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Table 1
Antiviral activity of C-HR-derived peptides against gp41 recombinant viruses.
ECso (nM)
T-20 T-205;388 T-20EK C34 C34n126K SC35EK
HIV-Twy? 24+06 06+0.1 19405 21407 1.6£05 24x08
HIV-13378 47+69 (20) 43+1.3(7.2) 21+24 (11) 33+1.1(1.6) 1.9+£0.1(1.2) 1.0+:0.4(0.4)
HIV-1144m 4.1+1.2 (1.7) 0.7+0.2(1.2) 22406(1.2) 1.1+ 0.3(0.5) 0.8:+£0.2(0.5) 0.6+0.2(0.3)
HIV-1n128K 44+13 (1.8) 1.2+0.4(2.0) 2.8+0.2(1.5) 6.3+:1.2(3.0) 1.54+0.2(0.9) 334£02(14)
HIV-Ti37nn126k 660+ 180(275) 16+4.8 (27) 14+£5.1(7.4) 20+4.5(9.5) 34+04(2.1) 29+03(1.2)
HIV-137n/L44m/N126K >1000 (>417) 130:40(220) 240 95(126) 6623 (31) 4.0+0.8(2.5) 1.1+£0.1(0.5)
HIV-1y335 2345.5 (9.6) 3.1+£06(5.2) 13+2.6(6.8) 32+1.1(1.5) 2.1+£0.1(1.3) 3.0+0.8(1.2)
HIV-Tna3p 49+10 (20) 35+0.9(58) 4.1£1.2(2.2) 4.4+£04(2.1) 1.4+0.1(0.8) 0.4+0.2(0.2)
HIV-1i691 2.1+05 (0.9) 0.5+0.2(0.8) 22:+04(1.2) 2.74+0.2(1.3) 22+05(1.4) 2.7+£05(1.1)
HIV-Tg137% 2.0+0.3 (0.8) 0.7+0.1(1.2) 25+04(1.3) 26+£02(1.2) 23+0.7(1.4) 3.1+0.8(1.3)
HIV-Tna3pjs1388 84416 (35) 32+1.0(5.3) 3.4+1.1(1.8) 2.74+0.2(1.3) 1.6+0.5(1.0) 0.3+0.1(0.1)
HIV-11335/n43D/5138A >1000 (>417) 550+72(174) 33094 (14) 30+9.2(2.6) 42+1.2(04) 0.9+0.3(0.4)
HIV-Tn43pE137K/51388 110+31 (46) 14+4.7 (23) 7.0£24(3.7) 7.4+£1.9(3.5) 2.1£0.7(1.3) 1.94+0.6(0.8)
HIV-11335/n43D/E137K/5138A >1000 (>417) >1000(>1667) >1000 (>526) 31+£5.0(15) 6.7+1.7(4.2) 1.2£0.2(0.5)
HIV-T1335n43D/1691/E137K/5138A >1000 (>417) >1000(>1667) >1000 (>526) 5012 (24) 28+7.1(17.5) 1.0+0.9(0.4)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECsg) values and SD were obtained from the results of at Jeast three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECsg value) calculated by comparison to a wild-type virus (HIV-1wr). Increases of over

10-fold are indicated in bold.

2 To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wr) (Izumi et al., 2009; Mink et al., 2005).

observed in wild-type HIV-1 as polymorphisms (Kuiken et al.,
2010; Loutfy et al., 2007), conferred little resistance to all pep-
tide fusion inhibitors tested. However, introduction of L44M to
Hlv‘ll37N/N]26K (H]V"]l37N/L44M/N]26K) remarkably enhanced resis-
tance to T-20 derivatives. This was consistent with previous
studies that also reported a resistance enhancement (1.8-fold) by
L44M to T-20 (Loutfy et al., 2007). Collectively, these data sug-
gest that L44M has as a role in HIV-1 resistance as a secondary
mutation. All peptides sufficiently suppressed HIV-1g9, suggest-
ing that I69L may be a secondary mutation or a polymorphism.
N126K conferred only marginal resistance (<3-fold) to all peptide
fusion inhibitors, but in the background of I37N (HIV-1i37yn126K)
it enhanced resistance to T-20, T-20s73g4. and C34. L33S, which
was originally reported as a C34 resistance associated mutation
(Armand-Ugon et al., 2003), significantly enhanced resistance in
the background of N43D/5138A mutations (HIV'1L33S/N43D/SI38A)'
Similar to the N126K mutation, E137K also enhanced resistance by
N43D/S]38A (Hlv‘1N43D/E137K/S‘l38A) and L335/N43D/S138A (HIV-
1L335/N43D/E137K/S“l 38A) to T-20s1384, T-20, and T-20EK. These results
indicate that L33S and 137N appear to be primary mutations for
T-20 derivatives.

3.3. Effect of substitutions in the gp120 on peptide susceptibility

Polymorphisms in the gp120 that influence co-receptor usage
may influence T-20 susceptibility (Labrosse et al., 2003; Reeves
et al., 2002). Meanwhile, others reported that T-20 susceptibility
was not influenced by co-receptor usage (Cilliers et al., 2004; Melby
et al,, 2006). Resistance induction experiments performed in this
study revealed that most laboratory strains with in vitro resistance
to fusion inhibitors acquired substitutions in both the gp120 and
the gp41 (Armand-Ugon et al., 2003; Eggink et al., 2011; Fikkert
et al., 2002; Izumi et al., 2010; Nameki et al., 2005; Shimura et al.,
2010). However, most substitutions showed little impact on resis-
tance, and only contributed to a small enhancement of replication
capacity (Eggink et al., 2011; Izumi et al., 2010; Nameki et al., 2005;
Shimura et al.,, 2010). In the present study, we examined peptide
susceptibility of cloned viruses that contain all Env substitutions
observed in the selection (both gp120 and gp41). Most substitutions
in the gp120 attenuated resistance to fusion inhibitors (Table 3).
Therefore, in vitro experiments showed that substitutions in the
gp120 are not likely associated with resistance.

3.4. Influence of mutations in the gp41 on HIV-1 replication

To address the effects of mutations on HIV-1 replication, we
examined the replication kinetics of T-20g;3ga-resistant HIV-
Ina3pjsi3ea Variants. Consistent with a previous report (Lohrengel
et al., 2005), the L33S mutation did not significantly affect the
replication kinetics and infectivity compared with those of
HIV-1wr (Fig. 2A). The S138A mutation restored the replication
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Fig. 2. Replication kinetics of T-20s13sa-resistant variants. Replication kinetics of
T-20s1384-resistant recombinant variants that introduced 133S mutation (A), or
combinations of L33S, E137K, and S138A mutations in HIV-1n43p (B). To improve
replication kinetics, the D36G polymorphism was introduced into the NL4-3 back-
ground used in this study (HIV-1wr). Supernatants from infected MT-2 cells were
collected on days 2-7 and the amount of p24 produced was determined. Represen-
tative results are shown as mean values with standard deviations estimated from
three independent experiments.
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kinetics of HIV-1ng3p (Fig. 2B), as previously described (Izumi
et al, 2009). E137K was also associated with N43D mutation
in vivo (Svicher et al, 2008), and restored infectivity impaired
by N43D (Tolstrup et al., 2007). Introduction of E137K into
N43D/S138A enhanced the replication kinetics, and further
addition of L33S to N43D/E137K/S138A resulted in equivalent
replication kinetics compared with HIV-Ty43pje1375/51384 (Fig. 2B)
as observed in HIV-1wr based mutants. During the passage of
HIV-Tn43pjsi3ga, @ synonymous mutation at amino acid posi-
tion L44, TTG to CTG, was observed. Interestingly, Lrpc44Lcrg
enhanced viral replication kinetics through enhanced stabil-
ity of the Rev-responsive element (RRE) secondary structure
(Ueno et al., 2009). Therefore, we examined the viral replication
kinetics of mutants with Lirg44Llcrg, and compared HIV-1yr,
with HIV-Tpa4r.crc, and HIV-11335/N43p/L44L-cTG/E137K/S 1384 With
HIV-1y 335/N43DjL44L-cTG 1601 /E137K/5138A- AS €xpected, the presence
of Lyrg44Lcrc enhanced replication in all viruses. Surprisingly,
mutants with resistance mutations showed enhanced replication
kinetics as determined by the p24 production assay of culture
supernatants (Fig. 4A). Therefore, we further examined infectivity
using the MAGI assay and determined that the infectivity of
resistance variants containing Lyrg44Lcrg was reduced compared
with HIV-1wr (Fig. 4B). These results indicate that the primary
mutation, L33S, possesses less ability to attenuate HIV-1 replica-
tion, while 169L, S138A, and E137K enhance replication kinetics of
T-20-resistant HIV-1 to a comparable level of HIV-1yr.

3.5. Circular dichroism

To clarify the effect of E137K substitutions on peptide bind-
ing, we examined the binding affinities of E137K-containing C-HR
peptides to N-HR using CD analysis. CD spectra reveal the pres-
ence of stable a-helical structures of six-helix bundles that are
required for biological activity and are thought to mechanistically
and thermodynamically correlate with HIV-1 fusion (Bianchi et al.,
2005). Since in vitro T-20 does not interact with the N36 peptide
(amino acid positions 35-70 of the N-HR), we used instead peptide
C34 with E137K and/or S138A substitutions (Fig. 1A). We found
that mixtures of C34E137K» C345133A, or C34E137K/Sl38A with N36
or N36n43p showed sufficient and comparable a-helicity at 25°C
(Fig.3A and B). We also determined the thermal stability of the heli-
cal complexes formed by the N36 and C34 peptides, which is also
an indication of the binding affinity of these peptides. Hence, we
measured and compared the melting temperatures (Ty, ) of various
complexes, which indicates the 50% disruption of the six-helix bun-
dle (Fig. 3C). Complexes of N36 and (34 containing the S138A and
E137K/S138A substitutions (N36/C34s;3g4 and N36/C345137K/5138A,
respectively), showed higher thermal stability than N36/C34. Sim-
ilarly, S138A and E137K/S138A restored the binding affinity of C34
to N36n43p. These results indicate that E137K acts as a compen-
satory mutation for the T-20s;3g4-resistance primary mutation,
causing enhancement of replication kinetics.

