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ABSTRACT Small CD4-mimetic compound (CD4mc), which inhibits the interaction
between gp120 with CD4, acts as an entry inhibitor and induces structural changes
in the HIV-1 envelope glycoprotein trimer (Env) through its insertion within the
Phe43 cavity of gp120. We recently developed YIR-821, a novel CD4mc, that has
potent antiviral activity and lower toxicity than the prototype NBD-556. To assess
the possibility of clinical application of YIR-821, we tested its antiviral activity using
a panel of HIV-1 pseudoviruses from different subtypes. YIR-821 displayed entry in-
hibitor activity against 53.5% (21/40) of the pseudoviruses tested and enhanced
neutralization mediated by coreceptor binding site (CoRBS) antibodies in 50% (16/
32) of these. Furthermore, when we assessed the antiviral effects using a panel of
pseudoviruses and autologous plasma IgG, enhancement of antibody-mediated
neutralization activity was observed for 48% (15/31) of subtype B strains and 51%
(28/55) of non-B strains. The direct antiviral activity of YIR-821 as an entry inhibitor
was observed in 53% of both subtype B (27/51) and non-B subtype (40/75)
pseudoviruses. Enhancement of antibody-dependent cellular cytotoxicity was also
observed with YIR-821 for all six selected clinical isolates, as well as for the trans-
mitted/founder (T/F) CH58 virus-infected cells. The sequence diversity in the CD4
binding site as well as other regions, such as the gp120 inner domain layers or
gp41, may be involved in the multiple mechanisms related to the sensitive/resist-
ant phenotype of the virus to YIR-821. Our findings may facilitate the clinical appli-
cation of YIR-821.

IMPORTANCE Small CD4-mimetic compound (CD4mc) interacts with the Phe43 cav-
ity and triggers conformational changes, enhancing antibody-mediated neutraliza-
tion and antibody-dependent cellular cytotoxicity (ADCC). Here, we evaluated the
effect of YIR-821, a novel CD4mc, against clinical isolates, including both subtype B
and non-B subtype viruses. Our results confirm the desirable properties of YIR-821,
which include entry inhibition, enhancement of IgG-neutralization, binding, and
ADCC, in addition to low toxicity and long half-life in a rhesus macaque model,
that might facilitate the clinical application of this novel CD4mc. Our observation
of primary viruses that are resistant to YIR-821 suggests that further development
of CD4mcs with different structural properties is required.
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Small CD4-mimetic compound (CD4mc) that inhibits the interaction of HIV-1 enve-
lope (Env) gp120 with CD4, acts as an entry inhibitor and induces structural changes

in the Env trimer through binding to the Phe43 cavity of gp120. CD4mc inhibits viral
entry into host cells by competitive inhibition with CD4 and by premature allosteric acti-
vation of HIV-1 Env. Such premature activation leads to a series of conformational
changes in Env, which irreversibly releases the energy necessary for viral fusion (1, 2).
Furthermore, CD4mc can expose otherwise occluded epitopes on the native unliganded
Env trimer that can be recognized by the host immune system, such as antibodies (Abs)
targeting the coreceptor binding site (CoRBS) and the gp120 inner domain cluster A
region (C1/C2 regions of Env) (3, 4). It is important to note that the HIV Env trimer is
expressed on both the surface of viral particles and on HIV-1-infected cells (5). When cell
surface Env is in an unliganded “closed” State 1 conformation, it cannot be recognized
by most of the host Abs generated during natural infection (6). However, when Env is sta-
bilized by CD4mc in the “open” conformation, CD4-induced (CD4i) epitopes become
exposed and can be recognized by commonly elicited nonneutralizing CD4i Abs, thus
sensitizing infected cells to antibody-dependent cellular cytotoxicity (ADCC) (7). This sen-
sitization to ADCC requires sequential opening of the Env trimer. The successive binding
of CD4mc, anti-CoRBS Abs, and anticluster A Abs results in the stabilization of an asym-
metric Env conformation (State 2A) that is vulnerable to ADCC (4, 8). By stabilizing this
“open” conformation, CD4mc can both neutralize the virus and stimulate ADCC, which
has been proposed as a new strategy for HIV-1 eradication (4, 7–9).

CD4mc can potentially contribute to the control of HIV-1 replication and target the viral
reservoir if it expresses Env. Upon treatment with CD4mc and CD4i Abs, a decrease in the
viral reservoir and delayed viral rebound were observed in HIV-1-infected SRG-15 human-
ized mice after cessation of antiretroviral treatment (9). This study suggests that CD4mc-
mediated sensitization of Env-expressing cells to ADCC-mediating Abs represents a promis-
ing therapeutic strategy for HIV-AIDS. However, in terms of the clinical applicability of
CD4mc, it is essential to examine the effect on clinical isolates from the standpoint of diver-
sity in the Env sequence.

We have developed a series of CD4mcs that have more optimal characteristics than
the parental NBD-556 (10–15). After extensive structure-activity relationship analyses,
we developed a CD4mc, YIR-821, that has improved anti-HIV activity and lower toxicity
than NBD-556 (16) (Fig. 1). When conjugated with PEG units attached through an
uncleavable linker, the novel CD4mc showed not only high anti-HIV activity with a low
toxicity profile but also good pharmacokinetics in rhesus macaques (17). Additional
data suggested that intramuscular injection of the PEG-conjugated compound was a
more useful administration route than intravenous injection in maintaining a high
blood concentration of the compound (17).

Like other CD4mcs, functional characterization of YIR-821 has been evaluated with
a limited number of subtype B viruses. Because of the wide variety of Env sequences in
primary isolates, it is important to examine the breadth of CD4mcs against clinical sam-
ples to determine their applicability in clinical settings. In this study, we assessed the
functional properties of YIR-821 in terms of HIV-1 entry inhibition, neutralization, and
binding enhancement by CoRBS Abs against a panel of viral envelopes from different
subtypes. We also tested enhancement of ADCC against infected cells of two clinical
isolates (CH58 and JR-FL). In further preclinical studies, we tested the effect of YIR-821
using a panel of pseudoviruses with envelopes from isolates from 31 subtype B HIV-1-
infected Japanese individuals and 52 non-subtype B HIV-1-infected Tanzanian individu-
als. We observed entry inhibition activity, neutralization, and binding enhancement by
YIR-821 in more than half of our clinical samples. Enhancement of ADCC was also observed
in six selected subtype B clinical isolates. The results using this set of pseudoviruses and
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autologous plasma IgG from each individual may facilitate the clinical application of YIR-
821. The data may also be important for the selection of individuals that could benefit
from the clinical application of CD4mcs.

