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Abstract—The aspartic protease (PR) of the human immunodeficiency virus type 1 (HIV-1) is an important target for the design of
specific antiviral agents dedicated to treatment of HIV-1 infection. We have employed computer-assisted combinatorial chemistry
methods to design a small focused virtual library of nonsymmetrically substituted cyclic urea inhibitors of the PR. Nonsymmetrical
compounds with decreased peptidic character were namely found to inhibit the PR with comparable inhibition potencies as their C,-
pseudosymmetric counterparts and to possess superior pharmacokinetic properties. To generate the virtual library of fully nonsym-
metrical cyclic urea analogs, diverse reagents were selected from databases of available chemicals with characteristics similar to those
of the building blocks of known potent PR inhibitors. The X-ray structure of the protease-inhibitor complex PR-XV-638 was used
as the receptor model in the structure-based focusing and in silico screening of the virtual library. A target-specific LUDI-type
scoring function, parameterized for a QSAR training set of known cyclic urea inhibitors and validated on a set of compounds
not included into the training set, was used to predict the inhibition constants (K;) of the generated analogs toward the HIV-1
PR. The fragments most frequently occurring in the analogs with the highest predicted inhibition potencies (K; < 10 pM) were
then selected to constitute a highly focused library subset containing novel nonsymmetrical cyclic ureas with predicted K;'s 1 order
of magnitude lower than the most potent known cyclic urea inhibitors. ADME properties calculated for the most promising analogs
suggested that the cyclic ureas are endowed with a wide range of favorable pharmacokinetic properties, which may favor
the discovery of a potent orally administrable antiviral drug.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The aspartic protease (PR) of the human immunodefi-
ciency virus type 1 (HIV-1) cleaves the viral gag-pol
fusion precursor polyprotein into active viral structural
proteins and replicative enzymes such as reverse trans-
criptase, endonuclease, and integrase, thus playing an
essential role in the maturation of HIV-1 particles
and virus replication.! Therefore, PR is an important
target for the design of specific antiviral agents dedi-
cated to treatment of HIV-1 infection and acquired
immunodeficiency syndrome (AIDS).”? Unfortunately,
constant viral RNA mutations and the ability of
HIV-1 to rapidly generate drug-resistant PR mutants
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imply a continuing need for the discovery of new more
potent protease inhibitors with improved pharmaco-
kinetic properties active against a wider spectrum of
PR mutant forms.>*

Recently, cyclic ureas have been reported to constitute
an entirely new class of potent and perspective non-
peptidic inhibitors of PR, Fig. 1.°'* A fundamental
feature of the cyclic urea inhibitors is the carbonyl
oxygen that mimics the hydrogen-bonding features of
the key structural water molecule present in the active
site of the PR.® The presence of this structural water
distinguishes the retroviral PR from human aspartic
proteases pepsin and rennin. The success of the design
in both displacing and mimicking the structural water
molecule that bridges the substrate to the flaps of
the protein by hydrogen bonds was confirmed by
X-ray crystallographic studies.” Cyclic ureas proved
to be highly selective and preorganized structures with
decreased conformational flexibility, low molecular
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Figure 1. (A) Cyclic urea inhibitor XV-638 of DuPont Merck> with inhibition constant K; of 30 pM against the wild type PR of HIV-1. (B) R-groups
of cyclic ureas and their equivalence with the building blocks: amino acids (AA), aldehydes (ALD), and substituted arylbromides (SAB). The
corresponding peptidic substrate residues notation scheme of Schechter and Berger®* is also shown.

weight, improved water solubility, and oral bioavail-
ability.®

Combinatorial chemistry techniques have been devel-
oped to supply large number of molecules prepared
via parallel synthesis of compound libraries, which
are screened in high throughput bioassays to increase
the rate of generating new lead compounds with the
desired potency and specificity.'*!> Computational
methods are being increasingly used to assist the com-
binatorial library design, focusing, and virtual screen-
ing by introducing selection criteria such as molecular
diversity, drug likeness, predicted receptor binding,
and ADME properties of analogs. Selection and focus-
ing methods using these descriptors are employed to
reduce the size of the combinatorial libraries to be pre-
pared and screened.!®'® Computational approaches
can thus significantly reduce the cost, time, and labor
required to synthesize and screen large libraries, as well
as enhance the success rate in lead compound
generation.

