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Crystal structures of trimeric HIV envelope with
entry inhibitors BMS-378806 and BMS-626529
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The HIV-1envelope (Env) spike is a conformational machine that transitions between prefusion (closed, CD4- and CCR5-bound)
and postfusion states to facilitate HIV-1 entry into cells. Although the prefusion closed conformation is a potential target for
inhibition, development of small-molecule leads has been stymied by difficulties in obtaining structural information. Here, we
report crystal structures at 3.8-A resolution of an HIV-1-Env trimer with BMS-378806 and a derivative BMS-626529 for which
a prodrug version is currently in Phase lll clinical trials. Both lead candidates recognized an induced binding pocket that was
mostly excluded from solvent and comprised of Env elements from a conserved helix and the 320-21 hairpin. In both structures,
the B20-21 region assumed a conformation distinct from prefusion-closed and CD4-bound states. Together with biophysical
and antigenicity characterizations, the structures illuminate the allosteric and competitive mechanisms by which these small-

molecule leads inhibit CD4-induced structural changes in Env.

ment of HIV-1 infection. Since the mid-1990s, when the first

structure-based drugs against HIV-1 protease entered clini-
cal use, the prognosis for an HIV-1 infection treated with antivi-
ral therapy has progressed from a less than 50% 10-year survival
to an average life expectancy almost indistinguishable from that of
the general population'=. In 2015, 16 million people were treated
with antiviral therapy against HIV-1, and there are currently over 40
licensed therapeutics that target HIV-1 enzymes (protease, reverse
transcriptase and integrase) or the gp41 envelope glycoprotein
(Supplementary Results, Supplementary Fig. 1). Currently, how-
ever, no FDA-licensed therapeutic directly targets the HIV-1 gp120
envelope glycoprotein.

Three gpl20 envelope glycoproteins, along with three gp41
transmembrane subunits, make up the heterodimeric Env trimer,
a type 1 fusion machine that facilitates HIV-1 entry through a
multistep process involving structural rearrangements of both
gp120 and gp41 subunits. First, the prefusion closed conforma-
tion of the assembled Env trimer binds a single CD4 (ref. 4), which
stabilizes an intermediate state of Env. Binding to additional CD4
molecules induces the formation and exposure of a site on gp120
that is recognized by a co-receptor, either CCR5 or CXCR4. Binding
to a co-receptor induces further conformational changes, especially
in gp41, which result in the formation of a six-helix bundle and the
fusion of the virus and host cell membranes®®.

HIV-1 entry inhibitors have been developed, including the FDA-
approved enfuvirtide, which blocks gp41 conformational changes
needed for fusion’®, and maraviroc, which binds to the CCR5 co-
receptor and prevents the formation of the Env—-CCR5 complex®.
A number of antibodies have also been identified that neutralize
over 90% of HIV-1 (refs. 10-13); these primarily recognize the pre-
fusion closed state of Env and block either receptor attachment or

E ; tructure-based drugs have had remarkable impact on the treat-

conformational changes required for entry. CD4-mimetic small
molecules and miniproteins have been developed that target an
interfacial cavity, known as the ‘Phe43’ cavity', which forms in the
CD4-bound state of gp120 (refs. 15-18).

An especially promising family of low-molecular-weight HIV-1
entry inhibitors, identified using a viral-infection-based screen',
includes BMS-378806 (Bristol-Myers Squibb) and related com-
pounds'®-22. Clinical assessment of BMS-378806 was abandoned
to focus on improved versions?*%, and currently, BMS-663068, the
prodrug of BMS-626529 (also known as temsavir (GSK2616713);
nowbeing developed by ViiV Healthcare), is the toplead inhibitor?.
BMS-663068 has improved in vitro and pharmacokinetic properties
compared to other family members, including a better potency, a
higher barrier for resistance and a good safety profile in humans?’-.
BMS-663068 is currently being assessed in a Phase III-therapeutic
clinical trial. Here we report the structures of small molecules
BMS-378806 and BMS-626529 in complex with a soluble mimic
of HIV-1-Env trimer, BG505 SOSIP, held in a prefusion confor-
mation by antibodies PGT122 and 35022 (ref. 31). The structures
reveal an induced binding pocket under the $20-21 loop that is dis-
tinct from the Phe43 cavity induced by CD4, suggest an allosteric
mechanism of inhibition and provide chemical-level details for
inhibitor optimization.

RESULTS

Neutralization and binding of BMS-378806 and BMS-626529
We performed neutralization assays to assess the potency of
BMS-378806 and BMS-626529 against two BG505 pseudoviruses.
BMS-378806 and BMS-626529 neutralized BG505 pseudoviruses
in vitro with half-maximal inhibitory concentrations (ICs,s) of 1,190
and 14 nM, respectively, for BG505, and 790 and 14 nM, respec-
tively, for BG505 T332N. We also assessed the neutralization of
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BMS-378806 and BMS-626529 against a panel of pseudoviruses
and observed IC;, values in the range of <1 to 20,000 nM (0.0001-
9.5 pug/ml), indicating highly variable sensitivities of diverse HIV-1
strains to these small molecules (Supplementary Tables 1 and 2).
We note that, in this panel, BMS-378806 and BMS-626529 neutral-
ized the BG505 pseudovirus in vitro with ICys of 170 and 9 nM,
respectively (Supplementary Table 1), thus indicating some varia-
tion in the assay. The data also confirmed that BMS-626529 is more
potent and broad than BMS-378806, with 91% of the viruses neutral-
ized by BMS-626529 compared to 78% by BMS-378806 for an IC;, <
10 pg/ml, and 80% of the viruses neutralized with BMS-626529 com-
pared to 61% with BMS-378806 for an IC;, < 1 uM (Supplementary
Tables 1 and 2). We note that BMS-626529 neutralized 59% viruses
with an IC,, < 0.01 pg/ml (corresponding to less than 21.1 nM for
BMS-626529 and less than 66.7 pmol for the IgG), although cov-
erage by broadly neutralizing antibodies is generally lower at this
concentration (Supplementary Table 2).