RESULTS
Functional characterization of YIR-821. To evaluate the functional properties of

YIR-821, we examined its ability to enhance the binding of a panel of mAbs against the
Env V3 loop (KD-247 and 1C10), the CoRBS (916B2 and 4E9C), and the CD4 binding site
CD4bs (VRC01), using PM1/CCR5 cells infected with BaL, JR-FL, or CH58T/F viruses in
the presence or absence of YIR-821 (Fig. 2A). We observed a marked enhancement in
the binding of V3 and CoRBS Abs for BaL. In the absence of YIR-821, binding of V3
mAbs was observed for both JR-FL and CH58T/F with a mild enhancement evident fol-
lowing the addition of the compound. In contrast, enhancement of CoRBS Ab binding
was observed for all three viruses with YIR-821. This was consistent with the fact that
the CoRBS is only accessible after engagement of Env trimer with CD4 or CD4mc. YIR-
821 caused various degrees of conformational change that resulted in the enhance-
ment of antibody binding to these three viruses.

We examined the direct antiviral effect of YIR-821 against pseudoviruses using the
envelopes from strains BaL, JR-FL, and CH58 (Fig. 2B). Inhibition of viral entry was
observed for BaL and CH58 viruses following YIR-821 binding to the target TZM-bl cells
at low concentration, but it was not observed for JR-FL. We also evaluated the effect of
YIR-821 on the enhancement of neutralization against strains BaL, JR-FL, and CH58
using the panel of mAbs described above. Neutralizing activity was assessed in the
presence or absence of subinhibitory YIR-821 concentrations (20% of the maximal in-
hibitory concentration [IC20]) for strains BaL and CH58. Given that JR-FL was the most
resistant to YIR-821 (IC50 > 50 mM), neutralization enhancement was examined in the
presence of 20 mM YIR-821 (Fig. 2C). The enhancement of neutralization by YIR-821
was observed for anti-V3 and CoRBS Abs for strains BaL and CH58. However, with strain
JR-FL, enhancement in neutralization was observed for CoRBS Abs only. As expected,
no effect was observed for YIR-821 regarding the neutralization of the anti-CD4bs Ab
VRC01 since YIR-821 and VRC01 compete for the same binding site.

Broad-spectrum entry inhibition and neutralization enhancement by YIR-821.
We compared the entry inhibition activity of YIR-821 with that of the prototype CD4mc
NBD-556 against panels of subtype B and C pseudoviruses (Fig. 3A). YIR-821 inhibited
viral entry at a lower concentration in several samples compared with NBD-556. A sig-
nificant difference in the mean IC50 values was evident between YIR-821 and NBD-556
when analyzed against the panel of subtype C pseudoviruses (Fig. 3B).

Next, we examined the effect of YIR-821 against a panel of HIV-1 pseudoviruses
using the NIH standard subtype B, subtype C, and other subtypes (Fig. 3C). To evaluate
the effect of YIR-821 on neutralization enhancement by CD4i Abs, we used two CoRBS
Abs 4E9C and 916B2 (18, 19) in the presence or absence of YIR-821 at the concentra-
tion of the IC20 value for entry inhibition for the pseudoviruses that have an IC20

,20 mM. Neutralization enhancement was examined in the presence of 20 mM YIR-821
for the pseudoviruses that had an IC20 >20 mM in the entry inhibition assay (see Table
S1 in the supplemental material). The enhancement in neutralization in the presence

FIG 1 Chemical structure of YIR-821, NBD-556, and BNM-III-170.
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of YIR-821 was a >2-fold increase in neutralization for neutralization-sensitive pseudo-
viruses or the detection of neutralization at an IgG concentration ,50 mg/mL for neu-
tralization-resistant pseudoviruses.

Enhancement in neutralization by 4E9C in the presence of YIR-821 was observed in
6 out of 13 subtype B pseudoviruses (Fig. 3C), 6 out of 14 subtype C pseudoviruses,
and 1 out of 5 pseudoviruses belonging to other subtypes. Enhancement of neutraliza-
tion of 916B2 in the presence of YIR-821 was observed in 7 out of 13 pseudoviruses in

FIG 2 Functional characterization of YIR-821 (A) FACS analysis of the cell surface binding of a panel of mAbs against PM1/CCR5 cells infected with either
BaL, JR-FL, or CH58 viruses in the presence or absence of YIR-821. Color code: blue, mock; yellow, sCD4; pink, YIR-821. Normal human IgG (NHG) was used
as a negative control. Statistical significance was tested using an unpaired t test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns,
nonsignificant). (B) The direct antiviral activity of YIR-821 was measured against BaL, JR-FL, and CH58 virions. (C) The enhancement of neutralization activity
of a panel of mAbs by YIR-821 against BaL, JR-FL, or CH58 viral particles. Experiments were performed at least twice.
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subtype B and 7 out of 14 pseudoviruses in subtype C. Overall, a marginal effect was
observed for subtype C and the other subtypes. Taken together, these data suggest
that YIR-821 can be effective in viral entry inhibition for 70% (14/20) of subtype B and
50% (7/14) of subtype C pseudoviruses. Neutralization enhancement for at least one of
the CoRBS Abs was noted for 54% (7/13) of subtype B, 57% (8/14) of subtype C, and
20% (1/5) of the other pseudovirus subtypes (Table S1), suggesting that there is 50%
(16/32) coverage of the pseudovirus panel for neutralization enhancement by YIR-821.

YIR-821 inhibits viral entry of HIV-1 enveloped pseudoviruses from subtype B
and non-subtype B clinical isolates. To assess the clinical relevance of the above
observations, we collected blood samples together with autologous and contempora-
neous plasma IgG from 31 HIV-1-infected individuals to prepare a panel of pseudovi-
ruses. These individuals were infected with subtype B virus and were treatment naive.
We extracted viral genes and cloned the env genes from each of these samples, some
of which have been reported previously (20–22). For non-B viruses, we collected blood

FIG 3 Comparison of the entry inhibition activity of YIR-821 with NBD-556 and broad-spectrum neutralization enhancement by YIR-821 against a panel of
pseudoviruses of subtype B and C. (A) Entry inhibition activity of YIR-821 and NBD-556 against a panel of pseudoviruses of subtype B and C. The IC20, IC50,
and IC80 values of YIR-821 (left) and NBD-556 (right) against each pseudovirus are shown. The dot bar is the maximum concentration used. Statistical
significance was tested using a paired t test. (B) The IC50 values, including the mean for each CD4mc (line), are shown. (C) The reduction IC50 value, as a
measure of 4E9C and 916B2 neutralization activity, by YIR-821 against a panel of pseudoviruses consisting of subtype B, subtype C, and other subtypes.
TZM-bl cells were used as target cells. Statistical significance was tested using a paired t test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns,
nonsignificant). Experiments were performed at least twice.
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samples from 52 treatment-naive individuals (23). From these 52 samples, we obtained
55 clones of the env gene. In total, we cloned 16 subtype A, 13 subtype C, 7 subtype D,
and 19 chimeric subtypes (4 of subtype AC, 6 of subtype AD, 1 of subtype ABC, 1 of
subtype ACD, and 7 of subtype CD). We also obtained 43 autologous plasma IgG sam-
ples from these 52 individuals (12 from subtype A, 10 from subtype C, 5 from subtype
D, and 16 from chimeric subtypes). Phylogenetic tree analysis of these 86 envelope
gene sequences revealed diversity in each of the subtypes (Fig. 4A).

