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The first step in HIV infection is the binding of the envelope glycoprotein gp120 to the host cell receptor
CD4. An interfacial “Phe43 cavity” in gp120, adjacent to residue Phe43 of gp120-bound CD4, has been
suggested as a potential target for therapeutic intervention. We designed a CD4 mutant (D1D2F43C) for
site-specific coupling of compounds for screening against the cavity. Altogether, 81 cysteine-reactive
compounds were designed, synthesized, and tested. Eight derivatives exceeded the affinity of native D1D2
for gp120. Structure-activity relationships (SAR) for derivatized CD4 binding to gp120 revealed significant
plasticity of the Phe43 cavity and a narrow entrance. The primary contacts for compound recognition inside
the cavity were found to be van der Waals interactions, whereas hydrophilic interactions were detected in
the entrance. This first SAR on ligand binding to an interior cavity of gp120 may provide a starting point
for structure-based assembly of small molecules targeting gp120-CD4 interaction.

Introduction

Human immunodeficiency virus 1 (HIV-1a) is the primary
cause of acquired immunodeficiency syndrome (AIDS).1,2

Among 20 antiretroviral drugs that have been approved by FDA
for clinical treatment of AIDS,3 nearly all target either the
reverse transcriptase or the protease of HIV-1. Currently, the
continuing emergence of drug-resistant viruses and drug toxicity
problems, as well as the absence of an effective AIDS vaccine,
motivates the search for novel antiretroviral drugs.

Elements of virus entry are attractive antiviral targets because
they are at the first step of the HIV-1 life cycle, preceding
cellular infection. The entry of the virus is mediated by specific
interactions between viral envelope glycoproteins (gp120 and
gp41) and host cell surface receptors (CD4 and CCR5/CXCR4).
HIV-1 virus first attaches to the host cell surface through
recognition between gp120 and CD4.4,5 CD4 binding induces

extensive structural rearrangements in gp120, resulting in the
exposure of a binding surface for the second host cell chemokine
receptor, CCR5 or CXCR4,6,7 and exposure of new epitopes
on gp41.8,9 The ensuing engagement of gp120 with the chemo-
kine receptor triggers further conformational changes, which
ultimately lead to the fusion of viral membrane with the host
cell membrane.10-12

The interface between gp120 and CD4 is highly conserved
among different HIV-1 isolates, as evidenced by multiple X-ray
crystal structures of core gp120 proteins derived from different
isolates in complex with D1D2 (the first two immunoglobulin-
like domains of CD4) and a Fab fragment of antibody, 17B or
X5.13-15 In these complexes, the D1 domain of CD4 binds in a
depression on the core gp120 formed by residues from all three
domains of gp120, including the inner domain, the outer domain,
and the bridgingâ-sheet. The binding region in CD4 is centered
on residues 40-48 of the D1 domain, a stretch corresponding
to the second complementarity-determining region (CDR2) of
immunoglobulins. Among these residues, Phe43 alone contrib-
utes 23% of the total interactions.14 At the gp120-CD4 interface
in all structures, a deep hydrophobic cavity enclosed by
conserved gp120 residues has been identified. The CD4 residue
Phe43 sits right at the opening of this cavity, acting as a lid,
and is the only cavity-interacting residue in CD4. This cavity
is thus named “the Phe43 cavity”13,14 and has been suggested
as a potential target for therapeutic intervention.13,14,16 Bio-
chemical,16-20 structural,21,22 and thermodynamic23 studies
indicate that the Phe43 cavity-bearing CD4-bound gp120 adopts
a conformation more rigidified than that of free gp120, and this
conformation of gp120 has been estimated to be only sampled
by a small fraction (12-15%) of free gp120.24

Most of the potent gp120-CD4 inhibitors identified to date
are proteins or peptides.25 A few gp120-directed small-molecular
entry inhibitors, e.g., BMS-378806, BMS-488043,26-29 and
NBD-556,30 have been identified by high-throughput screening,
although their modes of action remain controversial.31-33
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Possible reasons for the difficulty in identifying a small-
molecule inhibiting gp120-CD4 interaction include the unusu-
ally large conformational flexibility of gp120 and the intrinsic
difficulty of small-molecule drugs to target a complex protein-
protein interface,34 such as that between gp120 and CD4. A
highly conserved interfacial hydrophobic pocket like the Phe43
cavity in gp120,13,14,35 on the other hand, could be a good
binding site for small molecules that block protein-protein
binding either through a direct steric effect or through an
allosteric mechanism. Moreover, such a site should be less prone
to resistance-conferring mutations. Thus, in this work, instead
of exploring the entire gp120-CD4 interface per se, we
characterized the Phe43 cavity as a potential drug-targeting site.
Because a large entropic penalty is associated with stabilization
of the Phe43 cavity in gp120,23 direct identification of cavity-
targeting small molecules is difficult. By using chemically
derivatized CD4 molecules, we could specifically target druglike
fragments to the cavity and use them to characterize cavity
properties. Herein, we report the construction of 81 modified
CD4 molecules and the first structure-activity relationships for
the interactions of the Phe43 cavity-targeting probes with gp120.