We used isothermal titration calorimetry (ITC) to determine
the affinities of both compounds for a soluble version of the prefu-
sion Env trimer (BG505 SOSIP)*, as well as for a stabilized ver-
sion (DS-SOSIP)4, which binds CD4 with an asymmetric single
CD4 per Env trimer and is not triggered by soluble CD4 (sCD4).
BMS-378806 bound to the BG505 SOSIP trimer with ~14-fold
higher affinity than to monomeric gp120 of the same HIV-1 strain
(180 compared to 2,600 nM, respectively) and with slightly weaker
affinity to DS-SOSIP (210 nM) (Supplementary Fig. 2a). Compared
to BMS-378806, BMS-626529 bound with ~2.5-fold higher affinity
to BG505 SOSIP and DS-SOSIP with K;s of 73 and 87 nM, respec-
tively (Supplementary Fig. 2b). The enthalpy and entropy changes
associated with these binding activities were low, similar to what
has been described previously®, indicating that, unlike CD4, little
conformational change occurs in the Env glycoprotein when these
compounds bind (Supplementary Fig. 2a,b). Finally, analysis of
binding stoichiometry indicated that one BMS-378806 molecule
binds to each protomer of the Env trimer (three BMS small mole-
cules per Env trimer). These experiments showed that BMS-378806
and BMS-626529 bind the HIV-1 Env trimer much tighter than
monomeric gp120, and similarly recognize SOSIP and DS-SOSIP
versions of the trimer (Supplementary Fig. 2).

Structures of BMS-378806 and BMS-626529 with HIV-1Env
We individually soaked small-molecule inhibitors into crystals of the
HIV-1 Env trimer. The crystals comprised trimeric BG505 SOSIP
bound by antibodies PGT122, a 332-glycan dependent antibody*,
and 35022, a gp120-gp41 interface antibody®, as described previ-
ously®’. The crystals diffracted to a nominal 3.8-A resolution with
both BMS-378806 and BMS-626529. Diffraction was anisotropic, and
we used a diffraction anisotropy server (http://services.mbi.ucla.edu/
anisoscale/) to determine resolution cutoff in each direction®. Three
sigma (30) data extended to 3 A along the ¢ axis and to less than 4 A
along a and b axes (see Online Methods regarding details on resolu-
tion). Molecular replacement with the drug-free version of the trimer
(trimer-PGT122-35022 with no drug; PDB ID 4TVP*) was used to
determine phases for the structure, and refinement led to R /Ry
values of 0.2453/0.2888 and 0.2723/0.3254 for crystals of with BMS-
378806 and BMS-626529, respectively (Supplementary Table 3).
These crystal structures revealed that BMS molecules bind a
surface-accessible pocket at the interface between the inner and
outer domains of gp120 under the 320-21 loop, and interact with
the C terminus of the o1-helix (Fig. 1a; Supplementary Fig. 3a).
This pocket is on the other side of 320-21 relative to the Phe43
cavity where CD4 binds and is only minimally surface accessible
(Fig. 1b,c; Supplementary Fig. 3b). Because of the moderate reso-
lution, it was difficult to position unambiguously all atoms of the
small molecule, particularly those in the oxoacetamide and pip-
erazine moieties. However, the addition of the methyltriazole ring
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Figure 1| HIV-1-Env recognition by small-molecule entry inhibitor
BMS-626529. (a) Structure of BG505 SOSIP in complex with
BMS-626529. Antibodies PGT122 and 35022, present in the crystallized
complex, have been removed for clarity. HIV-1 Env protomers are shown
in ribbon representation with gp120 inner domain in pink, gp120 outer
domain in blue, and gp41 in gray. BMS-626529 is shown in sphere
representation, with atoms colored according to their chemistry: carbon,
yellow; nitrogen, blue; and oxygen, red. Subscript numbers relate to
corresponding protomers. Black arrows indicate a clip that has been
done to visualize the location of BMS-626529 binding in a perpendicular
orientation (shown in €). (b) Protomers shown in surface representation
and colored as in a with the location of BMS-626529 binding indicated in
yellow. (€) 90° rotation from a and b with protomers shown in

surface representation.

in BMS-626529, compared to its absence in BMS-378806, allowed
an unequivocal determination of overall drug orientation, with the
benzoyl ring inserting deep in the conserved drug-induced pocket
and the methoxyazaindole ring and triazole ring (for BMS-626529)
positioned toward the outside of the cavity (Figs. 2 and 3).

Details of inhibitor interaction with HIV-1gp120

Structures of BMS-378806 and BMS-626529 in complex with
HIV-1 Env were virtually superimposable, with the methyltriazole
ring of BMS-626529 extending toward the trimer axis. Both com-
pounds bound gp120 in a similar manner (Figs. 2b,c and 3¢), with
BMS-626529 having additional interactions through its methyltri-
azole ring with Thr202 and GIn432 of gp120 (Fig. 2b). The side
chain of GIn432 appeared to rearrange compared to its orientation
in the BMS-378806-bound conformation (Fig. 3¢) to enable a bet-
ter fit of the methyltriazole ring. The buried surface area between
BMS-378806 and gp120 totaled 870 A2 and that between BMS-
626529 and gp120 totaled 1,020 A2 BMS-378806 buried a total
of 570 A2, whereas BMS-626529 buried a total of 630 A2 Almost
all of the accessible surface areas of the compounds were buried:
99% for BMS-378806 and 94% for BMS-626529 (Supplementary
Tables 4 and 5).