By cotransfection of each Env plasmid with a pSG3DEnv backbone, we generated
pseudoviruses that were used to examine the entry inhibition activity of YIR-821
(Tables S2 and 3). We observed that 13 out of 31 of the pseudoviruses (42%) were
inhibited by YIR-821 with an IC50 value of less than 50 mM, and 7 of these samples
were highly sensitive to YIR-821 with an IC50 value of less than 5 mM in subtype B sam-
ples. In contrast, only 9 out of 16 subtype A pseudoviruses were inhibited by YIR-821
with an IC50 value of less than 50 mM with 6 out of these 9 pseudoviruses inhibited at
an IC50 value of less than 5mM. Of the subtype C pseudoviruses, 5 out of 13 were inhib-
ited at an IC50 value of less than 50 mM YIR-821, with 3 of these 5 pseudoviruses inhib-
ited at an IC50 value of less than 5 mM. Of the subtype D pseudoviruses, 6 out of 7 were
inhibited at an IC50 value of less than 50 mM YIR-821, with 4 of these 6 pseudoviruses
inhibited at an IC50 value of less than 5 mM. Of the chimeric subtype pseudoviruses, 13
out of 19 were inhibited at an IC50 value of less than 50 mM YIR-821, with 7 of these 13
pseudoviruses inhibited at an IC50 value less than 5 mM.

When we compared the IC50 values of YIR-821 in the entry inhibition assay between
the different subtypes, including the 31 subtype B samples described in Fig. 4B, the
pseudoviruses from subtype D were found to be the most sensitive to YIR-821, with 6
of the 7 viruses being scored as sensitive, as mentioned above (Table S3). Overall, the
entry inhibition activity of YIR-821 against these clinical samples was 42% (13/31) for
subtype B pseudoviruses and 60% (33/55) for non-B subtype pseudoviruses. When
combined with the pseudovirus panel data, the total coverage of YIR-821 observed in
the present study for subtype B pseudoviruses was 53% (27/51), with a comparable
coverage of 53% (40/75) observed for non-B subtype pseudoviruses.

Enhancement of the neutralization and binding activity of plasma IgG and
CoRBS Abs from patients by YIR-821 against pseudoviruses from clinical samples.
We next examined the enhancement of neutralization by YIR-821 against 86 pseudoviruses
with primary envelopes using plasma IgG obtained at the time of virus isolation and
CoRBS Ab 4E9C (Fig. 5, Table S2 and 3). For the neutralization assay, we used YIR-821 at
the IC20 dose determined for each pseudovirus in the entry inhibition assay and at 20 mM
in the case of pseudoviruses with an IC20 >20 mM. For subtype B pseudoviruses, we
observed an enhancement in the IC50 value in the presence of YIR-821 for 15 out of 31 IgG
samples for autologous plasma IgG neutralizing activity. In the case of 4E9C, a decreased
IC50 value was observed for 16 out of the 31 samples in the presence of YIR-821. For sub-
type A pseudoviruses, YIR-821 enhanced neutralization activity in 10 out of 16 pseudovi-
ruses for plasma IgG and 6 out of 16 pseudoviruses for 4E9C. In subtype C pseudoviruses,
YIR-821 enhanced the neutralization activity in 5 out of 13 viruses for plasma IgG and 3 out
of 13 pseudoviruses for 4E9C. For subtype D pseudoviruses, YIR-821 enhanced the neutrali-
zation activity in 3 out of 7 pseudoviruses for plasma IgG and 4 out of 7 pseudoviruses for
4E9C. For the chimeric subtype pseudoviruses, YIR-821 enhanced the neutralization activity
in 10 out of 19 pseudoviruses for plasma IgG and 11 out of 19 pseudoviruses for 4E9C.

We observed a significant enhancement of autologous plasma IgG-mediated neutraliza-
tion in the presence of YIR-821 in all five subtypes. For 4E9C-mediated neutralization, we
observed significant enhancement in subtype B, subtype A, and the chimeric subtypes in
the presence of YIR-821, while there was no significant change for the subtype C and sub-
type D pseudoviruses. Although subtype D was noted as being the most sensitive subtype
in the entry inhibition assay, neutralization enhancement was not frequently detected in
this subtype.

We also tested the enhancement of binding of plasma IgGs, 4E9C, and 17b in the pres-
ence of YIR-821 to the corresponding viral envelope. A significant enhancement in the
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binding of these Abs was observed in the presence of YIR-821 in all subtypes (Fig. 6).
Particularly, a significant enhancement in binding was observed with almost all viral enve-
lopes when CoRBS Abs were used to detect the conformational changes induced by YIR-
821. For subtype A, enhancement in binding was not observed for plasma IgG in the pres-
ence of YIR-821, whereas significant enhancement in binding was observed for the two
CoRBS Abs. The difference between plasma IgG, which consists of multiple anti-HIV Abs
with different specificities, and CoRBS Abs, which have a single specificity, may account for
the difference in enhancement seen for subtype A compared with the other subtypes.

Taken together, these data on the enhancement of IgG neutralization and binding
activity suggest the broad activity of YIR-821 against various subtypes.

