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Abstract
The low-molecular-weight compound JRC-II-191 inhibits infection of HIV-1 by blocking the
binding of the HIV-1 envelope glycoprotein gp120 to the CD4 receptor and is therefore an
important lead in the development of a potent viral entry inhibitor. Reported here is the use of two
orthogonal screening methods, GOLD docking and ROCS shape-based similarity searching, to
identify amine-building blocks that, when conjugated to the core scaffold, yield novel analogues
that maintain similar affinity for gp120. Use of this computational approach to expand SAR
produced analogues of equal inhibitory activity but with diverse capacity to enhance viral
infection. The novel analogues provide additional lead scaffolds for the development of HIV-1
entry inhibitors that employ protein-ligand interactions in the vestibule of gp120 Phe 43 cavity.
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1. Introduction
The acquired immunodeficiency syndrome (AIDS) is a consequence of the depletion of
CD4+ lymphocytes caused by the human immunodeficiency virus (HIV-1) in an infected
individual.1,2 The infection is initiated by a series of attachment events, mediated by the
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HIV-1 viral spike which is comprised of two glycoproteins, gp120 and gp41.3 The
attachment of HIV to the target T-cell lymphocyte occurs via binding of gp120 to the host
CD4 receptor.4 CD4 binding causes a large conformational structuring of gp1205,6 that
forms and exposes the binding site for one of two chemokine receptors, either CCR5 or
CXCR4.7 Chemokine receptor binding is the second obligatory event in viral entry,8,9 and is
followed by insertion of the gp41 fusion peptide into the host cell membrane,10 promoting
viral and cell membrane fusion and viral entry. 11

Several X-ray crystal structures of complexes of gp120 with CD4 and various human
antibodies have been determined.12,13 CD4 residues identified by mutagenesis and the
crystal structure to be critical for binding to gp120 are Phe 43 and Arg 59.14 Residue Phe 43,
located on the CD4 β-turn that contacts a large cavity that is formed upon gp120-CD4
binding, is flanked by the inner, outer and bridging sheet domains of gp120 (Figure 1).
Additionally, Arg59 forms an electrostatic interaction with Asp 368 on an adjacent α-helix.
12,15 Studies carried out by isothermal titration calorimetry show that CD4 binds to gp120
with large favorable enthalpy and unfavorable entropy changes (ΔH = -63 kcal/mol, -TΔS =
52 kcal/mol), observed for the binding of core gp120 proteins, as well as for the full-length
gp120, to CD4, that can be attributed to the large conformational structuring of the
previously unstructured regions in gp120.16,17

The two compounds NBD-556 (41) and NBD-557,18 first discovered by Zhao et al. utilizing
high-throughput screening, as well as analogues of these compounds prepared in our
laboratory, 19 have been shown to compete with CD4 binding. The chemotype of the NBD
series consists of three essential regions: Region I, a para-substituted phenyl ring; Region II,
an oxalamide linker; and Region III, a tetramethyl-piperidine (Figure 2). Modification in
region I with various para-substitutions indicates that size and electron withdrawing
character are determinants for binding affinity.19,20 The Br and Cl para-substituted phenyl
NBD compounds achieved the best binding affinity (cf. Kd =2.2 μM and 3.7 μM,
respectively).24 Study of Region I meta-substitutions within the context of the p-Cl
analogue, indicates that a fluorine substituent is preferred over Cl, OH, CH3 or CF3
substitutions, whereas ortho substitution in Region I abolished the ability of the compounds
to bind gp120 (Supplemental Tables 1-6). Further synthesis and testing of other diverse
Region I analogues also suggested the low probability of enhancing binding affinity in the
base of the Phe 43 cavity. Thus far, studies of para and meta-substituted NBD compounds
with comparable binding affinities demonstrate a wide capacity to act as a CD4 antagonist
(i.e., to inhibit HIV-infection of CD4+ cells) and as a CD4 agonist (i.e., to promote CCR5
binding and enhance viral infection in the absence of CD4).19 Assaying compounds on
CD4-deficient Cf2Th-CCR5 cells to measure the enhancement of viral infection is a
biological indicator of the extent to which a compound mimics CD4. Importantly, NBD
mimicry of CD4-gp120 binding is further demonstrated by isothermal titration calorimetry
(ITC), revealing a large unfavorable entropy change, compensated by a larger favorable
change in enthalpy; thus, NBD analogues induce conformational changes in the HIV-1
envelope glycoproteins with a similar thermodynamic profile to those induced by CD4.
Although CD4 mimics enhance viral infection in CD4-deficient cells by inducing gp120
conformational change, HIV-1 entry and infection is inhibited in CD4-expressing cells.19,21
A recent study of this mechanism with NBD analogue 1, (Table 1, Kd =0.76 μM)
demonstrates that HIV-1 infection is inhibited via induction of a short-lived activated state
in addition to specific competition for CD4 binding.22