The BMS compounds interacted with gp120 mainly through
hydrophobic interactions with Trp112, Asp113, Leull6, Val255,
Phe382, Ile424, Met426, Trp427, GIn432, Met434 and Met475, and
with Thr202 for BMS-626529 only, with each of these residues con-
tributing more than ~10 A2 of buried surface area (Figs. 2b and 3¢;
Table 1; Supplementary Table 4). In addition to purely hydropho-
bic interactions, aromatic-stacking and hydrogen bonding interac-
tions also contributed to Env-drug interactions. For example, the
benzoyl group of the BMS compounds made a parallel and offset
m-stacking interaction with Phe382 and Trp427 of gp120, respec-
tively. Other interactions included a hydrogen bond between the
backbone NH of Trp427 and one of the oxoacetamide carbonyls of
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Figure 2 | Detailed interactions of BMS-626529 with HIV-1 Env gp120.
(a) F, - F_ electron density at 36 of a simulated annealing omit map
around BMS-626529 (yellow) shown as green mesh. (b) View from the
viral membrane (bottom) of BMS-626529 (left) and view from the trimer
apex (top) after 180° rotation (right). Residues that are within 5 A of
BMS-626529 (yellow) are labeled and shown as both stick and surface
representation. (¢) Chemical formula for BMS-626529. (d) Sequence
variability of the binding pocket shown in the same orientations as b.

the compound, and the side chain of Asp113 accepted a hydrogen
bond from the azaindole NH group of the compound (Figs. 2b,c
and 3b,c; Supplementary Tables 4 and 5).

Inhibitor-induced conformational changes in Env

The overall conformations of the HIV-1 Env trimers with bound
BMS compounds were virtually identical and highly similar to the
prefusion closed drug-free structure bound to antibodies PGT122
and 35022 (PDB ID 4TVP*) (Fig. 4a). The Co-r.m.s. deviation
between BMS-378806-bound and BMS-626529-bound structures
was 0.4 A over all gpl20 residues. Co-r.m.s. deviation between
the drug-free 4TVP and BMS-378806-bound structure was 0.6 A,
and that between the drug-free 4TVP and BMS-626529-bound
structure was 0.7 A over all gp120 residues. One region involving
the 20-21 loop, however, differed more substantially between
the drug-free 4TVP and the compound-bound structures, display-
ing a Cour.m.s. deviation of 1.5-1.8 A over 13 residues that comprise
the loop (residues 423-435) and a Cot-r.m.s. deviation of 1.6-2.1 A
over the 8 residues that comprise the majority of the interactions
(425-432). Met26 in this loop showed the largest Co-distance
difference (2.9-3.0 A) between compound-bound and ligand-
free structures.

The side chains of residues Trp112 (in the ol helix), Asn425,
Met426, Trp427, Gln428, Arg429 (all in B20-21 loop) and Met 475
rearranged to provide a binding pocket and to interact with the BMS
compounds (Fig. 4b-e; Supplementary Fig. 4). Thus, a number of
local changes in the binding pocket contributed to an induced fit of
gp120 for the BMS compounds.

Structural basis for inhibitor resistance

We analyzed the BMS-compound-bound and drug-free structures
to provide atomic-level explanations for phenotypes observed
with resistance mutations. When altered, most of the gp120 resi-
dues interacting with the BMS molecules affect drug sensitivity***
(Table 1; Supplementary Tables 6 and 7) or confer drug resistance’
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Figure 3 | Detailed interactions of BMS-378806 with HIV-1 Env gp120.
(a) F, - F_electron density at 36 of simulated annealing omit map around
BMS-378806 (orange) shown as green mesh. (b) Chemical formula for
BMS-378806. (€) View from bottom of BMS-378806 and view from the
top after 180° rotation. Residues within 5 A of BMS-378806 (orange) are
labeled and shown in both stick and surface representation.

(Table 1). Clinically derived resistance substitutions known to
reduce BMS-626529 susceptibility include M426L or S375M,
with M4341 and M4751 contributing to a lesser extent®. M426L
was also shown to affect BMS-378806 sensitivity, whereas M475S
had minor effects”. BMS-378806 and BMS-626529 buried ~30 A2
with Met426, which is part of the 320-21 loop, and packs directly
against the face of the compound azaindole ring. The branched side
chain of the M426L substitution is predicted to sterically reduce
the size of the compound binding site and to affect the dynamic
range of the $20-21 loop. Interactions between the compound and
Met475 buried ~20 A? of surface area, and the branched side chain
of M4751 would be expected to reduce the size of the compound-
binding site.

Mutagenesis studies show that S375W substantially affects
BMS-378806 sensitivity, whereas a S375A substitution results in
a more muted impact”. Although direct interactions between the
compounds and Ser375 were minimal, in the crystal structure, the
[-carbon of Ser375 was positioned near position 4 of the com-
pound’s benzoyl ring (buried surface area of ~7-10 A?). Whereas
a S375A mutation would not substantially affect this interaction,
larger side chain substitutions, such as a Trp indole or a His imida-
zole, would likely prevent the entering or the binding of the BMS
compounds. Thus, these structures explained why the drugs do not
inhibit entry of HIV-2 or SIV, both of which have a Trp residue at
position 375, as well as subtype CRFO1_AE, which has a His residue
at that position®.