In this article, we have employed computer-assisted
combinatorial chemistry methods to design, focus, and
screen in silico a virtual library of nonsymmetrically
P,/P; and P,/Py substituted cyclic urea inhibitors.
Nonsymmetrical cyclic urea inhibitors were namely
found to inhibit PR of HIV-1 with comparable poten-
cies as their C,-pseudosymmetric counterparts.”>!? In
addition, they possessed superior solubility and oral bio-
availability, reduced molecular mass, and increased po-
tential to translate strong enzyme inhibition activity into
high antiviral potency.” We have derived a small highly
focused library subset, which contains analogs with
substituted aryl side chains that are predicted to
contain cyclic ureas with PR inhibition constants (K;)
in the low picomolar range, a wide range of lipophilicity,
and water solubility with a potential to be developed
into an antiviral agent.

2. Results and discussion
2.1. Library design and fragment-based focusing
The central core of the cyclic urea inhibitor (seven-

membered ring, Fig. 1) is synthesized from amino acid
(AA) and aldehyde (ALD) building blocks (R; and R,

substitution points), while alkylation of the urea nitro-
gens by substituted arylbromides (SAB) at positions R;
and Ry yields the complete inhibitor.!' The number of
cyclic urea analogs that can potentially be synthesized
in a combinatorial experiment by using all the amino
acids, aldehydes, and substituted arylbromides avail-
able in the commercial databases of suppliers of chem-
icals'® (~10'> compounds) can easily exceed the
capacity of any synthesis and screening equipment.
Therefore, we have introduced a set of ‘structural’
filters and penalties to reduce the number of fragments
employed in the library generation. The strategy of the
fragment-based focusing relied on the predetermined
optimum ranges of structural properties of the
inhibitor building blocks, which were obtained by ana-
lyzing the crystal structures of potent peptidic and non-
peptidic inhibitors bound to the native PR (Table 1).
To describe the properties and structural requirements
for a successful fragment, 11 different descriptors relat-
ed to shape, size, polarity, hydrogen bonding, lipophil-
icity, solubility, and conformational flexibility (Table 1)
relevant to the match between the fragments and the
characteristics of the S; to Sy specificity pockets of
the PR-binding site, were computed using the Cerius>
program.?® Fragments whose descriptor values lied
outside the optimal ranges and similar fragments were
filtered out due to high penalty scores and diversity cri-
teria. Finally, 6 amino acids, 3 aldehydes, and 18
substituted arylbromides were selected as suitable and
diverse cyclic urea building blocks (Fig. 2). A higher
number of SABs were chosen in line with the higher
variability in the P, and P, fragments of known potent
peptidic and nonpeptidic PR inhibitors.? The fragment-
based library focusing thus reduced the size of the de-
signed cyclic urea library to:

6(R1 — AA) X 3(R2 — ALD) X 18(R3 — SAB)
x 18(R4 — SAB) = 5832 cyclic ureas.
Generation of the virtual library was carried out by the

attachment of the relevant R groups (side chains) of the
selected sets of fragments to the central core (Fig. 1).%°

2.2. Analog-based library focusing

The size of the generated fragment-focused library of
cyclic ureas was further reduced by applying
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Figure 2. The R-groups (fragments, building blocks)—'side chains’ amino acids (AA), aldehydes (ALD), and substituted arylbromides (SAB)

selected by fragment-based library focusing.

analog-based focusing methods. Analog filtering proce-
dure was based on the molecular physicochemical
descriptors and optimum molecular property ranges
calculated for the set of bound conformations of the
known PR inhibitors (Table 1), which permitted to se-
lect the 1000 most diverse cyclic urea analogs with suit-
able molecular characteristics for the subsequent
structure-based focusing.