Changes to HIV gp120 residues (E370A, S375N) that flank the Phe 43 cavity confer
resistance to NBD-556, supporting the model that NBD-556 binds within this cavity.23

Mutagenesis data and the SAR results of meta and para phenyl substitution of the NBD
core, combined with molecular modeling,19,20 support the hypothesis that the region I
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aromatic ring binds in the base of the gp120 Phe 43 cavity. Studies of mutations in the
vestibule of the Phe 43 cavity, however, had opposing effects: a change of aspartate to
alanine at position 368 increased the binding affinity, enhancement of CD4− cell infection,
and inhibition of CD4+ cell infection by 1; by contrast, decreases in affinity, viral
enhancement in CD4− cells, and viral inhibition of CD4+ cells of 1 were observed when
valine at position 430 was substituted with an alanine.19 This mutational data suggested that
key protein-ligand interactions in the vestibule could be manipulated to optimize the
inhibitory properties of the NBD compounds. A recent report exploring SAR of region III
also suggests the importance of the piperdine moiety to CD4 mimicry and anti-HIV activity.
24

Inspired by the possibility of exploiting NBD interactions in the gp120 vestibule, in
conjunction with the unmet need for CD4-gp120 inhibitors as therapeutic modalities to
prevent HIV entry, we turned to NBD SAR results for further exploration. The goal was to
identify new chemotypes of 1 that would maintain similar or enhanced gp120 binding
affinity as measured by ITC, inhibit viral infection, and exhibit favorable pharmaceutical
characteristics. We report here on Region I and II SAR and focus on protein-ligand
interactions in Region III of 1, which presumably contacts the vestibule of the CD4-binding
pocket (Figure 1). To facilitate Region III SAR development, two virtual screening methods
structure-based docking (GOLD),25,26 and ligand-based, shape similarity matching
(ROCS),27,28 were employed to identify analogues of the structurally complex tetramethyl-
piperidine moiety of 1. Synthesis and biological evaluation of the computationally designed
analogues and resulting biological profiles were employed to investigate the effects of the
structural modifications on CD4-gp120 binding and inhibition of viral entry.

2. Results and Discussion
Prior to conducting virtual screening studies we synthesized and tested many Region I
compounds (c.f. compounds in Madani et al.19 and Supplemental Tables 1-6) demonstrating
that modification of the phenyl group in the base of the Phe 43 cavity was poorly tolerated.
An optimal p-chloro, m-fluoro phenyl ring substitution pattern (1, Table 1) was necessary
for enhanced binding in the base of the gp120 cavity19. We thus sought to explore variations
in the oxalamide linker of Region II. Several compounds were prepared (2-7) and evaluated
as inhibitors of viral entry. Inhibition was measured as an IC50 in CD4-expressing Cf2Th-
CCR5 target cells in the presence of different concentrations of the NBD analogue. The
capacity of the analogue to replace CD4 in viral infection was measured with a recombinant
HIV-1 expressing firefly luciferase pseudotyped with different envelope glycoproteins,
incubated with CD4-deficient Cf2Th-CCR5 cells, and then normalized to the enhancement
seen for 1. Analogues that inhibited or enhanced viral infection in CD4-expressing, or CD4-
deficient Cf2Th-CCR5 cells, respectively, were assessed by ITC. As summarized in Table 1,
analogues with changes to the linker did not inhibit gp120-CD4 binding. We thus focused on
the synthesis and testing of piperidine analogues of 1. Removal of gem-dimethyl groups
(Table 2) indicated the importance of the dimethyl groups at positions 2 and 6 of the
piperidine ring (cf. 9-13). However, addition of an isopropyl group to the piperidyl amine
(11), or a carbon between the piperidine ring and oxalamide nitrogen (14-16), also led to
retention of binding affinity. The carbocyclic analogues 17 and 18 failed to exhibit
inhibition of gp120-CD4 binding. Furthermore, replacement of the piperidine amine 1 by an
oxygen (19) or an N-oxide (20) also reduced binding.