3.6. Antiviral activity of E137K-modified peptides

Recently, we demonstrated that introduction of the S138A sec-
ondary mutation to T-20 (T-20s1384 ) enhanced binding to mutated
N-HR and suppresses resistance of T-20-resistance variants (Izumi
et al., 2009). Similarly, as shown in Fig. 3, E137K enhanced binding
affinity with N-HR, suggesting that introduction of E137K to T-20
may enhance the antiviral activity of T-20. We synthesized T-20
and T-20s1384 variants containing the E137K change (T-20gq37x¢
and T-20g137/5138a) (Fig. 1A) and examined their anti-HIV activity
against T-20s13g4-resistant HIV-1 (Table 2). All peptides exhibited
potent antiviral aCtiVity against HIV-1wr. HIV']L335/N43D/5138A
and HIV'1I37N/L44M/N12GK showed hlgh resistance to T-20g137K,
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Fig. 3. CDspectra (A and B) and thermal stability (C) of N36/C34 complexes. Peptide
sequences used in this study are shown in FIG 1A and have also been previously
described (lzumi et al., 2009). CD spectra of C34g137x, C34s138a, and C34g137x/51384
complexes with N36 (A) and N36y43p (B) are shown. Equimolar amounts (10 pM)
of the N- and C-HR peptides were incubated at 37°C for 30 min in PBS. The CD
spectra of each mixture were then collected at 25°C using a Jasco (Model ]-710)
spectropolarimeter. (C) Thermal stabilities, defined as the midpoint of the thermal
unfolding transition (T) values, of the potential six-helix bundles of N~ and C-HR
peptides, were determined.

indicating that the resistance mechanism of T-20g;37 is similar
to that of T-20s138a. On the other hand, T-20g;37¢/51384 (Table 2)
maintained some antiviral activity against HIV-1;335/n43D/s138A
HIV-1y335/n43D/E137K/5138A, aNd HIV-T137n/144mN126K COMPpared with
other T-20 derivatives including electrostatically constrained
T-20EK (Table 1 and Fig. 1). C34g;37¢ and C34E]37l(/5138A signif-
icantly suppressed all HIV-1 variants tested except for HIV-1
137N/L4amvyN126K DY C34g137¢. These results indicate that peptides
with resistant mutations may sustain their activity against
particular resistant variants.

4. Discussion

The current study describes the introduction of resistance
changes into the original and modified (T-20s13g4) versions of
the T-20 peptide-fusion inhibitor. We analyzed the new T-20
derivatives using both wild-type and T-20-resistant strains. We
also identified through dose escalation experiments, T-20s1334-
resistants. We found that T-20sj3gs-resistant HIV-1 showed
cross-resistance only to the T-20 derivatives, but not to C34
derivatives. Through the CD analysis, the N126K and E137K muta-
tions in the C-HR may act as compensatory mutations for impaired
interaction by a primary mutation, 137N and N43D in the N-HR,
respectively. Since E137K is located within the T-20 sequence, we
synthesized and characterized the activity of novel T-20-based
peptides containing E137K (T-20g137¢ ). Here we demonstrate that
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Table 2
Antiviral activity of E137K-induced C-HR peptides against T-20s13s4-Tesistant variants.
ECso (nM)
T-20g137% T-20g137x/51388 C34g137¢ C34g137x/5138n
HIV-Twy? 0.8+0.2 0.5+0.1 1.0+03 0.7+02
HIV-Ty335 13+£32 (16) 22+04(45) 0.7 £0.2(0.7) 0.540.1(0.7)
HIV-1n43pjs138A 42+07 (53) 0.7+0.2(1.4) 0.3+0.1(0.3) 0.4+0.1(0.6)
HIV-1y335/Na3D/5138 7004150 (880) 45+9.9 (90) 2.3+04(2.3) 0.5+0.2(0.7)
HIV-1na3pjE137K/5138A 12436 (15) 24408 (4.8) 0.2£0.1(0.2) 0.4:0.1(0.6)
HIV-11335/Na3D/E137K/5138A 480147 (600) 36%3.1 (72) 3.8+1.3(3.8) 1.0+£04(1.4)
HIV-11335n430/1691/E137K/5138A 1808 + 852(2260) 157 £ 83(314) 4+2 (4) 1.0+04(1.4)
HIV-1p7np4amm126x 200424 (250) 3048.7 (60) 17+3.8(17) 22+03(3.1)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective concentration (ECso ) values and SD were obtained from the results of at least three independent
experiments. Shown in parentheses are the fold-increases in resistance (increase in ECsp value) calculated by comparison to a wild-type virus (HIV-1wr). Increases of over

10-fold are indicated in bold.

2 To improve the replication kinetics, substitution of D36G, observed in majority of HIV-1 strains, was introduced into the NL4-3 background used in this study (wild-type

virus; HIV-1wr) (Jzumi et al,, 2009; Mink et al., 2005).
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Fig. 4. Effect of secondary mutations in the N-HR on (A) replication kinetics and
(B) infectivity. Lrrc44Lce was introduced into HIV-1wr and T-20g13s4 resistant
HIV-1 (HIV-1335/na3pjLaaL-cTGI89L/E137K/51384 )- Replication Kinetics were determined
by measuring p24 production in culture supernatants. HIV-1wy (open circles),
HIV-Tp44. (closed circles) HIV-1i335na3ppiso/E137x/5138a (Open squares), and HIV-
11335/N43D/L44L-CTG/691/E137K /51384 (Closed squares). Lrg44Lcrc introduction statistically
enhanced both replication of HIV-1wr and HIV-1,335/na3pjLeat-cTG/169L/E137K/5138A (StU-
dent’s t-test, p<0.01 on day 4 and 5). Relative infectivity (blue cell counts in MAGI
cells divided by amount of p24) was calculated (B). Error bars indicate SD of three
determinations. Decrease of infectivity between HIV-1,335/ns3pp691/E137K/51388 and
HIV-1|335/na3D/La4L-CTG 601 /E137K/s1384 WeTe statistically significant (Student’s t-test,
p<0.05).

the introduction of a secondary resistance mutation (E137K) in
the backbone of a peptide fusion inhibitor is a useful change that
results into more potent fusion inhibitors, even for HIV-1 strains
that are resistant to peptide fusion inhibitors.

Selection of T-20513ga-Tesistance starting with wild-type HIV-1
resulted in the emergence of 137N and L44M substitutions, which
were located in the N-HR region that is thought to interact with
T-20. Other substitutions at position 37 (I37T or 137K) also con-
ferred resistance to T-20 and C34 (Nameki et al., 2005), suggesting
that 137 in N-HR s critical for the attachment of C-HR-derived pep-
tide fusion inhibitors. The L44M mutation has only been observed
in subtype B HIV-1-infected patients treated with T-20 (Carmona
et al., 2005), and conferred weak resistance to T-20 (Loutfy et al,,
2007). In this study, L44M did not confer resistance to all peptide
inhibitors; however, L44M in combination with other mutations
(I37N/N126K) remarkably enhanced resistance to T-20s13ga, Sug-
gesting that L44M serves as a secondary mutation to enhance
resistance to T-20s13g4. N126K also enhances resistance to some
fusion inhibitors (Baldwin et al., 2004; Nameki et al., 2005; Eggink
et al., 2008) by helping recover losses in intra-gp41 interactions
that were caused by primary mutations, such as N43D.

When we selected T-20s33g4-Tesistant HIV-1 (HIV-1n43p/s1384)
we obtained a somehow different set of mutations that included
L33S, which is located at the presumed T-20 binding site at N-HR, as
well as 137N, N43D, and L44M. L33S was previously reported in HIV-
1 variants resistant to T-20 (Fikkertet al., 2002), C34 (Armand-Ugon

Table 3
Antiviral activity of C-HR-derived peptides against gp160 recombinant viruses.
Compound ECsg (rM)
ddC 771x272
T-20 derivatives
T20 >10,000 (NA)
T20EK 272941113 (NA)
T20s1351 3126453 (NA)
T20g137¢ 2761+ 1477 (NA)
T20g1371¢/51384 203 + 54 (0.6)
C34 derivatives
34 171.0:£ 106 (3.4)
34126k 25.9+46 (NA)
SC34EK 1.0+£08 (1)
C34g137¢ 7.0+44 (0.4)
C34g3371/5138A 0301 (0.3)

Anti-HIV activity was determined using the MAGI assay. Fifty percent effective con-
centration (ECsp) values and SD were obtained from the results of at least three
independent experiments. Shown in parentheses are the fold-increases in resistance
(increase in ECsg value) calculated by comparison to the resistant clone with muta-
tions only in gp41 (HIV-1,335/na3pp601/E137K/51384 )- TO improve the replication kinetics,
substitution of D36G, observed in majority of HIV-1 strains, was introduced into the
NL4-3 background used in this study (Izumi et al,, 2009; Mink et al., 2005). NA, not
available; ddC, dideoxycytidine.
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et al,, 2003), and a membrane-anchored C-HR-derived peptide,
M87 (Lohrengel et al., 2005). Although our work clearly demon-
strates that L33S is involved in resistance to T-20 derivatives, it
was not possible to discern whether L33S affected binding affinity
to C-HR in the CD analyses because L33 was not in the sequence
of the N36 N-HR peptide that we had to use in this study. As
shown in Fig. 2, L33S did not significantly affect replication kinet-
ics compared with HIV-1yr, suggesting that L33S might sustain
binding affinity with C-HR to form a stable six-helix bundle. The
L33S mutation is located in the loop of stem lic of the RRE (Ueno
et al,, 2009). Hence, nucleotide changes for L33S do not require
compensatory mutations to maintain secondary structure of the
RRE. Therefore, it is likely that L33S has little effect on replication
kinetics. In this study, L33S conferred little resistance to C34 in
this study, while it was previously reported to confer up to 10-
fold resistance (Armand-Ugon et al., 2003), suggesting that some
other viral background might affect the resistance, since Armand-
Ugon et al. (2003) examined bulk virus samples obtained from the
selection.