2.3. Structure-based library focusing

The size of the analog-focused library of cyclic ureas
was further reduced by applymg structure-based focus-
ing and in silico screening methods with the goal to
select a small restricted combinatorial subset contain-
ing analogs with the best binding affinities to HIV-1
PR as possible lead compounds for antiviral drug
development. All generated cyclic urea analogs were
docked to the model of the PR receptor derived from
the crystal structure of PR-XV-638 complex?® by
employing the Monte Carlo ligand fit algorithm of
Cerius®.293¢ The docking procedure yielded 10 best
binding conformers per analog that were clustered into
five conformational families based on their mutual rms
deviations. In each cluster, the conformer that dis-
played the highest docking score was selected for
virtual screening.

2.4. QSAR analysis of known cyclic urea inhibitors and
scoring function parameterization

To obtain a LUDI-type scoring function®® capable of
predicting in vitro inhibition potencies of cyclic ureas
against the wildtype PR of HIV-1, we have correlated

experimentally determined Kjs of a training set of 12
known cyclic urea PR inhibitors (Table 2) with the
scoring function variables computed for the known
inhibitors. The two quantities HBy. e and VDW .
characterize the strength of hydrogen bonding and
lipophilic interactions between the ligand and the
receptor.?® The known inhibitors were submitted to
the same Monte Carlo docking procedure to the
HIV-1 PR receptor model that was applied to the
library of the designed nonsymmetrical cyclic ureas.
The resulting QSAR equation was obtained by linear
regression (Fig. 3):

PKi = 0.0016 - HBcore — 0.0038 - VDWcore
+1.8915 (1)

[number of samples n =12, correlation coefficient
R?>=0.90, leave-one-out cross validated correlation
coefficient R2, =0.82, standard error =0.11, Fisher
F-test = 40.12, confidence level o > 95%, K; (pM)]. Rel-
atively high value of the crossvalidated R?, indicates
that major portion of the variance of the training
set data were successfully explained by our QSAR
model. The quality of the derived scoring function
was validated on a set of five cyclic ureas with known
inhibition constants (not included into the training
set), which confirmed its predictive power (ratio
pKS/pK*® ~ 1; Table 2). The target-specific scoring
function was then applied in the in silico screening
step to predict the K constants toward the HIV-1
PR for the designed nonsymmetrical cyclic urea ana-
logs. The successful QSAR model confirmed the valid-
ity of the computational procedures used and the
correct choice of adjustable parameters in the ligand
docking algorithm,20-3
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Table 2. Symmetrical and nonsymmetrical cyclic ureas used as the training and validation sets in the QSAR model of HIV PR inhibition and in
parameterization of the scoring function used for in silico screening of the designed library
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#For position of R;—Ry substituents see Figure 1, dashed bonds indicate the attachment points.

® Experimental inhibition constants of the training and validation sets of cyclic ureas toward the wildtype HIV PR were taken from
Refs. 7,10,12,28-30.

“Ratio of predicted and experimental pK;s of the validation set; pKiC"‘lCd was computed from Eq. 1.
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Figure 3. Linear regression analysis of a QSAR training set of known
cyclic urea inhibitors of HIV-1 PR. Eq. | relates the experimental
inhibition constants K; (Table 2), to the LUDI-type scoring function
variables®® to give a target-specific scoring function.