As Region I and II modifications did not improve inhibition, we chose a computational
approach to identify new analogues of 1. As previously reported, mutations D368A and
V430A in the vestibule of the cavity respectively enhance and decrease the effect of 1 in
CD4-negative, CCR5-expressing cells.19 This result suggests that the opening of the gp120
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cavity is a suitable target for manipulation of gp120-ligand interactions, thus we chose to
focus on identifying additional Region III analogues. Two orthogonal virtual screening
methods were used to identify suitable analogues of the tetramethyl-piperidine moiety, that,
when conjugated to the core of 1, would enhance binding affinity and expand the SAR of
Region III in the gp120 vestibule.

The first virtual screening method relied on the CD4-bound gp120 crystal structure (1G9M)
for structure-based drug design.15 The similarity of the thermodynamic profile of CD4 and 1
binding to gp120 provided the rationale for using the CD4-bound gp120 crystal form.
Docking of 1 indicated two likely binding poses to gp120 (see Figure 1). Based on the
orientation of the oxalamide linker of 1, the tetramethyl-piperidine was predicted to bind
either in proximity to D368 or V430. With ample room in the vestibule to accommodate
larger groups, we searched for suitable amine building blocks for conjugation. We chose
over 300 primary amine building blocks from selected commercial vendors for the docking
study. These amines were conjugated in silico to the oxalamide core of 1, and docked with
GOLD25,26 to gp120 (1G9M). Amine building blocks were considered for synthesis based
on a combination of SlogP less than 4.5, possible commercial availability, and a Goldscore26

value equivalent to or better than that achieved with 1. Several compounds were identified in
this manner, synthesized (see supporting material) and demonstrated to achieve a range of
inhibition for CD4-gp120 binding (see Tables 3, 4, 5; inactive compound classes are
tabulated in Supplemental Tables 2 and 3). While these compounds did not exhibit increased
binding affinity as measured by ITC, several analogues displayed improved IC50 (25),
decreased enhancement of viral infectivity in CD4− target cells (39), and/or established a
new chemotype (30).

A second complimentary approach, shape-based virtual screening with the ROCS algorithm,
27,28 was also employed to expand SAR. This strategy relies on a modeled ligand
conformation to generate new analogues as opposed to selection based on docked protein-
ligand interactions in GOLD. The docked conformation of NBD-556 (41), as reported by
Madani et al.,19 was employed as a query in the ROCS searches of the Zinc database
comprised of 2 million drug-like molecules.29,30 Based on SAR of Region I only
compounds containing a p-Cl substituted aromatic group were considered to explore SAR of
Region II and III. Among the 21 analogues purchased and tested (Supplemental Table 5),
only 4231 inhibited CD4-gp120 binding. The combined Tanimoto and Color scores40 show
that 42 was the second highest in the ordered set (Supplemental Table 5) and further
reiterated the importance of the oxalamide in Region II in conferring inhibition. The virtual
screen was repeated with an unpublished crystal structure of NBD-557 bound to gp120,
however the 14 purchased compounds (Supplemental Table 6) did not inhibit viral infection.
When the 1-ethyl pyrrolidine 43 was coupled to the core of 1, a binding affinity comparable
to 41 was achieved without the accompanying enhancement of viral infectivity. Exploration
via docking of similar pyrrolidine building blocks in silico followed by synthesis, produced
44-48, which possessed IC50 values comparable to 43 without enhancing viral infectivity
(see Table 6).