Evaluation of YIR-821 for the enhancement of anti-HIV antibody binding and
ADCC against CH58- and JR-FL-infected CD4+ T cells. To evaluate the enhancement
of ADCC by YIR-821 using a combination of mAbs against the CoRBS (17b and 4E9C) and
against the cluster A region (A32), we prepared CD41 T cells infected with CH58 as the tar-
get cells. First, we analyzed the binding of these mAbs in the presence of YIR-821 or
another CD4mc, BNM-III-170 (Fig. 1), against the target cells (Fig. 7A). Enhancement in anti-
body binding was observed with a combination of two Abs (A32 with 17b or A32 with
4E9C), as detected by anti-human IgG or dimeric Fc receptor protein. This combination of

FIG 4 Phylogenetic tree of the envelope sequences of multiple subtypes of pseudovirus clinical isolates and the entry inhibition activity of YIR-821 against
the same isolates. (A) Phylogenetic tree of the env genes from clinical isolates of subtypes A to D and chimeric subtypes. Reference sequences are included
in the tree. Color code: black, >50 mM; pink, ,50 mM and >5 mM; red, ,5 mM for the YIR-821 IC50 value in the entry inhibition assay. (B) The direct
antiviral activity of YIR-821 was measured against a panel of pseudoviruses using TZM-bl cells as the target cells. Experiments were performed at least
twice. In these graphs, the bars representing samples that were sensitive to YIR-821 are colored in red (IC50 ,50 mM), and the bars representing samples
that were resistant to YIR-821 are colored in gray (IC50 >50 mM). Sample number: subtype B, 31; subtype A, 16; subtype C, 13; subtype D, 7; chimeric
subtypes, 19.
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two Abs resulted in increased interaction with soluble recombinant dimeric FcgRIIIa and
increased ADCC against infected cells when using autologous primary human peripheral
blood mononuclear cells (PBMCs) as effector cells (Fig. 7A). We also evaluated the enhance-
ment of binding and ADCC using plasma samples from HIV-1-infected donors (Fig. 7B)
against CD41 T cells infected with CH58 or JR-FL. Similar to what is shown in Fig. 7A,
plasma binding enhancement together with greater FcgRIIIa binding and ADCC was
observed in the presence of either CD4mc (YIR-821 or BNM-III-170), in the case of CH58-
infected cells. In contrast, plasma binding enhancement, FcgRIIIa binding, and greater
ADCC was only observed with BNM-III-170, not YIR-821, for JR-FL-infected target cells.

Enhancement of ADCC by YIR-821 against six selected subtype B viruses from
clinical isolates. We examined the effect of YIR-821 on ADCC using autologous plasma
IgG. For this purpose, we selected six samples that showed higher enhancement of 4E9C
binding by YIR-821 from the 31 primary virus samples (Fig. 6), assuming that these viruses
possess envelopes that are sensitive to the conformational changes induced by YIR-821. As
shown in Fig. 8, ADCC against KB-01-08 was significantly enhanced in the presence of YIR-
821 at an IgG concentration of 10 mg/mL. In the case of KB-02-03, KB-06-11, KB-16-09, and
KB-17-07, enhancement in ADCC was observed in the presence of YIR-821 at IgG concen-
trations of 10, 1, and 0.1 mg/mL. Enhancement in ADCC by YIR-821 was observed for KB-
20-17 at plasma IgG concentrations of 1 and 0.1mg/mL. To characterize the conformational
landscape of these primary envelopes, FACS analysis of the 293T cells transfected with the
unmutated Env or the virus expressing the Env ectodomain (ecto-virus) were compared
with the reactivity of a panel of conformational Abs in the presence or absence of YIR-821
(Fig. S1A–F). Enhancement in the binding of CoRBS Abs was observed for all cases,
although the reactivity of CoRBS Abs in the absence of CD4mc suggested at least partially
open conformations for the KB-06-11, KB-16-09, and KB-17-07 viruses.

Crystal structure of the Env gp120 subunit with YIR-821. To gain insight into the
binding of YIR-821 to gp120, we determined the crystal structure of YIR-821 bound to
clade CRF01_AE LM/HT 93TH057 gp120 extended core (coree) (24). This gp120 contains

FIG 5 Enhancement of IgG neutralization activity by YIR-821 against pseudoviruses with envelopes from clinical isolates. The reduction of the IC50 value, as
a measure of IgG neutralization activity by YIR-821 against pseudoviruses with envelopes from clinical isolates. The target cells were TZM-bl cells.
Experiments were performed at least twice. Statistical significance was tested using a paired t test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****,
P , 0.0001; ns, nonsignificant).
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mutations within the mobile layers of gp120 to help stabilize the CD4-bound confor-
mation, specifically His61 to Tyr, Gln105 to His, Val108 to Ile, Asn474 to Asp, Ile475 to Met,
and Lys476 to Arg. It also has a Thr mutation at the base of the gp120 Phe43 cavity at
position 375 to facilitate the binding of CD4mcs; clade A/E gp120s typically have His375

at this position, which prevents many CD4mcs from binding (24). To generate the com-
plex, 200 nM YIR-821 was added to preformed crystals of LM/HT 93TH057 gp120 coree
and the crystals were incubated for 4 h. The crystals were then frozen for data collec-
tion with the addition of 20% 2-methyl-2,4-pentanediol (MPD) as cryoprotectant. Data
were collected on the Stanford Synchrotron Radiation Light Source (SSRL) beamline
12-2. Crystals were diffracted to 3.2 Å and the structure was solved by molecular
replacement using PDB ID 6ONF as the starting model. Complete data collection and
refinement statistics are presented in Table S4.

FIG 6 Enhancement of the IgG binding activities by YIR-821 against pseudoviruses with envelopes from clinical isolates. Binding assay involving flow
cytometry with plasma IgG, 4E9C, and 17b. Transfected GFP-Env-expressing HEK293T cells were used. Experiments were performed at least twice. Statistical
significance was tested using a paired t test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, nonsignificant).
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Two alternate conformations of the compound were evident in the structure, one
with the guanidino group interacting with residues in the same gp120 and one with
the guanidino group interacting with residues of an adjacent gp120 in the crystal. The
core para-chlorophenyl group, oxalamide linker, and azaspiro[5.5]undecane group
were largely identical in the two conformations and formed the basis for the com-
pound’s interaction with the Phe43 cavity. In the first conformation, marked with a red
arrow in Fig. 9, the guanidino group of the compound made contact with residues
within the same gp120, while in the second conformation it made contact with resi-
dues in a neighboring gp120 in the crystal. Since the second conformation is only rele-
vant within the crystallized complex, all subsequent analyses were conducted using
the first conformation. YIR-821 buries a total of 774.7 Å2, 477.3 Å2 from the compound
and 297.4 Å2 from gp120. The para-chlorophenyl group and oxalamide linker insert
themselves deeply into the Phe43 cavity sitting in a hydrophobic pocket formed by
the aliphatic portions of the side chains of Thr375, Glu370, and Asn425, the side chains of
Phe382, Trp112, Val255, Ile371, Trp427, and Met475, and the main chain atoms of Thr257,
Phe376, and Met426 (Fig. 9). Val255 in the figure sits underneath the para-chlorophenyl
ring and is not visible in the orientation shown. The azaspiro[5.5]undecane group sits
at the top of the cavity and only interacts with Met475, Trp427, and the aliphatic portion
of the Asp474 side chain. The guanidino group extends the reach of YIR-821 to contact
residues outside the cavity, primarily Asp477 and Thr283.