2.5. In silico screening

The best conformers of the cyclic urea analogs were
screened and ranked according to the pK; values pre-
dicted by the trained scoring function (Eq. 1, Fig. 3).
This in silico screening for potential lead compounds
resulted in the identification of nine most promising
fully nonsymmetrical cyclic urea analogs (Fig. 4) with

Chem. 13 (2005) 5492-5501
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predicted K} constants in the low picomolar and subpi-
comolar range (Table 3). The predicted K's of the leads
are up to 2 orders of magnitude lower than the Kjs of the
cyclic ureas of the training set (Table 2). This is not sur-
prising since the replacement of phenyl rings of residues
R; and R4 (Fig. 1) by bulkier bisbenzamides, aniline
amides, and aminoindazoles led to a significant decrease
in the PR inhibition constants of both symmetrical and
nonsymmetrically substituted cyclic ureas.”-'° For exam-
ple, substitution of phenyl rings of the R; and R4 groups
by hydrogen bond acceptors in the positions 3 and 4 of
phenyl ring resulted in up to a 200-fold increase in the
PR inhibitory potencies of azacyclic ureas due to favor-
able interaction with the main chain amide groups of the
PR residues Asp:A29, Asp:B29 and Asp:A30, and
Asp:B30.3! The 3D structure of the most promising de-
signed cyclic urea (analog 5-3-16-10; Fig. 4) bound at
the active site of the wildtype PR of HIV-1 is shown
in Fig. 5. The R groups of the analog form mainly
hydrophobic interactions with the residues lining the
S,, Sz}‘, Sy, and S, specificity pockets of the PR-binding
site.

Predicted lipophilicity (log Pyx)*?, aqueous solubility
(log S,,)%%3° Caco-2 cell-membrane permeability
(BIP,eo*°), and number of likely metabolic reactions
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Figure 4. Chemical structures of nine best cyclic urea lead compounds obtained by structure-based library focusing with predicted K;'s against the

wild type PR of HIV-1 in the low picomolar and subpicomolar range.
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Table 3. List of the nine most potent cyclic urea inhibitors against the PR of HIV-1 (Fig. 4) generated via structure-based library focusing and
identified through in silico screening

Cyclic urea analog Docking LUDI HBgcore VDW,core Predicted M log Por® log S,,! BIP ,of #Metab"
score® score® K¢ (pM) (Da)
Analog 5-3-16-10 147.2 801 470 781 0.5 605 2.5 —4.5 2.7 12
Analog 5-3-2-17 —52.3 823 490 834 0.6 664 1.7 —-3.7 4.3 9
Analog 2-1-9-9 —-222.4 852 479 849 0.8 614 3.5 -5.0 2.0 11
Analog 4-3-12-9 146.8 951 491 885 0.9 584 4.4 —54 17.8 10
Analog 1-3-9-13 186.5 1021 508 938 1.1 656 49 -5.6 108.4 12
Analog 1-2-8-9 203.1 824 435 814 1.2 614 34 —4.7 19.9 8
Analog 6-1-4-16 —442.1 633 372 737 1.7 658 1.4 =2.1 42.0 9
Analog 5-2-16-7 —454 .4 634 346 713 2.1 632 2.1 -3.6 9.0 10
Analog 1-3-16-8 -8.3 732 379 778 2.2 634 2.3 —4.2 5.3 10

2 Docking score was derived by Monte Carlo assisted fitting of flexible ligand to rigid PR receptor-relaxed crystal structure of PR-XV-638%*, Protein
Data Bank®’ entry 1QBR.

®Score of original LUDI ligand scoring function®® that predicts the binding affinity of analogs to PR based on the computed ligand—receptor
hydrogen bond energies (HBg.) and lipophilic interaction (VDWore).

¢ Predicted HIV PR inhibition constant of designed cyclic urea inhibitors computed by LUDI scoring function Eq. 1, parameterized via QSAR

analysis of a training set of potent PR inhibitors (Table 2, Fig. 3).

4 Relative molecular mass (range for 95% of known drugs: from 130 to 725 Da).*
®log Py calculated partitioning coefficient in the system n-octanol/water (range for 95% of known drugs: from —2.0 to 6.0).%

"Predicted aqueous solubility, Sy, in mol/dm® (range for 95% of known drugs: from —6.0 to 0.5).