A prevalent polymorphism, E137K, which was associated with
N43D in vivo (Svicher et al,, 2008), has been proven to restore
infectivity that has been impaired by N43D (Tolstrup et al., 2007).
E137K did not affect susceptibility to all peptide fusion inhibitors
by itself, but in combination with primary mutations, it remark-
ably enhanced resistance to T-20s1334. Moreover, introduction of
the E137K change into N43D/S138A enhanced the viral replication
kinetics as shown in Fig. 2. A possible hydrogen bond between K137
and D43 may partially restore the reported loss in six-helix bundle
stability conferred by the N43D mutation (Bai et al., 2008), sug-
gesting that E137K can compensate for losses in the interactions
between N-HRng3p and C-HR. This hypothesis is consistent with
our CD results presented in Fig. 3.

Because E137K restored binding affinity with N-HR similar to
the S138A mutation, we expected that introduction of E137Kinto T-
20 would effectively suppresses replication of T-20-resistant HIV-1.
We examined the antiviral activity of E137K- and E137K/S138A-
containing T-20 and C34 to T-20¢13g4-resistant HIV-1. We found
that T-20g137¢ had similar antiviral activity with other T-20 deriva-
tives such as T-20sy384 and T-20g137i/51284- Hence, we believe
that the combination of few substitution secondary mutations can
enhance the antiviral activity of peptide fusion inhibitors. There-
fore, it is possible to design peptides that include the secondary
mutations in the C-HR and use them by themselves and/or in com-
binations to block fusion inhibitor resistant viruses. Importantly,
we have successfully applied this strategy to suppress HIV-1 resis-
tance to next generation fusion inhibitor SC34EK (Shimura et al.,
2010).

In this study, we identified two distinct pathways to escape pres-
sure of T-20s73g4. Emergence of drug resistance mutants under drug
pressure involves a stochastic selection. Nonetheless, the makeup
of the final population depends on both the ability of specific popu-
lations to evade the drug, as well as their fitness that determines
their representation in the escape population. There are several
examples in the literature where HIV becomes resistant to the same
drug by different mechanisms. For example, in the case of the most
commonly used drugs that target HIV reverse transcriptase (RT),
the virus can develop multidrug resistance by either the Q151M
complex pathway (Kavlick et al., 1998; Shirasaka et al., 1995) or by
accumulation of thymidine associated mutations (TAMs) (Hachiya
et al., 2008; Kosalaraksa et al., 1999). We recently report some
of background polymorphisms can also influence resistance path-
ways, such 172R/K in the RT region (Hachiya et al., 2012). In the
case of the T-205138A inhibitor, the N43D/S138A may also act as
such polymorphisms despite the presence of primary mutations
(Izumi et al., 2009) and preferentially affect the emergence of spe-
cific mutations.

5. Conclusion

As previously discussed (Izumi et al., 2009), although other
developed peptide-based fusion inhibitors need many amino acid
additions and/or substitutions for the enhancement of their antivi-
ral activity (Chinnadurai et al., 2007; Eggink et al., 2008; Dwyer
et al,, 2007; Otaka et al,, 2002), application of secondary muta-
tions similar to T-20s1384 and T-20g137x;51384 1S Straightforward.
It is based on information from viral evolution studies under drug
pressure that help design improved inhibitors.
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Simian retrovirus type 4 (SRV-4), a simian type D retrovirus, naturally infects cynomolgus monkeys, usually without apparent
symptoms. However, some infected monkeys presented with an immunosuppressive syndrome resembling that induced by sim-
ian immunodeficiency virus infection. Antiretrovirals with inhibitory activity against SRV-4 are considered to be promising
agents to combat SRV-4 infection. However, although some antiretrovirals have been reported to have inhibitory activity against
SRV-1and SRV-2, inhibitors with anti-SRV-4 activity have not yet been studied. In this study, we identified antiretroviral agents
with anti-SRV-4 activity from a panel of anti-human immunodeficiency virus (HIV) drugs using a robust in vitro luciferase re-
porter assay. Among these, two HIV reverse transcriptase inhibitors, zidovudine (AZT) and tenofovir disoproxil fumarate
(TDF), potently inhibited SRV-4 infection within a submicromolar to nanomolar range, which was similar to or higher than the
activities against HIV-1, Moloney murine leukemia virus, and feline immunodeficiency virus. In contrast, nonnucleoside reverse
transcriptase inhibitors and protease inhibitors did not exhibit any activities against SRV-4. Although both AZT and TDF effec-
tively inhibited cell-free SRV-4 transmission, they exhibited only partial inhibitory activities against cell-to-cell transmission.
Importantly, one HIV integrase strand transfer inhibitor, raltegravir (RAL), potently inhibited single-round infection as well as
cell-free and cell-to-cell SRV-4 transmission. These findings indicate that viral expansion routes impact the inhibitory activity of

antiretrovirals against SRV-4, while only RAL is effective in suppressing both the initial SRV-4 infection and subsequent SRV-4

replication.

gimian type D retroviruses (SRV/Ds) are prevalent among wild
“and colony-born macaque monkeys, including Macaca fas-
cicularis (cynomolgus) and M. mulatta (rhesus) (1-3). Although
SRV/D infection is asymptomatic in most of these monkeys, mild
immunosuppression accompanied by anemia, diarrhea, and
splenomegaly has been observed in infected cynomolgus monkeys
(3, 4). Recently, Japanese macaques (M. fuscata) housed in the
Primate Research Institute (PRI) of Kyoto University, Japan, died
of a hemorrhagic syndrome with symptoms such as anorexia, pal-
lor, and nasal hemorrhage (5). Extensive investigations revealed
that this illness was caused by an infection with an SRV/D known
as simian retrovirus type 4 (SRV-4) (5; M. Okamoto et al., unpub-
lished data). SRV-4 has been reported to be distantly related to
other SRV/Ds, including SRV-1, -2, -3, -5, -6, and -7; e.g., the
previously isolated SRV-4 showed genome sequence similarities
of 78,76, and 74% to SRV-1, -2, and -3, respectively (6). Although
there is more than 80% amino acid sequence identity between
Gag, Prt, and Pol of SRV-4 and SRV-1, -2, or -3, the Env sequence
of SRV-4 is relatively diverse (67 to 74%) compared to other
SRV/Ds (6). Although SRV-4 asymptomatically infects cynomol-
gus monkeys (7), SRV-4 infection of Japanese macaques has not
been reported to date. Because the cause of the high mortality
observed only for SRV-4-infected Japanese monkeys at PRI re-
mains unclear, it is important to study SRV-4 pathogenesis in
Japanese monkeys and to develop a prevention/treatment strategy
for controlling SRV -4 infection.

Human immunodeficiency virus (HIV) infection remains a
significant threat to humans. Over 20 antiviral drugs have been
approved for the treatment of HIV-1-infected individuals. Anti-
retroviral therapy (ART) can efficiently suppress viral load and
enable the recovery of immune function in HIV-1-infected indi-
viduals. Some of these drugs suppress infections caused by other
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retroviruses, including murine leukemia virus (MLV) (8, 9), xe-
notropic murine leukemia-related retrovirus (XMRV) (10, 11),
feline immunodeficiency virus (FIV) (12, 13), and human T-cell
leukemia virus type 1 (HTLV-1) (14, 15), indicating that some
anti-HIV drugs are widely active against several other retrovi-
ruses. There have been some reports on the anti-SRV/D activity of
anti-HIV drugs. Tsai et al. reported that three nucleoside/nucleo-
tide reverse transcriptase inhibitors (NRTIs), zidovudine (AZT),
zalcitabine (ddC), and 2',3'-deoxyadenosine (ddA), exhibited in-
hibitory activity against SRV-2 infection in vitro (16). Moreover,
although ddC treatment induced no major change in viral titers in
pigtailed monkeys (M. nemestrina) naturally infected with SRV-2,
the prophylactic use of ddC blocked de novo SRV-2 infection in
this species (17). Rosenblum et al. reported that anti-SRV-1 and
anti-SRV-2 activities of several NRTIs were relatively comparable
with anti-HIV-1 activity (18). Furthermore, elvitegravir (EVG)
and raltegravir (RAL), which are HIV-1 integrase strand transfer
inhibitors (INSTIs), efficiently block SRV-3 (also known as Ma-
son-Pfizer monkey virus) infection at nanomolar concentrations
(19). Thus, some NRTIs and INSTIs exhibit anti-SRV/D activity;
however, whether these drugs are active against SRV-4 infection
remains unclear.