The mode of binding for YIR-821 is like that of its parent compound NBD-556 (25)
and another derivative compound of NBD-556, BNM-III-170 (24, 26) (Fig. 1). NBD-556
buries a total surface area of 649.2 Å2, 433.0 Å2 from the compound and 216.2 Å2 from
gp120, which is 125 Å2 less than YIR-821. The buried surface area of YIR-821 is more
comparable to that of BNM-III-170, which buries 796.4 Å2, 485.2 Å2 from the compound

FIG 7 Enhancement of antibody binding and ADCC by CD4mcs. The enhancement of IgG binding was detected by anti-human IgG or dimeric Fcg RIIIa
protein, and ADCC was assessed using a FACS-based assay and CH58- or JR-FL-infected CD41 T cells in the presence of CD4mcs, YIR-821, or BNM-III-170. A
panel of mAbs (A), as well as plasma samples from HIV-infected individuals (B), were tested. Experiments were performed at least twice.
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and 311.2 Å2 from gp120. YIR-821 and NBD-556 share the core para-chlorophenyl
group, while BNM-III-170 adds a fluorine to the para-chorophenyl ring. All three com-
pounds have an oxalamide linker with different head groups. The oxalamide linker
nitrogens in both NBD-556 and BNM-III-170 make hydrogen bonds to the carbonyl
oxygens of Asn425 and Gly473, which is similar to the conformation seen for the oxala-
mide linker in YIR-821. The head group for all three compounds sits at that top of the
Phe43 cavity. While NBD-556 uses its head group to interact primarily with the aliphatic
part of the Asp474 side chain, YIR-821 and BNM-III-170 use their head groups to reach
residues outside the Phe43 cavity. BNM-III-170 increases the interaction with Asp474 rel-
ative to NBD-556 and adds nitrogen-mediated hydrogen bonds to the carbonyl oxy-
gens of Met426 and Gly472. YIR-821 also interacts strongly with Asp474 but has additional
contacts to Asp477 and Thr283.

To examine the correlation between the effect of YIR-821 and the envelope sequence,
we analyzed mutations in contact residues that scored more than 10 Å2 with the buried
surface area (BSA) (Fig. 9) together with residues in the CD4 binding cavity, including
Asp368 (CD4bs), and layers 1, 2, and 3 (24) in each sequence (Tables S2 and 3). When we
focused on the effect of entry inhibition activity by YIR-821 in subtype B viruses, we found
that all six cases with the Ser375 to Thr mutation were sensitive to entry inhibition by YIR-
821 (i.e., with an IC50 value for YIR-821 of less than 50 mM). In contrast, in non-B subtype
viruses, specifically in the chimeric CD viruses, all four cases with the Ser375 to Thr mutation
were sensitive to entry inhibition by YIR-821. The Ser375 to Thr mutation in the other sub-
types was rare among our samples. Of note, one strain from subtype A1 (ID 83.1), with a
cavity-filling M375 residue, was found to be mainly resistant to YIR-821 antiviral activity.

It may be interesting to note that four out of six samples with the Ser375 to Thr
mutation in subtype B also had a His105 to Gln mutation in layer 2. Sample ID 25.2 of
subtype A1 with the Ser375 to Thr mutation was found to be sensitive to YIR-821, while
sample ID 25.6, which was obtained from the same donor, was not sensitive to CD4mc,
further suggesting the importance of the Ser375 to Thr mutation for sensitivity to entry
inhibition by YIR-821. No other mutations were found at YIR-821 contact residues

FIG 8 Enhancement of ADCC by YIR-821 against six selected subtype B viruses from clinical isolates. CEM.NKR-CCR5 cells infected with viruses with Env
ectodomain from six individuals were used as target cells. The effector cells were N6 cells. The concentration of serum IgG was 10, 1.0, or 0.1 mg/mL. YIR-
821 was used at 20 mM. NHG was used as a negative control and ,3% killing was detected in this control in all experiments. Statistical significance was
tested using an unpaired t test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, nonsignificant).
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FIG 9 Detailed structural information on YIR-821 bound to the clade A/E LM/HT 93TH057 gp120 coree. (A) 180° views of YIR-821 within the Phe43 cavity
of HIV-1 gp120. YIR-821 displays two alternate conformations in the crystal. The first conformation, marked with a red arrow, only contacts gp120
residues in the same asymmetric unit, while the second conformation also contacts gp120 residues of an adjacent asymmetric unit. Panels B, C, and F
only describe the details of the first conformation marked with a red arrow in panel A. (B) Comparison of YIR-821 binding to gp120 (shown in green), to
parental compound NBD-556 (PDB ID 3TGS) (shown in yellow), and to BNM-III-170 (PDB ID 6UT1) (shown in cyan). Structures were aligned based on
alpha carbon positions and gp120 is shown as a gray surface. Carbon atoms are colored as indicated, nitrogen atoms are blue, oxygen atoms are red,
chlorine atoms are green, and fluorine atoms are light gray. (C) The details of YIR-821 binding to gp120. YIR-821 is colored as in panel B with gp120
shown as a gray surface. The gp120 residues contributing to compound binding are shown as sticks. Residues that are unique to YIR-821, compared
with NBD-556 or BNM-III-170, are highlighted in orange and labeled in red. (D) The details of parental NBD-556 binding to gp120. NBD-556 is colored as
in panel B with gp120 residues contributing to binding shown as sticks. Residues that are unique to NBD-556, compared with YIR-821, are highlighted in
orange and labeled in red. (E) The details of BNM-III-170 binding to gp120, colored as in panel B with gp120 residues contributing to binding shown as
sticks. Residues that are unique to BNM-III-170, compared with YIR-821, are highlighted in orange and labeled in red. (F) Bar chart of the buried surface
area for each gp120 residue for the three structures, colored as indicated. For clarity, only those residues contributing to binding are shown.
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Val255, Thr257, Glu370, Phe382, Asn425, Trp427, Gly473, or Met475 in layer 3 or Asp368 in the
CD4 binding site of the 31 subtype B samples tested (Table S2). Among the 52 non-B
subtype samples, the Thr257, Glu370, Phe382, Trp427, Gly473, and Asp368 contact residues
showed no mutations relative to the Env consensus sequence (Table S3). No clear cor-
relation was found between these mutations and the binding and/or neutralization
enhancement of YIR-821 (Fig. S2). A significant P value was obtained, as seen in the
lower left panel of Fig. S2, but this represented an inverse correlation. It is possible that
the susceptibility to YIR-821 is more often dependent upon a combination of muta-
tions outside the Phe43 cavity rather than a single point mutation within the cavity.

