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TABLE 2. Combination indices for KD-247, 4C11, or 0.53 and for
sCD4 or NBD-556 against HIV-1;5 g and HIV-1;5

CI values at different ICs®

Combination Virus
ICS() IC75 IC‘)U
KD-247+sCD4 HIV-1;z kL 0313 0.266 0.277
KD-247+NBD-556 HIV-1;z ¢ 0.174 0.043 0.011
4C11+NBD-556 HIV-1j 0.473 0.445 0.860
0.583+NBD-556 HIV-1;s 47.8 20.1 8.56

“ The multiple-drug effect analysis of Chou et al. (6) was used to analyze the
effects of the drugs in combination. IC, inhibitory concentration. CI < 0.9,
synergy; CI = 0.9 to 1.1, additivity; CI > 1.1, antagonism. The data shown are
representative of two or three separate experiments.

tralizing MAb KD-247 selects escape variants with greater
sensitivities to sCD4 (33). Based on this notion, we examined
the synergy of this MAb with sCD4 or the CD4-mimicking
compound NBD-556 against wild-type HIV-1;g_g; . The mul-
tiple-drug effect analysis of Chou et al. (6) was used to analyze
the effects of combining KD-247 with sCD4 or NBD-556. As
shown in Table 2, all of the CI values for KD-247 with the two
CD4-gp120 interaction inhibitors (sCD4 and NBD-556) were
<0.5 against HIV-1,_g; at all of the inhibitory concentrations
tested. In particular, the CI values for the combinations of
KD-247 with NBD-556 were <0.1 for IC,5 and ICy,. These
results suggest that combinations of KD-247 with the CD4-
gp120 binding inhibitors sCD4 and NBD-556 produce very
highly synergistic effects. We further examined the synergy of
CD4i MAb 4Cl11 or anti-CD4bs MAb 0.58 with NBD-556
against wild-type HIV-1,;;5. The combination of 4C11 and
NBD-556 showed synergy against HIV-1,;; for ICs, and ICs.
As expected, the IC values for NBD-556 and anti-CD4 binding
site MAD, 0.53, which may compete with the CD4 mimetic for
the CD4-binding site, were >5 against HIV-1;, at all of the
inhibitory concentrations tested. However, at lower concentra-
tions, additive effects were observed between NBD-556 and
anti-CD4bs MAD 0.58 (data not shown). These results indicate
that NBD-556 may bind within or near the epitope of the
anti-CD4bs MAb and then induce the conformational changes
in Env.

Selection of NBD-556 and sCD4 escape variants. To select
NBD-556- and sCD4-resistant HIV-1 variants in vitro, we ex-
posed PM1/CCRS cells to HIV-1,;, and serially passaged the
viruses in the presence of increasing concentrations of NBD-
556 or sCD4. As a control, HIV-1,;;5 was passaged under the
same conditions without the antiviral agents to allow us to
monitor the spontaneous changes that occurred in the virus
during prolonged PM1/CCRS5 cell passages (designated the
passage control). The selected viruses were initially propagated
in the presence of 1 uM NBD-556 or 0.5 ug of sCD4/ml and,
during the course of the selection procedure, the concentra-
tions of the NBD-556 and sCD4 were increased to 50 wM and
20 wg/ml, respectively. At passages 14 and 17 for NBD-556 and
passage 5 for sCD4, the supernatants containing the viruses,
which were designated HIV-1ygp.r20y14p HIV-Ingp-r(50)17p0
and HIV-1,cp4re20ysps TESPECtively, were harvested, and the
sensitivities of the viruses to NBD-556 and sCD4 were deter-
mined by the MTT assay (Table 3). The ICs,s for NBD-556
against HIV-1yy15, HIV-1npp_r20)14p> a0d HIV-1xpp r(s0)17p
were 12, >30, and >30 M, respectively. The ICss of sCD4
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TABLE 3. Inhibitory activities of NBD-556 and sCD4 toward
infection of HIV-1;;,5 escape variants from
NBD-556 and sCD4

Vi 1C5¢"
irus

NBD-556 (M) sCD4 (p.g/ml)
HIV-1;5 12 0.52
HIV-Tnpp-rcoyap >30 5.7
HIV-15gp-rs0y17p >30 >10
HIV-1icpa-re20)5p >30 >10

4 PM1/CCRS cells (2 X 10%) were exposed to 100 TCIDs, of each passaged
virus and then cultured in the presence of various concentrations of sCD4 or
NBD-556. The 1Csys were determined by using the MTT assay on day 7 of
culture. All assays were conducted in duplicate. The data shown are represen-
tative of two or three separate experiments.

against HIV-1y;5 and HIV-1,cp4.r20ysp Were 0.52 and >10
pg/ml, respectively. HIV-Inpp reoyiap HIV-1npp.r(50)17p0
and HIV-1,cp4.re20)5p Were also examined for their cross-re-
sistance with one another. Each resistant variant was found to
be cross-resistant to NBD-556 and sCD4 (Table 3). These
results indicate that the HIV-1,;,5 virus acquired resistant phe-
notypes against NBD-556 and sCD4 during the distinct in vitro
selection processes.

Sequences of the envelope region of the NBD-556 and sCD4
mutants. To determine the genetic basis of the resistance in
the variant HIV-1,;,p strains, the C1 to C4 region of the env
gene was amplified from genomic DNA extracted from the
infected cells and cloned, and the PCR-amplified products
were sequenced (Fig. 3). At passage 8 for 6 uM NBD-556, five
mutations (A281D, E370A, S375N, A433T, and A436T) were
observed. At passage 21 in the culture where HIV-1;;5 was
propagating in the presence of 50 pM NBD-556, four amino
acid substitutions of Ser to Asn at position 375 (S375N, 11 of 11
clones) in C3, Ala to Lys at position 342 (A432K, 1 of 11 clones)
in C4, Ala to Thr at position 433 (A433T, 4 of 11 clones) in C4,
and Ala to Thr at position 436 (A436T, 1 of 11 clones) in C4 were
observed (Fig. 3A). These results did not contradict a previous
study in which gp120 mutants (S375W, 1424A, W427A, and
M475A) with changes in residues that contacted the Phe43 cavity
did not detectably bind NBD-556 by isothermal titration calorim-
etry (23). On the other hand, in the selection with sCD4, seven
mutations (E211G, P212L, V255E, N280K, S375N, G380R, and
G431E) appeared during the passages. At passage 5 in the culture
where HIV-1,;;; was propagating in the presence of sCD4 (20
wg/ml), four substitutions of E211G (1 of 10 clones), V255E (5 of
10 clones), G380R (1 of 10 clones), and G431E (2 of 10 clones)
were detected for sCD4 at 20 ng/ml (Fig. 3B).

To compare the two mutation profiles obtained during the in
vitro selection with NBD-556 and sCD4, molecular modeling of
NBD-556 docked into gp120 was performed by docking simu-
lations using the FlexSIS module of SYBYL 7.1 (Fig. 4). The
atomic coordinates of the crystal structure of gp120 with sCD4
were retrieved from the PDB (entry 1RZJ). As shown in Fig.
4, almost all of the mutations lay along the inside of the CD4
cavity in the selection of NBD-556, with similar three-dimen-
sional positions to the mutations induced by sCD4. These
findings demonstrate that NBD-556 binds to the CD4 cavity or
in the vicinity of the CD4-binding site.
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FIG. 3. Alignment of the gp120 amino acid sequences from the indicated passages in the NBD-556 and sCD4 escape processes. The amino acid
sequences were deduced from the nucleotide sequences of the env-encoding regions of proviral DNA isolated from cells infected with the HIV-1;;
variants selected in the presence of NBD-556 (A) or sCD4 (B) and the passage control. The amino acid sequences of the envelope proteins of the
baseline HIV-1yy;p are shown at the top as a reference. The identity of the sequences at the individual amino acid positions is indicated by dots.
The numbers of clones with the given amino acid substitutions among a total of 8 to 12 clones are listed. The number in parentheses denotes the
concentrations of NBD-556 or sCD4. The major mutations of NBD-556 and sCD4-resistant variants at final passage are boxed.

Sensitivities of [-galactosidase reporter HIV strains
pseudotyped with the sCD4- and NBD-556-resistant envelope
mutations to NBD-556, sCD4, and MAbs. To confirm whether
the mutations were responsible for the reduced sensitivities to
NBD-556 and sCD4, a single-round replication assay was per-
formed. The B-galactosidase reporter viruses were pseudo-
typed with wild-type Env (HIV-1y,1) or Env singly mutated
with V255E in C2 (HIV-1y,5sg), S375N in C3 (HIV-1g375n),
and A433T in C4 (HIV-14557). The mutations that arose in
the absence of NBD-556 (the passage control) are not related
to resistance because the control passage did not show any
significant increase in ICs, (data not shown). With respect to
the mutations in the presence of NBD-556 three mutations,
S375N, V255E, and A433T were consistently and increasingly
observed during the process of selection. Additional mutations
in “escape variants” other than S375N, V255E, and A433T
were observed; however, these mutations were not consistently
detected in passages and did not accumulate during selection.
Thus, we considered the three mutations—S375N, V255E, and
A433T—related to the development of resistance to both
NBD-556 and sCD4, although some involvement of additional
mutations in the development of a resistant phenotype is un-
deniable. As shown in Fig. SA, all of the mutant clones were

completely resistant to NBD-556 at concentrations of up to 20
pM. YYA-004 without the p-chlorophenyl group was unable to
inhibit infection of all of the clones tested (Fig. 5B). The clone
with V255E, which was induced by in vitro selection with sCD4,
was highly resistant to sCD4 compared to the wild-type virus
(114-fold-higher 1Cs,) (Fig. 5C). However, the other pseudo-
typed viruses, HIV-145,5 and HIV-1, 4551, were slightly resis-
tant compared to HIV-1y, (4- and 2-fold-higher ICss, respec-
tively). We also examined the sensitivities of the pseudotyped
clones containing Env mutations to anti-gp120 glycan MAb
2G12, anti-CD4bs MAb b12, and anti-CD4 MAb RPA-T4 by a
single-round replication assay (Fig. 5D to F). All of the mutant
viruses showed almost the same neutralization sensitivities as
the wild-type virus to the 2G12, b12, and RPA-T4 MAbs.
These results indicate that the three mutations induced by in
vitro selection with NBD-556 and sCD4 were responsible for
the resistance to NBD-556, whereas the NBD-selected variants
containing S375N in C3 and A433T in C4 of gp120 had mod-
erately resistant phenotypes against sCD4, as shown by the
sensitivities of the NBD-556-passaged viruses to sCD4 deter-
mined by the multiround assay (Table 3).