In this study, we extensively evaluated the anti-SRV-4 activity
of a series of anti-HIV inhibitors, including NRTIs, nonnucleo-
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side reverse transcriptase inhibitors (NNRTIs), an INSTI, and
protease inhibitors (PIs), in vitro using single-round infection and
multiround viral spread by cell-free and cell-to-cell transmission.
Among the NRTIs tested, AZT and tenofovir disoproxil fumarate
(TDF) efficiently blocked single-round infection and cell-free
transmission of SRV-4, although they were less effective against
cell-to-cell transmission. RAL, an INSTI, blocked single-round
infection and cell-free transmission of SRV-4 within the nanomo-
lar range, and notably, it was also effective against cell-to-cell
SRV-4 transmission. These results indicate that AZT, TDF, and
RAL are effective in blocking the initial SRV-4 infection, and par-
ticularly, RAL is the most promising drug for the control of SRV-4
replication.

MATERIALS AND METHODS

Antiviral agents. Didanosine (ddI) (NRTI), lamivudine (3TC) (NRTI),
stavudine (d4T) (NRTI), ddC (NRTI), AZT (NRTI), and nelfinavir
(NFV) (PI) were purchased from Sigma (St. Louis, MO). Efavirenz (EFV)
(NNRTI), nevirapine (NVP) (NNRTI), and saquinavir (SQV) (PI) were
purchased from Toronto Research Chemicals (Ontario, Canada). Emtric-
itabine (FTC) (NRTI), TDF (NRTI), darunavir (DRV) (P1), and RAL
(INSTI) were obtained through the AIDS Research and Reference Reagent
Program, National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH).

Cells and viruses. TE671 (human rhabdomyosarcoma), 293T (hu-
man embryonic kidney), and 293T/SRV-4 (a persistently SRV-4-infected
293T cellline) cells, which have been established by the transfection of an
SRV-4 infectious clone into 293T cells (Okamoto et al., unpublished),
were grown in Dulbecco’s modified Eagle’s medium (DMEM). MT-2 cells
(human T lymphocytes) were grown in RPMI 1640 medium. These media
were supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine,
100 U/ml penicillin, and 50 pg/ml streptomycin. 293FT cells (Invitrogen,
Carlsbad, CA) were cultured in DMEM supplemented with 0.5 mg/ml
G418. Platinum-GP cells (Plat-GP; Cell Biolabs, San Diego, CA) were
maintained in DMEM supplemented with 10 pg/ml blasticidin.

Concentrated SRV-4 was prepared as follows: 293T/SRV-4 cells (108
cells) were cultured in a T-75 flask. After 3 days, culture supernatants were
recovered and filtered through a 0.45-pm membrane, followed by the
addition of a 30% polyethylene glycol (PEG) solution and 1.2 M sodium
chloride. The mixture was then incubated overnight at 4°C, followed by
centrifugation at 3,000 rpm for 45 min at 4°C. The resultant pellet was
resuspended in DMEM and used for assays immediately after titration.

Quantification of the proviral copy number. Viral RNA and genomic
DNA were prepared from concentrated SRV-4 by using the QIAamp viral
RNA minikit (Qiagen, Hilden, Germany) and from SRV-4-infected 293T
cells by using DNAzol (Invitrogen), respectively. The viral copy number
was quantified by using the One Step PrimeScript reverse transcriptase
PCR (RT-PCR) kit (TaKaRa, Otsu, Japan) and the StepOnePlus real-time
PCR system (Applied Biosystems, Foster City, CA) with a known copy
number control. The primer sets and a probe used for SRV-4 amplifica-
tion were described previously (20). PCR conditions were 5 min at 42°C,
10 s at 95°C, and 55 cycles of 5 s at 95°C and 34 s at 62°C.

VSV-G-pseudotyped luciferase expression vectors. An envelope-de-
leted SRV-4-based firefly luciferase expression vector, Aenv-SRV-4-luc
(R. Yoshikawa et al., unpublished data), and a plasmid, pcDNA-VSV-G,
encoding the vesicular stomatitis virus envelope glycoprotein (VSV-G)
(provided by H. Miyoshi, Riken Bioresource Center, Tsukuba, Japan)
were used to generate VSV-G-pseudotyped luciferase-expressing SRV-4.
These plasmids were cotransfected into 293FT cells. After 48 h of trans-
fection, culture supernatants were recovered, filtered through a 0.45-pm
membrane, and stored at —80°C until use.

The VSV-G-pseudotyped luciferase-expressing HIV-1-based lentivi-
ral vector was generated as reported previously (9). The Moloney MLV
(MoMLV)-based retroviral vector was produced by cotransfection of the
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pDON-AI-2-luc plasmid, a firefly luciferase gene-containing pDON-AI-2
retroviral vector (TaKaRa) (provided by Y. Sakurai, Institute for Virus
Research, Kyoto University, Kyoto, Japan), and pcDNA-VSV-G into a
MoMLV-based packaging cell line, Plat-GP. The FIV-based lentiviral vec-
tor was prepared by cotransfection of a luciferase-encoding transfer vec-
tor, pCDF-luc-EF1-puro; a 34TF10-derived packaging vector, pFIV-34N
(SBI System Biosciences, Mountain View, CA); and pcDNA-VSV-G into
293FT cells. All the recombinant viruses were collected and stored as
mentioned above.

Evaluation of the anti-SRV-4 activities of NRTIs, NNRTIs, and an
INSTI in single-round infection. To evaluate the inhibitory activities of
anti-HIV  drugs against VSV-G-pseudotyped luciferase-expressing
SRV-4, HIV-1, MoMLYV, and FIV, TE671 cells (10* cells/well) were plated
onto white 96-well flat plates. After 24 h of incubation, the cells were
infected with each virus in the presence of various concentrations of in-
hibitors. Similarly, 3 X 10° MT-2 cells were infected separately. Luciferase
activity was determined by using the Bright-Glo luciferase assay system
(Promega, Madison, WI) and a TriStar LB 941 multimode microplate
reader (Berthold, Bad Wildbad, Germany) at 48 h postinfection. Cytotox-
icity of the inhibitors was measured by using the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay, as de-
scribed previously (9). Antiviral activity and cytotoxicity of the inhibitors
are presented as the concentration that blocks viral infection by 50% (50%
effective concentration [ECsq)) and the concentration that inhibits cell
viability by 50% (50% cytotoxic concentration [CCs)), respectively.

Evaluation of the inhibitoryactivity of Pl against SRV-4 production.
293T/SRV-4 cells were washed three times with phosphate-buffered saline
(PBS) and plated at a density of 2 X 10° cells/well onto a six-well culture
plate in the presence of various concentrations of PIs. After 72 h of incu-
bation, culture supernatants were collected and concentrated as described
above. The resultant pellet was solubilized with lysis buffer supplied in the
Reverse Transcriptase Assay, colorimetric (Roche, Mannheim, Ger-
many), and RT activity was quantified to evaluate viral production.

Effects of AZT, TDF, and RAL on SRV-4 replication. To test cell-free
SRV-4 infection, 293T cells were plated at a density of 2 X 107 cells/well
onto a six-well plate and pretreated with inhibitors of approximately 10X
EC,s determined by the single-round luciferase assay (AZT [400 nM],
TDF [10 nM], and RAL [150 nM]) or dimethyl sulfoxide (DMSO) as a
control for 4 h. Following this, culture media were replaced with fresh
medium containing identical concentrations of each inhibitor, and the
cells were infected with concentrated (37.5-fold) replication-competent
SRV-4 at a multiplicity of infection (MOI) of 2.0 X 10° copies/cell.

For cell-to-cell SRV-4 infection, SRV-4-free 293T cells (2 X 10° cells)
were pretreated with inhibitors as described above for the cell-free infec-
tion assay. Following this, 293T/SRV-4 cells (4 X 10° cells; proviral copy
number, 5 X 10" copies/cell) were cocultured in the presence of identical
concentrations of inhibitors.

In both the experimental approaches, culture supernatants were col-
lected and replenished with an equal volume of fresh medium containing
the corresponding inhibitors on days 1, 3, and 5 postinfection/postcocul-
ture. SRV-4 in each collected supernatant was concentrated, and RT ac-
tivity was quantified to monitor viral replication.

Statistical analysis. Dunnett’s test and the Bonferroni test were used
to determine the statistical significance of anti-SRV-4 activity of inhibitors
in single-round assays (Table 1) and of SRV-4 transmission in cell-free
and cell-to-cell infection assays (Fig. 1), respectively.