Results

Design Rationale.The exact location of residue Phe43 of
CD4 at the entrance of the cavity makes this locale the best
attachment point for cavity-targeting compounds. Cysteine,
among all natural amino acids, best enables chemoselective
conjugation. Thus, we used a two-domain CD4 (D1D2) scaffold
with Phe43 replaced by a cysteine (D1D2F43C) as the template
for site-specific delivery of diverse probes to the cavity (Figure
1). D1D2F43C, containing all the essential elements of CD4 in
binding gp120 except for the Phe43 side chain, stabilizes gp120
in the cavity-bearing conformation but binds to gp120 much
more weakly than CD4 (IC50(D1D2F43C)) 206 ( 21 nM vs
IC50(D1D2) ) 7.31 ( 1.07 nM, Figure 2). This substitution

allows the compatibility of a chemical group and the cavity to
be easily judged by comparing the gp120-binding affinities of
the derivatized D1D2F43C proteins to that of D1D2F43C
(Figure 1).

We first tested each of three commonly used classes of
sulfhydryl-specific reagents [i.e., iodoacetamide, 5,5′-dithiobis-
(2-nitrobenzoic acid) (DTNB), andN-ethylmaleimide (NEM)]
to identify the best thiol-reacting module for linking compounds
to Cys43. Although all three compounds were found to modify
D1D2F43C with satisfactory completeness (>98%, 80%, and
>98%, respectively) (Supporting Information), iodoacetamide
was the only reagent that produced a CD4 derivative with
gp120-binding affinity higher than that of the unmodified
template D1D2F43C, demonstrated by a 6-fold lower IC50 value
(Figure 2 and Supporting Information). Consequently, halo-
acetamide was chosen as the primary starting module for
construction of the first thiol-reactive compound library, which
included 41 bromoacetamides (compounds1 (SNS-1) to41
(SNS-41)) and 7 5-nitro-2-pyridyldisulfides (compounds42
(SNS-42) to48 (SNS-48)), designed through a computer-assisted
molecular complementarity search using GrowMol.36,37On the
basis of the screening results from the first library, we further
designed a second library of 42 bromoacetamides, 1 bromopro-
panone, 1 bromoethylamine, and 2 5-nitro-2-pyridyldisulfides
(compounds49 (DN-10) to 94 (DN-271)) to complete the
analysis of structure-activity relationships of cavity-filling
probes (Table 1 in Supporting Information).

All D1D2F43C derivatives were generated employing nu-
cleophilic reactions between thiolate anions of D1D2F43C and
electrophiles of the two compound libraries synthesized (Figure
1). The derivatized proteins were named D1D2F43C-“com-
pound” according to the compounds used to derive them; e.g.,
D1D2F43C-1 is the product of the modification of D1D2F43C
by compound1. A “D1D2 control” was prepared as a modifica-

Figure 1. Screen for Phe43 cavity-targeting compounds using deriva-
tized CD4. (A) Design of modified D1D2F43C for targeting the Phe43
cavity in gp120. The complex of gp120 and the D1D2 domains of CD4
are drawn schematically with gp120 and D1D2 colored in gray and
salmon, respectively. Residue Phe43, right at the entrance of the Phe43
cavity, is mutated to a chemically reactive cysteine for specific
conjugation of a library of cysteine-reactive compounds (in green). The
generated D1D2F43C derivatives are then screened for their affinity
for gp120. (B) Modification of F43C of D1D2 by haloacetamides or
halopropanones (shown on top of the arrows, Y) NH or CH2,
respectively) or 5-nitro-2-pyridinesulfenyl reagents (shown below the
arrows).

Figure 2. Representative curves for the inhibition of gp120-CD4
binding by D1D2 control, D1D2F43C, and D1D2F43C derivatives
(D1D2F43C-iodoacetamide, D1D2F43C-10, D1D2F43C-19, and D1D-
2F43C-57) in a competition ELISA assay. Curves were generated from
binding data using Prism 4 (GraphPad Software). The derived IC50

values were 7.31( 1.07, 206( 21, 33.3( 5.5, 7.76( 0.83, 3340(
510, and 4.14( 0.03 nM, respectively.
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tion control by using compound40 to “mock-modify” wild type
(WT) D1D2 in the same way as described above.

Overview of Binding Activities of CD4 Derivatives. Out
of 94 compounds synthesized, 81 modified D1D2F43C with
>80% completeness (Table 1 and Supporting Information). The
resulting 81 derivatives were tested for their abilities to inhibit
the interaction of gp120 with D1D2 in a competition ELISA
assay (Figure 2), from which an IC50 value (the concentration
for obtaining 50% inhibition of gp120-CD4 binding) was
determined for each of the derivatives. Because the D1D2F43C
derivatives bind gp120 competitively with D1D2 and the IC50

value of the D1D2 control is in good agreement with the
reportedKd of D1D2 and gp120,38,39 the measured IC50 values
were regarded as the estimations of affinities between the
derivatives and gp120.

The derivatives from the initial library had widely spread IC50

values, whereas those from the second library, optimized from
results of initial libraries, all bound gp120 better than D1D2F43C
(Figure 3). Furthermore, 90% of the proteins derivatized from
the second library had IC50 values lower than that of D1D2F43C-
iodoacetamide, the parent derivative for all haloacetamide-
derived proteins. Out of all derivatives, eight had IC50 values
lower than that of D1D2 (7.3 nM). The best derivative was
D1D2F43C-57, with an IC50 value almost half that of D1D2
(Figure 2). The affinity of the derivatized D1D2F43C proteins
for gp120, however, reached a plateau with an IC50 value of
around 4 nM even after extensive optimization.