To examine whether the resistance mutations affected the
sensitivity of a CD4i MAb against HIV-1, we determined the
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FIG. 4. Locations of substitutions in HIV-1,;;; gp120 induced by in vitro selection with NBD-556 or sCD4. The side chains of the mutated
residues that appeared during the in vitro selection with NBD-556 (A) or sCD4 (B) are shown in yellow and purple. The amino acid substitutions
that confer resistance in HIV-1 are indicated in purple. The crystal structure of gp120 with sCD4 was retrieved from the PDB (entry 1RZJ). The
structure of compound NBD-556 docked into gp120 was created by using the FlexSIS module of SYBYL 7.1.

sensitivities of HIV strains pseudotyped with the sCD4- and
NBD-556-resistant envelope mutations to CD4i MAb 4C11
with or without the CD4-mimicking compound. As expected,
NBD-556-pretreated HIV-1y, was more sensitive to 4Cl11
than the untreated virus (ICsgs, 0.12 versus 0.72 pg/ml) (Fig.

6). On the other hand, all of the mutant viruses were com-
pletely resistant to 4C11 with or without NBD-556 pretreat-
ment. These results suggest that the CD4 and NBD-556 resis-
tance mutations in gp120 hide the epitope for a particular Ab
against a CD4-induced epitope, similar to primary RS viruses.
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FIG. 5. Sensitivities of B-galactosidase reporter HIV strains pseudotyped with the sCD4 and NBD-556 resistance envelope mutations to
NBD-556, YYA-004, sCD4, and MAbs. The sensitivities of B-galactosidase reporter HIV strains pseudotyped with the sCD4 and NBD-556
resistance envelope mutations to NBD-556 (A), YYA-004 (B), sCD4 (C), 2G12 (D), b12 (E), and RPA-T4 (F) are shown. NBD-556, YYA-004,
sCD4, and MAbs at various concentrations and a pseudovirus suspension corresponding to 100 TCID5, were preincubated for 15 min on ice and
then added to the target cells (TZM-bl). The inhibitory effects were determined by measuring the B-galactosidase activities on day 2 of culture.
All assays were conducted in triplicate, and the data shown represent the means * the standard deviations (SD) derived from the results of two

to three independent experiments.
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FIG. 6. Sensitivities of B-galactosidase reporter HIV strains pseudotyped with the sCD4 and NBD-556 resistance envelope mutations to CD4i
MAD 4C11 with or without NBD-556. The sensitivities of B-galactosidase reporter HIV strains pseudotyped with the sCD4 and NBD-556 resistance
envelope mutations to CD4i MAb 4C11 in the absence (A) or presence (B) of NBD-556 are shown. 4C11 at various concentrations and a
pseudovirus suspension corresponding to 100 TCIDs, were preincubated with or without NBD-556 (1 uM) for 15 min on ice and then added to
the target cells (TZM-bl). The inhibitory effects were determined by measuring the B-galactosidase activities on day 2 of culture. All assays were
conducted in triplicate, and the data shown represent the means * the SD derived from the results of two to three independent experiments.

NBD-556-mediated enhancement of the neutralization ac-
tivities of plasma Abs against an autologous isolate. Neutral-
ization escape has been documented in HIV-1 subtype B vi-
ruses, with contemporaneous viruses showing less sensitivity to
autologous neutralization than earlier viruses (2). For one pa-
tient (patient 3 [Pt.3]) infected with a subtype B virus, the
autologous neutralizing activities in plasma IgG obtained close
to the time of the virus isolation were measured in the pres-
ence or absence of NBD-556 (0, 1, 2, 4, and 8 wM) by the MTT
assay. As shown in Fig. 7A, the plasma IgG neutralizing activity
was much less potent against the variant (HIV-1;, ;) from the
same time point (ICs, of >200 pg/ml for IgG). However,
HIV-1p, 5 pretreated with at least 1 pM NBD-556 became
sensitive to the contemporaneous plasma IgG compared to the
untreated virus. To examine which kinds of NAbs are en-
hanced by NBD-556, we determined the susceptibilities of
HIV-1;, 5 to anti-V3 MAb KD-247 and CD4i MAb 4E9C with
or without NBD-556. The virus was completely resistant to
both MAbs (ICss of >100 pg/ml) in the absence of NBD-556,
while NBD-556-pretreated HIV-1p, 5 became sensitive to KD-
247 and 4E9C (ICsqs of 10.0 and 20.8 pg/ml, respectively) (Fig.
7B). These results indicate that CD4-mimicking small com-
pounds such as NBDs have potent NAb-enhancing activities
toward plasma Abs that cannot access the neutralizing

epitopes hidden within the trimeric Env, such as CD4i and
anti-V3 Abs.

DISCUSSION

In this study, we observed that NBD-556 could bind to a
CD4-binding site, followed by the induction of conformational
changes in gp120 similar to those observed upon sCD4 binding.
Although we used a limited number of viruses and plasma IgG
preparations obtained from an HIV-1-positive patient for test-
ing the synergistic effects between NBD-556 and neutralizing
antibody, we also found highly synergistic interactions between
NBD-556 and not only CD4i MAbs but also anti-V3 MADs.
Moreover, our data indicated that small compounds such as
NBDs can enhance the potency of NAbs in HIV-1-infected
patients against the contemporaneous viruses, which are resis-
tant to neutralization by Abs in the plasma.

We illustrated the sites of the mutations induced by NBD-
556 on the structure of unliganded gp120 of SIV obtained from
the PDB (entry 2BF1) to compare the sites before and after
binding of the CD4-mimicking compound. As shown in Fig. 8,
the mutations lay in front of the outer domain in gp120, which
was near to or within the CD4-binding site. These findings
indicate that NBD-556 attaches to the CD4-binding site or the
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FIG. 7. NBD-556-mediated enhancement of the neutralization activity of plasma IgG against the autologous isolate. (A) The sensitivities of the
HIV-1p, 5 primary isolate to the autologous plasma IgG (Pt.3-IgG) in the absence or presence of NBD-556 (1, 2, 4, and 8 pM) were determined
by the MTT assay. (B) The sensitivities of the HIV-1p, 5 primary isolate to KD-247 (anti-V3 MAb; diamonds) and 4E9C (anti-CD4i MAb; squares)
in the absence (open symbols) or presence (filled symbols) of 5 pM NBD-556 were determined by the same assay. The data shown are

representative of two or three separate experiments.

surrounding residues in the unliganded form of gp120 and that,
after the conformational changes of the envelope glycopro-
teins, probably the CD4-liganded form induced by the attack
by NBD-556, the compound could penetrate and be held for a
while in the CD4 cavity. In a recent study, Haim et al. (14)
showed that sCD4-mimicking compounds have the ability to
inactivate HIV-1 by prematurely triggering active but transient
intermediate states of the envelope glycoproteins. In the tran-
sient intermediate states, several neutralizing epitopes in
gp120 may be accessible to the neutralizing Abs. These data
and our present results suggest that some NBD analogs, which
bind to the cavity tightly and for a longer time, as well as cell
surface CD4 inducing a more stable envelope glycoprotein

E429K

intermediate state, show highly potent NAb-enhancing activi-
ties.

Madani et al. (23) reported that replacement of gpl20
Ser375 with a glycine residue dramatically reduced the HIV-1
sensitivity to enhancement by any of the NBD-556 analogs,
suggesting that a certain element of the Ser375 side chain
contributes to the NBD-556 efficacy. They also reported that
viruses bearing envelope glycoproteins with Ser375 mutated to
alanine exhibited greater enhancement by NBD-556 and some
NBD-556 analogs than the viruses with wild-type envelope
glycoproteins, suggesting that the hydroxyl group of Ser375 is
detrimental to the binding and/or activity of some NBD-556
analogs that contain large para-phenyl substituents. Mutations

FIG. 8. Comparisons of the locations of the mutations induced by NBD-556 between the structures of unliganded and liganded gp120. The side
chains of the mutated residues that appeared during in vitro selection with NBD-556 are shown in yellow, green and purple in the liganded (left)
or unliganded (right) structures. The amino acid substitutions that confer resistance in HIV-1 are indicated in purple (S375N and A433T). The
crystal structures of liganded and unliganded gp120 were retrieved from the PDB (entries 1RZJ and 2BF1, respectively). The corresponding sites

of the NBD-resistant mutations are also shown on the unliganded gp120.
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of other gp120 residues lining the Phe43 cavity or vestibule
(Val255, Thr257, Glu429, and Val430) significantly decreased
the enhancement of virus infection by the NBD-556 analogs.
Our in vitro selection study showed that the key mutations for
NBD-556 resistance were S375N and A433T and that minor
mutations related to NBD-556 resistance were A281D, E370A,
E429K, and A436T (Fig. 4). Thus, alterations to several gp120
residues, namely, S375N, A433T, and V255E, that line the
Phe43 pocket or reside around and inside the cavity can neg-
atively affect the entry inhibitory effect of NBD-556 on HIV-1
infection (Fig. 5).