In the BMS-compound-bound structures, Met434 packed against
Trpl12, Leull6, Ala204, Phe210, Phe382, Ile424 and the compound
azaindole ring. The branched side chain associated with the M434I
change would require either rearrangement of the gp120 inner- and
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Clinically derived Buried surface Hydrogen bonds
Fold inhibition of resistance area (rounded; A2) distance (A) with
BG505 Env BMS-378806 (Madani substitution that with BMS-378806 BMS-378806/
sequence et al. ¥ or from this reduces susceptibility and BMS-626529 BMS-626529
(HXBc2 study; Supplementary of BMS-626529 (Supplementary (Supplementary Structural basis
numbering) Mutation Tables 6 and 7) (ref. 30) Table 4) Table 5) explanation
1109 1T09A This study, >20 6/10 No major effect
W112 WI112A >100 50/57 Loss of hydrophobic
interactions
D113 D113A 85 9/27 2.6/2.4 Loss of hydrogen bonds
L116 LT16A This study, ~20 19/21 No major effect
T202 T202K This study, ~8 17 (BMS-626529) No major effect
V255 V255A This study, ~13 (YU2) 25/32 No major effect
S375 S375W >100 7/10 Fill pocket and prevent
compound entry
S375M Yes Fill pocket and prevent
compound entry
S375H Fill pocket and prevent
compound entry
S375A 1.2 No major effect
F376 7/10 No mutational data
N377 N377L 7.3 <5 for both No major effect
F382 F382L >100 20/22 Loss of hydrophobic
interactions
Y384 Y384E This study, >100 <5/6 Loss of hydrophobic
interactions
1424 1424A This study, 78 27/21 Loss of hydrophobic
interactions
N425 N425A This study, ~2 <5/5 No major effect
M426 M426L >100 Yes 32/29 Loss of hydrophobic
interactions
W427 W427F 0.5 26/42 3/3 (main chain) No major effect
W427V Loss of binding?® Loss of hydrophobic
interactions
W427A This study, >100 Loss of hydrophobic
interactions
W427R This study, >100 Loss of hydrophobic
interactions
Q432 K432A 2.3 13/36 No major effect
M434 M434]| Yes 14/15 <4 (BMS-626529) Loss of hydrophobic
(main chain) interactions
M475 M475S This study, 90 23/18 Loss of hydrophobic
interactions
M475] Yes Loss of hydrophobic

interactions

Mapping of resistance mutations to BMS-378806, BMS-626529 and other related inhibitors. Listed residues are within 5 A of the inhibitor.

outer-domain interface or alteration in compound orientation for
binding. It should be noted that in vitro-selected changes A204D
and L116Q or L116P also impact susceptibility®. Other substan-
tial interactions between the BMS compounds and gpl120 occur
through large hydrophobic residues such as Trpl12 and Trp427
(with a compound-buried surface area of 25-50 A2). Decreasing the
size of the side chains of these residues would likely result in a loss
of hydrophobic interactions with the BMS compounds, diminishing
inhibitor potency.

Changing Thr257 of gp120 to Arg has been shown to decreases
BMS-378806 sensitivity dramatically, whereas T257A has little
effect””. Although we did not observe direct contact between Thr257
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and the BMS compounds, Thr257 packs against Trp427, which is
part of the B20-21 loop and interacts directly with the compounds.
It is thus possible that introducing a large hydrophilic side chain
would prevent the compound from entering or binding properly in
a similar manner to the S375W change discussed above.
Additionally, we analyzed neutralization data with BMS-378806
and BMS-626529 from a panel of 208 isolates from diverse clades
evaluating all amino acids within 10 A of the small molecule used
for their contribution to neutralization resistance (Supplementary
Fig. 5). Three variant sequences, at positions 375, 432 and 475,
occurred at least three times in the isolate panel and scored above
0.8 with BMS-378806, indicating that these residues are present
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Figure 4 | Induced-fit conformational changes. Comparison of HIV-1gp120 structures with and without BMS-626529, involving conformational
rearrangement of the loop between 320 and B21. Superposition of gp120 structures in the presence (gray) and the absence (wheat) of BMS-626529
(yellow). (a) Ribbon representation showing the movement in $20-21 loop. (b) Same orientation as in a with residues that change conformations

shown as sticks in the apo form. Intramolecule hydrogen bonds are shown with dotted black lines. (¢) Same orientation as in a with residues that change
conformations shown as sticks in the compound-bound conformation with BMS-626529 present (yellow). Residues that change conformations are
labeled. (d) Superposition of b and ¢. (e) Sequence alignment of BG505 and HXBc2 gp120. Residues that contact BMS-626529 are indicated with filled red
circles (for backbone-only interactions), unfilled asterisks (for side chain-only contacts) and filled asterisks (for backbone and side chain contacts). r.m.s.
deviations between the BMS-626529 structure and the apo prefusion closed conformation and between the BMS-626529 structure and the CD4-bound
conformation are shown as follows: “1-8" for 1-8 A difference, “9" for 9 A or larger change and “X" if residue is not defined. Secondary structure is also
shown for the BMS-bound prefusion closed conformation of gp120. Sites of N-linked glycosylation highlighted in green. Residues in the V2 loop of strain

BG505 are labeled 185a-h as described previously?'.

four-times more frequently in resistant strains than in sensitive
strains. Only position 475 scored above 0.8 for BMS-626529. The
changes at positions S375H, S375M and M475I had previously been
characterized®, with a fourth change, R432L, newly identified by this
analysis. Met375 and His375 (for BMS-378806 only) were located
in the compound-binding pocket, and Ile475 reduced hydrophobic
interactions. Although Leu432 would seem to be compatible with
BMS compound binding, one possible explanation for its contribu-
tion to resistance is that the Leu side chain interacts with other hydro-
phobic residues in the compound-binding pocket to block entry to
the binding pocket. Overall, the resistance analysis described here
identified commonly circulating resistance mutations.

Mechanism of inhibition
To understand the mechanism of BMS-378806 and BMS-626529
inhibition, we first assessed their binding to soluble Env trimers

NATURE CHEMICAL BIOLOGY | VOL 13 | OCTOBER 2017 | www.nature.com/naturechemicalbiology

by mesoscale-discovery electrochemiluminescence immunoassay
(MSD-ECLIA) in presence of antibodies and CD4 (Fig. 5a). Each
drug was pre-incubated with Env trimer at a ten-fold excess molar
ratio. Interestingly, BMS-626529, which is more potent than BMS-
378806, inhibited CD4-induced conformational changes (required
to bind CD4i antibodies 17b and 48d as well as V3-directed anti-
bodies 447-52D, 3074 and 2557), whereas binding to other antibod-
ies was unchanged. The inhibition of CD4-induced conformational
changes could also be observed with BMS-378806, but was less pro-
nounced than with BMS-626529. As anticipated, the drugs had no
effect on DS-SOSIP antigenicity, as this stabilized trimer is already
fixed in a conformation that cannot be triggered by sCD4.