Protein sequence alignment. Standard amino acid sequences of
SRV-4 (GenBank accession number NC_014474.1), HIV-1 (accession
number NC_001802.1), MoMLYV (accession number NC_001501.1), and
FIV (accession number NC_001482.1) were aligned by using the program
Clustal W (21), as described previously (9). Residues associated with drug
resistance in HIV-1, reported in the Stanford University HIV Drug Resis-
tance Database (22), are also shown.
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TABLE 1 Susceptibility of VSV-G-pseudotyped luciferase-expressing SRV-4 and related retroviruses/lentiviruses to NRTIs and an INSTI in single-

round infection®

Mean EC;, = SD (M) (mean % inhibition = SD)

Target cell line and
inhibitor HIV-1 SRV-4

MoMLV FIV

TE671
NRTIs

Thymidine analogs
AZT
d4T

Inosine analog
ddl

Cytidine analogs
ddC
3TC
FTC

Adenosine analog
TDF

INSTI

RAL

MT-2
NRTIs

Thymidine analogs
AZT
d4T

Inosine analog
ddl

Cytidine analogs
ddC
3TC
FTC

Adenosine analog
TDF

INSTI

RAL

0.018 = 0.0074
0.40 = 0.10

10 £ 1.7
56 1.1
4.4 *0.75
0.48 = 0.15

0.0043 % 0.00058

0.0031 * 0.0015

0.037 £0.014
0.50 £0.13

4 = 0.70

w0

7.2 %24
28%1.0
0.52 £ 0.12

0.0071 £ 0.0018

0.0033 = 0.0010

0.042 * 0.012*
0.17 = 0.039

4.4 *+ 1.3**
2.7 £0.13**
39+£1.2
0.50 + 0.082

0.00080 % 0.00037**

0.015 * 0.0065

0.11 = 0.037
23 +£0.44

>10 (42 % 4.4)*
0.59 * 0.45**
>10(17 £ 3.3)**
3.0 £ 0.40%*

0.0016 * 0.00025**

0.0024 = 0.00068

0.019 = 0.0043
3.7 £0.82**

>10(0)

>10 (0)**
>10 (0)**
>10 (0)**

0.0035 * 0.0012

0.0017 % 0.00036

0.71 % 0.36*
3.5 £0.61

>10 (0)*
>10(0)
>10 (0)**
>10 (0)**

0.0071 % 0.00056

0.00064 = 0.00057

0.029 £ 0.0035
0.52 + 0.0055

19 = 1.7%*
3.2 £ 0.50%
2.2 +0.50%
0.35 % 0.030

0.0015 * 0.00076**

0.049 £ 0.00090*

1.4 &= 0.40**
21 £ 6.6%*

16 = 4.7
35+ 1.1%
1.1 = 0.10**
0.22 £0.12

0.0039 = 0.0021

0.062 £ 0.032**

“ Antiviral activities of NRTIs and an INSTI against VSV-G-pseudotyped SRV-4, HIV-1, MoMLV, and FIV were determined by using a luciferase assay. Data are shown as means
and standard deviations obtained from three or more independent experiments, and statistical analyses were performed (*, P < 0.05; **, P < 0.01; not indicated, P = 0.05
[determined by Dunnett’s test against control HIV-1]). EC5ys shown as >10 indicate that more than 10 pM drugs is required to block viral infection by 50%. In this case, percent
inhibition of viral infection at 10 .M is shown in parentheses and is considered 10 .M for statistical analysis.

RESULTS
Anti-SRV-4 activity of HIV NRTIs in single-round infection. To
date, there is no convenient assay system for evaluating the anti-
SRV-4 activity of compounds; therefore, we first established a
simple and quantitative assay system by employing VSV-G-pseu-
dotyped luciferase-expressing SRV-4 as a model virus. The anti-
SRV-4 activity of the test compounds was evaluated by using
TE671 and MT-2 cells. TE671 cells, which are derived from hu-
man rhabdomyosarcoma, have frequently been used for infection
experiments with several retroviruses, including SRVs (23). MT-2
cells, which are derived from human T lymphocytes, are also sus-
ceptible to some viruses, including HIV (24) and hepatitis C virus
(25), and are routinely used for analysis of antiviral activity -of
inhibitors (9). Inhibitory activity against HIV-1 and FIV (lentivi-
ruses) and MoMLV (gammaretrovirus) was also evaluated.
Some HIV NRTIs reportedly possess anti-SRV-1 and anti-
SRV-2 activities (16, 18); therefore, we first evaluated the anti-
SRV-4 activity of seven NRTIs which have been approved for the
treatment of HIV-1-infected patients. When TE671 cells were
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used as targets, ddlI, ddC, and 3TC exhibited weak anti-SRV-4
activities, with ECss within the micromolar range (EC5,, 2.7 to
4.4 pM), whereas d4T and FTC exhibited moderate anti-SRV-4
activities, with ECss within the submicromolar range (ECg, 0.2
and 0.5 uM, respectively) (Table 1). Remarkably, AZT and TDF
exhibited potent anti-SRV-4 activities, with ECq,s of 42 and 0.8
nM, respectively. In contrast, almost all the NRTIs showed higher
ECsys using MT-2 cells as targets than those using TE671 cells as
targets (Table 1). However, AZT and TDF exerted potent anti-
SRV-4 activities, with EC,s of 110 and 1.6 nM, respectively, even
in theless sensitive MT-2 cells. Notably, all the NRTIs tested in this
study exhibited no cytotoxicity against both cell types up to 100
M, indicating that the observed anti-SRV-4 activity was not be-
cause of cell damage (data not shown).

One possible explanation for the difference in drug suscepti-
bility between TE671 and MT-2 cells would be the different phos-
phorylation efficacies of NRTIs, which require sequential phos-
phorylations by cellular kinases to reach the active form (26, 27).
To confirm this, we next evaluated anti-HIV-1, anti-FIV, and an-
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FIG 1 Effects of AZT, TDF, and RAL on SRV-4 replication. Anti-SRV-4 ac-
tivities of AZT, TDF, and RAL were evaluated in cell-free transmission (A) and
cell-to-cell transmission (B) models. SRV-4-free 293T cells were treated with
AZT (400 nM), TDF (10 nM), RAL (150 nM), or vehicle (DMSO). After 4 h,
culture media were replaced with fresh medium containing identical concen-
trations of each drug with replication-competent SRV-4 (A) or with SRV-4-
infected 293T cells at a ratio of uninfected to infected cells of 50:1 (B). Culture
supernatants were periodically collected, and SRV-4 was concentrated. The
viral pellet was lysed, and reverse transcriptase activity derived from SRV-4 was
quantified with a standard of known activity to monitor viral production. Data
are shown as means and standard deviations obtained from three independent
experiments. *, P < 0.05; #%, P < 0.01; *#%, P < 0.001; —, P = 0.05 (deter-
mined by the Bonferroni test).

ti-MoMLYV activities using the same assay system, in which TE671
or MT-2 cells were infected with VSV-G-pseudotyped luciferase-
expressing HIV-1- or FIV-based lentiviral vectors or MoMLV-
based retroviral vectors in the presence of various concentrations
of inhibitors. HIV-1 infection was blocked by all the tested NRTIs
to various extents (Table 1). Among these, AZT and TDF exhib-
ited potent activities against SRV-4 and MoMLV infections, while
d4T was less active than AZT (Table 1). In FIV infection, AZT and
d4T were active within the submicromolar range only in TE671
cells; however, TDF exhibited potent anti-FIV activity in both cell
types (Table 1). Importantly, variation of EC5ys of NRTIs against
HIV-1 was minimum between both target cell types (0.3- to 2.1-
fold change in EC5ys measured with TE671 and MT-2 cells), sug-
gesting that cell-derived factors are not a major cause of target
cell-based differences in anti-SRV-4 activity.

Taken together, these findings indicate that HIV NRTIs have
inhibitory activity against SRV-4 infection to various extents.
Among these, AZT showed preferential anti-SRV-4 activity, a
trend different from that previously observed against SRV-1 and
SRV-2 (18). In addition, TDF exhibited the most potent anti-
SRV-4 activity in the single-round infection assay.
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Inhibitory effect of HIV-1 NNRTIs on SRV-4 infection.
HIV-1 NNRTIs, including NVP and EFV, efficiently suppress
HIV-1 infection by inhibiting HIV-1 RT activity by binding to a
hydrophobic pocket near the RT polymerase active site (28,29).In
the present study, EFV showed slight cytotoxicity, with CCq val-
ues of 57 and 48 .M in TE671 and MT-2 cells, respectively. How-
ever, both NVP and EFV potently inhibited HIV-1 infection, with
ECsgs within the nanomolar to subnanomolar range (0.57 to 82
nM) in both cell types. In contrast, NVP and EFV were completely
inactive against SRV-4 infection as well as against MoMLV and
FIV infections, even at 10 WM. These results correlate well with the
impressive narrow spectrum of NNRTI activity; i.e., NNRTIs are
active against HIV-1 but not against HIV-2 and other retroviruses
(11, 30-32).

Inhibitory activity of an HIV INSTI against SRV-4 infection.
We next evaluated the inhibitory effect of RAL, the first INSTI
approved for clinical use, on SRV-4 infection. RAL has potent
anti-HIV-1 activity in addition to a broad antiviral spectrum in-
cluding simian immunodeficiency virus (SIV) (33), MLV (34),
XMRV (11),and SRV-3 (19). Wealso observed that RAL inhibited
HIV-1 and MoMLYV infections (Table 1). FIV was less susceptible
to RAL than HIV-1 and MoMLYV, although the RAL EC,, against
FIV was at the nanomolar level. Most importantly, SRV-4 infec-
tion was potently inhibited by RAL within a nanomolar concen-
tration (Table 1). We previously observed that EVG, a new INSTI
contained within a recently approved anti-HIV drug, was active
against not only HIV but also MoMLYV and SIV (9), indicating that
INSTIs are a preferential class of inhibitors for a wide range of
retroviral infections. We report for the first time the potential
blockage of SRV-4 infection by RAL without cytotoxicity.

Effect of HIV PIs on SRV-4 production. We then evaluated
the inhibitory activity of PIs against SRV-4 replication. It is im-
possible to evaluate the anti-SRV-4 activity of PIs with the repli-
cation-deficient SRV-4 used to evaluate the inhibitory activities of
NRTIs, NNRTIs, and an INSTI. To overcome this limitation, we
evaluated persistently SRV-4-infected cells, in which the produc-
tion of progeny infectious virions from SRV-4-infected 2937 cells
was monitored in the presence of various concentrations of Pls.
Viruses released into culture supernatants were quantified by vi-
rion-derived RT activity.