Validation of the Binding Sites for CD4 Derivatives.We
confirmed that the chemical probes presented by CD4 deriva-
tives bind into the Phe43 cavity of gp120 by comparing the
affinities of the derivatives for gp120 to their affinities for a
Phe43 cavity-filled mutant of gp120. The cavity-filled gp120
mutant, namely, gp120 S375W/T257S, has the cavity-lining
residue Ser375 mutated to a tryptophan, which fills the cavity
(Figure 4A).20,22,50The other mutation, T257S, was incorporated
to stabilize gp120 S375W. Unmodified D1D2 and D1D2F43C,
which do not bind into the cavity, bound the cavity-filled mutant
of gp120 equally well as WT gp120, as indicated by the identical
IC50 values in competition assays (Figure 4B,C). In contrast,
all except one of the D1D2F43C derivatives, regardless of their
affinities for gp120, exhibited dramatically lower affinities (4-

to 150-fold higher IC50 values) for gp120 S375W/T257S than
for WT gp120 (Figure 4B,C), which is consistent with the Phe43
cavity being the binding sites for the chemical groups linked to
Cys43 in these derivatives. Among the derivatives with nano-
molar IC50 values, the molecular weights of the compounds were
found to correlate well with the loss of affinity for cavity-filled
gp120 (data not shown). D1D2F43C-iodoacetamide, the only
derivative with equal affinity for gp120 S375W/T257S and WT
gp120, had only a small acetamide moiety attached to residue
Cys43, which was not expected to protrude into the cavity based
on our modeling results (data not shown).

SAR of Binding of CD4-Attached Compounds to gp120:
N-Alkylacetamide Derived D1D2F43C.Nine derivatives were
evaluated for their gp120-binding affinities to study the effect
of the addition of alkyl groups at the acetamide nitrogen of the
parent derivative D1D2F43C-iodoacetamide (Table 2). Small
alkyl groups such as isopropyl (1) reduced the affinity greatly
(5-fold), whereas larger alkyl groups such as isobutyl (2) and
6-hydroxyhexyl (9) did not have much affect on the affinity.
An even bulkier cyclic group [i.e., the cyclohexyl group (3)]
increased the binding affinity more than 2-fold with an IC50 of
13 nM. This positive effect was further enhanced when an extra
methylene linker was inserted between the acetamide nitrogen
and the cyclohexyl group to yield the cyclohexylmethyl group
(4). Addition of even bigger groups (6, 56, and8) reduced the
binding affinities drastically to micromolar levels, suggesting
that the volume limit of the cavity had been reached.

SAR: N-Arylacetamide Derived D1D2F43C.Unlike alkyl
groups, aryl groups were much more favored when attached to
the acetamide nitrogen. The highest binding affinity in this group
(Table 3) was observed with D1D2F43C-10 (IC50 ) 7.76 nM),
which has a phenyl group at the acetamide nitrogen. Insertion
of up to three methylene linkers between the nitrogen and phenyl
groups (28, 40, and51) decreased binding affinity slightly with
an ethylene group being the best linker. Interestingly, branching
at the benzylic position resulted in a drastic (5- to 10-fold) loss
in affinity (29 and30 compared to28). Similar to the phenyl
group, a naphthyl group (14) at the acetamide nitrogen was also
favorable, but the insertion of additional linkers (32, 64, 31,
and66) between the naphthyl unit and the acetamide nitrogen
attachment was much less tolerated.

In light of the preference for phenyl- and naphthyl-like groups
in the cavity, we also synthesized compounds containing five-
membered aromatic rings linked to the acetamide. The findings
(Table 4) were very similar except for compound67, the
derivative of which has affinity 3-fold lower than those of the
derivatives of 10 and 87, suggesting possibly unfavorable
interaction between gp120 and the sulfur atom at position 2 in
thiophen.

SAR: SubstitutedN-Phenylacetamide Derived D1D2F43C.
Extensive substitutions on the phenyl group of compound10
were employed both to screen for higher-affinity binders
compared to the parent compound10and to characterize further
the chemical preferences of the Phe43 cavity. Eighteen com-
pounds were synthesized with various substitutions at the para
position (Table 5A). In general, small substitutions ranging from

Table 1. Summary of Modification of D1D2F43C by Both Compound Librariesa

initial library second library total

cysteine-modifying compound reacted, no. unreacted, no. reacted, no. unreacted, no. reacted, no. unreacted, no.

haloacetamides 39 2 35 9 74 11
disulfides 6 1 1 1 7 2
total 45 3 36 10 81 13

a Reacted: completeness,g80%. Unreacted: completeness,<80%.