Testing the effects of BMS-378806 on the native HIV-1 Env
trimer expressed on the cell surface showed that, as previously
described®4%4!, at a concentration (1 UM) in the virus-inhibitory
range, the compound minimally affected CD4 binding (Fig. 5b)

1119


http://dx.doi.org/10.1038/nchembio.2460

© 2017 Nature America, Inc., part of Springer Nature. All rights reserved.

ARTICLE

NATURE CHEMICAL BIOLOGY poi: 10.1038/NCHEMBIO.2460

a 5x10° 5%10° b
4x10° 4x10° M F105 Control sCD4
Y 3x10° 3%10° W VRCOT
= B VRC13 .
2 2)(10: 2%10° B b2 1uM BMS-378806
6
e 1100 MFI =7 MFI =194 MFI =188
5x10° 5x10° 29.8%
4x10° 4x10° W PGT145
3 5o B ncaias
< 2x10° 2x10 W PGTI28 =
1x10° 1><10; sCD4 binding (FITC)
0
W 17b
5x10° 5x10° i 17bd+sCD4 c
4x10° 4x10° e D4 Control sCD4
S o 30 27520 100 M BMS-378806
< ox 105 2 x 106 i gé;Z‘SZD-*-SCDél M -
1%10° 1x10° 3074+sCD4
o omllom o milf nf 2557 MFI = 86 MFI =193 MFI =83
Sx10¢ 5x 10 VA 2557+sCD4 0.7% 12.4% 11%
4x10° 4x10° I9) g
x 108 A
§ ii;g: i x 126 W PGT151 b
W 35022 i
1% 108 1x10° M 8ANC195 i
0 0 sCD4 binding (FITC)
BG505SOSIP BG505SOSIP BG505 SOSIP BG505 DS-SOSIP BG505 DS-SOSIP BG505 DS-SOSIP
+BMS-378806  +BMS-626529 +BMS-378806  +BMS-626529
e IlOO }10 .120 }30 }90 .200 2'10
BG505 gpl20 MVEQMHTDIISLWDQSLKPCVKLTPLCVTLQ  EYRLINCNTSAITQACPKVSF
HXBc2 gpl20 ...... Bttt e e S.K S.K.TS.... V..o
BMS-626529 Ik Nk B0k ®o*
CD4-bound * Rk =
[ o ) B op
m ) a7 = mal
250 260 270 280 360 370 380 390
BG505 gpl20 GIKPVVSTQLLLNGSLAEEEVMIRSENITNNAKNILVQENT  RFANSSGGDLEVTTHSENCGGEFFYCNTSGL
HXBC2 gpl20 . R.tiurennnnnnennns V...V.F.D...T.I..L.. T.KQ..... PoIVeeeteeneennnn. STQ
BMS-626529 0K * *00 el o)
CD4-bound kel IO HOON 1t
) —p [hied % g@% %
CpE—) o) BRIy C37)
420 430 440 450 460 470 480
BG505 gpl20 IKQIINMWQRIGQAMYAPPIQGVIRCVSNITGLILTRDGGSTNSTTETFRPGGGDMRDNWR A >3 A
HXBc2 gpl20 ..... e KVLK. . S.Q...S.unn. Loveun. NS.NES.T.euevuuewnnnn Dual contact
_ PR ° ual contacts
BMS-626529 *o% = with BSA > 5 A2
CD4-bound KON @A N O TOKON® 1t I eGIIHHE
== = == ==
—c —pzz—y [ o5 )

Figure 5 | Entry inhibition mechanism for BMS-378806 and BMS-626529 small molecules. (a) MSD-ECLIA of a panel of antibodies binding to BG505
SOSIP and BG505 DS-SOSIP with and without BMS-378806 or BMS-626529. Data quantified by area under the curve (AUC). (b) Flow cytometric
analysis of the effect of BMS-378806 on sCD4 binding of the HIV-1JR-FLACT Env expressed on the cell surface. Analysis of sCD4 binding in the presence
and absence of BMS-378806. FSC, forward scatter; MFI, mean fluorescence intensity; FITC, fluorescein isothiocyanate. (¢) Same as b but at high BMS-
378806 concentration. The control shows binding of the FITC-conjugated anti-CD4 antibody to the cells in the absence of sCD4. (d) Top, structures
superposition of BMS-626529 (yellow) bound to gp120 (light pink (inner domain) and light blue (outer domain)) in a HIV-1 Env trimeric prefusion closed
conformation and CD4-bound conformation (gp120 in light orange and CD4 in cyan). W427 is shown as sticks in both conformations. Bottom, gp120 in a
prefusion closed conformation is shown in surface representation. (e) Sequences alignment of BG505 and HXBc2 gp120 regions. Residues in gp120 that
make contact with BMS-626529 and CD4 (using the CD4-bound conformation) are indicated with filled circles (for backbone-only interactions), unfilled
asterisk (for side chain-only contacts) and filled asterisks (for backbone and side chain contacts) in red (for BMS-626529 contacts) and black (for CD4
contacts), under the sequences. Secondary structure is shown as bars for helices and arrows for 3-strands; prefusion closed shown in pink and blue as in
d, and CD4-bound shown in cyan. gp120 residues that contact both BMS-626529 and CD4, when gp120 is in the postfusion conformation, are boxed in
black. Residues that move more than 3 A between the prefusion and the CD4-bound gp120 conformation are shaded in gray.

while completely blocking the CD4-induced formation and expo-
sure of the gp41 heptad repeat 1 (HR1) coiled coil (Supplementary
Fig. 6). Notably, this analysis specifically identified cells that bound
sCD4 in the presence of BMS-378806 but did not bind C34-Ig, a
gp41 HR2 peptide construct that detects the HR1 coiled coil (Fig. 5b;
Supplementary Fig. 6). At high concentrations (100 uM), BMS-
378806 clearly inhibited the binding of sCD4 (Fig. 5¢). These results
suggest that the mechanism of HIV-1 inhibition by the BMS com-
pounds may be concentration dependent.

