overall ordering of flexibility is RSSR < RSRR < RRRR
< RSRR < RRSS < RSRS. However, it is possible that
unique minima are not structurally distinct, i.e., that
one or more structures can be grouped into conforma-
tionally similar families. When this occurs, the number
of families is a better indicator of flexibility than the
number of unique conformations. Therefore, the struc-
tures in each ensemble were examined in detail below.

All of the structures in each ensemble were super-
imposed using the seven ring atoms. Stereoviews of
these superpositions are shown in Figure 7 and enable
a visual examination of the number of unique structures

RRSS

Table 5. Comparing Ensemble Structures with the
NMR-Averaged Structure (1bvg.pdb) and the RSSR Global
Minimum. Average? RMSD Values after Ring Atom
Superimposition (N1-C7*—C6*—C5*—C4*—N3—-C2)

average RMSD (A) average RMSD (A)

comparison (1bvg.pdb) (RSSR global minimum)
RSSR 0.04 0.01
RSRR 0.07 0.05
RSRR 0.13 0.15
RRRR 0.44 0.44
RSRS 0.45 0.48
RRSS 0.51 0.54

a Average values determined for the 10 lowest energy structures
(less if the ensemble contains fewer than 10 structures.)

and the differences in the flexibility of each ensemble.
RSSR has the fewest while RSRS has the largest
number of structures. RRSS has half the number of
structures (42) as RSRS (82), yet the ensemble is more
flexible, sweeping out more of the available conforma-
tional space. RSRR and RRRR contain a similar number
of structures (18 and 19, respectively), yet the super-
positions show that RRRR is clearly less flexible with
respect to substituent orientation. From this analysis,
the following rank order of flexibility is assigned: RSSR
< RRRR < RSRR ~ RSRR < RSRS < RRSS.

To obtain an idea of the distribution of structures in
each ensemble as well as to compare with an experi-
mentally determined structure, the ring atoms of each
of the 10 lowest energy structures of each ensemble were
superimposed on the NMR structure of the cyclic urea
ligand and the RMS deviation measured (Table 5). The
low energy structures of the tightest binders (RSSR,
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Table 6. Ring Conformation and Substituent Orientation for the Calculated Ensembles of 1

number of
ensemble structures chair boat 3a/4b/7b/1aP 3a/4b/7al/1kP 3b/4a/7al1bP 3a/4al7alla = 3b/4b/7b/1bP
RSSR 8 8 0 0 8 0 0
RSSR (ref 162) 14 14 0 0 14 0 0
RSRR 18 12 6 1 17 0 0
RSRR 28 19 9 12 16 0 0
RSRS 82 9 73 22 10 11 37
RRRR 19 0 19 1 18 0 0
RRSS 45 14 31 11 33 0 0

a Similar structure to RSSR, energy window ~21 kJ mol~1. P Orientation relative to the plane of the ring; a = above, b = below.

7" structure with unusual
P2 substituent orientation

Figure 8. Stereoview of the eight structures in the RSSR ensemble superimposed according to ring atom alignment.

RSRR and RSRR) are most structurally similar to the
NMR averaged structure, indicating that the shape and
flexibility of the diastereomers plays an important role
in binding. The best binders are less flexible, as indi-
cated by the smaller number of low energy structures
on their PES. They are also in the “proper” shape or
orientation for optimal interaction with the protease
active site as indicated by the small RMS deviation from
the experimental structure. For instance, the RRRR
diastereomer is relatively rigid; however, with an
ensemble made up entirely of boat conformations, it is
not able to preorganize in solvent for optimal binding
with the active site. Further characterization of the
structures was obtained by superimposing the global
minimum for RSSR with the 10 lowest energy struc-
tures from each of the other diastereomeric ensembles
(Table 5). The RSSR global minimum was chosen as it
was the most representative of its corresponding en-
semble, and it had the smallest RMS deviation from the
crystal structure ligand. This analysis confirms that
diastereomers with low binding affinities deviate sig-
nificantly from the solution phase behavior of the RSSR
diastereomer while high binding affinity diastereomers
are structurally very similar to the RSSR ensemble.
Most of the experimentally determined cyclic urea
structures are oriented with the benzyl substituents
arranged in a propeller-like arrangement, with alterna-
tion above and below the plane of the ring, and this
facilitates alignment with the hydrophobic enzyme
pockets.® Table 6 provides detailed information on the
shape of the rings and the substituent orientation for
each diastereomeric ensemble calculated in this study.
All of the calculated RSSR low energy structures adopt
conformations in agreement with experimentally ob-
served structures as do more than 94% of the RSRR
conformations. Other diastereomers contain increasing
numbers of low energy structures that differ from the
experimental ligand shape. For instance, only 12% of
the low energy RSRS structures agree with the observed
conformational preferences for a propeller-like arrange-
ment of benzyl substituents, and more than 45% of the
structures are oriented with all four benzyl arms on one