Figure 3. Distribution of the IC50 values of the D1D2F43C derivatives
generated from the initial and second libraries.
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methyl (73) to ethoxy (74) groups had limited effect on the
activities, but larger groups such as isopropoxy (22) and
benzyloxy (26) groups reduced the affinities significantly. The
highest binding affinities of this whole study were observed
when compound10 was substituted at the para position by a
nitro (57, 4.14 nM), an isopropyl (12, 4.84 nM), or an ethyl
(76, 5.87 nM) group. Interestingly, derivatives with hydroxy-
containing substituents at the para position invariably showed
IC50 values higher than those of similar derivatives with the
hydroxy groups replaced by the methyl groups (59 and73; 77
and76). This finding indicates a disfavoring of electron-donating
groups at the para position. An isopropanol has been reported
to occupy the Phe43 cavity in the refined 2.2 Å structure of
HXBc2 gp120:D1D2:17b Fab,13 suggesting a possible starting
point for the design of cavity-binding compounds. Substitution
of 10 at the para position by an isopropanol group (94) led to
slightly reduced affinity, indicating disfavor of the isopropanol
group at this orientation.

Eight groups were tested for meta-position substitution of the
phenyl ring in compound10. Five of these (methyl, hydroxy,
nitro, 2-hydroxyethoxy, and benzyloxy groups) were also tested
at the para and ortho positions. A much higher tolerance for
bulkier groups was noticed at the meta position compared to
the para position (Table 5B). Smaller groups at the meta
position, on the other hand, bound comparably well or somewhat
worse (nitro) than at the para position.

None of seven different substitutions at the ortho position of
the phenyl group was able to enhance the affinity (Table 5C).
Interestingly, the smallest group tested, methyl (78), was the
second to the least favored at this position with an IC50 of 24.5
nM; yet a much bulkier group benzyloxy (85) performed best
at this position with an IC50 of 8.87 nM, comparable to that of
the parent compound10.

SAR: Role of the Acetamide Moiety. Modification of
D1D2F43C by the simplest haloacetamide-based compound that
we tested (iodoacetamide) increased the binding affinity for

Figure 4. Binding of D1D2 conjugates to cavity-filled gp120. (A) Sliced-open surface representations of the Phe43 cavities of wild type core
gp120 (left, PDB code 1RZJ) and cavity-filled core gp120 mutant S375W/T257S (right, PDB code 2NXZ) bound to CD4. CD4 and gp120 molecules
are colored in gray and salmon, respectively. Side chains and CR atoms of gp120 residues 375 and 257, as well as those of CD4 residue F43, are
shown in ball-and-stick model in the coloring scheme: CD4 carbon atoms (salmon), gp120 carbon atoms (gray), nitrogen atom (blue) and oxygen
atoms (red). Surfaces in both panels were calculated based on the respective gp120 model in which the side chains of residues 375 and 257 except
for Câ atom were removed. Note that the cavity has a narrow entrance close to the tip of phenyl ring of F43 and that a water channel is located
left to the cavity. (B) Side by side comparisons of IC50 values of D1D2 variants on the binding of D1D2 to YU2 WT (wild type) gp120 to their
IC50 values on the binding of D1D2 to YU2 S375W/T257S gp120. (C) Ratios of two IC50 values.
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gp120 by 6-fold (Figure 2). On the basis of our modeling result
(data not shown), the acetamide moiety binds at the vestibule
to the Phe43 cavity, which is the binding site for residue Phe43
of WT CD4. The 6-fold affinity increase suggests a good
complementarity of the acetamide group to the vestibule,
possibly due to the relatively small size as well as rigid and
nonbranching shape. The narrower shape of the acetamide
moiety compared to the phenyl ring of Phe43, however, probably
limits the ability to make extensive interactions with gp120
around the cavity opening, in contrast to Phe43, as suggested
by affinity of D1D2 that is 5-fold higher than that of D1D2F43C-
iodoacetamide.

We used compound10 as a positive background to identify
the gp120-binding elements of the acetamide group. Replace-
ment of the acetamide nitrogen by a carbon (71) decreased the
binding affinity by 3-fold (Table 6), indicating that the acetamide
nitrogen plays a significant role in the interaction of the
acetamide moiety with gp120, probably through an interaction
for which the methylene carbon cannot substitute, such as the
hydrogen bonding. Compound69, in which the carbonyl oxygen
of the acetamide moiety was removed, failed to modify
D1D2F43C (Supporting Information). Therefore, the signifi-
cance of the carbonyl oxygen in the acetamide is unclear. Some
indication may be derived from comparison of71 with a
disulfide compound63, which resembles71 without the
carbonyl oxygen (Table 6). The similar IC50 values of these
two derivatives suggest either that the carbonyl oxygen is not
important for the interaction or that its deletion is compensated
in some way by substitution of sulfur for carbon.

SAR: Mixed-Disulfide D1D2F43C Derivatives. Only a
small series of disulfide compounds were investigated in this
study because of their limited solubility and poor reactivity. All

derivatives contain aryl groups that were linked to Cys43
through disulfide bonds (Table 7). The incorporation of most
of these aryl groups (6 out of 7) significantly increased activities
of derivatives in binding gp120 when compared with D1D2F43C.
Similar to the SAR in the substitutedN-phenylacetamide derived
D1D2F43C, addition of an isopropyl group but not other bulkier
groups at the para position of the benzyl group in compound
42 slightly enhanced affinity (43).