First, we measured the cytotoxicity of three PIs (NFV, SQV,
and DRV) against 293T cells. Although DRV showed no cytotox-
icity up to 100 pM, NFEV and SQV decreased cell viability, with
CCs values of 22 and 28 pM, respectively. To exclude a cell tox-
icity-based reduction in viral production, we used 0.1 and 1 uM
concentrations of PIs in this study, which are sufficiently high to
exert anti-HIV-1 activity (11, 35, 36). However, none of the PIs
inhibited late-phase SRV-4 replication steps even at 1 M (data
not shown), indicating that SRV-4 is intrinsically less susceptible
to Pls.

Effects of AZT, TDF, and RAL on SRV-4 replication. As ob-
served in the early part of this study, two NRTIs (AZT and TDF)
and one INSTI (RAL) efficiently inhibited replication-deficient
SRV-4 infection in a single-cycle luciferase assay. To further elu-
cidate the anti-SRV-4 property of these inhibitors, we assessed
their effect on SRV-4 replication.

To precisely evaluate the inhibitory activity against SRV-4 rep-
lication, we distinguished the SRV-4 replication pattern into two
viral expansion pathways: cell-free and cell-to-cell transmission.
In the cell-free model, SRV-4-free 293T cells were infected with
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cell-free SRV-4 in the presence of inhibitors, and further viral
expansion was monitored by virus-derived RT activity. In con-
trast, SRV-4-infected 293T cells were used as the source of infec-
tion for cell-to-cell transmission.

We observed that in the cell-free model, SRV-4 efficiently in-
fected 293T cells and reached the maximum leve] at 3 days postin-
fection (Fig. 1A). Similarly, viral expansion through de novo
SRV-4 transmission was observed in the cell-to-cell model
(Fig. 1B). However, SRV-4 expanded more efficiently through the
cell-to-cell mechanism than through the cell-free mechanism, as
judged by the 2- to 3-fold-higher RT activity observed in the cell-
to-cell model at 5 days postinfection, indicating that cell-derived
SRV-4 is a favorable source of SRV-4. Under these conditions, the
10-fold-higher ECyys of AZT, TDF, and RAL, previously mea-
sured in single-round infection assays, completely inhibited cell-
free SRV-4 infection up to 3 days (Fig. 1A). However, on day 5,
only 7% of the viral production was observed in the presence of
AZT, whereas TDF and RAL still almost completely blocked
SRV-4 expansion. This tendency was well correlated with the an-
tiviral activity measured during the single-round SRV -4 infection
(Table 1). In contrast, when cell-associated SRV-4 was used as the
infectious source, inhibitory activities of AZT and TDF were only
partial; therefore, de novo SRV-4 transmission was ongoing at 3
and 5 days postinfection (Fig. 1B). Notably, we sequenced the RT
regions of the proviral DNA at the end of this study, and no
changes from the original SRV-4 were observed (data not shown).
Thus, drug resistance was not associated with insufficient activity.
However, only 3% to 5% of viral replication was observed in the
presence of RAL onday 5 (P < 0.001, compared to AZT and TDF),
indjcating that RAL potently inhibited SRV-4 replication; there-
fore, it should be highly effective in controlling SRV-4 infection
and replication.

DISCUSSION

To date, several SRV serotypes have been identified, and their
distributions in monkeys have been revealed (1-3, 37-41). For
example, SRV-4 and SRV-5 infect cynomolgus and rhesus mon-
keys, respectively, while the Japanese monkey is not a natural host
of these SRV (7, 42). However, the recent outbreak of SRV-4 at
PRI revealed that Japanese monkeys are susceptible to SRV-4 (5),
since fatal disease could be induced in some of them (43) (Oka-
moto et al., unpublished). These epidemics reflect the necessity for
effective drugs against SRV-4 infection. In addition, human SRV
infection has been reported, although no associated diseases have
been identified (44). This finding also suggests that the identifica-
tion of anti-SRV drugs is important to prevent the entry of these
viruses into the human population.

Among the identified SRV, the inhibitory activity of anti-HIV
drugs against SRV-1 and SRV-2 has been relatively well analyzed.
In these studies, the evaluation of anti-SRV activity was performed
by time-consuming, cost-intensive, and hazardous procedures,
e.g., using wild-type SRVs and infected monkeys (17, 18). In the
present study, we used a VSV-G-pseudotyped luciferase reporter
SRV-4 to screen inhibitors with anti-SRV-4 activity from a panel
of clinically approved anti-HIV drugs. In this system, the lucifer-
ase reporter gene enabled sensitive and rapid evaluation. More-
over, replacement of the intrinsic envelope with VSV-G avoids the
restriction of target cell tropism, thereby enabling the direct com-
parison of antiviral activity with other viruses in the same cells.
Using this assay system, we reported for the first time that two
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anti-HIV NRTIs (AZT and TDF) and one INSTI (RAL) efficiently
inhibited SRV-4 infection. The tendency for drug susceptibility of
SRV-4 is different from that of SRV-1 and SRV-2, as reported in a
previous study in which SRV-1 and SRV-2 infections were more
potently inhibited by ddC than by AZT, 3TC, and d4T (18). Re-
portedly, SRV-4 is genetically distinct from SRV-1and SRV-2 (3),
suggesting that this intrinsic diversity reflects drug susceptibility.

Among the NRTIs tested, AZT and TDF exhibited potent anti-
SRV-4 activities in single-round infection and cell-free viral trans-
mission and also inhibited HIV-1, MoMLYV, and FIV infections to
various extents. However, the inhibitory activities of some NRTTs,
particularly the thymidine analogs AZT and d4T, against SRV-4,
MoMLYV, and FIV infections were markedly (>10-fold) varied
between TE671 and MT-2 cells (Table 1). A similar variation was
previously reported for several viruses (18, 45). Major factors ac-
counting for the different sensitivities of viruses to NRTIs in dif-
ferent target cells include the endogenous levels of some kinases as
well as the levels of the intracellular pool of nucleotides (45-47).
Moreover, although HIV-1 preferentially infects lymphoid cells,
SRV infects a wide variety of cells, including not only CD4%,
CD8™, and B cells in vivo but also lung fibroblast and kidney cells
of monkeys in vitro (48). It is likely that the nature of the virus and
assay conditions affects the susceptibility of SRV-4 to NRTIs in
different cells, although further analyses are required to com-
pletely elucidate this phenomenon. TDF preferentially inhibited
all the tested retroviruses. All the nucleoside-type RT inhibitors
required three sequential phosphorylations, whereas TDF re-
quires only a two-step phosphorylation to be active (49, 50), sug-
gesting that this kinetic advantage reflects potent antiviral prop-
erties.

To gain deeper insights into the drug susceptibility of SRV-4,
amino acid sequences of regions corresponding to the RT-poly-
merase domain (residues 63 to 234 of HIV-1) and the integrase
catalytic core domain (IN-CCD) (residues 50 to 212) were com-
pared with those of HIV-1, MoMLV, and FIV (Fig. 2). Because
genotypic studies to elucidate drug susceptibility based on amino
acid changes have been extensively performed for HIV-1 (22, 51,
52), we applied those observations to genotypic analysis of SRV-4.
Overall, we confirmed that some amino acid residues in SRV-4 are
identical to reported mutations affecting drug susceptibility in
HIV-1. For example, HIV-1 RT mutations at positions 41, 67, 70,
210,215,and 219, known as thymidine analog mutations (TAMs),
are frequently observed in AZT and DAT resistance (52-54). In
SRV-4 RT, some residues corresponding to TAMs differ from
those of wild-type HIV-1 (Fig. 2A), although they must not be
involved in drug susceptibility of SRV-4, since AZT and d4T in-
hibited SRV-4 infection at a similar or superior level compared to
HIV-1 infection. In addition, although mutations at Q151 in the
LPQG motif and M184 in the YMDD motif are involved in high-
er-level resistance to some NRTIs (55-57), these motifs are com-
pletely conserved in SRV-4 RT. In contrast, MoMLV showed
complete insensitivity to certain NRTIs, including 3TC, at 10 pM
(Table 1), in agreement with previous reports (8, 18). Taken to-
gether, as apparent from genotypic analysis of SRV-4 RT, AZT and
TDF are thought to be potent therapeutic agents for the inhibition
and control of SRV-4.