38,39

€ Predicted Caco-2 cell membrane permeability using the Boehringer—Ingelheim scale, BIP.,., in nm/s (< 5 nm/s means low permeability, and more

than 100 nm/s predicts high membrane permeability).*
b predicted number of likely metabolic reactions.>

(No. Met. *°) of the nine leads (Table 3) cover a relative-
ly wide range of these quantities, thus opening the pos-
sibility to select and develop orally bioavailable antiviral
agents with improved pharmacokinetic properties. The
molecular mass of the leads is slightly over 600 Da
and thus exceeds somewhat the threshold recommended
by Lipinski et al.>> However, it remains within the limits
of potent experimental cyclic urea PR inhibitors,** and
for four analogs, it also meets the molecular mass
threshold for good oral bioavailability of cyclic ureas:
M, <620 Da.’

2.6. Combinatorial subset selection

We have analyzed the composition of 90 best cyclic urea
analogs with the highest predicted PR inhibition poten-
cies (K7 < 10 pM) in terms of the frequency of occur-
rence of individual R groups in the positions R|—R4
within this set (Fig. 6). The fragments that displayed
their frequency of occurrence above the average were
selected to constitute a highly focused combinatorial
subset with high predicted inhibition activities toward
the PR of HIV-1 (Fig. 7). The size of this restricted
library subset was reduced up to:

= 72 cyclic ureas.

If we consider nonsymmetrical as well as symmetrical
cyclic ureas, we may extend the combinatorial subset
by combining the R;, R, and Rj;, and Ry substituents
to obtain slightly larger subset of the size:

=900 cyclic ureas,

keeping in mind that amino acids and aldehydes with
identical ‘side chains’ were present in the initial pool of
850 AA| and 735 ALD,."

3. Conclusions

The presented study yielded a small highly focused vir-
tual combinatorial subset of fully nonsymmetrical cyclic
ureas, which contains potential lead compounds with
high predicted inhibitory potencies against the wildtype
form of PR of HIV-1. The predicted inhibition con-
stants of the new leads are up to 2 orders of magnitude
lower than the K;s of the training set. The subset con-
tains potent cyclic urea PR inhibitors endowed with a
wide range of aqueous solubility, lipophilicity, number
of hydrogen-bonding groups, and cell membrane perme-
ability rate that may allow discovery of a potent orally
administrable antiviral drug with favorable pharmaco-
kinetic properties.

The study can help to draw the attention of synthetic
chemists working on the preparation of a next genera-
tion of nonsymmetrical cyclic ureas to a particular sub-
set of the chemical space that is predicted to contain
compounds with high HIV-1 PR inhibition potencies
as well as favorable pharmacokinetic properties.

4. Methods
4.1. Virtual library enumeration

The library of cyclic urea analogs was generated by
attaching the side chains of selected reagents available
in the commercial databases of suppliers of chemicals'®
to the central core by means of Combi-Chem module of
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Figure 5. (A) 3D-structure of the most promising cyclic urea inhibitor
(Analog 5-3-16-10) in stick representation positioned at the catalytic
site of wild type PR modelled with Insight-II.>** Connolly surface: an
axial crossection of the binding pocket and catalytic site is coloured
according to the Engleman-Steitz hydrophobicity scale’ for amino
acids:  blue—hydrophilic, white-intermediate, red—hydrophobic
resides. (B) The residues of the catalytic site of the HIV-1 PR that
strongly interact with the bound Analog 5-3-16-10 are shown in stick
representation (the -OH groups interacting with the catalytic Asp
residues A25 and B25 are hidden underneath the N-C and C-C bonds
of the cyclic urea ring in the ‘top’ view of the analog).

the Cerius®.2° The assembled analogs were energy mini-
mized using molecular mechanics and cff91 force field?!,
Rappé and Goddard equilibrated charges,>* and smart
minimizer with high convergence criteria (energy differ-
ence of 10™* kcal mol~', rms displacement of 107> A).