Discussion

Screen for Phe43 Cavity-Targeting Inhibitors Using De-
rivatized CD4. The accessible surface of gp120 is thought to
be largely composed of both highly variable and heavily
glycosylated regions,14,16 and the conserved Phe43 cavity is
thought to be poorly formed in free gp120.24 Hits identified in
high-throughput screens against gp120 are likely to recognize
variable regions, and thus, the resulting compounds are expected
to be highly susceptible to resistance because of high mutation
rates. In contrast, the emergence of resistant viruses to inhibitors
targeting the conserved Phe43 cavity should be rare, if at all
possible. The Phe43 cavity is thought to exist preferably in the
relatively rigidified gp120 state when bound to CD4, and it is
disrupted in the free SIV core gp12021 and the HIV gp120
complex with Fab b12.22 Mutation of the cavity-lining residue
Ser375 to a bulky tryptophan fills the Phe43 cavity and drives
gp120 into a conformation closer to that of the CD4-bound
state.20 The large entropy change associated with the transition

Table 2. Chemical Structures of Cysteine-Modifying Compounds (R as
N-Alkyacetamide) and IC50 Values of the Corresponding Derivatized
D1D2F43C for Inhibition of the Binding of D1D2 to YU2 gp120a

a Corrected IC50 values are presented as the mean( SD values from
two to three independent experiments.

Table 3. Chemical Structures of Cysteine-Modifying Compounds (R as
N-Arylacetamide) and IC50 Values of the Corresponding Derivatized
D1D2F43C for Inhibition of the Binding of D1D2 to YU2 gp120a

a Corrected IC50 values are presented as the mean( SD values from
two to three independent experiments.
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of free gp120 to CD4-bound gp12023 undoubtedly determines
that gp120 poorly populates cavity-bearing conformations,24

which reduces the chance of identifying hits targeting the Phe43
cavity in conventional high-throughput screening (HTS).

New methods for identifying lead compounds or fragments
of lead compounds as inhibitors of protein-protein interactions
have emerged recently as alternatives to HTS. These include
structure-based screening by NMR techniques and X-ray
crystallography, in silico screening, phage display, rational
discovery, and tethering.40,41 One of these approaches, tether-
ing,42 identifies small-molecule leads by screening the com-
pounds covalently linked to the targeting site. This method,
however, is unlikely to be applicable for identifying inhibitors
for gp120 because of the high intrinsic flexibility of this target.
Moreover, highly glycosylated gp120 does not readily permit
the use of mass spectrometry in identifying suitable compounds
in the tethering method. Unlike other approaches, our method
focuses on the screening of the compounds that are covalently
attached to a protein ligand (CD4) against the target protein
(gp120). CD4, as the natural ligand for gp120, stabilizes
formation of the Phe43 cavity in gp120. In addition, using a
gp120 ligand such as CD4 as the ligand-attachment point in
our method enables the quantitative determination of structure-
activity relationships on the small-molecule fragments, which
would otherwise bind gp120 too weakly for accurate affinity
determination using traditional binding assays. A parallel study
recently proposed a similar idea; the protocol entailed assembly
of a library of peptide-small molecule hybrids via cysteine
modification for studying SAR between the target protein and
small molecules;43 however, to date, no screening results have
been reported.

Although our results are fully consistent with binding small
molecules into the specific target site, surely the CD4 scaffold
to which these chemicals are attached must also contribute to
the binding properties. Scaffold constraints also affect binding
properties in more conventional combinatorial chemistry ap-
proaches, but in our approach constraints from the larger D1D2
moiety might have a more substantial impact. Various aspects

of the data nevertheless indicate that the SAR is indeed reflective
of intrinsic molecular complementarity between the compounds
and the cavity, at least for those derivatives with higher affinities
than the unmodified template, D1D2F43C. The observed binding
affinities for gp120 are widely distributed for the various
chemically derivatized CD4 molecules, and these affinities are
drastically lowered for cavity-filled gp120. This proves that the
binding affinities of the derivatives to gp120 are sensitive to
the interaction between the template-attached cavity-probing
compounds and the cavity. Moreover, in the one possibility for
comparison, this sensitivity is independent of the scaffold. That
is, the enhancement (4-fold) of gp120-binding affinity upon
addition of a cavity-targeting phenyl group to the vestibule-
binding template D1D2F43C-iodoacetamide (vs D1D2F43C-
10) is found to be the same as that gained (4-fold) through
addition of a phenyl group to the existing phenyl group
equivalent of that of Phe43 in a CD4 miniprotein mimetics
F23.35 D1D2F43C and the miniprotein scaffold are radically
different in size, have different vestibule-binding groups, and
have substantially different intrinsic affinities; thus, the high
similarity in relative binding characteristics suggests that high-
affinity derivatives probably bind the cavity with minimum
constraints from the template. Therefore, the SAR derived from
this study likely reflects true binding preferences of the Phe43
cavity.