RAL, an HIV INST], showed potent inhibitory activity against
SRV-4 infection as well as against HIV-1, MoMLV, and FIV infec-
tions. HIV-1 acquires high-level RAL resistance by mutations
such as Q148H/R/K and N155H (52, 58). Although SRV-4 IN

Journal of Virology

ALISHIAINN OLOAM Ad €102 ‘9} [Hdy U0 /Bio"wseIAlj/:dpy woy papeojumoq



A
HIV-1 63
SRV-4 73
MoMLV 100
Fiv 91
12
HIV-1 VPIDEDFRKYTI¥GTIPSINNETPGIRYQYN
SRV-4 PNDQKRF{XFSLPSTNFKEPMKRYQW
MoMLV LRIBHPTSQPL EWRD%MGISG%L%T
FIV TPEDPDYAPYTEXRTLPRKNNAGPGRRFVINC
B o ek ® ® .
HIV-1 161 QSSMTKILEPFRKQNPDIVIYQIMIVE YVGSDLEIGQHRTKIEE[RRQHLL
SRV-4 170 QKFVAMATQTVRDTWKQIYITH) %AG—ADGQQVLQCFA KEKLV
MoMLV 199 QEAEHRDI%ADFRIQHP m’fIgL% BIOLLLAATSELDCQQGTRALIBQTLGN
FIV 188 QSTLONIZQPFIRQNPQLDTYCQHMINI YTGSNLSKKEHKEKVEEIRKLLL
. * .
HIV-1 211 RWGLTTPDKKHQKEPPFLWMEYEM 234
SRV-4 219 IAGLHIAPEKLQUHDPYT: 242
MoMLV 249 LGYRASAKKAQICQKQVKYL 272
FIV 238 WNGFETPEDKLQEEPPYTWMEYER 262
B . * e o
HIV-1 50  MHGQVDCSPGIQLBARHLEG- - - -] T
SRV-4 56 VNPRGLLPNMLJQUITIHCSEFNN-LISY:
MoMLV 106 TRVRGHRPGT ‘Vﬁ["i EIKPGLYGYQYLLWYFIDT FeWie]
FIv 52 VGGQLKIGPGIHQMUCHHFDG--- -~ TUYGIHVEMSEYIS
* - .
HIV-1 95 PRGSNETGATVRAACWNAGIKQEFGIP
SRV-4 105 PN GYTSRNFHDFCSKLNIKHTTGIP
MoMLV 156 GUAIBPAFV SKVSQTVADLLGIDWKLHCA
FIV 97 NEKNQKME GVLNYMGVKHKFGIP

SRV-4 154 YNRGQGIN[IRAHL SLIATTIDKIKKGEWYPTKGTPRNILNHALFILNFLN
MoMLY 206 YREUSSGQUERMNRTINETLTKL TLATGSROWVLLLPLALYRARNTPGPH

- Lad *x .
HIV-1 143 YNISQGVASMNKE LK ITGQVRDQAEHLKTAVQMAVF THNFKRKGGIG
R T d L
Fiv 145  GNIZOSQALIENVNHTL IRKFLPETTSLDNALSLAVHSLNFKRRGRIG

HIV-1 193
SRV-4 204
MoMLV 256
FIv 195

GYSAGERIVDIIATDIQTKE 212
L DDQGKSAADRFWHSDPKKQ 223
GLTPYETLYGAPPPLVNFPD 275
GMAPYELLAQQESLRIQDYF 214

FIG 2 Protein sequence alignments of RT and IN. Reference amino acid se-
quences of SRV-4 (GenBank accession number NC_014474.1), HIV-1 (acces-
sion number NC_001802.1), MoMLYV (accession number NC_001501.1), and
FIV (accession number NC_001482.1) were aligned by using the program
Clustal W, and the regions corresponding to the RT-polymerase domain (res-
idues 63 to 234) (A) and the IN catalytic core domain (residues 50 to 212) (B)
of HIV-1 are shown. The amino acid numbering of SRV-4 IN is based on that
of SRV-3 (68). Absolutely conserved residues and conserved substitutions are
shown in black and gray boxes, respectively. For symbols above the sequences,
closed circles indicate residues associated with drug resistance for HIV-1, and
asterisks indicate catalytic residues.

contains H166, which corresponds to N155 in HIV-1 (Fig. 2B),
SRV-4 retained susceptibility within levels similar to those of wild-
type HIV-1 (Table 1). Reportedly, SRV-3 also contains amino
acids corresponding to N155H and F121Y, which are other INSTI
resistance mutations; however, SRV-3 shows complete suscepti-
bility to RAL (19). In contrast, bovine immunodeficiency virus
(BIV) reportedly showed 23-fold resistance to RAL compared to
wild-type HIV-1, although BIV contains a histidine (H) residue at
the position corresponding to N155 (19), as seen in SRV-4, indi-
cating that N155H is not a determinant of RAL susceptibility in
retroviruses other than HIV. Although in the present study, FIV
showed less susceptibility to RAL than the other retroviruses/len-
tiviruses tested (Table 1), FIV does not contain major INSTI re-
sistance mutations. However, one distinct difference was ob-
served: FIV IN carries G145, whereas it corresponds to Y143 in
HIV-1 (Fig. 2B). The Y143G mutation has rarely been observed in
RAL-treated patients (59); therefore, the precise effect of this mu-
tation on RAL resistance remains unclear. However, it was spec-
ulated that that the Y143G mutation lacks the interaction with
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RAL (19), and interestingly, Y143G reportedly affects proviral for-
mation (60), although this is apparent in nondividing cells (61),
likely suggesting that FIV IN G145 affects susceptibility of FIV not
only to INSTIs but also to NRTIs.

To expand viral infection in vitro and in vivo, viruses utilize two
main pathways: cell-free and cell-to-cell transmission. However,
the transmission pathway depends on the nature of the viruses.
For example, cell-free HIV-1 efficiently infects CD4* T cells and
also spreads in a cell-to-cell manner, whereas HTLV-1 transmits
exclusively by a cell-to-cell pathway (62—66). In the present study,
we compared the inhibitory activities of some inhibitors against
SRV -4 replication in both cell-free and cell-to-cell transmission.
We observed that although AZT and TDF could almost completely
block cell-free SRV-4 transmission, they showed only marginal ef-
fects on cell-to-cell SRV-4 transmission (Fig. 1). In contrast, RAL
completely suppressed SRV-4 replication in both cell-free and cell-
to-cell transmission. These results indicate that a favorable pathway
is intrinsically present in anti-HIV-1 drugs; AZT and TDF prefer-
entially block cell-free infection, whereas RAL is active in both the
pathways. A similar observation was reported for HIV-1, in which
tenofovir preferentially suppressed cell-free transmission com-
pared with cell-to-cell transmission (67). These observations may
highlight the importance of the kinetics of viral replication and
drug activation because AZT and TDF require tri- and diphos-
phorylation, respectively, to become active metabolites, whereas
RAL does not require any modification to exert its antiviral activ-
ity. In addition, it is likely that the kinetics of SRV-4 replication
steps, including reverse transcription and integration, vary be-
tween cell-free and cell-to-cell transmission, as seen for HIV-1;
this may be another determinant of viral transmission pathway-
dependent anti-SRV-4 activities.

Taken together, the present study demonstrated that AZT,
TDF, and RAL potently inhibited SRV-4 infection. These inhibi-
tors suppressed single-round infection and cell-free virus trans-
mission of SRV-4; however, cell-to-cell transmission was blocked
only by RAL. To effectively control SRV-4 infection and maintain
a minimum risk of the emergence of drug resistance, a combina-
tion therapy of drugs such as ART in HIV-1 infection is important.
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Introduction

The third variable (V3) element of the hwman immunodefi-
ciency virus type 1 (HIV-1) envelope gpl20 protein is usually
composed of 35 amino acids. The element forms a protruding
loop-like structure on the gpl20 outer domain {1}, is rich in basic
amino acids, and has aromatic amino acids for the aromatic
stacking interaction with proteins. The V3 loop participates in
direct binding to the entry coreceptor [2] and constitutes the
most critical determinant for the coreceptor use of HIV-I
[3,4,5,6]. In addition, the tip of V3 is highly immunogenic and
contains neutralization epitopes for antibodies [7,8,9], although
the epitopes can be inaccesible in the gpl120 trimer on a virion of
the HIV-1 primary isolates [10,11] or HIV-1 recombinants with
less positively charged V3 [12,13]. Moreover, the V3 is reported
to be the major determinant of HIV-1 sensitivity to neutraliza-
tion by the soluble form of CD4 [14,15,16], a recombinant
protein that binds to the cleft of the gpl120 core [17]. Thus, the
V3 loop plays a key role in modulating biological and
immunological phenotypes of HIV-1. However, the molecular
mechanisms underlying these modulations remain poorly
understood.

It has been reported that the net charge of the V3 loop is tightly
linked to the phenotype of HIV-1. The V3 loops of CCR5 tropic

@ PLOS ONE | www.plosone.org

HIV-1s are usually less positively charged than those of CXCR4
tropic HIV-1s [18,19,20,21]. An increase in the V3 net charge can
convert CCR5 tropic viruses into CXCR4 tropic viruses
[4,22,23,24], and antibody resistant viruses into sensitive viruses
[12,13]. Thus the V3 loop may be viewed as an electrostatic
modulator of the structure of the gpl20 interaction surface, an
assumption that is largely unexamined.

Increasing evidence has indicated that the dynamics property
of molecules in solution is critical for protein function and thus
for many biological processes [25,26,27]. Molecular dynamic
(MD) simulation is a powerful method that predicts the structural
dynamics of biological molecules in solution, which is often
difficult to analyze by experiments alone [28,29,30]. Recent
advances in biomolecular simulation have rapidly improved the
precision and application performance of this technique
[28,29,30]. We have previously applied this technique to
investigating the structural factors that regulate biological
phenotype of viruses [13,31,32]. In this study, by combining
MD simulations with antibody neutralization experiments and
diversity analysis of the viral protein sequences, we studied a
structural basis for the regulation of HIV-1 phenotype by V3
loop.
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Results

Molecular dynamics simulation study

To address the potential role of the V3 net charge in modulating
the structure and dynamics of the gpl20 surface, we performed
MD simulations of the identical gpl20 outer domains carrying
different V3 loops with net charges of +7 or +3 (Fig. 1A). The
initial structures for the simulations were constructed by homology
modeling using the crystal structure of HIV-1 gp120 containing an
entire V3 loop as the template. Due to the perfect identity of the
outer domain sequences of the V3 recombinant gp120s, the outer
domain structures of the initial models for the MD simulations
were identical before the simulations. The modeling targets in this
study belong to HIV-1 subtype B and had a sequence similarity of
about 87.3% to the modeling template. This similarity was high
enough to construct high-accuracy models with an RMSD of
~1.5 A for the main chain between the predicted and actual
structures in the tested cases with homology models and x-ray
crystal structures [33]. These initial models were lacking in V1/V2
loops and glycans on the gpl20. The recombinant models are
therefore suitable for exploring the potency of the structural
regulation that is intrinsic to the V3 loop.