Decker et al. (9) reported that the chemokine coreceptor
binding sites of HIV-1 from subtypes A, B, C, D, F, G, and H
and circulating recombinant form (CRF) 01, CRF02, and
CRF11 elicit high titers of CD4i Abs during natural human
infection and that these Abs bind and neutralize viruses as
divergent as HIV-2 in the presence of sCD4. Recently, Davis et
al. (7) showed that transplantation of HIV-1 V3 epitopes into
an HIV-2 envelope scaffold provides a sensitive and specific
means to detect and quantify HIV-1 V3 epitope-specific NAbs
in human sera. They used this HIV-2/HIV-1 V3 scaffolding
strategy to study the kinetics of the development and breadth
of V3-specific NAbs in longitudinal sera from individuals
acutely infected with subtype C or subtype B HIV-1. Their
results indicated that high-titer broadly reactive V3-specific
Abs are among the first to be elicited during acute and early
HIV-1 infection, although these Abs lack neutralizing potency
against primary HIV-1 viruses, which effectively shield V3 from
Ab binding to the functional Env trimer (8). These observa-
tions strongly support the idea that the major problem facing
the development of CD4i-based or V3-based immunogens is
not sequence variation within the epitopes, but rather that
access of most CD4i and anti-V3 Abs to their epitopes in
functional Env complexes is blocked. As shown in Fig. 7A,
plasma IgG from a seropositive patient exhibited strongly en-
hanced neutralizing activity against the contemporaneous virus
after treatment with NBD-556. Therefore, we consider that
small compounds such as NBDs can enhance the neutralizing
activities of CD4i and certain anti-V3 Abs in vivo at the acute
stage of HIV-1 infection or in combination with anti-V3 NAbs
as a passive immunization.

In general, small molecules have certain advantages from a
therapeutic standpoint because of their low propensity for im-
munogenicity, high metabolic stability, easy large-scale produc-
tion, and relatively low cost. Small molecule Ab-enhancing
therapeutics such as NBD compounds would have additional
benefits over available treatment approaches to HIV. Since
CD4i and anti-cryptic V3 Abs are already present in a large
number of HIV-1-infected patients, no prevaccination would
be necessary for the induction of NAbs. Moreover, the use of
bifunctional small molecules, such as an entry inhibitor and a
NAD enhancer, should be effective for passive immunization of
the anti-HIV NAbs enhanced by the accessibility of epitopes
after binding of sCD4, such as 17b (27) and KD-247 (11, 12).
Elucidation of the molecular details governing the interactions
between gp120 and NBD compounds will assist in optimization
efforts, as well as in the evaluation of this strategy in more
complex biological models for HIV infection. Consequently,
we will continue to synthesize such NBD analogs to search for
drugs with more potent power to change the tertiary structure
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of the envelope glycoproteins and lower toxicity toward the
host cells.
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The majority of HHIV-1 infections around the world result from non-B clade 111V-1 strains. The CRF01_AE
(AE) strain is scen principally in Southeast Asia. AE protease differs by - 10% in amino acid sequence from
clade B protease and carries several naturally occurring polymorphisms that are associated with drug resis-
tance in clade B. AE protease has been observed to develop resistance through a nonactive-site N88S mutation
in response to nelfinavir (NFV) therapy, whereas clade B protease develops both the active-site mutation D30ON
and the nonactive-sitc mutation N88D. Structural and biochemical studies were carried out with wild-type and
NFV-resistant clade B and AE protease variants. The relationship between clade-specific sequence variations
and pathways to inhibitor resistance was also assessed. AE protease has a lower catalytic turnover rate than
clade B protease, and it also has weaker affinity for both NFV and darunavir (DRV). This weaker affinity may
lead to the nonactive-site N88S variant in AE, which exhibits significantly decreased affinity for both NFV and
DRY. The D30ON/N8SD mutations in clade B resulted in a significant loss of affinity for NFV and, to a lesser
extent, for DRV. A comparison of crystal structures of AE protease shows significant structural rearrangement
in the flap hinge region compared with those of clade B protease and suggests insights into the alternative
pathways to NIV resistance. In combination, our studies show that sequence polymorphisms within clades can
alter protease activity and inhibitor binding and are capable of altering the pathway to inhibitor resistance.

Human immunodeficiency virus type 1 (HIV-1) is classified
into three groups (M, N, and O), of which group M is further
classified into nine major clades (A, B, C, D, IF, G, 11, ], and K)
and 43 circulating recombinant forms (CRFs) based on viral
genomic diversity (32, 37). The majority of HIV-1 infections
across the globe result from non-B clade HIV-1 variants; clade
B accounts for only ~12% ol infections (15). However, the
development of currently available anti-HIV therapies has
been based on the virology of clade B variants. In recent vears,
several studies have shown that there are clear differences
between clades when it comes to viral transmission and the
progression to AIDS, an observation which raises questions
about the eflectiveness of the currently available anti-HIV
therapies against the other clades and CRFs (16-18, 39).

HIV-1 protease has been an important drug target in the
global elfort (o curb the progression from HIV infection (o
AIDS. However, the accumulation of drug-resistant mutations
in the protease gene has been a major drawback in using
ITIV-1 protease inhibitors. The effects ol mutations associated
with drug resistance in HIV-1 clade B protease have been
studied extensively over the years. For the most part, resistance
mutation patterns are very similar in HIV-1 clade B and non-B
clade proteases (19). However, several alternative resistance
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pathways have been observed lor non-B clade proteases com-
pared with those of clade B protease (1, 12, 13, 26). Limited
dala are available on how sequence polymorphisms, some of
which are associated with drug resistance in clade B protease,
might influence the pathway to drug resistance in non-B clade
proteases. Furthermore, very little is understood about how
sequence polymorphisms in non-B clade proteases affect pro-
tease function and inhibitor binding.

HIV-1 CRFO!I_AFE (AE) was the first CRF 1o be observed in
patient populations and is seen principally in Southeast Asia
(2, 10, 25). AE protease differs by ~10% in amino acid se-
guence from that of clade B protease (Fig. 1A). Interestingly,
AE protease develops a different resistance pathway from that
of clade B protease to confer resistance to the protease inhib-
itor nelfinavir (NFV) (1). In patients infected with AE, the
prolease acquires predominantly the N88S mutation in re-
sponse o NFV therapy, whereas in patients with clade B in-
fection, the protease acquires the D30N/N88D mutations. The
fitness of AL viral strains is thought 1o be similar 1o that of
HIV-1 group M viral strains (11, 41). However, the effect of
AE-specific sequence variations as well as drug resistance sub-
stitutions on viral fitness has not been studied extensively.

In the present study, biochemical and biophysical methods
were used to determine the effect of sequence polymorphisms
in AE protease on enzyme activity and inhibitor binding,
Through determination of crystal structures and analysis of
changes in hydrogen bunding patterns, a structural rationaliza-
tion is described for the two different pathways observed for
clade B and AE proteases (o attain resistance to NFV.
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9996



Vor. 84, 2010

MATERIALS AND METHIODS

Protease gene construction. The clade B wild-type (B-W1) proteuse gene was
generated as previously described (34). The AE wild-type (AE-WT) protease
gene was synthesized in fragments (Integrated DNA Technologies, Coralville,
IA), with codons optimized for expression in Escherichin coli. The fragments
were ligated 1o form the complete gene, which was then inserted into the pET11a
expression vector (Novagen/EMD Chemicals, Gibbstown. NJ). The protease
sequence was confirmed by DNA sequencing. The NFV resistance mutations,
N88S in AE (ALE-N&8S) und D3ON/NSKD in clude B (B-D30N/NSKD), were
generated by site-directed mutagenesis using o Stratagene QuikChunge site-
divected mutagenesis kit (Agilent Technologies, La Jolla, CA). Mutagenesis was
confirmed by sequencing. The Q7K substitution was introduced to all proteose
variants to prevent autoproteolysis (38).

Protein expression and purification. The clade B und AE variants were sub-
cloned into the heat-inducible pXC35 expression vector (American Type Culture
Collection [ATCC'), Munassus, VA) und transfoimed into E. coli TAP-106 cells.
Protein overexpression. purification. and refolding were carried out as previously
described (20). Protein used for crystallographic studies was further purified with
a Pharmacia Superdex 75 fast-performance liquid chromatography column (GE
Heultheare, Chalfont St. Giles, United Kingdom) equilibrated with refolding
buffer (50 mM sodivm acetate [pH 5.5), 10% glycerol, 54 ethylene glycol, and 3
mM dithiothreitol).