Characterization of the Phe43 Cavity.The Phe43 cavity
has been observed in the crystal structures of CD4-bound core
gp12013-15 to have an entrance narrower than the main body
of the cavity (Figure 4A). Modeling of the acetamide group
onto the Cys43 of D1D2 positioned the acetamide nitrogen close
to the narrow cavity entrance of core gp120 (data not shown).
Disfavoring of branching at the first carbon linked to the
acetamide nitrogen, such as seen with compounds1, 29, and
30 (Tables 2 and 3), suggests that the narrow cavity entrance is
also present in the full-length (FL) gp120 used in this SAR study
and that the acetamide nitrogen atom is near this constriction.
Hydrophilic interaction, such as a hydrogen bond, is likely to
be part of the recognition mechanism at this site, as discussed
earlier. In the disulfide-linked derivatives, branching at the
carbon next to the sulfur also had a negative effect on binding
affinity (44, Table 6). Although the branching point is further
away from the cavity than the acetamide nitrogen, the large
branched phenyl group in44 could potentially reach the cavity
entrance and cause unfavorable steric clashes. The repulsions
caused by the branching at the cavity entrance could be partially
released by insertion of a methylene linker between the
acetamide nitrogen and the branching groups, as demonstrated
by compounds6 and56 (Table 2). Preference of aromatic groups
over aliphatic groups by the cavity (Tables 2-7) is also in
agreement with the presence of a narrow entrance to cavity
where the rigid and planar shapes of aromatic groups should
be preferred. Additional methylene linkers between the nitrogen
atom and aromatic groups, unlike in the case of the alkyl groups,
affected binding adversely (Tables 3 and 4), albeit only slightly.
One plausible explanation is that while the phenyl group fits
well at the narrow cavity entrance, the aromatic ring can no
longer maintain all the favorable van der Waals contacts once
positioned in the broader space inside the cavity because of the
insertion of methylene linkers.

The para position was found to be the best position to
substitute the aromatic groups, such as the phenyl ring in
compound10 (Table 5), for increase of gp120-binding affinity.
The best substituents found are nitro (57) and isopropyl (12)
groups. Although the groups possess different electronic proper-

Table 4. Chemical Structures of Cysteine-Modifying Compounds (R as
N-Thiophen(furan)acetamide) and IC50 Values of the Corresponding
Derivatized D1D2F43C for Inhibition of the Binding of D1D2 to YU2
gp120a

a Corrected IC50 values are presented as the mean( SD values from
two to three independent experiments.
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ties but similarities in molecular shape, the similar effects on
binding of these two groups suggest that they may enhance
binding solely through van der Waals interaction with cavity
residues. This finding, together with the adverse effect on the
affinity of many hydrophilic substituents on the aromatic ring
(Tables 4 and 5), indicates that van der Waals interactions may
dominate the recognition of the tethered compounds within the
cavity. This conclusion is consistent with the hydrophobic nature
of the cavity seen in the crystal structures of core gp120.13,14

The finding that an isopropanol molecule occupies the cavity
in the crystal structure of core gp12013 is not inconsistent with
this observed preference for hydrophobic groups in the cavity
because the hydroxy group of isopropanol is hydrogen-bonded
to two water molecules but not to any residue in gp120.

Although substitutions at the meta and ortho positions of the
phenyl ring in compound10did not result in the best binding to
gp120, much larger groups than those allowed at the para posi-
tion can be substituted at these positions without affecting bind-
ing affinity (Table 5). This finding suggests that the meta- or ortho-substituted phenyl groups may bind in the cavity in differ-

Table 5. Chemical Structures of Cysteine-Modifying Compounds (R as SubstitutedN-Phenylacetamide) and IC50 Values of the Corresponding
Derivatized D1D2F43C for Inhibition of the Binding of D1D2 to YU2 gp120a

a Corrected IC50 values are presented as the mean( SD values from two to three independent experiments.

Table 6. Chemical Structures of Cysteine-Modifying Compounds (Role
of the Acetamide Moiety) and IC50 Values of the Corresponding
Derivatized D1D2F43C for Inhibition of the Binding of D1D2 to YU2
gp120a

a Corrected IC50 values are presented as the mean( SD values from
two to three independent experiments.
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ent modes from the para-substituted phenyl groups. In addition,
the binding may involve expansion of the cavity region in gp120.

As discussed, the Phe43 cavity is thought to be conserved in
gp120 because it is composed of highly conserved residues
across HIV-1.13,14However, whether the structure of the cavity
in core gp120 resembles that in the FL gp120 was not clear.
Our SAR study of the binding of the probes to the Phe43 cavity
in FL gp120 now reveals a close similarity (narrow entrance
and hydrophobic surface) between the cavities in FL and core
gp120 and thus suggests that the core gp120 structure holds
great promise for development of structure-based inhibitors
targeting FL gp120.

In addition, our SAR analysis implies significant plasticity
in gp120. All derivatives except for D1D2F43C-iodoacetamide
were found to bind inside the Phe43 cavity, despite the fact
that the derivatization groups on some of the derivatives are
much larger than the size of the cavity seen in the structures of
core gp120.13-15 Whether all parts of each compound could fit
completely in the cavity is not clear, but it is reasonable to
believe that gp120, even when bound to CD4, has substantial
plasticity to undergo necessary structural rearrangements around
the Phe43 cavity to accommodate bulky compounds, such as
85 (Table 5C), a derivative that maintains high affinity for gp120
(IC50 ) 9 nM).