The ROCS shape-based virtual screening strategy was also repeated using only the
tetramethyl-amino-piperidine from 1 to identify suitable amine building blocks available in
the Zinc database.29,30 In this case both the docked model from 1 and a later crystal
structure of tetramethyl-amino-piperidine moiety were employed as ROCS queries. Amine
building blocks identified were conjugated in silico and docked with GOLD. Several active
analogues 49-54 were obtained upon synthesis (Table 7). Follow-up ROCS queries based on
the docked conformation of the spiro-piperidine of 49 led to compounds 50-52, which were
prepared and assayed. Subsequent ROCS queries of the docked conformation for the
pyrrolidine of 43 yielded compounds 53-54, which were also synthesized and tested.
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The primary mode of screening entails the functional evaluation of the IC50 values
combined with the activation of viral infectivity of the analogues in CD4-expressing Cf2Th-
CCR5 cells.19 Analogues that displayed improved IC50 or activation of viral infectivity
compared to 1, 8 or 41 were considered for further measurement by ITC. Overall, the NBD
analogues with novel piperidine moieties did not display appreciable improvement with
respect to the already modest IC50 values. However, the activation of viral infectivity on
Cf2Th-CCR5 cells, devoid of CD4 receptors, did provide a measure of the analogues’
capacity to mimic CD4 interactions with gp120, and to activate HIV infection.19

Surprisingly, several compounds with IC50 value and binding affinity similar to 41 were
ineffective at enhancing viral infectivity (cf. 46, 47, 50, and 51). Madani et al. have
previously reported that small variants in phenyl ring substitution impact viral enhancement
and the observed entropy changes associated with gp120 structuring. This subset of Region
III analogues demonstrates a similar phenomenon, a desirable property for gp120 focused
entry inhibitors. The magnitude of activation of viral infectivity correlated with the binding
affinity (Kd) for several of the analogues (cf. 49 and 54), but did not correlate with the IC50
values for inhibition of HIV-1 infection of CD4+ target cells. Discrepancies between
measured IC50 and Kd reflect differences in binding to the gp120 trimer and monomer in
viral and ITC binding assays, respectively. Importantly, one compound (49) did yield a sub-
micromolar binding affinity, demonstrated an activation of viral infectivity similar to 1, and
maintained inhibition as assessed by IC50. The structurally similarity of analogue 49 to 1
suggests that only one of the gem-dimethyl groups is required for efficient binding to gp120.
We also note that the ITC measurements provided an assessment of the binding affinity
independent of functional activity, in order to assess the suitability of the analogues for
future synthetic modification.

Previously we demonstrated that NBD compounds are sensitive to gp120 mutations in and
near the Phe 43 cavity.19 As reported, both D368A and S375A mutations, in isolation or in
combination, increased binding affinity of compound 1 to gp120 variant envelopes. Similar
assessment of 49 and 50 (Table 8) suggests that, in the vestibule of the Phe 43 cavity,
D368A has a negative effect on 49 and 50 binding, while the S375A mutation in the base of
the cavity increases the ability of these analogues to inhibit CD4-gp120 binding. In the
absence of a crystal structure of the gp120-ligand complex, the experimental data suggests a
difference in binding within the gp120 vestibule for analogues 49 and 50 compared to 1.
Furthermore, predicted binding modes via docking of 49 and 50 to gp120 (1G9M) suggests
that subtle differences in binding mode can affect the inhibitory capabilities of these
analogues (Figure 3).

3. Conclusions
The discovery that NBD analogues inhibit gp120-CD4 binding,19 mimic CD4-induced
conformational changes in gp120,21 and inhibit HIV infection by inducing a short-lived
activated state of the virus22 argued for further SAR explorations of the NBD chemotype.
Ortho substitution on the phenyl ring of 41 and changes to the oxalamide core of 1 led to
analogues that failed to inhibit CD4-gp120 binding (Table 1 and Supplemental Tables 1-6).
Further exploration and testing of shape-based analogues of 1 did not yield additional leads
(Supplemental Tables 5 and 6) necessitating expanding SAR of the Region III. The steric
bulk of the piperidine gem-dimethyl groups precludes facile modification, thus inspiring a
computational approach to identify suitable structural moieties, that when incorporated onto
the core of 1, would maintain similar affinity for gp120 as determined by ITC and, ideally,
continue to inhibit viral entry in a single-round viral infectivity assay. Two orthogonal
screening approaches using the three-dimensional properties of 1 and gp120 were pursued
concurrently to increase the likelihood of discovering novel NBD analogues that bind the
highly flexible gp120 envelope protein. Furthermore, ROCS 3-D approaches have been
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previously reported to be more effective then 2-D searches in producing diverse scaffolds.28