Crystallization and structure determination. Protease solutions between 1.0
and 2.0 mg ml ' were equilibrated with a S-fold mola excess of NV, darunani
{DRV), und amprenavir (APV) for 1 h on ice. Crystals were grown over a
reservoir solution consisting of 126 mM phosphate buffer (pH 6.2), 63 mM
sodivm citrate, and 18 10 23% ammonium sulfate by the hunging-drop vapor
diffusion method. X-ray diffraction duta for AE-WT were collected at a Bio-
CARS beamline 14-BM-C at the Advanced Photon Source {Argonne National
Laboratory. Argonne, IL) at u wavelength tuned to 0.9 A with o Quantum 315
COD Xeray detector (Area Detector Systems Corporation, Poway, CA). Diffyuc-
tion data for AE-NS&S were collected by using beumline X294 at the National
Synehrotron Light Source (Brookhaven National Laboratory. Upton, NY) at a
wavelength tuned 1o 1.08 A with a Quantum 315 charge-conpled-device (CCD)
Neray detector (Area Detector Systems Corporation). Data for the B-D3OUN/
N8SI variunt was colleeted in-house with an R-Axis 1V imaging plate system
(Rigaku Corporation, Tokyo, Japan) mounted on a rotating-anode X-ray source
(Rigaku Corporation). All data were collected under cryocooled conditions.

The data were indexed, integrated, and scaled using HKLHKL-2000 software
(I1IKI. Research, Charlottesville, VA) (29). Structure determination and refine-
ment were cartied out using the CCP4 program suite (4) as previously described
(35). The tensor (T), libration (L.). and screw (S) parameter files used in TLS
refinement were generated using the TLS motion determination server (30).
Made] building and real-space refinement were carried out with Coot molecular
graphics software (8). Stucture compurisons were made by superposing the
structnes using the Cacatoms of the terminal regions (1esidues 110 9 and 86 1o
99) from the two monomers. In the case of the AE complexes, which have
multiple orientations for the inhibitor. only the orientation common with the
clade B stiuctures was used for analysis, Stroctures were visnalized using PyMol
molecular graphics software (6).

Double-difference plots were generated for Al: and clade B protease strue-
tures to graphically visualize structural differences between the clades, as previ-
ously deseribed (35). Briefly, distances between all Ca stoms within the dimer
were caleulated for each complex. A distance difference matrix was then com-
puted for cach atom for a given pair of complexes. The distunce difference matrix
was then plotted as a contow plot using the gnuplot plotting software (44).

Nomenclature, The following nomenclature format will be used to refer 1o
each erystal structure: inhibitoryaeace variane Thus, DRV in complex with AE-
WT, clade B-WT, AE-NS8S. und AE-D30N/NS8D protein are designated
DRV e wri: DRV wa. DRV g wass, und DRV 3 o, respectively. Prime
notation is used 1o distinguish the two monomers in the protease dimer. For
example, residue 30 from the first monomer would be referred to as Asp30. and
the same residue from the second monomer would be referred (o as Asp30'.

ITC. Binding affinitics and thermodynamic parameters of inhibitor binding to
clade B and AE variants were determined by isothermal titration calorimetry
UTC) with a VP isothermal fitration calorimeter (MicroCal, LLC, Northampton,
MA). The buffer used for all protease and inhibitor solutions consisted of 10 mM
sodium acetate (pH 5.0), 2% dimety) sulfoside, and 2 mM - tris[2-carboxyethyl)
phosphine. Binding aflinities for all protease variants were obtained by compel-
itive displacement titration using acetyl-pepstatin as the weaker binder. A solu-
tion of 30 10 45 pM protease was titrated with 10-pl injections of 200 pM
aelyl-pepstatin 1o satwation. The pepstatin was then displaced by titrating 36
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8-l injections of 200 pM APV or NFV or 41 7-pl injections of 40 pM DRV.
Heats of dilution were subtracted from the corresponding heuts of reaction to
obtain the heat resulting solely from the binding of the ligand 10 the enzyme.
Data were processed and analyzed with the 1TC data analysis module (Microcal)
for Origin 7 data analysis and graphing software (OriginLab, Northampton,
MA). Final results represent the average of at least two measurements.

Measurement of protease activity. Protease uctivity was assayed by following
each variant’s ability lo hydrolyze the fluorogenic substrate HiLyte Fluor
488-Lys-Alu-Arg-Val-Leu-Ale- Glu-Ala-Met-Ser-Lys  (QXL-320) (AnaSpec,
Inc., Fremont, CA) that corresponds to the HIV-1 CA-p2 substrate. The CA-p2
cleavage site was used since it is conserved between HIV-1 clades (7). The ussuy
was carried oul in g 96-well plate, and the enzvmatic reaction was initiated by
adding 20 pl of a solution of 100 10 250 nM protease 10 80 ) of substrate
solution. The buffer used in ull reactions consisted of 10 mM sodivm acetate (pH
5.0). 2% dimethyl sulfoxide, and 2 mM uis|2-carbosyethylJphosphine. Final
concentrations in each experiment were (0 to 40 pM substrate and 20 to 50 nM
protease. Accurate concenirations of properly folded active protease were de-
termined by carrying out I'TC experiments for cach variant with acetyl-pepstatin
as described in the previous section. Fluorogenic response to protease cleavige
was monitored at 23°C using a Victor® microplate reader (PerkinElmer, Wal-
thiun, MA) by exciting the donor molecule at 485 nM and recording emitted light
at 335 nM. Datu points were acquived every 30 s. The data points in relative
fluorescence units (RFUT) were converted into concentralions using standard
calibration curves generated for Hilyte Fluor 488 at each substrate concentri-
tion. In addition to the conversion of REUs to concentrations. the generation of
calibration curves at each substrate concentration allowed us to correct for the
inner filter effect (5). Rates of each enzymatic reaction were determined from the
linear portion of the data and were fitted against substrate concentrations to
determine K, and catalytic lurnover rate (k) values using VisualEnyzmics
enzyme-kinetics softwure (SoftZymics. Princeton, NJ), Final results for euch
variant represent the average from at least two experiments.

In order to determine the biochemical fitness of a particular variant in the
presence of a given inhibitor. vitality values were calenlated using the following
equation, based on the vitality function described previously, where K, is the
dissociation constant and k./K,, is the catalytic efficiency (14, 43).

|k, kKo byt

Vitality # e
. [Ki 7 KK s vy

The caleulated vitality value for B-W T for a particular inhibitor would be 1.0, and
vitality values greater than L0 would indicate thal a given variant had a selective
advantage over the sume inhibitor. while values lower than 1.0 would indicute
that the variant did not have a selective advintage.

RESULTS

Crystal structures. The AE-WT and NFV-resistant clade B
and AE variants were cocrystallized with NFV, DRV, and
APV (o reveal the structural basis for the altered NFV resis-
tance pathways. In addition, the effects of background poly-
morphisms in AE-WT on inhibitor binding compared with that
of clade B-WT were discerned. Crystals of AE protease in
complex with NFV and APV did not diffract 1o a high
resolution; therefore, structural comparisons were carried
out for AE and clade B protease in complex with DRV. The
structure of DRVy ¢ was solved previously in the laboratory
and was used [for structural comparisons (Protein Data Bank
[PDB] code 1T3R). Both DRV 4wy and DRV 4y nsss CTYS-
tallized with DRV bound in two orientations in the active
site. Crystallographic data and refinement statistics for
DRV sewis DRV, i, DRV (g nssss and DRV 5 psaanmssi
are given in Table 1.

Structural comparisons were carried out for AE and clade B
DRV complexes by pairwise structural superposition and
double-difference plots (Fig. 1B (o E). The DRV 4p_w and
DRV 4. nsss complexes were structurally similar (Fig. 1B and C).
Although the DRV ;. , and DRV, could be superim-
posed on each other very well (root mean square deviation
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TABLE 1. Crystallographic statistics

Result for indicated variant

Parameter”
DRVywr” DRVypsmnssn DRVarwr DRV g nsss

Inhibitor DRV DRV DRV DRV
Resolution (A) 1.2 2.15 1.96 1.76
Space group P222 P2,2,2 Pa, Po,
. O 6
Cell dimensions (A)
i 549 309 62.2 6l.9
b 57.8 57.7
i 62.0 61.0 82.7 821
Total no. of 302.022 108,838 89.284 79.445
reflections
Nao. of unique 35,056 10.326 12493 17,277
reflections
Reymm (€0) 38 6.7 5.5 4.6
Completeness (%) 955 99.6 939 97.4
I’ 250 9.0 112 19.6
Ryors (52) 14.1 18.1 200 19.6
Ry, () 179 236 259 23.9
RMSD .
Bond length {A)  0.004 0.009 0.009 0.007
Bond angle 1.5 19 1.5 1.7
PDB code I'TAR 3LZV 3LZS 3LZU

“ 7, number of molecules in the unit cell; RMSD, root mean squure deviation:
Ry = Zuall = < T P il 1/57’| signal-to-noise ratio; Ruum = T
Fc.?»VEl'uhsl Rppee = ZpeaiFansl — ]‘m||)'/z|«s|IF.'a§s!‘-

" See King et al.(21) and Surleraux et al. (40).

[RMSD]ol0.21 A). there were clear and significant differences
belween the variants in the main chain at the flap hinge region
(residues 33 (0 39) and the protease core region (residues 16 to
22) (Fig. 1D and Fig. 2A to D). These diflerences were further
evident by the presence of significant peaks in the double-
difference plot (Fig. 1E). The Ile36 side chain in DRV s g wr

J. VIROL.

packs well against the core region through favorable van der
Waals interactions and is shorter than the Met36 in DRV 5.\
(Fig. 2C). In addition, the shorter Asp35in DRV s gwi further
enhances the packing by being flipped inward against the core,
while in DRV, w;» the longer Glu3s is flipped outward into
the solvent and forms a salt bridge with Arg57 (Fig. 2D). The
packing of the flap hinge and core regions in DRV wr is
further stabilized by a hydrogen bond between the carbonyl
oxygen of Asp3S and Lys20 NZ atom and is nol present in
DRV wr-

The Asp30” side chain of DRV ;¢ does not directly form a
hydrogen bond with DRV but indirectly interacts with the N1
atom of DRV through a waler molecule-mediated hydrogen
bond network (Fig. 3A). In contrast, the Asp30)’ side chain of
DRV 4w forms a direct hydrogen bond with the NI atom of
DRY (Fig. 3B). Residue 30 of both NFV-resistant variants also
interacts with the N1 atom of DRV through water molecule-
mediated hydrogen bonding (Fig. 3C and D). However, in
addition to this interaction, Asn30 of DRV 5s0nmssn and
Asp30 of DRV \g nyss are oriented away from the active site,
enabling them to form hydrogen bonds with Asp88 and
Ser88, respectively. In both cases, the NFV resistance mu-
{ations stahilize residue 30 away from the active sile via
hydrogen bonding.