To further clarify the mechanism of inhibition, we compared the
structures of the drugs bound to soluble trimer to the CD4-bound
structureofgp120inthemonomericshedor ‘postfusion’ conformation

1120

that is compatible with co-receptor recognition (PDB ID 3JWD*).
Although the drugs bound to an Env site distinct from the CD4-
binding site, there was overlap in interacting residues; indeed, three
residues, Asn425, Met426 and Trp427, contact both BMS com-
pounds and CD4 (each burying more than 5 A2 surface area). Thus,
the structural data indicate formal competition between bind-
ing BMS compounds and CD4 by these residues, which are in the
20-21 loop, which changes the most in conformation between the
drug-free and the CD4-bound structures. Structurally, the critical
Trp427 exhibits different conformations in the drug-bound trimer
and the CD4-bound monomer and thus cannot accommodate both
ligands simultaneously (Fig. 5d,e).
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DISCUSSION

The development of a soluble mimic of the viral spike BG505
SOSIP%, which is amenable to crystallization and atomic-
level structural analysis, enables a structural understanding of the
mechanisms of action for ligands that inhibit HIV-1 entry into cells.
In this study, we sought both a mechanistic understanding of entry
inhibition by the BMS-378806 family of small-molecule inhibitors
and a crystallization template for structure-based design. With Env
locked into a prefusion conformation by antibodies PGT122 and
35022 (refs. 6,31,34,35), we observed that both BMS-378806 and
BMS-626529 bound to a conserved pocket under the $20-21 loop,
which CD4 also recognizes'*. This pocket was previously proposed
as a possible binding site for the BMS drugs using mutagenesis data®’
as well as in a recent homology modeling study®, unlike docking
studies that place these compounds in the Phe43 cavity*¢.

There is a general agreement that BMS-378806 and related com-
pounds work only before CD4 binding?%, the nuance here being
that CD4 binding can occur with a number of Env conformations,
including binding by a single CD4 to a prefusion closed trimer*®,
binding within the context of an obligatory ‘high-FRET” interme-
diate®, and binding in the monomeric gp120 context'*. Indeed,
controversy has existed regarding the mechanism of action of the
BMS-378806 family of small-molecule inhibitors®-22334, Some
studies have shown that the BMS compounds bind gp120 and block
its attachment to CD4 (refs. 20,22), while other studies have shown
simultaneous binding of the BMS compounds and CD4 to HIV-1
membrane-localized Env trimers and have suggested that inhibi-
tion occurs at a later step of the entry process?'*. Recently, it has
been shown that the BMS compounds stabilize a prefusion closed
conformation of Env®* and block Env glycoprotein transitions criti-
cal for entry®. Site-directed, in vitro-selected, and clinical-resistant
mutations have helped define the binding region within gp120 for
the BMS compounds, and multiple computer modeling studies have
been performed to explore possible binding modes and further
elucidate the mechanism of action of these small molecules®#4°,
However, until now, the experimental structure of a BMS compound
bound within the Env trimer has remained elusive.

The BMS compound-Env trimer structures reported here are in
agreement with the location of resistance-associated Env changes
and explain how the drugs inhibit HIV-1 entry. In concordance
with prior published studies?'?**, our data indicate that BMS-
378806 and related compounds use multiple mechanisms to inhibit
HIV-1 infection. At lower concentrations in which the BMS com-
pounds are first observed to inhibit HIV-1 entry, they stabilize a
prefusion conformation of the Env trimer and interfere with Env
conformational changes induced by CD4, such as formation and
exposure of the gp41 HR1 coiled coil. We note that inhibition by
conformational stabilization likely involves alteration of the kinetic
transitions the prefusion spike spontaneously undergoes’, and
such inhibition can have an outsized effect: with BMS-378806 and
BMS-626529, we observed a 2.5-fold difference in binding affin-
ity to the BG505 SOSIP trimer and a 19-to-85-fold difference in
neutralization of BG505 virus. Consistent with this, BMS-626529
binding to the BG505 SOSIP.664 trimer is accompanied by an
unfavorable entropy change, indicating that BMS-626529 bind-
ing introduces more order into the Env trimer than BMS-378806
binding. At higher concentrations, where the BMS compounds
are observed to inhibit CD4 binding, a mechanism related to that
proposed by Langley et al.** may apply. We observed that the BMS
compounds bind under and on the opposite side of the $20-21 loop
from that recognized by CD4, thereby allosterically blocking CD4
attachment. In contrast, the B20-21 loop in the postfusion confor-
mation (PDB ID 3JWD*) is organized and stabilized by CD4 in a
way that places Trp427 in the Phe43 binding pocket™; this elimi-
nates the BMS compound-binding site and rearranges the parallel
32-3-21-20 bridging sheet of the prefusion conformation into the
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antiparallel $3-2-21-20 conformation observed in the CD4-bound
postfusion state. Overall, our findings clarify both binding mode and
mechanism of action. Thus, BMS-626529 and related compounds
preferentially recognize a prefusion closed trimer over mono-
meric gp120 and can only interact with gp120 before CD4 bind-
ing. At low concentrations, they stabilize a prefusion conformation
of the Env trimer, and at high concentrations, they allosterically
interfere with CD4 binding, with three gp120 residues having dual
contact with drug and CD4 in their respective high-affinity Env-
bound structures.
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METHODS
Methods, including statements of data availability and any associated
accession codes and references, are available in the online version
of the paper.
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ONLINE METHODS