The ROCS shape-based screening leverages both the shape and chemotype of a bioactive
compound (1) yielding analogues containing diverse moieties. In contrast, GOLD docking to
a CD4-bound gp120 crystal structure permitted exploration of compounds that might
employ novel protein-ligand interactions in the cavity vestibule. Virtual screening via
docking with GOLD or ROCS shape-based matching, in conjunction with both the purchase
of commercial building blocks and synthesis, produced several analogues (cf. 21, 25, 30, 38,
39, 43, 47, 49, 50, and 51) that have comparable binding activity profiles to 1 and 41. GOLD
docking to a CD4-bound gp120 crystal structure permitted exploration of compounds that
might employ novel protein-ligand interactions in the cavity vestibule. For the number of
analogues screened and tested, the docking strategy led to a larger set of inactive analogues.
Moreover, the ROCS shape-based searches exploiting similarity in size, shape and
chemotype to 1, identified fewer analogues for synthesis and testing. Pleasingly, one
promising analogue was identified from each method: 39 by docking and 49 by shape based-
similarity. From these data, we conclude that a basic amine comprises a major requirement
for effective binding in the vestibule of Phe 43 cavity. Furthermore, the activation of viral
infectivity is very sensitive to modification of the vestibule-binding moiety (cf. 25, 39, 43,
50). Although a potent (<100 nM) analogue has not as yet been identified, the SAR from the
analogues reported herein demonstrates that gp120 binding affinity and viral infectivity are
dramatically affected by specific protein-ligand interactions in the vestibule of the gp120
cavity. Continued use of this computational approach to identify new Region III heterocyclic
chemotypes, along with synthetic optimization, thus holds promise of identifying novel
compounds with better binding profiles than 1.

4. Methods
4.1. Small Molecule Modeling

Molecules were constructed in MOE (MOE Molecular Operating Environment Chemical
Computing Group, version 2005.06 (Montreal, Canada) (http//www.chemcomp.com),
ionized using MOE’s WashMDB function, and hydrogens were added.32 The small
molecule conformation was minimized to a gradient of 0.01 in the MMFF94x33,34 force
field using a distance-dependent dielectric constant of 1.

4.2. Protein Modeling
Protein modeling—Using the X-ray crystal structure of the CD4-bound HIV-1 gp120
core15 (PDB code 1G9M), hydrogen atoms were added and tautomeric states and
orientations of Asn, Gln and His residues were determined with Molprobity.35-36
Hydrogens were added to crystallographic waters using MOE.32 The OPSLAA37 force
field in MOE was used and all hydrogens were minimized to an rms gradient of 0.01,
holding the remaining heavy atoms fixed. A stepwise minimization followed for all atoms,
using a quadratic force constant (100) to tether the atoms to their starting geometries; for
each subsequent minimization, the force constant was reduced by a half until 0.25. This was
followed by a final cycle of unrestrained minimization. In later stages of virtual screening
the coordinates of the unpublished crystal structure of the compound NBD-55718 bound to
gp120 and 48d were used in modeling studies (unpublished results, Young Do Kwon and
P.D. Kwong).

4.3. Docking Calculations
Initial docking calculations of compound 1 proceeded with Glide, subsequent virtual
screenings were conducted with GOLD.
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Glide (4.018) Water, isopropanol, fucose and N-acetyl D-glucosamine molecules were
removed from the coordinates of the minimized protein (1G9M) as described above. The
protein was then passed through the protein preparation utility in Glide38,39 using the
OPSLAA37 force field and a water solvation model with extended cutoffs. All heavy atoms
were constrained with a parabolic potential of 100 kJ/Å. One-hundred iterations of Polak-
Ribiere conjugate gradient (PRCG) minimization were applied. The binding site was defined
based on the positions of CD4 Phe 43 and the isopropanol molecule from the 1G9M crystal
structure. The Glide grids were computed with a box center at 28.10, -12.35, 81.57 and an
inner and outer box range of 14 Å and 36 Å, respectively. Docking calculations were
performed in standard sampling mode with maxkeep 5,000 and maxref 1,000.