Future Development and Therapeutic Applications.Al-
though gp120 retains significant plasticity during ligand binding
in the presence of the CD4 scaffold, gp120 adaptability is
nevertheless restricted; thus, potentially favorable interactions
of compounds bound into the intrinsically flexible Phe43 cavity
may not be realized fully. This proposal may explain the IC50

plateau of 4 nM reached after optimization of the derivatives.
The potential penalty from occupying a cavity that is intrinsically
flexible but stabilized by the D1D2 scaffold may prevent a
further increase in affinity of derivatized D1D2F43C. A smaller
CD4 scaffold such as a mimetic may comprise a more

reasonable template for further optimization of cavity-binding
fragments because it may structure gp120 to a lesser degree.

When bound to CD4 derivatives, gp120 probably adopts a
rigidified conformation close to that of the CD4-bound form.
CD4 derivatives, however, may not fully activate gp120 into a
chemokine-receptor binding conformation because a cavity-
binding CD4-mimetic CD4M33 (a scyllatoxin-based miniprotein
with a biphenylalanine residue at the position corresponding to
Phe43 of CD4) has been shown to promote chemokine-receptor
binding 6-fold less than does CD444 and to induce 40% less
entropic change in gp120 compared to F23, which has a
phenylalanine replacing biphenylalanine in CD4M33.35 Iden-
tification of cavity-lining residues critical for the inhibitory effect
of BMS-368806, a small molecule that inhibits HIV-1 entry
most likely by blocking CD4-induced conformational changes
in HIV glycoproteins,31 further supports that cavity-targeting
CD4 derivatives may serve as entry inhibitors both by preventing
viral attachment to CD4 and by partially precluding chemokine-
receptor induced viral fusion. The immediate clinical application
of the cavity-targeting fragments identified in this study would
include incorporation of these moieties into current CD4-based
therapeutic agents, such as CD4-IgG2

45-47 and CD4-Ig,48 for
possibly better clinical efficacy.

Conclusion

We have designed and constructed a library of chemically
derivatized CD4 and carried out a structure-activity study of
these compounds binding to the Phe43 cavity in gp120. The
Phe43 cavity in FL gp120 was found to be similar to that
observed in the crystal structure of core gp120. It is hydrophobic
and plastic in nature and has a narrow entrance, where
hydrophilic interactions may play a significant role in binding
ligands. Aromatic groups attached to an acetamide moiety and
substituted with small groups at the para position were found
to be most preferred by the cavity. The detailed characterization
of the cavity and identification of the chemical preferences for
cavity-binding ligands should benefit further development of
the identified compounds into efficient gp120-CD4 inhibitors
by incorporating them into either smaller protein-like scaffolds
(e.g., miniproteins) or small molecules by fragment assembly.
The unique utilization of a reactive ligand template (D1D2F43C)
in screening compounds for targeting a receptor site (the Phe43
cavity in gp120) at the ligand-receptor interface may be applied
to other systems where the stabilization of the targeting site on
the receptor requires the presence of a ligand.

Experimental Section

Thiol-Reactive Reagents.Iodoacetamide, 5,5′-dithiobis(2-ni-
trobenzoic acid) (DTNB), andN-ethylmaleimide (NEM) were
purchased from Sigma-Aldrich. All other cysteine-modification
compounds were synthesized in one to seven steps using com-
mercially available compounds. Experimental details of the syn-
theses and characterization of these compounds are included in the
Supporting Information.

Protein Reagents.The gp120 antibody 17b was produced in
ascites and purified by Strategic BioSolutions (DE). Full-length
YU2 gp120 was produced in Drosophila S2 cells as described
previously49 and purified similarly as described before.13,14WT and
S375W/T257S YU2 were expressed in serum-free medium by
transient transfection of HEK293T cells and were purified by either
F105 (WT YU2) or 17b (S375W/T257S YU2) affinity columns as
previously described.50 The numbering of gp120 amino acid
residues is based on the sequence of the prototypic HXBc2 strain.51

Preparation of Recombinant D1D2 and D1D2 Mutants.
Recombinant two-domain CD4 (D1D2, residues 1-183) was cloned
into NcoI and XhoI sites of vector pET24d (Novagen). D1D2 was

Table 7. Chemical Structures of Cysteine-Modifying Compounds
(Mixed-Disulfide Compounds) and IC50 Values of the Corresponding
Derivatized D1D2F43C for Inhibition of the Binding of D1D2 to YU2
gp120a

a Estimated IC50 values are presented as the mean( SD values from
two to three independent experiments. Correction for compound absorbance
was not possible here because of absorbance from the 5-nitro-2-pyridyl
leaving group.
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expressed as inclusion bodies in Rosetta (DE3) cells (Novagen)
through leaky expression of T7lac promoter without IPTG induction
in SuperBroth medium (BIO 101, Inc.) with addition of 0.2%
glucose and 20 mM MgCl2