4.2. Fragment- and analog-based focusing

Descriptors that characterize molecular shape, size,
polarity, hydrogen bonding, lipophilicity, solubility,
and conformational flexibility of known HIV PR inhib-
itors and their building blocks were computed using the
Cerius” program.?’ The optimum ranges of the proper-
ties were defined in terms of upper and lower bounds
and average values by computing and analyzing the
descriptors for 18 known potent HIV PR inhibitors
and their building blocks (Table 1) for their bound con-
formations.?’ Penalty scores were assigned to fragments
whose descriptor values lie outside the optimal ranges to
filter out those with different properties. The diversity

between the fragments was evaluated via the distance-
based MaxMin function and the topological indices of
Balaban, Hosoya, Wiener, and Zagreb.?

4.3. Structure-based focusing

X-ray structure of PR from the complex PR-XV-638 ob-
tained from the Protein Data Bank>’ was used as the
receptor model for docking of the generated cyclic urea
analogs. This complex contains one of the largest cyclic
urea inhibitors, the XV-638 of DuPont Merck,?? a tightly
binding inhibitor that occupies S,, Sy, Sy, and S, speci-
ficity pockets of the PR-binding site.?* Shape and size
of the receptor binding site was defined with the help
of the bound ligand (XV-638) mapped onto an energy
grid with a resolution of 0.25 A, which was enlarged by
3 A. Then the docking of flexible analogs to the binding
site was carried out by generating conformers of each
cyclic urea analog by randomizing the dihedral angles
(10* Monte Carlo steps) and fitting them to the site mod-
el by comparing principal moments of inertia of the site
and the cyclic urea analog.>® The docking score (ligand—
receptor nonbonding interaction energy) was computed
via molecular mechanics and cff91 force field?! for each
conformer using the grid representation of the rigid pro-
tein receptor, 15 A cutoff distance on the nonbonding
interactions and a dielectric constant of 4. The 10 best-
fitting conformers were then energy minimized at the
PR-binding site and clustered into five conformational
families according to their mutual rms deviations using
the Jarvis-Patrick method.?>

4.4. In silico screening

The best member of each cluster which displayed the
highest docking score was then selected for virtual
screening using a LUDI-type scoring function?® that
can predict a binding (inhibition) constant of a ligand—
receptor complex by combining hydrogen bonding
(HBgcore) and lipophilic (VDWg.,,.) interactions between
the ligands and receptor as: pK;=a HBgowe +
b+ VDW..e + c. The parameters of this target-specific
scoring function a, b, and ¢ were obtained beforehand
by linear regression analysis of PR binding of a QSAR
training set of 12 known symmetrical and P,/P, non-
symmetrical cyclic urea inhibitors (Table 2) with exper-
imentally determined inhibition constants toward the
PR of HIV-1. The training set of inhibitors underwent
the same docking procedure to the binding site of the
receptor model with subsequent calculation of HB.
and VDWW, descriptors. The predictive ability of the
derived scoring function was validated on a set of five
symmetrical cyclic ureas with known inhibition con-
stants, which were not included into the training set.

4.5. ADME properties prediction

Partitioning coefficient of the cyclic urea analogs in the
system n-octanol/water (log P,,) as a simple parameter
describing molecular lipophilicity was calculated by the
method of additive fragment constants.?* Aqueous solu-
bility (log Sy), Caco-2 cell membrane permeability in the
Boehringer-Ingelheim scale (BIP.,.,), and number of
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likely metabolic reactions (No. Met.) were calculated

using the QikProp program

of Schrédinger.3®3° These

simple parameters can serve as useful guidelines in prior-
itization of virtual hits for the synthesis.
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