Binding thermodynamics. To determine the effects of back-
ground sequence polymorphisms and NFV resistance muta-
tions on inhibitor binding, the binding thermodynamic param-
eters of NFV, DRV, and APV binding to WT and resistant AE
and clade B variants were determined by isothermal titration
calorimetry (Table 2). The AE-WT protease had a 6.9-fold-
weaker affinity for NFV and a 2.7-fold-weaker affinity for DRV

F1G. 2. (A) Ribbon diagram superposition of DRV yg.wr (blue) and DRVp.wr (gray). The red box indicates the region of the protease
molecule highlighted in panels B to D. (B) Structural rearrangement of the (lap hinge and core regions between DRV gy (blue) and DRV .y
(gray). (C) Flap hinge and core regions of DRV (pr- (D) Flap hinge and core regions of DRVy wr protease. [ydrogen bond interactions are

indicated by red dashed lines.
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FIG. 3. Protease inhibitor hydrogen bonding interactions. DRV is shown in orange, and hydrogen bund interactions are indicated by red
dashed lines. Since the charged states of the Asp25 carboxyl groups and the position of the O18 hydroxyl hydrogen of DRV are not known,
all possible hydrogen bond interactions between the Asp25 carboxyl groups and O18 of the DRV molecules are shown. (A) DRV wr (gray).
(B) DRV Ap.wr (blue). (C) DRV pagnngsn (salmon). (D) DRV (g s (green).

than the affinities of B-W'T protease for NIV and DRV, re- were observed among any of the variants. Although the bind-
spectively (Table 2). This result indicates that the AE-WT ing of DRV to all protease variants was enthalpically favorable,
protease has an inherently weaker affinity for NFV and DRV. the enthalpic contributions were reduced with the AE variants

No significant differences in the enthalpy of NIV binding (—10.1 keal mol ' for AE-WT and —5.1 keal mol ' for AE-

TABLE 2. Binding thermodynamic parameters for NFV, DRV, and APV binding to AE and clade B variants”

Inhibitor and

proteuse variant K, (M) K, (nM) Ky ratio AH (keal mol ')y AAH - TAS (keal mol ') A(-TAS)  AG (keal mol ') AAG
NIV
B-WT (2.6 £ 05) x 107 0.39 £ 0.07 1.0 44 01 17.0 126 = 0.1
B-D3ON/NSSD (1.2 + 04) X l()j“ 8.1 +28 20.7 6.7 £ 0.3 2 17.5 0.5 10.8 £ 0.2 1.8
AE-WT (37 :1.0)X 10° 2.7 0.7 0.9 50+03 0.6 - 16.6 0.9 115+ 0.2 1.1
AE-NSSS (58 = 1.2) X 107 172 + 35 441 6.2 £0.7 1.8 - 16.6 0.9 -104 * 0.1 22
DRV
B-WT° (22 = L) x 10" 0004 © 0.002 1.0 - 121 209 31 152 £ 03
B-D30N/NSSD (3.7 £ 0.7) X 10'"  0.026 * 0.005 65 125 + 0.4 0.4 16 1.5 142 + 01 1.0
AE-WT (9.1 = 0.3) X 10" 0.0109 * 0.0003 27 10.1 £ 05 2.0 4.6 15 1472002 05
AE-NS8SS (1.1 208) X 10" 0.087 + 0.062 21.8 51+36 7.0 S.4 5.3 135 £ 04 1.7
APV
B-WT (2.6 £ 1.3) x 10° 0.39 + 0.20 1.0 3209 -5.3 126 2 0.3
B-D3ON/NSSD (1.2 +0.2) X 10" 0.08 # 0.01 0.2 -102 + 1.5 2.9 -33 2.0 135 5009 09
AE-WT (3.1 +02) X 10° 0.32 © 0.02 0.8 55 +03 1.8 7.3 2.0 1270 £ 0.03 - 0.1
AE-N8SS (1.3 509y x 10" 0.08 £ 0.06 0.2 50+ 3.6 23 8.6 3.3 S13.6 % 04 1.0

“ K,. associition constant: K, dissociation constunt: H, enthalpy: T. temperature: S, entropy: G. Gibbs free energy.
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TABLE 3. Enzyme kinetics parameters for clade B and AE-WT
and NIFV-resistant variants

J. VIROL.

TABLE 4. Vitality values for clade B and AE WT and
NFV-resistant variants

Result for indicated variant
Parameter

Result for indicated variant
Inhibitor

B-WI  B-D30N/N&SD  AE-WT AE-NS8S B-D30N/NSSD AE-WT AE-N§SS
K, (1M) 167260 359201 175+40 19008 NFV 0.76 2.52 4.01
kear (871) 1.79 2028 013+ 0.09 0.70 = 0.08 0.20 = 0.02 DRV 0.24 0.99 1.98
[ T . 0.17 2 0.04 0.004 = 0.002 0.04 + 0.01 0.010 + 0.001 APV 0.01 0.30 0.02
(7' uM Y

N88S) compared with those for the clade B variants (—12.]
keal mol™ ! for B-WT and —12.5 keal mol ' for B-D30N/
N88D). As expected, the NFV-resistant variants showed a sig-
nificant reduction in binding affinity for NIV compared to that
of the wild-type variants. With the AE-N88S variant, the al-
finity for NFV was reduced 44.1-fold (K, = 17.2 nM) and was
far more significant than the D30N/NSSI) mutations in clade B
protease, which reduced the aflinity for NI'V 20.7-fold (K, =
8.1 nM). Similarly, the AE-N88S variant had a 21.8-fold-
weaker affinity (K, = 0.087 nM) for DRV compared to a
6.5-fold-weaker affinity (K, = 0.026 nM) with the B-D30N/
N88D variant. Thus, the single N88S substitution in the AE
protease has a profound effect on the binding of NFV and
DRV.

In contrast to NFV and DRV, clade-specific sequence dif-
ferences and NFV resistance mutations had only a minimal
effect on the affinities for APV of both AE and clade B pro-
tease. Despite this, there were some diflerences in energy pa-
rameters. The binding of APV to the clade B variants appeared
to be more enthalpically favorable than that to the AE variants.
This was compensated for by an increase in the entropic com-
ponent to the binding energy for the AE proleases.

Protease activity and vitality. The enzyme-kinetic parame-
ters determined lor each clade B and AE variant with the
CA-p2 luorogenic substrate analog are summarized in Table
3. The K,,, value for B-D30N/N8SD protease (35.9 pM) was
2.1-fold greater than that for B-WT protease (16.7 pM). How-
ever, the K,,, values for the AE protease variants (17.5 pM for
AE-WT and 19.0 .M for AE-N88S) were similar to that of
B-WT protease. The turnover rate for B-D30N/N88D protease
(k... = 0.13 s7") was significantly lower than that of B-WT
protease (k,,, = 1.79 s '). Turnover rates for AE-WT (k,,,, =
0.7s 'yand AE-NSS8S (k. = 0.2s ') were 2.5 and 8.5-fold
lower, respectively, than that of clade B-WT. The &, /K, val-
ues. or catalytic efficiency values. for B-D30N/NSSD and AE
variants were lower than that of B-WT protease. Therefore,
the reduction in catalytic efiiciency of the B-D30N/N8SD pro-
tease compared with that of B-WT protease resulted from the
combined effects of the K, and k,.,, values. [Towever, for the
AE variants, the lower turnover rates alone were responsible
for the reduced catalytic efficiencies. Overall, these results in-
dicate that the polymorphic sequence dillerences in AE pro-
tease can alter the activity profile of the enzyme compared to
results with the clade B protease.

Vitality values were calculated to determine if the protease
variants had a selective advantage over NFV, DRV, and APV.
AE-WT and AE-N88S protease had calculated vitality values
0f 2.52 and 4.01 for NFV, respectively, compared with 0.76 for
B-WT (Table 4). However, vitality values for DRV were not

significantly different from that of B-WT protease. Vitality
values for APV were significantly lower for all variants than for
B-WT protease. These results indicate that AE-WT may have
a selective advantage over NFV compared to B-WT but that
the AE variants may not have a significant selective advantage
against DRV or APV relative to B-WT.

DISCUSSION

Although the majority of THIV-1 patients are infected with
non-B forms of the virus, molecular studies have been carried
out predominantly with clade B variants. The AE protease has
several polymorphisms that are associated with inhibitor resis-
tance in clade B. AE also shows altered patterns of drug re-
sistance to NFV. We have performed detailed studies to de-
termine the effects of sequence polymorphisms on enzyme
structure, activity, and inhibitor binding. These analyses led to
a structural rationalization for the altered pathways for drug
resistance.