52 at 37°C for 24 h. The inclusion bodies
were isolated from cells by sonication and centrifugation and were
then washed three times with 2% Triton-X 100, 2 M urea, 5 mM
EDTA, and 5 mM DTT in Tris‚HCl buffer, pH 7.5. Purified
inclusion bodies were solubilized by 6 M guanidine‚HCl, 5 mM
EDTA, 20 mM Tris-HCl, pH 7.5, 10 mM DTT, and 0.5 mM PMSF.
Solubilized D1D2 proteins were refolded at 0.5 mg/mL in a
refolding solution optimized based on the no. 10 condition of Foldit
kit (Hampton Research): 50 mM Tris-HCl, pH 8, 10 mM NaCl, 1
mM KCl, 1 mM EDTA, 440 mM sucrose, 2 mM cysteine, and 0.5
mM cystine. Impurities and oligomeric D1D2 were removed by
passing refolded D1D2 proteins through Q and SP Sepharose Fast
Flow resins (Amersham) in batch mode at pH 10.5 and pH 6.2,
respectively. As the last step, a size exclusion column Superdex
200 26/60 (Amersham) was used to separate any residual misfolded
oligomeric D1D2 from monomeric D1D2. Purified soluble D1D2
contains residues 1-183 of CD4 and an additional glycine from
the cloning vector at the N-terminus. D1D2F43C was created by
site-directed mutagenesis and prepared similarly as WT D1D2.

Preparation of Derivatized D1D2F43C.Iodoacetamide, DTNB,
and NEM were dissolved and stored as 20 mM solution in 0.5 M
Na/K phosphate, pH 7.4. All other compounds including both bromo
compounds and mixed-disulfide compounds were dissolved in
DMF, DMSO, or ethanol as 20-60 mM stock. D1D2F43C protein
at 1-3 mg/mL was first reduced by 2 mM dithiothreitol (DTT).
Excessive DTT was then removed by PD-10 columns (Amersham),
and at the same time the proteins were exchanged into proper
reaction buffer: 0.1 M phosphate buffer, pH 7.4, 0.1 M NaCl, 1
mM EDTA, and 0.1 mM DTT for all bromo compounds, iodoac-
etamide, and DTNB; 0.1 M phosphate buffer, pH 7.4, 0.1 M NaCl,
and 1 mM EDTA for 5-nitro-2-pyridinesulfenyl compounds; and
0.1 M phosphate buffer, pH 7.0, 0.1 M NaCl, 1 mM EDTA, and
0.1 mM DTT for NEM.53 The thiol-reactive compounds were
diluted into protein solutions to reach a final reaction concentration
of 2 mM, 10 times excess of the free thiol groups in the reaction.
The reactions were allowed to continue at 25°C for 2 h in the
dark. The final products, namely, derivatized D1D2F43C proteins,
were separated from small molecules by passage through desalting
columns (PD-10 columns, Amersham) followed by solvent ex-
change in Amicon Ultra-4 5K concentrators (Millipore) with
reaction buffer 3 times. The completeness of the modifications was
examined using protein mass spectrometry (MALDI-TOF, Colum-
bia University Protein Core and DNA Sequencing Facility) as well
as peptide mass spectrometry of trypsin-digested proteins (Columbia
University Protein Core and DNA Sequencing Facility). This latter
step was also used to confirm the correct site-directed incorporation
of the compounds.

Concentration Determination of Derivatized D1D2F43C
Proteins. The “estimated concentrations” of proteins were calcu-
lated from 280 nm absorbance of protein samples in PBS using
the theoretic extinction coefficient of D1D2F43C. The concentra-
tions of D1D2F43C variants derived from the halo compounds were
then corrected by the corresponding correction factors:

where εD1D2F43C
calcd is the theoretic extinction coefficient of D1D-

2F43C andεR
measuredis the experimentally determined extinction

coefficient of thiol-reacting compounds in PBS. The “estimated
concentration” was used for derivatized D1D3F43C from all other
compounds.

The concentrations of a selected group of D1D2F43C derivatives
were also determined by amino acid compositional analysis (Keck
Biotechnology Resource Laboratory, Yale University) and were
found to agree well with the results obtained by the UV absorbance
method discussed above.

Competition ELISA Assay. The abilities of derivatized
D1D2F43C proteins to bind gp120 and inhibit gp120-CD4
interaction were evaluated using a competition ELISA (enzyme-
linked immunosorbent assay). Briefly, Immuno 2HB plates (Thermo
LabSystem) were coated with 100µL of 4 µg/mL recombinant
D1D2 in coating buffer (10 mM phosphate buffer, pH 7.4, and
0.15 M NaCl) overnight at 4°C. The plates were then blocked by
3% bovine serum albumin (BSA) (CalBiochem) in PBS (300µL
per well) for 2 h at 25°C. Fifty nanograms of YU2 gp120 diluted
in 100µL of 3% BSA-PBS was added to the plates in the absence
or presence of one of the D1D2 variants (either D1D2 or a
D1D2F43C derivative) at various ranges of concentrations and
incubated for 90 min at 25°C. After removal of unbound gp120
by a four-time wash with PBST (0.05% Tween-20 in PBS), the
bound gp120 was detected by a gp120 antibody 17b (100µL, 1µg/
mL), which was further probed with a peroxidase-conjugated
donkey antihuman antibody (Jackson ImmunoResearch, 1:20000
dilution, 100µL). 3,3′,5,5′-Tetramethylbenzidine (Sigma) was used
as the substrate for peroxidase, and the optical density (OD) was
read at 450 nm. The binding of the residual gp120 to plate-bound
D1D2 was calculated by using the following formula:

IC50 values were obtained by nonlinear regression fitting of the
binding results by Prism 4 (GraphPad Software) using the formula
of one-site competition as shown below:
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