Proteins expression and purification. Proteins were purified as described
previously*'. Briefly, BG505 SOSIP was cotransfected with furin plasmid into
GnTi cells (ATCC (Cat no. CRL-3022)). Supernatant was purified over 2G12
affinity column followed by size-exclusion chromatography in 5 mM HEPES,
150 mM NaCl, and 0.02% azide. BG505 DS-SOSIP was also expressed in GnTi~
cells, purified over 2G12 affinity column and S200 in the same buffer. PGT122
and 35022 Fabs were made as described?!. Heavy and light chains of each IgG
were co-transfected in GnTi~ cells. Supernatants were purified over protein A,
antigen-binding fragments (Fabs) were obtained by digesting IgGs modified to
have an HRV3C cleavage site in the hinge region with HRV3C enzyme, and the
resultant Fabs purified through S200.

Small-molecule inhibitors. BMS-378806 and BMS-626529 were purchased
from APEXBIO, catalog #B1533 and #A3253, respectively, with a purity of
98.00% and 98.53%, respectively.

Isothermal titration calorimetry (ITC). The binding of BMS-378806 and
BMS-626529 to HIV-1 Env trimer, BG505 SOSIP and DS-SOSIP, and BG505
gp120 monomer was studied by ITC using a VP-ITC from MicroCal/Malvern
Instruments Ltd. (Northampton, MA). The proteins were dialyzed against PBS,
pH 7.5, before the experiments. Titrations were performed at 25 °C by injecting
aliquots of the inhibitor solution into the calorimetric cell (volume ~1.4 mL)
containing either one of the two proteins prepared at ~3 pM in buffer with 2%
DMSO. In the case of the Env trimer, the protein concentration corresponds
to that of the protomer. BMS-378806 and BMS-626529 were first dissolved in
100% DMSO at concentrations of 10 or 20 mM, which were then diluted into
PBS with additional DMSO to their desired concentrations in the presence of
2% DMSO. The concentration of inhibitor in the syringe was 60 and 120 uM
for the titrations of the Env trimer and the gp120 monomer, respectively, and
the solution was injected in aliquots of 10 uL. Results shown are representative
of those obtained in three experiments.

HIV-1 neutralization assays. Neutralization was measured using single-
round-of-infection HIV-1 Env pseudoviruses and TZM-bl target cells, as
described previously®*2. Briefly, pseudoviruses were incubated with serial
dilutions of antibodies or drug compounds, then added to TZM-bl target
cells that have a luciferase reporter gene. After 2 d, infection of target cells
was measured by luciferase activity. Assays with drug compounds were
performed with 1% DMSO in all wells. Neutralization curves were fit by
nonlinear regression using a 5-parameter hill slope equation as previously
described®?. The sensitivity of a panel of HIV-1yy;., and HIV-1,;, mutants
to inhibition by BMS-378806 was determined as described in the legend to
Supplementary Table 6.

Crystallization and data collection. Crystals of BG505 SOSIP, PGT122 and
35022 were obtained as described previously®! in 0.2 M LiSO4, 16% isopro-
panol, 5.32% PEG 1500 and 0.1 M sodium acetate pH 5.5 by the vapor diffu-
sion method. The drugs—BMS-378806 and BMS-626529—were dissolved in
mother liquor solution containing 0.2 M LiSO4, 20% isopropanol, 6.65% PEG
1500, and 0.1 M sodium acetate pH 5.5 at 1 UM concentration. The stabilizing
solution containing the drug was then added to the drops containing the crystals
for a period of 5 min to 1 h. Oil was then added to the drop, and crystals suit-
able for diffraction were analyzed. Diffraction data were collected at APS ID22
and processed using HKL2000 (ref. 53). The nominal overall resolution was
determined as the highest resolution for which the completeness was greater
than 50% and the ratio of the measured intensity versus the error in inten-
sity was greater than 2.0. Thus, for both BMS-378806 and BMS-626529 with
BG505 SOSIP complexes, the nominal overall resolution was 3.8 A. The BMS-
378806 and BMS-626529 with BG505 SOSIP complexes crystal diffraction data
were then assessed for anisotropy through use of the Diffraction Anisotropy
Server (http://services.mbi.ucla.edu/anisoscale/)*, which indicates the reso-
lution at which F/sigma drops below 3.0 along a, b, and ¢ axes; for the two
lattices, these were 3.8 A, 3.8 A, and 3.0 A, respectively. Because we sought
to use as much of the data as possible for refinement, we used the overall
resolution described above to define the resolution of the a and b axes, with
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the resolution limit for the ¢ axis defined by the Diffraction Anisotropy
Server. (We note that other investigators have determined overall resolutions
using the following equation: Res(eff) = (high resolution)(completeness)"*
(ref. 54), where Res(eff) is effective resolution. For the BMS-378806-BG505
SOSIP complex, the untruncated data had a completeness of 81.5%, and the
effective resolution is calculated as Res(eff) = (3.0)(0.815)-¥3 = 3.2 A. For the
BMS-626529-BG505SOSIP complex, the untruncated data had a completeness
of 85.6%, and an effective resolution Res(eff) = (3.0)(0.856)"» = 3.2 A. These
alternatively defined resolutions are 0.6 A higher than our 50% completeness,
21/sigma-defined overall resolution. Additionally, the effective resolution using
the truncated data for the BMS-378806 complex and the BMS-626529 com-
plex, which had a completeness of 51.7% and 54.06, respectively, are Res(eff) =
(3.0)(0.517)¢¥» = 3.7 A and Res(eff) = (3.0)(0.546)» = 3.7 A, respectively.
We also report the CC, , value of the highest resolution shell (0.450 at 3.0 A for
BMS-378806/BG505 SOSIP complex; 0.141 at 3.0 A for BMS-626529/BG505
SOSIP complex); CC,, values of >0.15 are reported to be significant®®).