AE-WT protease has an inherently weaker affinity for NI'V
and DRV than that of B-WT, as is evident from the thermo-
dynamic data (Table 2). The weaker affinity observed for NFV
is consistent with previously published data for another AE
protease variant (3), as well as for clade A protease (42), which
is closely related. The inherent weaker alfinity for NIV likely
allows the AE protease to gain resistance to NFV through a
single nonactive-site substitution, N&8S. The clade B protease,
in contrast, which has a relatively stronger affinity for NFV,
requires a combination of an active-site mutation (D30N) and
a nonactive-site mutation (N88D) to gain NFV resistance. The
ability of the AE-N88S protease to maintain affinity for sub-
strates is evident from our enzyme kinetics data (Table 4), in
which the K, value for AE-N88S was comparable (o that of
AE-WT and B-WT protease. The K|, value for clade B-D30N/
NESD, on the other hand, was significantly worse than that of
the B-WT, likely reflecting the effect of the altered active site.

As an active-site residue, Asp30 plays a key role in substrate
recognition by interacting with subsirates through side chain-
mediated hydrogen bonds with the MA-CA, CA-p2, pl1-p6, and
p2-NC cleavage sites (36). Therefore, as is evident [rom our
enzyme kinetics data, the D30N/N88D mutations in clade B
will likely affect substrate binding and processing. Several stud-
ies have observed substrate coevolution in instances in which
the protease mutales active-site residucs in order to confer
inhibitor resistance (22, 23). However, since the AE-N88S pro-
lease variant has no active-site mutations, the enzyme retains
the ability to effectively recognize substrates while conferring
NFV resistance. Therefore, the presence of the N88S sub-
stitution in AE protease is unlikely to induce coevolution of
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FIG. 4. Hydrogen bund network involving residue 88. (A) Asn8$ bridges the terminal helix with Asp30) from the active site and Thr74 from one
of the outer beta strands. The red box indicates the region of the protease molecule highlighted in panels B to D. (B) Asn88 in NFVp wr (PDB
code 3EKX). (C) Asp8S in DRV pagnnssn- (D) Ser§S in DRV yuew - Hydrogen bond interactions are indicated by red dashed lines.

the viral substrates in order to maintain eflective enzymatic
activity.

Despite having K, values that were comparable to that of
B-WT protease, both AE-WT and AE-NS88S had significantly
lower catalytic turnover rates (k) than that of the B-WT
protease (Table 3). As a result, the catalytic efficiency of the
AE variants is lower than that of the B-WT protease. The
lower turnover rates of the AE variants could be a direct result
of the reduced flexibility of the flap hinge (residues 33 1o 39)
and core regions (residues 16 to 22) of the protein. Molecular
dynamics studies have revealed that hydrophobic sliding of the
core region [acilitates substrate binding through the opening of
the active site (9). The unique hydrogen bonds observed be-
tween the flap hinge and the core in the AE variants alter
movement of the core, thus impacting the ability of the active
site to open up for substrate binding and product release.
Based on our enzyme Kinetics data, this altered flexibility of the
flap hinges in the AE variants has little effect on subsirate
binding bul rather affects the catalytic step of the reaction by
slowing down product release.

The higher vitality value observed for AE-WT with NFV
provides supporting evidence for the reduction in the efficacy
of NFV against the AE protease compared with that of clade
B (Table 4). This result is consistent with previous vitality
calculations for the clade A protease (42). In addition, these
results further highlight the idea that background polymorphic
sequence variations in the AE protease can aflect the potency
of NFV. The suboptimal efficacy of NFV against the AR-WT
protease likely permits a nonactive-site variant, AE-N§S8S, to
emerge over variants with active-site mutations to eflectively
confer resistance to NFV.

The impact on other inhibitors, however, is complex. APV
and DRV are chemically very closcly related compounds, and
similar susceptibility and resistance patterns have been ob-
served for these two inhibitors (31). ITowever, this pattern is
not evident for this series of resistant variants. Both the N8§S
mutation in the AE and the D30N/NS8D mutations in the
clade B proteases result in hypersusceptibility to APV. Similar
results have been abserved also for a B-N88S protease variant
(24, 45). In contrast, the same substitutions in the protease give
rise (0 even grealer resistance to DRV, However, since DRV
presents a greater genetic barrier to resistance than APV (33),
the in vivo implications of weaker affinity for DRV in the AE
variants are likely negligible. Indeed, our calculated vitality
values indicate that DRV maintains its potency against the AE
variants despite having a weaker aflinity for AE-WT and AE-
N88S relalive to clade B protease.

A close look at the NFV; y,, protease complex reveals an
important interaction between the Asp30 residue side chain
and the inhibitor bound in the active site. (PDB code 3EKX)
(Fig. 4A and B). One of the side chain oxygen atoms of Asp3()
forms a direct hydrogen bond with the 038 atom of NFV. Our
crystal structures of the NFV-resistant variants show that N88S
in AE and N88D in clade B have the ability to interact with
residue 30 and orient it away [rom the active site (Fig. 3B and
D) and thereby disrupt the interaction between residue 30 and
the inhibitor. These structural observations are similar (o in-
lerpretations made in previous molecular dynamics studies
involving NFV-protease complexes (27, 28). Thus, NFV resis-
tance is likely caused in large part due to the loss of this
interaction in the NFV-resistant variants.

Overall, mutations that emerge in response to inhibitor ther-
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apy need (o have a minimal impact on protease structure and
activity to maintain the enzyme’s function. The D30N substi-
tution, which is associated with NFV resistance, is one of the
few drug-resistant mutations that involve a change in charge.
The additional substitution of N88D likely helps preserve the
net charge on the protein. In AE, resistance to NFV occurs
indirectly with the N88S mutation. Likewise, the sole NFV-
resistant alteration, N88S, in the AE protease does not change
the overall electrostatics. Thus, in both clade B and AE, NFV
resistance is attained with no change to the net charge of the
enzyme. In the wild-type variants, Asn88 is one of the few
internal hydrogen bonding side chains in the core of the pro-
tease monomer. The side chain of Asn88 has a key role in the
protease structure bridging the terminal helix, with residues 30
and 31 coming from the active site to the backbone of Thr74 in
the center of one of the outer beta strands (Fig. 4A and B).
With the substitutions of Asp in clade B and Ser in AE for Asn
at position 88 in the NFV-resistant protease variants, the hy-
drogen bonding network is preserved through the coordination
of some key water molecules in the core of the protease mono-
mer (Fig. 4B to D). Thus, mutations confer resistance to NFV
through a series of interdependent changes that preserve the
structural and electrostatic properties of 111V-1 protease.

In conclusion, protease activity and the response (o protease
inhibitors can be affected by clade-specific sequence differ-
ences. Our findings likely extend beyond HIV-1 protease to
other drug targets within HIV and underscore the need to
consider clade-specific polymorphisms when developing new
drugs and formulating (reatment plans. Furthermore, drug re-
sistance pathways observed in the context of clade B viruses
cannot be assumed to hold true for other HIV-1 clades.
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Anti-HIV peptides with inhibitory activity against HIV-1 integrase (IN) have been found in overlapping
peptide libraries derived from HIV-1 gene products. In a strand transfer assay using IN. inhibitory active
peptides with certain sequential motifs related to Vpr- and Env-derived peptides were found. The addition
of an octa-arginyl group to the inhibitory peptides caused a remarkable inhibition of the strand transfer and
Y-end-processing reactions catalyzed by IN and significant inhibition against FIIV replication.

Introduction

Many antiretroviral drugs are currently available to treat
human immunodeficiency virus type 1 (H1V-1) infection. Viral
enzymes such as reverse transcriptase (RT“), protease and
integrase (IN), ep41, and coreceptors are the main targets for
antiretroviral drugs that are under development. Because of the
emergence of viral strains with multidrug resistance (MDR).
however, new anti-HIV-1 drugs operating with different in-
hibitory mechanisms are required. Following the success of
raltegravir, IN has emerged as a prime target. IN is an essential
enzyme for the stable infection of host cells because it catalyzes
the insertion of viral DNA inside the preintegration complex
(P1C) into the genome of host cells in two successive reactions,
designated us strand transfer and 3’-end-processing. It is
assumed that the enzymatic uctivities of IN have to be negaltively
regulated in the PIC during its transfer from the cytoplasm to
the nucleus. Otherwise, premature activation of IN can lead to
the autointegration into the viral DNA itself, resulting in an
aborted infection. We speculate that the virus, rather than the
host cells. must encode & mechanism to prevent autoinfegra-
tion. The PIC contains in association with the viral nucleic
acid, viral proluns suchas RT, IN, capsids (p24* ™ and p7™©).
matrix (pl7 Ay, p6 and Vpr, cellular proteins HM(: 1(Y).
and the barricr to autointegration factor (BAF).' * It is likely
that, due to their spatial proximity in the PIC, these proteins
physically and functionally interact with each other. For
msldnce it is already known that RT activity mhxbmd by
Vpr,” and that RT and IN inhibit each ()lhu ? Vpr also
inhibits IN through its C-terminal domain.*'® Because these
studies suggest that PIC components regulate each other’s

*To whom correspondence should be addressed. Phone: +81-3-5280-
R036. Fax: | 81-3-5280-8039. E-mail: tamamura.mra tmd.ac.jp.

“Abbreviations: HIV. human immunodeficiency virus; IN. integrase:
RT. reverse (ranscriptase; MDR, multidrug resistance; PIC. preintegra-
tion complex: BAF, barrier (o autointegration factor; Ry, octa-arginyl.
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function, we have attempted to obtain potent inhibitory lead
compounds from a peptide [ragment library derived {rom
HIV-1 gene products, an approach which has been successful
in finding a peptide IN inhibitor from LEDGF, « cellular IN
binding protein.'’