GOLD (version 3.2).26 The binding site was defined by using the docked conformation of
NBD-556 produced with Glide. Docking calculations were performed with crystallographic
water molecules in the cavity. Analysis of initial docking calculations with all six water
molecules (HOH 6, HOH 77, HOH 134, HOH 313, HOH 327 and HOH 343 as numbered in
the crystal structure, 1G9M15) toggled on and off during docking and the estimated free
energy of binding in GOLD indicated that three crystallographic waters behaved as integral
parts of the protein (HOH 6, HOH 327 and HOH 343) and three were likely to be displaced
(HOH 77, HOH 134 and HOH 313). Water HOH 6 forms a bridging hydrogen bond
between the backbone carbonyls of Gly 473 and Trp 427, HOH 343 forms a bridging
hydrogen bond between Val 425 and Asn 377, and HOH 327 hydrogen bonds with Ser 375
in the base of the cavity. Subsequent docking calculations were performed with HOH 343
left on, while waters HOH 6 and HOH 327 were turned on with hydrogen atoms spun. One
hundred genetic algorithm (GA) docking runs were performed with the following
parameters:initial_virtual_pt_match_max=3.5, diverse_solutions=1,divsol_cluster_size=1,
and divsol_rmsd=1.5. All other parameters were set as defaults.

4.4. ROCS Virtual Screening
Flipper from Open Eye was used to expand compounds with unspecified chirality prior to
generation of conformers. Using Omega (version 2.2.1)40 from Open Eye with default
parameters, a maximum of 50 low energy conformers for all compounds in the Zinc
Database (version 7)30 were generated and stored in sd files of approximately 10,000
molecules. ROCS27,28,40 searches were run using 3D coordinates from the docked binding
mode of the teramethy-piperidine portion of JRC-II-191. The Implicit Mills Dean41 force
field was used to match chemotypes as well as shape. A maximum of 2000 hits were saved
for each query and were ranked by a combination of Tanimoto and the scaled Color Score
(ComboScore). Primary amines were selected from the set of hits, conjugated in silico and
were docked with GOLD28 and scored with a mass-corrected Goldscore. Compounds that
reiterated the binding mode of the p-Cl-m-F-phenyl oxalamide moiety of JRC-II-191 were
considered for purchase and synthesis.

4.5. Synthesis
The preparation of identified analogues selected via the above screening efforts was
conducted as follows: the commercially available 4-chloro-3-fluoroaniline was treated with
triethylamine followed by ethyl oxalylchloride to give the requisite ethyl ester. The ester
was then coupled to several commercially available amines in EtOH under microwave
conditions (150 °C, 1 h). In some instances hydrolysis of the ester followed by EDC-
mediated coupling was required. Detailed procedures and characterization data are provided
within the Supplemental Material.
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4.6. Cell-based Infectivity Assays
4.6.1. General considerations—Compounds were dissolved in dimethyl sulfoxide
(DMSO), and stored at 10 mM concentrations at -20°C. The compounds were diluted in
Dulbecco Modified Eagle Medium (DMEM, Invitrogen) to create 1 mM solutions before
use. Soluble CD4 (sCD4) was purchased from ImmunoDiagnostics (Woburn, MA). Human
293T embryonic kidney and canine Cf2Th thymocytes (ATCC) were grown at 37°C and 5%
CO2 in DMEM (Invitrogen) containing 10% fetal bovine serum (Sigma) and 100 μg/mL of
penicillin-streptomycin (Meditech, Inc.). Cf2Th cells stably expressing human CD4 and
either CCR5 or CXCR442,43 were grown in medium supplemented with 0.4 mg/mL of
G418 (Invitrogen) and 0.20 mg/mL of hygromycin B (Roche Diagnostics). Using the
Effectene transfection reagent (Qiagen), 293T human embryonic kidney cells were
cotransfected with plasmids expressing the pCMVΔP1ΔenvpA HIV-1 Gag-Pol packaging
construct, the wild-type or mutant HIV-1YU2 envelope glycoproteins or the envelope
glycoproteins of the control amphotropic murine leukemia virus (A-MLV), and the firefly
luciferase-expressing vector at a DNA ratio of 1:1:3 μg. For the production of viruses
pseudotyped with the A-MLV glycoprotein, a rev-expressing plasmid was added. The
single-round, replication-defective viruses in the supernatants were harvested 24-30 hours
after transfection, filtered (0.45 μm), aliquoted, and frozen at -80°C until further use. The
reverse transcriptase (RT) activities of all viruses were measured as described previously.44