DISCUSSION

CD4mc possess three valuable complementary antiviral properties: entry inhibition by
direct inactivation of viral particles, sensitization of viral particles to neutralization by other-
wise nonneutralizing Abs, and sensitization of HIV-1-infected cells to ADCC-mediated killing
(27). Recent advances in the development of a series of CD4mcs that engage Env in a CD4-
like manner and that induce similar conformational changes resulted in the exposure of
CD4i epitopes, which enabled us to test these antiviral activities.

In this study, we observed the antiviral properties of YIR-821 not only for subtype B
but also for non-subtype B primary isolates. Although there were some differences in
the effects among the subtypes, it is important to note that there were fully suscepti-
ble and resistant viruses in each subtype (Fig. 4B). Prévost et al. (24) previously
reported that a point mutation at position 375 in Env affects the binding affinity of
CD4mc, because this residue sits at the base of the Phe43 cavity of the CD4 binding
site and directly influences the binding of CD4mc. CH58 virus with threonine at posi-
tion 375 was found to be highly susceptible to the CD4mc, BNM-III-170 (24).

We estimated that the three functions of CD4mc (i.e., entry inhibition, enhancement in
neutralization, and sensitization of HIV-1-infected cells to ADCC-mediated killing) are often
but not always closely related. For example, most subtype D pseudoviruses were sensitive
to the entry inhibition activity of YIR-821, but we observed only a few cases with enhance-
ment in neutralization. This observation may suggest that the ability of CD4mcs to inhibit
viral entry in subtype D viruses is linked to their capacity to induce gp120 shedding, which
results in the inactivation of the virus, as previously reported by Selhorst et al. (28) and
Anang et al. (29). Antiviral activity may therefore not necessarily require conformational
changes in the Env trimer (29). The enhancement of CoRBS Ab binding was observed in
many cases in FACS analyses, but the enhancement of neutralization was limited to
approximately 50% of cases. This suggests that additional factors are required for neutrali-
zation by CoRBS Abs in the presence of YIR-821. Two mechanisms are thought to be
involved in this HIV-1 resistant/sensitive phenotype to CD4mcs, as recently described by
Anang et al. (29). One mechanism is sequence diversity of the CD4-binding domain of
gp120. Although direct binding of CD4mcs was not examined, binding affinity to gp120
may depend on amino acid usage in the CD4-binding site of gp120, including sites within
the contact region of YIR-821, such as 375T/S. The binding affinity of the cell-associated
CD4 molecule to gp120 may be significantly higher than that of CD4mcs, as was described
for soluble CD4 (sCD4). Daar et al. (30) previously reported that some viruses that still use
CD4 as a receptor have resistance to sCD4 via this mechanism. Taking this into considera-
tion, it is possible that viruses that are resistant to YIR-821 in an entry inhibition assay have
a susceptible phenotype to a conformational change that allows neutralization/ADCC
enhancement. The second mechanism of resistance is based on the susceptibility of indi-
vidual Env proteins to induce transitions from State 1 to downstream conformations in the
presence of CD4mcs. Viruses with Env proteins that have more stable State 1 conforma-
tions and are therefore less prone to transition from State 1 have been shown to exhibit
greater resistance to CD4mcs. Sequence diversity in the CD4 binding site, as well as other
regions, such as the gp120 inner domain layers or gp41, might be involved in this pheno-
type (24, 30, 31).

Finally, strong ADCC was detected for all six of the test samples in the presence of
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YIR-821. Plasma IgG contains a variety of ADCC-mediating Abs in addition to those
binding to the CoRBS such as those targeting the gp120 inner domain cluster A region,
which are nonneutralizing. This might explain why sensitization of HIV-1-infected cells
to ADCC-mediated killing by YIR-821 can be observed more readily than neutralization
by CD4-induced (CD4i) antibodies. In summary, our work demonstrates that YIR-821
has many of the desirable properties that might facilitate the clinical application of a
CD4mc.

MATERIALS ANDMETHODS
Ethics statement. Human blood samples were collected after signed informed consent was obtained in

accordance with the study protocol approved by the Ethics Committee for Clinical Research and Advanced
Medical Technology at the Kumamoto University School (approval no. 1637).

Written informed consent was obtained from all study participants in the Montreal Primary HIV
Infection Cohort (32, 33) and the Canadian Cohort of HIV Infected Slow Progressors (34–36), and
research adhered to the ethical guidelines of CRCHUM and was reviewed and approved by the CRCHUM
institutional review board (ethics committee approval no. CE 16.164 - CA). Research adhered to the
standards indicated by the Declaration of Helsinki. All participants were adults who provided informed
written consent prior to enrollment in accordance with Institutional Review Board approval.

Cells and reagents. HEK293T and TZM-bl cells were provided by the NIH AIDS Reagent Program,
Division of AIDS, NIAID, USA. CEM-NKR-CCR5-Luc cells with LTR-Luc, N6 cells, and the NK cell line KHYG-
1 were provided by David T. Evans (37). HEK293T and TZM-bl cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Nacalai Tesque, Inc., Kyoto, Japan) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS; Mediatech Inc., Corning, Manassas, VA, USA). CEM.NKR-CCR5 cells with
LTR-Luc were maintained in RPMI 1640 (Fujiflm, Osaka, Japan) supplemented with 10% FBS, 2 mM
Glutamax, and 0.1 mg/mL Primocin (R10). N6 cells and the human NK cell line KHYG-1 expressing human
CD16 were maintained in R10 medium supplemented with 1 mg/mL Cs-A and 5 U/mL IL-2. PM1/CCR5
cells (41) were maintained in RPMI 1640 medium containing 10% FBS. The generation of CD4mc YIR-821
was previously reported (38). PBMCs and CD41 T cells were isolated, activated, and cultured as previ-
ously described (39). Briefly, PBMCs were obtained by leukapheresis from HIV-negative individuals and
CD41 T lymphocytes were purified from resting PBMCs by negative selection using immunomagnetic
beads, according to the manufacturer’s instructions (StemCell Technologies, Vancouver, BC, Canada),
and were activated with phytohemagglutinin-L (10 mg/mL) for 48 h and then maintained in RPMI 1640
complete medium supplemented with recombinant interleukin-2 (rIL-2) (100 U/mL).