side of the ring plane, prohibiting alignment with the
active site.

Clustering the minima into conformational families
yields further information about molecular flexibility.
The XCluster program was used to determine if the
ensembles naturally form structurally related groupings
and if the groupings are the same or different for each
ensemble. Clustering by atomic RMS after rigid body
superposition of all heavy atoms did not lead to signifi-
cant clustering in any of the ensembles as evidenced
by distance maps, mosaics and separation ratios. Clus-
tering the ensembles with respect to ring conformation,
using a superposition of ring atoms N1-C7*—C6*—
C5*—C4*—N3—C2 (Figure 1), resulted in very strong
clustering in most cases as described below.

RSSR Ensemble (experimental K; = 3.6 nM). Only
eight minima were found within 25 kJ mol~! of the
lowest energy structure on the OPLSAA/GBSA(water)
surface (Figures 7 and 8). These structures are all in
the chair conformation with very similar substituent
orientations. The average RMSD between the ring
atoms in structures 2—8 and in the global minimum is
0.01 A. The structures differ mainly in the orientation
of the hydroxyl groups with some variability in one of
the P2 benzyl arms. One structure that lies 23.43 kJ
mol~* above the global minimum is significantly differ-
ent from the others; in this conformer one of the P2
substituents is bent up above the plane rather than
pointing down below the plane of the ring (Figure 8).
This creates a larger distance between the P1 and P2
substituents (6.4 A vs 5.0 A average; 4.8 A t0 5.3 A range
of distances in structures 2—8.) The global minimum
energy structure is relatively representative of the
structures in the ensemble.

RSRR Ensemble (experimental K; = 6.0 nM).
Eighteen minima were found within 25 kJ mol~? of the
lowest energy structure on the OPLSAA/GBSA(water)
surface (Figures 7 and 9). There is significant variability
in these structures with respect to ring conformation
and substituent orientation. The ensemble contains
twelve chair and six boat conformations. The orientation
of P2/P2' benzyl arms is relatively conserved while the
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Figure 9. Representative structures of the three conformational families of RSRR.

Cluster 1
19 members

position of the P1/P1' substituents is highly variable.
The hydroxyl orientations are much more variable than
in the RSSR ensemble. The global minimum structure
is not representative of the ensemble behavior. The
ensemble can be clustered into three conformational
families with distinctly different representative struc-
tures (separation ratio = 6.4 to 18.5; see Figure 12). The
largest difference between these families is in the ring
conformation, the orientation of the hydroxyl groups,
and one of the P1 benzyl arms. The first cluster is the
largest with twelve members and contains chair con-
formers with pseudoequatorial P2/P2" substituents,
pseudoaxial P1/P1' substituents, and one pseudoaxial
and one pseudoequatorial hydroxyl group. The second
cluster contains four boat conformers with pseudodiequa-
torial hydroxyls and one pseudoequatorial P1 substitu-
ent. The third cluster contains two boat conformations
with pseudoaxial and pseudoequatorial hydroxyls.
RSSS Ensemble (experimental K; = 6.4 nM).
Twenty-eight structures were found within 25 kJ mol—1
of the lowest energy structure with nineteen structures
adopting the chair and nine structures adopting the boat
conformation. Similar variability in the substituent
orientations is found as for the RSRR diastereomer;
however, the diequatorial hydroxyl orientation is more

Cluster 2

9 members
Figure 10. Representative structures of the two conformational families of RSRR.

highly conserved. The global minimum structure is not
very representative. The ensemble can be strongly
clustered (separation ratio = 18.6) into two conforma-
tional families with distinctly different representative
structures that can be distinguished by their boat versus
chair conformations (Figure 10).