In this paper. we describe the sereening of an overlapping
peptide library derived from HIV-1 proteins, the identifica-
tion of certain peplide motils with inhibitory activity against
HIV-1IN, and the evaluation of effective inhibition of HIV-]
replication in cells using the identified peptide inhibitors
possessing cell membrane permeubility.

Results and Discussion

An overlapping peptide library spanning HIV-1 SF2 Gy,
Pol, Vpr. Tat, Rev, Fpu, Env, and Nef, provided by Dr.
lwamoto of the Institute of Medical Science at the University
of Tokyo (Supporting Information, SI, Figure 2A), was
screened with a strand transfer assay'? in search of peplide
pools with inhibitory activity against HIV-1 IN. The library
consists of 658 peptide fragmentsderived from the HIV-1 gene
products. Fach peptide is composed of 10—17 amino acid
residues with overlapping regions of 1—7 amino acid residues.
Sixteen peptide pools containing between 16 and 65 peptides
were used for the first screening at the final concentration of
5.0 1M for euch peptide (S1 Figure 2B ). This initial screening
gave the results shown in Figure 1. Both Vpr and Env4 pools
showed remarkable inhibition of IN strand transfer activity,
and consequently a second screening was performed using the
individual peptides contained in the Vpr and Env4 pools. A
group of consecutive overlapping peptides in the Vpr pool
(groups 13—15) und groups 4—6 and 20-21 in the Env4 pool
were found to possess IN inhibitory activity (Figure 2). We
focused on VprlS and Envd-4 peptides because they showed
inhibitory activity against IN strand transfer reaction in a
dose-dependent manner (Figure 3). The 1Csy values of Vprl §
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Figure 1. Inhibition of the IN strand transfer activity by peptide
pools. Inhibition of the IN strand transfer activity was strongly
inhibited by Env4 and Vprpools (arrows). The y-uxis represents the
IN strand transfer activity relative to the solvent control (DMSQ).
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Figure 2. Tdentification of IN inhibitory peptides in the Vpr (A)
and Env4 (B) pools based on the strand transfer activity of IN. The
consecutive overlapping peptides display the inhibition of the strand
transfer activity of IN (arrows). The p-axis represents the IN strand
transfer activity relative to the solvent control (DMSO). The con-
centration of each peptide was 5 #M. The common sequences of
individual peptides derived from Vpr and Env4 pools with anti-IN
activity are underlined.

and Envd-4 were estimated at 5.5 and 1.9 M, respectively.
These peptides did not show any significant inhibitory activity
against HIV-1 RT, suggesting that they might inhibit IN
strand transfer reaction selectively.

The overlapping peptides of Vpr13-15 and Env4-4-6 have the
vommon hexapeptide sequences LQQLLE and IFIMIV, res-
pectively. The LQQLLE sequence covers positions 64—69 of
Vpr. which is a part of the second helix of Vpr. The 1FIMIV
sequence corresponds to positions 684 —689 of gp160, whichis a
part of the transmembrane domain of TM/gp41. These hexa-
peptides are thought to be critical to inhibition of IN activity. It
wus recently reported” that similar peptides derived from Vpr
inhibit IN with ICsy values of 1 —16 4M, which is consistent with
our data. In this report,” the peptide motif was found 1o be 15
amino acid residues spanning LQQLLF from the overlapping
Vpr peptide library. In our study, more precise mapping of
inhibitory motif in Vpr peptides was achieved by identifying the
shorter effective peptide motif. We focused on the Vpr-derived
peptide, LQQLLF (Vpr-1) to develop potent inhibitory pep-
tides. However. the expression of inhibitory activity against IN
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Figure 3. Concentration-dependent inhibition of IN strand trans-
fer activities by Vprls (O) and Envd—4 (@) peptides. The y-uxis
represents the IN strand transfer activity relative to the solvent
control (DMSO).

in vivo by only hexapeptides might be difficult because these
hexapeptides penetrate the plasma membrane very poorly and
to achieve antiviral activity. it is essential that they penetrate the
cell membrane. To that effect, an octa-arginyl (Rg) grou p' T was
fused to the Vpr-derived peptides (Table 1). Ry is a cell mem-
brane permeable motif and its fusion with parent peptides
successfully generates bioactive P@plidcs without significant
adverse effects or eytotoxicity. ' In addition, the Rg-fusion
could increase the solubility of Vpr-derived peptides which have
a relatively hydrophobic character.

The inhibitory activity of Vpr-1 and Vpr-1-4 Rg peptides
against IN was evaluated based on the strand transfer and 3'-
end-processing reactions in vitro (Table 1)."2" Vpr-1 did not
show strong inhibition of cither IN activity, but the 1Cs, of
Vpr-1 Ry toward the strand transfer reaction of IN was 10-fold
lower than that of Vpr-1 lacking the Ry group. This indicates
that the positive charges derived from the Rg group might
enhance the inhibitory activity of the Vpr-1 peptide. Because
we were concerned that the strong positive charges close to the
LQQLLIE motif might interfere with the inhibitory activity, the
6 amino acid sequence (—IHFRIG—) was inserted as a spacer
between LQQLLF and Rg (Vpr-3 Rg). The IHFRIG sequence
was used to reconstitute the natural Vpr. The 1Csy values of
Vpr-2 Ry for the strand transfer and 3'-end-processing activities
of IN were 0.70 and 0.83 uM, respectively, while Vpr-3 Rg
showed potent IN inhibitory activities of 4.0 and 8.0 nM against
the strand transfer and 3'-end- processing activities, respectively.
This result indicates the additional importance of the IHFRIG
sequence for inhibitory activities against IN. The increased 1IN
inhibitory activities might be achieved presumably by the
synergistic effect of the LQOQLLF motif, the IHFRIG sequence.
and the Rg group. Vpr-4 Rg, in which the EAIIRI sequence was
attached to further reconstitute the Vpr helix 2, showed inhibi-
tory activities similar to those of Vpr-3 R, suggesting that
reconstitution of helix 2 of Vpr is not necessary for efficient IN
inhibition. Vpr-3 Rg and Vpr-4 Ry, with 1Csy > 0.5 1M, were
less potent inhibitors of RT-associated RNase H activity,
indicating that these peptides can selectively inhibit IN. These
resulls suggest that Vpr-derived peptides are novel and distinct
from any other IN inhibitors reported to date.

For rapid assessment of the antiviral effect of V pr-derived
peptides. we established an MT-4 Luc system in which MT-4
cells were stably transduced with the firefly luciferase expres-
sion cassette by a murine leukemia viral vector (S1 Figure 3).
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Table 1. Sequences of Vpr-Derived Peptides and Their ICso Values toward the Strand Transfer and 3-End Processing Reactions of IN

1Cs0 (M)
sequence strand transfer 3"-end processing
Vpr-1 LQQLLF 68L£1.0 > 100
Vpr-1 Ry Ac-LQQLLF -RRRRRRRR-NH 61411 >1]
Vpr-2 Ry Ac-THFRIG-RRRRRRRR-NH; 0.704: 0.06 0.83 £ 0.07
Vpr-3 Ry Ac-LQQLLF IHFRIG-RRRRRRRR-NH; 0.004 £0.0001 0.008 £ 0.001
Vpr-4 Ry Ac-EANRI LQQLLF IHFRIG-RRRRRRRR-NH> 0.005£0.002 0.006 £ 0.006
~ 77 (47,0009 _ ®
£ Vpr4R, ‘ } 400
g Vpr-3R, 6,000
,g 6 = 5,000 3007
= Vpr-1R, E 4,000 H
2 Vpr2R, 2 3000 2 200
2 Vpr1 & 2,000 g
kit a % a 1001
[4 1,000
; 47 [-I — 4]
€ ¢ &N Qv o
g =) g ‘f’: o 15 0 4 8 12
3 37 concentration (1M) days post-infection
G
3
- 2 e sy e Figure 5. (A) The inhibition of HIV-Ty.cs replication in NP2-
0.1 1 10 100 CD4-CCR3 cells in the presence of various concentrations of Vpr-3
: . Rg. (B) The replication kinetics of HIV-1j3xpa in MT-4 cells in the
Peptide concentration (uM) presence of Vpr-3 Ry (®). The concentration of Vpr-3 Ry was fixed

Figure 4. Luciferase signals in MT-4 Luc cells infected with HIV-1
in the presence of various concentrations of Vpr-derived peptides:
Vpr-1 (@) Vpr-1 Re (O). Vpr-2 Re (A). Vpr-3 Rg (O), Vpr-4 Ry (=),