Viral production and infection. Vesicular stomatitis virus G (VSVG) pseudoviruses were produced
and titrated as previously described (24). Viruses were used to infect activated primary CD41 T cells from
healthy HIV-1-negative donors by spin infection at 800 � g for 1 h in 96-well plates at 25°C.

Plasma IgG and monoclonal antibodies. In total, 31 plasma IgGs from subtype B HIV-1-infected
individuals and 46 plasma IgGs from non-subtype B HIV-1-infected individuals were purified using
HiTrap rProtein A FF columns (GE Healthcare, USA) or by a spin column-based antibody purification kit
(COSMO BIO, APK-10A). 1C10 (19), KD247 (19), 916B2 (19, 20), 4E9C (19, 20), 17b (39), and A32 (40) have
been previously reported.

Cloning of full-length env genes from HIV-1-infected individuals. Env cloning of subtype B virus
was performed as previously described (20–22). Briefly, viral mRNA from the plasma of each individual
was extracted using an QIAmp viral RNA kit (Qiagen, cat. no. 52904). Reverse transcription was per-
formed using SuperScript III reverse transcriptase (Invitrogen, cat. no. 12574026) with primer Env-N (59-
CTG CCA ATC AGG GAA TGA GCC TTG TGT-39). Then, nested PCR was performed using the Tks Gflex
DNA polymerase kit (TaKaRa, cat. no. R060A) with primers, env-OF (59-TAG AGC CCT GGA AGC ATC CAG
GAA G-39) and env-OR (59-TTG CTA CTT GTG ATT GCT CCA TGT-39) for the first PCR, and BIF-F (59-CTT
GGT ACC GAG CTC GTT AGG CAT CTC CTA TGG CAG GAA GAA G-39) and BIF-R (59-GGG AGG GAG AGG
GGC GGT CTC GAG ATA CTG CTC CCA CCC-39) for the second PCR. The second PCR product was
extracted from a 1% agarose gel using the QIAquick gel extraction kit (Qiagen, cat. no. 28704). The
resulting fragment was transformed into the BamHI–HF restriction site of the pcDNA3.1-IRES-EGFP vec-
tor (New England BioLabs, cat. no. R3136S) using the Gibson assembly master mix (New England
BioLabs, cat. no. E2611S).

Production of pseudovirus for entry inhibition assay and neutralization assay. Each Env plasmid
was cotransfected with the pSG3DEnv backbone into HEK293T cells. After 48 h of transfection, the su-
pernatant was stored at 280°C. The median tissue culture infectious dose (TCID50) of each pseudovirus
was determined using TZM-bl cells.

Entry inhibition assay using pseudovirus. Serially diluted YIR-821 and pseudovirus (400 TCID50)
were incubated for 1 h, and 100 mL of TZM-bl cells (1 � 105 cells/mL) were added. After incubation for
48 h, the galactosidase activity was measured using a galactosidase substrate (Tropix Gal-Screen sub-
strate, Applied Biosystems) and an EnSpire multimode plate reader (PerkinElmer, MA, USA). The relative
light units (RLU) were compared to calculate the reduction in infectivity and 50% of the maximal inhibi-
tory concentration (IC50) was calculated using nonlinear regression.

Antibody neutralization assay using pseudovirus. The neutralization activity of Abs was determined
as previously described (42). In brief, serially diluted antibody and pseudovirus (400 TCID50) were incubated
for 1 h with or without YIR-821, and 100 mL of TZM-bl cells (1 � 105 cells/mL) were added. After incubation
for 48 h, the galactosidase activity was measured using galactosidase substrate (Tropix Gal-Screen substrate,
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Applied Biosystems) and an EnSpire multimode plate reader (PerkinElmer). The IC20 of YIR-821 was used in
the entry inhibition assay, and 20 mM was set as the cutoff value. The RLUs were compared to calculate the
reduction in infectivity and the IC50 was calculated using nonlinear regression.

IgG binding assay by flow cytometry. The detection of IgG bound to Env-expressing HEK293T cells
was carried out as previously described (43). Briefly, 293T cells were transfected with a plasmid express-
ing both HIV-1 Env and enhanced green fluorescent protein (EGFP). After 48 h of transfection, the cells
were incubated with or without YIR-821 (20 mM) for 15 min at room temperature (RT), then stained with
primary antibody (2 mg/mL) for 15 min at RT. The cells were washed twice with PBS containing 0.2% BSA
and incubated with allophycocyanin (APC)-conjugated AffniPure F(ab9)2 fragment goat antihuman IgG
(H1L) (Jackson Immuno Research, West Grove, PA, USA) for 15 min at RT. Cells were fixed with PBS con-
taining 10% formalin and analyzed using the FACS Canto II (BD Biosciences, San Jose, CA, USA). The reac-
tivity of the Abs was analyzed after gating the EGFP1 cells using FlowJo v10.5.3 (Tree Star, San Carlos,
CA, USA). All experiments were performed at least twice independently, and representative results are
shown.

Generation of infectious molecular clones for the ADCC assay using infected CEM.NKr-CCR5
cells and N6 cells. The vector pNL4.3 env.ecto was generated as previously reported (43, 44). Briefly,
replication-competent infectious molecular clones were designed to include six selected env genes in
pNL4-3 (GenBank accession number AF324493). The region of the env gene that encodes the ectodo-
main was amplified by primers. The amplified fragment was replaced with the corresponding region of
pNL4-3 using the GeneArt seamless cloning and assembly enzyme mix (Invitrogen, Carlsbad, CA, USA),
generating plasmid containing the env ectodomain from each individual.

Cell surface staining of infected cells. Cell surface staining of primary infected cells was performed
at 48 h postinfection. Mock-infected or HIV-1-infected primary CD41 T cells were incubated for 30 min at
37°C with anti-Env monoclonal Abs (mAbs) (5 mg/mL) or plasma (1:1,000 dilution). Cells were then
washed once with PBS and stained with the appropriate Alexa Fluor 647-conjugated secondary antibody
(2 mg/mL) for 20 min at RT. After one more PBS wash, cells were fixed in a 2% PBS-formaldehyde solu-
tion. Alternatively, the binding of anti-Env Abs was detected using a biotin-tagged dimeric recombinant
soluble FcgRIIIa (0.2 mg/mL) followed by the addition of Alexa Fluor 647-conjugated streptavidin
(Thermo Fisher Scientific; 2 mg/mL). Infected cells were then permeabilized using the Cytofix/Cytoperm
fixation/permeabilization kit (BD Biosciences, Mississauga, ON, Canada) and stained intracellularly using
PE-conjugated mouse anti-p24 mAb (clone KC57; Beckman Coulter, Brea, CA, USA; 1:100 dilution). The
percentage of infected cells (p241) was determined by gating the living cell population according to
dye staining (Aqua Vivid; Thermo Fisher Scientific). Samples were acquired on an LSR II cytometer (BD
Biosciences), and data analysis was performed using FlowJo v10.5.3 (Tree Star, Ashland, OR, USA).