4.6.2. Assay of virus infectivity and drug sensitivity—Cf2Th/CD4-CCR5 or Cf2Th/
CD4-CXCR4 target cells were seeded at a density of 6 × 103 cells/well in 96-well
luminometer-compatible tissue culture plates (Perkin Elmer) 24 h before infection. On the
day of infection, (1 to 100 μM) was added to recombinant viruses (10,000 reverse
transcriptase units) in a final volume of 50 μL and incubated at 37°C for 30 minutes. The
medium was removed from the target cells, which were then incubated with the virus-drug
mixture for 2-4 hours at 37°C. At the end of this time point, complete medium was added to
a final volume of 150 μL and incubated for 48 hours at 37°C. The medium was removed
from each well, and the cells were lysed with 30 μL of passive lysis buffer (Promega) by
three freeze-thaw cycles. An EG&G Berthold Microplate Luminometer LB 96V was used to
measure luciferase activity in each well after the addition of 100 μL of luciferin buffer (15
mM MgSO4, 15 mM KPO4 [pH 7.8], 1 mM ATP, 1 mM dithiothreitol) and 50 μL of 1 mM
D-luciferin potassium salt (BD Pharmingen).

4.7. Isothermal Titration Calorimetry
Isothermal titration calorimetric experiments were performed using a high-precision VP-ITC
titration calorimetric system from MicroCal LLC. (Northampton, MA). The calorimetric cell
(~1.4 mL), containing gp120 at a concentration of about 2 μM dissolved in PBS, pH 7.4
(Roche Diagnostics GmbH), with 2 % DMSO, was titrated with the different compounds
dissolved in the same buffer at concentrations of 80 – 130 μM. The compound solution was
added in aliquots of 10 μL at pre-set intervals. All solutions were degassed to avoid any
formation of bubbles in the calorimeter during stirring. All experiments were performed at
25 °C. The heat evolved upon injection of compound was obtained from the integral of the
calorimetric signal. The heat associated with the binding reaction was obtained by
subtracting the heat of dilution from the heat of reaction. The individual binding heats were
plotted against the molar ratio, and the values for the enthalpy change (ΔH) and association
constant, Ka (Kd = 1/Ka), were obtained by nonlinear regression of the data.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) CD4 bound (cyan) to gp120 with the gp120 domains colored as follows: inner domain
(red); outer domain (yellow) and bridging sheet (green). Carbon atoms are colored by
domain color while non-carbon atoms are colored as follows: oxygen (red) and nitrogen
(blue). B) Two plausible docked conformations of 1 (orange and purple) bound in the Phe
43 cavity of gp120 (1G9M). Docking indicates that the p-chloro-m-fluoro-benzenyl binds at
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the bottom of the Phe 43 cavity, while the tetramethyl-piperidine forms hydrophobic
interactions in the vestibule of the cavity between D368 and V430.
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Figure 2.
NBD-556 (41) chemotype defined with Region I, Region II and Region III.
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Figure 3.
Docked conformations of A) 1 (purple), 49 (blue) and of B) 1 (purple) 50 (orange) bound in
the Phe 43 cavity of gp120 (1G9M). Predicted binding modes and mutagenesis data suggest
that 49 and 50 may bind differently in the Phe 43 cavity vestibule. Residues D368 and V430
are shown as space filling models with carbon atoms colored by domain color while non-
carbon atoms are colored as follows: oxygen (red) and nitrogen (blue). The domains are
colored as follows: inner domain (red); outer domain (yellow) and bridging sheet (green).
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