MT-4 Luc cells constitutively express high levels of luciferase
which are significantly reduced by HIV-1 infection due to their
high susceptibility to cell death upon HIV-I infection. Protec-
tion of MT-4 Luc cells from HIV--induced cell death maintains
the luciferase signals at high levels. In addition, the cytotoxicity
of Vpr-derived peptides can be evaluated by u decrease of
luciferase signals in these MT-4 Luc systems. Vpr-2 Rg, which
isa weak IN inhibitor, showed no significant anti-HIV-1 activity
below concentrations of 20 M. suggesting that its moderate
1C5 level in vitro is not sufficient to suppress HIV-1 replication
in tissue culture and that the Rg group is not significantly
cytotoxic (Figure 4). Vpr-1 did not show any inhibitory effects
against HIV-1 replication; however, Vpr-1 Ry displayed a weak
antiviral effect at « concentration of 20 M and both Vpr-3 Ry
and Vpr-4 Rg showed significant inhibitory effects against
HIV-1 yeplication. The Rg peptide did not show significant
anti-HIV activity (ICsg > 50 M, data not shown). These
results suggest that the addition of the Ry group enables Vpr-
derived peptides to enter the cyloplasm and access IN, with the
result that HIV-] replication could be effectively inhibited.
Because Vpr-3 Ry was less cytotoxic than Vpr-4 Re. the inhi-
bitory activities of Vpr-3 Rg were further investigated. Two
replication assay systems, R5-tropic HIV-1p.csr on NP2-C14-
CCRS cells and X4-tropic H1V-lyxp: on MT-4 cells, were
utilized. NP2-CD4-CCRS cells were infected with HIV-lir.csy
in the presence of various concentrations of Vpr-3 Rg. On day 4
postinfection. the culture supernatant was collected and the
concentration of viral p24 antigen was measured by an ELISA
assay. The p24 levels decreased in a dose-dependent muanner
with increasing the concentration of Vpr-3 Rg; 50% inhibition
of p24 expression was obtained with approximately 0.8 #4M of
Vpr-3 Ry (Iigure SA). This concentration was approximately
10-fold Jower than the concentration of Vpr-3 Rg known to be
cytotoxic (Figure 4). Second. MT-4 cells were infected with
HIV-1jxn2 and the replication kinetics was monitored in the

at 0.5 uM. Absence of Vpr-3 Rg (C).

presence of 0.5 #M Vpr-3 Rg. The degree of replication of HIV-
lyaxsa was quite low in the presence of Vpr-3 Rg, while replica-
tion of HIV-lyxg: was robust in the absence of Vpr-3 Rg
(Figure 5B). suggesting that Vpr-3 Rg strongly suppresses the
replication of HIV-1 in cells. To examine whether the HIV-1
replication was blocked through the inhibition of IN activity,
quantitative real-time PCR was performed. 1f IN is inhibited,
the efficiency of viral genome integration should be decreased
while the reverse transcription of viral genome should not be
affected. Accordingly, NP2-CD4-CXCR4 cells were infected
with HIV-1Ijxg2 in the presence or absence of 0.5 4M Vpr-3 Rg.
Genomic DNA was extracted on day 2 postinfection, and the
viral DNA was quantified at the various steps of viral entry
phase. The level of “strong stop DNA™, representing the total
genome of infected virus in Vpr-3 Rg-treated cells. was similar
(139.7%) 1o that in DMSO-treated control cells and the level of
viral DNA generated at the late stage of reverse transcription in
Vpr-3 Rg-treated cells was slightly decreased (84.4%) compared
to control cells. This small decline can probably be attributed to
the weak anti-R Nase H activity of Vpr-3 Rg. On the other hand,
a drastic decrease of Alu-LTR products was observed in Vpr-3
Rg-treated cells (15.8%), indicating an inhibition of integrated
viral genome. Concomitantly. the double LTR products, repre-
senting the end-joined viral genome catalyzed by host cellular
enzymes, were increased by a factor of 8 (779.8%). These results
strongly suggest that Vpr-3 Ry blocks viral infection by inhibi-
ting INactivity in cells, consistent with our in vitro observations.
Judging by these results, Vpr-derived peptides with the Rg group
are potent IN inhibitors that suppress HIV-| replication in vivo.

Finally. in silico molecular docking simulations of Vpr-
derived peptides and HIV-1 IN were performed. The Vpr-
derived peptides ure located in the second helix of Vpr and
were thus considered (o have an a-helical conformation.*
Docking simulations of three peptides (Vprl3. Vprld, and
Vprl5), using the predicted structure of the HIV-T1IN dimer as
a template,” were performed by GOLD software to investi-
gate the binding mode of the peptides. the binding affinity of
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Figure 6. Predicted binding mode of Vpris to HIV-1 IN by
GOLD. An overall view of (a) the complex obtained by docking
Vprii with the HIV-1 IN dimer and (b) the closer view of the
complex. The predicted structure of full-length HIV-1 IN was used
as a template. Each HIV-1 IN monomer was shown as green or cyan
surface. The docked Vprl$s is shown as a cartoon. The yellow-
colored region is the LQQLLF motif. The GOLD score represent-
ing the docking complementarity is 69.83. indicating the high
binding affinity between Vprl5 and IN. The hydrogen-bond inter-
actions between HIV-1 IN and Vpri3 were presented by LIGPLOT
software shown as blue dotted line (¢).

the peptides being evaluated by GOLD Fitness score. The
predicted binding mode of Vprl5 to IN is shown in Figure 6.
Our results predict that the three Vpr-derived peptides interact
with the cleft between the amino-terminal domain and the
core domain of HIV-1 IN. This region is distinct from the
nucleic acid interacting surfaces, indicating that the Vpr-
derived peptides inhibit IN function in an allosteric manner.
A previous report provided a model in which a Vpr p«.pude
was bound to IN in a manner similar with our model® and,
interestingly, the peplides were bound to IN with an exterior
surface of Vpx This earlier report that the [ull-length Vpr
inhibits IN'" strongly supports the predicted binding mode of
Vprl5, Five hydrogen-bond interactions between HlV 1IN
and Vprl5 were identified by LIGPLOT uanalysis,” 4 which
invoked the following IN-Vpr umino acids: IN Thrl12-Vpr
GIn6s, IN SerS6-Vpr Gln66, IN Asp207-Vpr Gln66, IN
Ser195-Vpr Arg73. and IN Gly189-Vpr His78. The number-
ing of Vpr amino acids is based on the Vpr full-length
coordinate, Figure 6. Additional hydrophobic contacts be-
tween IN and Vprls were found in which the following IN-
Vpr amino acid pairs are involved: IN Lys211-Vpr GIn66, IN
Pro109-Vpr Phe69. IN Arg262-Vpr His71, and IN Argl87-
Vpr GIn77. These data indicate that the GIn6S, Gln66, and
Phe69 residues in Vpr-derived peptides play a majorrolein the
interaction between IN und Vpr-derived peptides.

Conclusions

In sunimary. two peptide motifs, LQQLLEF from Vpr and
IFIMIV from Envd. possessing inhibitory activity against
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HIV-1 IN, were identified through the screening of over-
lapping peptide library derived from HIV-I gene products.
We initially speculate that HIV encodes a mechanism to prevent
autointegration in the PIC because integration activity must be
regulated until the virus infects cells. This speculation is sup-
ported by the [inding that IN inhibitors exist in the viral PIC
components. Vpr-derived peptides with the Rg group showed
remarkable inhibitory activities against the strand transfer and
3-end-processing reactions catalyzed by HIV-1 IN in vitro. In
addition, Vpr-3 Rg and Vpr-4 Rg were shown to inhibit HIV-1
replication with submicromolar ICsq values in cells using the
MT-4 Luc cell system. In the quantitative analysis of p24
antigen, 50% inhibition of HIV-1p.csp replication was caused
by approximately 0.8 #M of Vpr-3 Rg, and the replication of
HIV-lxp2 wasexlensively suppressed in the long term by Vpr-3
Rg at 0.5 ;tM concentrations. Our finding suggest that these
peptides could serve as lead compounds for novel IN inhibitors.
Amino acid residues critical o the interaction of Vpr-derived
peptides with IN were identified by our in silico molecular
cdocking simulations, and suggests that more potent peplides™ =
or peptidomimetic IN inhibitors represent a novel avenue for
future small molecule nhibitors of IN and HIV integration.

Experimental Section

Peptide Synthesis. Vpr-derived peptides containing the Rg
group were synthesized by stepwise elongation technigues ol
Fmoc-protected amino acids on NovaSyn TGR resin. Coupling
reactions were performed using 5.0 equiv of Fmoce-protected
amino acid. 5.0 equiv of diisopropylcarbodiimide, and 5.0 equiv
of 1-hydroxybenzotriazole monohydrate. Cleavage of peptides
from resin and side chain deprotection were carried out with 10
mL of TFA in the presence of 0.25 mL of m-cresol, 0.75 mL of
thioanisole. 0.75 mL of 1.2-ethanedithiol, and 0.1 mL of water
as scavenger by stirring for 1.5 h. After filtration of the depro-
tected peptides. the filtrate was concentrated under reduced
pressure, and crude peptides were precipitated in cooled diethyl-
ether. All crude peptides were purified by RP-HPLC and
identified by MALDI-TOI'MS. Purities of all final compounds
were conlirmed (> 95% purity) by analytical HPLC. Detailed
data are provided in SI.

Enzyme Assays. The strand transfer assay [01 the first screen-
ing was per l"mmed as described previously.'® The 1IN strand
transfer and 3-end-processing assays {or peptide motif dml«
acterizations were per formed as described previously.!
RNase 1T activily was measured as described by Beutler et al.?

Replication Assays. For HIV-1 replication assays, 1 x 10°
cells were incubated at room temperature for 30 min with an
T1V-1 containing culture supernatant (ca. 0.2—50 ng p24) and
then washed and incubated. Culture supernatants were collected
at different time points, and then the cells were passuged if
necessary. Levels of p24 antigen were measured using a Retro
TEK p24 antigen ELISA kit. according to the manufuacture’s
protocol. Signals were detected using an ELx808 microplate
photometer.

For MT-4 Luc assays, MT-4 Luccells (1 x 10% cells) grown in
96-well plates wereinfected with IV-1xppa(ca. 0.2—10ng p24)
in the presence of varying concentrations of Vpr-3 Rg. At 6=74d
postinfection. cells were lysed and luciferase activity was mea-
sured using the Steady-Glo assay kits according to the manu-
facture’s protocol. Chemiluminescence was detected with a
Veritas luminometer.
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