Structure solution and refinement. The structure of BMS-378806 and BMS-
626529 in complex with BG505 SOSIP/PGT122/35022 Fab was solved by
molecular replacement using Phaser as implemented in CCP4 (ref. 56) using
the nondrug-complex structure, PDB ID 4TVP3, as a search model. Small
molecules were manually fitted using COOT” and refinement of the structures
was with Phenix® using optimization of X-ray/stereochemistry and X-ray/ ADP
weight. CIF files for the small molecules were obtained using ELBOW in
Phenix. The refinement statistics are summarized in Supplementary Table 3.
For the BMS-378806 structure in complex with BG505 SOSIP/PGT122/35022
Fabs, the overall score from Molprobity*® was 1.85, with a clash score of 5.59,
Ramachadran favored of 92.5% and Ramachadran allowed of 99.3%. For
the BMS-626529 structure in complex with BG505 SOSIP/PGT122/35022
Fabs, the overall score from Molprobity was 1.97, with a clash score of 5.54,
Ramachadran favored of 92.1% and Ramachadran allowed of 99.4%. Structural
figures were made with Pymol®.

Sequence conservation calculation. Sequence conservation was calculated
based on the HIV-1 filtered web alignment of the year 2015, downloaded
from the Los Alamos HIV sequence database (https://www.hiv.lanl.gov/).
The conservation values for each HXB2 position were obtained applying R,
in particular the bio3d package function conserv with the input argument
“method” set to “identity”.

Antigenic analysis of BG505 SOSIP and DS-SOSIP in the presence of the
drugs BMS-378806 and BMS-626529 by MSD-ECLIA. Standard 96-well bare
MULTI-ARRAY Meso Scale Discovery (MSD) Plates (MSD; cat# L15XA-3)
were coated with a panel of HIV neutralizing (VRCO01, b12, VRC13, PGT121,
PGT128, 2G12, PGT145, CAP256-VRC26.25, 35022, 8ANC195, PGT151),
non-neutralizing monoclonal antibodies (F105, 17b (+sCD4), 48D (+sCD4)
and 447-52D (+sCD4), 3074 (+sCD4), 2557 (+sCD4)) and non-cognate anti-
bodies (anti-influenza antibody CR9114, and anti-RSV antibody, D25) at a
concentration of 4 ug/mL in duplicates (30 uL/well), after dilution in 1x PBS.
and kept overnight at 4 °C. The next day, the plates were washed with 0.05%
Tween-20 in 1x PBS and blocked with 150 uL of 5% (w/v) MSD Blocker A
(MSD; cat# R93BA-4) for 1 h at room temperature on a vibrational shaker
(Heidolph TITRAMAX 100; cat# P/N: 544-11200-00) at 650 r.p.m. BG505
SOSIP and DS-SOSIP were pre-incubated for 1 h with BMS-378806 or BMS-
626529 at 1:10 molar ratio of trimer:drug. The trimer or trimer-drug complex
were titrated in twofold serial dilutions starting at 5 ig/mL concentration in
assay diluent (1% (w/v) MSD blocker A + 0.05% Tween-20). For soluble CD4
(sCD4) induction, trimer—trimer-drug complex were combined with sCD4
at a constant molar concentration of 1 UM before being added to the MSD
plate. After the incubation with blocking buffer was complete, the plates were
washed and the diluted trimer was transferred (25 pL/well) to the MSD plates
and incubated for 2 h on the vibrational shaker at 650 r.p.m. After the 2 h
incubation with trimer, plates were washed again and 2G12 antibody labeled
with MSD SULFOTAG (MSD; cat #R91A0-1) at a conjugation ratio of 1:15
(2G12:SULFOTAG), which was diluted in assay diluent at 2 ug/mL and added
to the plates (25 pL/well), then incubated for 1 h on the vibrational shaker
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at 650 r.p.m. Plates were washed and read using the 1x read buffer (MSD Read
Buffer T (4x); cat# R92TC-1) on MSD Sector Imager 2400. Results shown
are representative of those obtained in three experiments. All antibodies
were expressed by transient transfection, after validation of antibody
sequence, and reacted with control antigens such as BG505 DS-SOSIP as previ-
ously described*.

Flow cytometry. HIV-1 JR-FLACT Env plasmid was transfected with Effectene
transfection reagent (Qiagen) into 293T cells following the manufacturer’s
instructions. 48-72 h later, cells were detached with 5 mM EDTA-PBS. 0.5-1
million cells were incubated briefly with 1 or 100 uM of BMS-378806, in some
cases followed by sCD4 (20 pg/ml except in Fig. 5¢, where 100 ug/ml sCD4 was
used) and then C34-Ig (final concentration 20 pug/mL). After 30 min incuba-
tion, the cells were washed twice. Allophycocyanin (APC)-conjugated F(ab),
fragment donkey anti-human IgG antibody (1:100 dilution; catalog no. 709-
136-149; Jackson ImmunoResearch Laboratories) and fluorescein isothiocy-
anate-conjugated anti-CD4 antibody (1:33 dilution, E-biosciences) were then
added to the cells for 15 min. Cells were washed twice and analyzed with a BD
FACSCanto II flow cytometer (BD Biosciences). Results shown are representa-
tive of those obtained in two experiments.

Data availability. Coordinates and structure factors for the crystal structures
of BMS-378806 and BMS-626529 have been deposited in the protein databank
(PDB) under accessions numbers 5U7M and 5U70, respectively, with structure
factors both unprocessed and processed through the Diffraction Anisotropy
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Server. All other data generated or analyzed during this study are included in
this published article (and its supplementary information files) or are available
from the corresponding author on reasonable request.
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