RSRS Ensemble (experimental K; =250 nM). The
most structures (82) were found on this surface with
the largest number of boat conformations (73). The
global minimum is a boat with the first chair appearing
8.9 kJ mol~1 higher in energy. In the ensemble of
structures, the hydroxyl orientations are highly variable
and the substituents sweep out a large part of the
conformational space available to them (Figure 7). The
P2/P2" and one of the P1 substituents tend to vary their
orientation above and below the plane of the ring. The
other P1 substituent orientation is relatively conserved.
The global minimum structure is not very representa-
tive; however, the ensemble can be strongly clustered
(separation ratio = 6.2—6.7) into three conformational
families with distinctly different representative struc-
tures (Figure 11).

RRRR Ensemble (experimental K; = 1350 nM).
Nineteen structures were found for this system. The
global minimum is a boat and no chair conformations
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Cluster 1
66 members

Cluster 2
5 members

Cluster 3
9 members

Figure 11. Representative structures of the three conformational families of RSRS.

Cluster 1

29 members
Figure 12. Representative structures of the three conformational families of RRSS.

are found within 25.0 kJ mol~t. This is a highly
conserved ensemble; i.e., the ring atoms all superimpose
cleanly and the P2/P2' orientations are conserved. There
is small variability in the P1/P1’ orientations although
far less than in most other diastereomeric ensembles.
The global minimum structure is representative of the
ensemble.

RRSS Ensemble (experimental K; = na). This is
the second largest ensemble with 45 structures. This is
also the most flexible structure as shown by the stereo-
view of the ensemble superposition (Figure 7). The ring
atoms are not conserved, the hydroxyls adopt many
different orientations, and the benzyl arms sweep out
a considerable amount of space and randomly orient
above and below the plane of the ring. The global
minimum is a boat with the first chair appearing 2.3
kJ mol~1 higher in energy. The ensemble contains 14
chair and 31 boat conformations. The global minimum
structure is not very representative. The ensemble can
be strongly clustered (separation ratio = 7.0—8.6) into
three conformational families with distinctly different
representative structures (Figure 12).

Conclusions

The Low Mode:Monte Carlo conformational search
method has been shown capable of exhaustively search-
ing the OPLSAA/GBSA(water) surface and was used to
identify the ensemble of all low lying structures of a
series of diastereomeric cyclic urea HIV protease inhibi-
tors. An energetic analysis indicates that there is a good
correlation between the OPLSAA/GBSAA(water) ener-

Cluster 2
11 members

Cluster 3
5 members

gies (enthalpies) and the different binding affinities of
each stereocisomer. A detailed examination of each
ensemble indicates that inhibitors with higher binding
affinities are generally more rigid and in the proper
shape for optimal interaction with the protease active
site. In addition, the ability to adopt a chair conforma-
tion encourages ring substituents to adopt optimal
binding orientations. An analysis of the solvation free
energy, as approximated by the GBSA energies, does
not correlate to binding affinity. A comparison with the
conformational preferences of N,N-unsubstituted cyclic
ureas indicates that N substitution plays an important
role in orienting the substituents for optimal interaction
with the active site. The N,N-substituted cyclic ureas
studied here are all able to adopt conformations that
are in general complementary to the protease active site;
however, a rigid body docking experiment indicated that
inhibitors with higher binding affinities (RSSR, RSRR
and RSRR) are more precisely oriented for optimal
interaction than are inhibitors with low binding affini-
ties (RSRS, RRRR and RRSS). Therefore, binding
affinities are dependent upon subtle differences in the
P1/P1" and P2/P2' substituent orientation.
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