Luciferase-based ADCC assay. The luciferase-based ADCC assay was performed according to a pre-
viously published protocol (37, 43). Briefly, CEM.NKr-CCR5 cells with LTR-Luc were infected by spinocula-
tion in round-bottom tubes. The target cells (5 � 105) and infectious viral inoculum were subjected to
centrifugation at 1,200 � g for 2 h at 25°C. Then, the viral inoculum was removed, and the target cells
were cultured in R10 medium for 2 days. Target cells were washed three times in R10 medium and sus-
pended in R10 medium containing 10 U/mL IL-2 without Cyclosporine (CsA). In flat-bottom, tissue cul-
ture-treated, polystyrene 96-well black plates, 40 mL each of the target and effector cells were added at
2.5 � 105 cells/mL and 2.5 � 106 cells/mL, respectively. YIR-821 was applied with the target cells at con-
centrations of 20 mM (Fig. 8). N6 effector cells and uninfected target cells were a control to define 0%
RLU. N6 cells and infected targets without antibody were a control to define 100% RLU. Antibodies
(20 mL) were added in sextuplicate. After 8 h of incubation, 100 mL of BriteLite Plus (Perkin Elmer) was
added. Luciferase activity was measured using an EnSpire multimode plate reader, and the percentage
of killing of HIV-1-infected cells was calculated from the decrease in RLUs.

FACS-based ADCC assay. The FACS-based ADCC assay was performed according to a previously
published protocol (45). Briefly, infected primary CD41 T cells were stained with AquaVivid viability dye
and a cell proliferation dye (eFluor670; eBioscience) and were used as target cells. Autologous effector
PBMCs, stained with another cellular marker (cell proliferation dye eFluor450), were added at an effec-
tor/target ratio of 10:1 in 96-well V-bottom plates (Corning). The indicated concentrations of ADCC-
mediating mAbs (5 mg/mL) or plasma (1:1,000) along with 50 mM BNM-III-170, YIR-821, or equivalent
amounts of dimethyl sulfoxide (DMSO), when specified, were added to appropriate wells and cells were
incubated for 15 min at RT. The plates were subsequently centrifuged for 1 min at 300 � g and then
incubated at 37°C and 5% CO2 for 5 h before being fixed in a 2% PBS-formaldehyde solution. Infected
cells were identified by intracellular p24 staining, as described above. Samples were analyzed on an
LSRII cytometer (BD Biosciences), and data analysis was performed using FlowJo v10.5.3X (Tree Star).
The percentage of ADCC was calculated by gating infected live target cells according to the following
formula: ([% of p241 cells in targets 1 effectors] 2 [% of p241 cells in targets 1 effectors 1 plasma]/[%
of p241 cells in targets] � 100).

Protein purification and crystallization. Clade A/E 93TH057gp120 coree with LM (His61 to Tyr,
Gln105 to His, Val108 to Ile, Asn474 to Asp, Ile475 to Met, and Lys476 to Arg) and HT (His375 to Thr) mutations
(24) was prepared by transfection of GnT1-HEK 293F FreeStyle cells (Thermo Fisher Scientific) with
0.5 mg of plasmid/L of culture. Cells were grown in FreeStyle 293 medium (Thermo Fisher Scientific) sup-
plemented with 0.5% Ultra Low IgG FBS (Gibco) in 8% CO2 for 7 days. Cells were pelleted, the medium
was filtered, and gp120 was purified from the medium by passage through a 17b affinity column made
by covalently linking the anti-gp120 antibody 17b to protein A agarose. Then, gp120 was eluted from
the column with 0.1 M glycine pH 3.0 and the pH was immediately raised after elution by the addition
of 1 M Tris-HCl pH 8.5. The protein was concentrated, the buffer was exchanged for 50 mM sodium
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acetate pH 6.0 and 300 mM sodium chloride, and the glycans were truncated by incubation at 37°C
overnight in the presence of Endo Hf (New England Biolabs). Endo Hf was removed by passage through
an amylose column and the gp120 was further purified by size exclusion chromatography through a
Superdex 200 gel filtration column (GE Healthcare) equilibrated in 20 mM Tris-HCl pH 7.2 and 100 mM
ammonium acetate prior to use in crystallization trials.

Deglycosylated LM/HT 93TH057 gp120 coree (5 mg/mL) was crystalized by the hanging drop method in
5 to 10% PEG 1500, 5% PEG 400, and 0.1 M HEPES pH 7.5. YIR-821 was solubilized with DMSO to a final con-
centration of 10 mM and diluted with crystallization buffer to 200 nM before addition to crystals. Briefly,
0.4 mL of 200 nM YIR-821 was added to the 0.4 mL hanging drop containing gp120 crystals. Crystals were
allowed to incubate with the compound for 4 h and were then flash-frozen in liquid nitrogen after a brief
soak in crystallization buffer containing 20% (1/2)-MPD for cryoprotection and 200 nM YIR-821.

Data collection, structure determination, and refinement. Data were collected on the Stanford
Synchrotron Radiation Light Source (SSRL) beamline 12-2 on a Dectris Pilatus 6M detector. Data were
integrated and processed with HKL3000 (46) and MOSFLM and SCALA from the CCP4 suite (47). Crystals
were orthorhombic belonging to space group P212121 with cell dimensions of a = 65.7 Å, b = 67.3 Å, and
c = 87.4 Å, diffracted to 3.2 Å. Structures were solved by molecular replacement with the program
PHASER from the CCP4 suite using PDB ID 6ONF as a starting model. Model building was conducted
using the program COOT (48). Refinement was conducted using the program REFMAC from the CCP4
suite (47) and PHENIX (49).

Structure validation and analysis. The quality of the final refined models was monitored using the
program MolProbity (50). Structural alignments were performed using the program LSQKAB from the
CCP4 suite (47). The PISA webserver was used to determine contact surfaces and residues and all illustra-
tions were prepared with the PyMol molecular graphic suite (DeLano Scientific, San Carlos, CA, USA).
Complete data collection and refinement statistics can be found in Table S4.

Data Availability. The GenBank accession numbers for the sequences are MZ147102–MZ147194,
AB059296, AB059316, and OP169349–OP139377.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
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