Using these models as the initial structures, we analyzed the
structural dynamics of the gpl120 outer domains in the absence of
soluble CD4 by MD simulation. It was expected that the MD
simulations would eliminate initial distortions in the template
crystal structure, which could be generated during crystallization,
and search for the most stable structures of unliganded gpl20
outer domains at 1 atm at 310 K in water. The simulations
showed that the same gp120 outer domains, carrying different V3
loops with net charges of +7 or +3, exhibited marked changes in
conformations and fluctuations at several functional loops at 1 atm
at 310 K in water (Figs. 1 and 2).

To quantitatively monitor the overall structural dynamics of the
outer domain during MD simulation, the RMSDs between the
initial model and models at given times of MD simulation were
measured. The RMSD sharply increased soon after heating of the
initial model and then gradually reached a near plateau after 10 ns
of the MD simulations (Fig. 1B). The results suggested that most of
the backbone heavy atoms of the outer domain reached a
thermodynamic equilibrium after 10 ns of the simulation under
the conditions employed. However, fluctuations of the RMSDs
were still detectable even at around 30 ns of the simulations,
suggesting that some regions of the outer domains continued to
fluctuate.

To map the heavily fluctuating sites in the gp120 outer domain,
we calculated the RMSF of the main chains of individual amino
acids during the MD simulations. The RMSFs, which provide
information about the atomic fluctuations during MD simulations
[34], were found to be much greater in the amino acids
constituting loops than those of the structured regions, such as
helixes and B-sheets (Figs. 1C and 1D). These results are consistent
with the general observations of proteins in solution, and indicate
that the loops of the gpl20 outer domain mtrinsically possess
structural flexibility in water. Notably, the RMSFs in some loops
were markedly different between the two V3 recombinant gp120s.
For example, the RMSF in the f20-f21 loop was much greater in
the Gpl20parTHosvs (Fig. 1C). Conversely, those in the D loop
were greater in the Gpl20par.nH1vVS-

HIV-1 gpl20 V3 loop often has a motif for the N-linked
glycosylation that is usually preferentially conserved in R5 viruses
(Fig. 1A). To address potential impacts of the glycan on the MD
simulations, we performed MD simulation in the presence of a
high mannose oligosaccharide in the V3 loop. We observed any

@ PLoS ONE | www.plosone.org
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significant differences in the structure and dynamics of gpl20
outer domain in the presence or absence of the glycan (data not
shown). This is reasonable because the glycosylation site is exposed
toward an opposite direction from the gpl20 core (Fig. 1D).

To clarify structural differences between the Gpl20painmivs
and Gpl20pa1rHoovs, we constructed their averaged structures
using the 40,000 snapshots obtained from 10-30 ns of MD
simulations using ptraj module in Amber 9. Superposition of the
averaged structures showed that the relative configuration of the
V3 loops and P20-B21 was markedly different between the two
outer domains: the V3 tip protruded a greater distance from the
B20-B21 loop in the Gpl20iar-THoovs than in the Gpl20par
nuivs (Fig. 2A). The superposed structures also revealed
differences in a region around the CD4 binding site (Fig. 2A,
right panel with enlarged CD4 binding site). The relative
configuration of the CD4 binding loop to the exit loop is critical
for the gp120 binding to the CD4, a primary infection receptor of
HIV-1 [17]. Therefore, we analyzed the distance between the
CD4 binding and exit loops by measuring the distance (Dyy5-921)
between the Co of Glyl15 and the Co of Gly221 as an indicator
(Fig. 2B). As expected from the fluctuations of the CD4 binding
loop, the D y5-90; fluctuated during the MD simulations (Fig. 2C).
However, the Dy5.907 was significantly smaller in the Gp120p4;.
THogvs than in the Gpl20; arnmivs (Fig. 2D; p<0.001, Student’s
ttest): the Dyy5.90) ranged from 4-15 A with an average of ~8 A
for the Gpl20par.THO0vs and from 7-17 A with an average of
~10 A for the Gpl120pa1.nH1vs. These data suggest that the CD4
binding loop tended to be positioned more closely to the exit loop
and thus tended to be sterically less exposed in the Gpl20pa;.
THoovs than the Gpl120ya1nm1vs:

Neutralization study

The above structural data raised the possibility that the
reduction in the V3 net charge might reduce HIV-1 neutralization
sensitivity by the anti-CD4 binding site antibodies. To address this
possibility, we performed a neutralization assay using the two
1sogenic HIV-1 recombinant viruses, HIV-1} o1 npivs and HIV-
lLA]ATHQQ\/g [35], which carry the GPIQOLALNHlV?, and GPIQOLAI.
THogvs, respectively. These viruses were pre-incubated with
various human MAbs against the CD4 binding site, and the
reductions in viral infectious titers were measured using a HeLa-
cell-based single-round viral infectivity assay system [36].

Table 1 summarizes the results of the neutralization assay. As
expected, the two viruses exhibited markedly distinct neutraliza-
tion sensitivities to the three human MAbs against the CD4
binding site. HIV-1{ a1.nm1vs was consistently neutralized with all
three MAbs against the CD4 binding site (49G2, 42F6, and 0.59),
with NDsq values ranging between 0.224 and 0.934 pg/ml. In
marked contrast, HIV-1parthoovs was highly resistant to
neutralization by these MAbs, and 10 pg/ml of antibodies failed
to block the viral infections. The two viruses were equally resistant
to an anti-Gpl20 antibody (4Cll) that recognizes the Gpl20
structure after CD4 binding. The result indicates that the CD4-
induced gp120 epitope of the 4C11 are not preserved in the V3
recombinant viruses used in the present study. Conversely, they
were equally sensitive to another ant-Gp120 antibody (4301 [37])
whose epitope is located outside of the CD4 binding site. A human
MADb 8D11 used as a negative control had no effect on the viral
infectivity in this assay.

Diversity study

Host immunity is a driving force behind the antigenic diversity
of envelope proteins of the primate lentiviruses that establish
persistent infection in hosts [23,38,39,40,41]. The above and
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Figure 1. MD simulation of the identical gp120 outer domain carrying a V3 loop with net charge of +7 or +3. (A) Schematic
representation of the gp120 open reading frame along with the amino acid sequences. The net charge indicates the number of positively charged
amino acids (R, K, and H) minus the number of negatively charged amino acids (D and E) in the V3 loop. A light blue box indicates the outer domain
used for the MD simulations. A pink box indicates the V3 loop. The numbers indicate amino acid positions at the outer domain (amino acids 1 to 233
in Figure 1A correspond to amino acids 256 to 489 in the gp120 of HIV-14) or the V3 loop. An open black box in the V3 loop sequence indicates a
potential site for the N-linked glycosylation. (B-D) Left panels: Gp120, a.nniva: Right panels: Gp120 4. Hoovs. +7 and +3 indicate the net charges of V3
loops of the recombinant proteins. (B) Time course of RMSD during MD simulations. The RMSD values indicate the structural fluctuations of the outer
domain in aqueous solution. The numbers in the horizontal axes indicate the time of MD simulation, (C) Distribution of RMSF in the gp120 outer
domain. The RMSF values indicate the atomic fluctuations of the main chains of individual amino acids during 10-30 ns of MD simulations. The
numbers in the horizontal axes indicate amino acid positions at the outer domain. (D) Superimposition of Gp120 models at 10, 15, 20, 25, and 30 ns
of MD simulation. A green asterisk indicates approximate position of a potential N-glycosylation site at the V3 stem. A green arrow indicates the site

of the disulfide bond at the V3 base.
doi:10.1371/journal.pone.0037530.g001

previous [12,13,14,15,16] neutralization studies raised the possi-
bility that the gp120 surface might be less heterogeneous in gp120
subpopulations that have a less positively charged V3 loop, due to
greater magnitudes of resistance to the antibody neutralization. To
address this possibility, we performed an information entropy
study using sequences in the public database. We extracted full-
length gp120 amino acid sequences of HIV-1 subtype CRFO1_AE
that has the same evolutionary origin and is spread throughout
southeast Asia [42]), and divided them into subgroups on the basis
of the net charge of V3 loop (+2, +3, +4, +5, +6, +7, and +8). The
sequences were used to calculate the Shannon entropy scores, H(i)
[1], to denote the diversity of individual amino acids within each
subpopulation.

Figure 3 shows the 3-D distribution of the H(i) scores of
individual amino acids plotted on the HIV-1 gpl20 crystal
structure (PDB code: 2B4C [1]), where the green to orange regions
were suggested to have more variable amino acids than the blue
ones. In the gpl20 subpopulation that has +7 V3 loop, the H(i)
scores often exceeded 2.0 bits at many residues, reaching close to
the maximum value of 4.4, i.e., the diversity was maximal, at the
V5 region (Fig. 3A, left panel). Regions with high H(i) scores
included the functional sites, such as the V3 loop and the regions
around the CD4 binding site. In marked contrast, in the gpl20
subpopulation carrying the +3 V3 loop, the H(i) scores were
almost zero, l.e., the diversity was minimal, at many amino acids,
but not at those in the V4, V5, and LE regions (Fig. 3A, right
panel). Importantly, relatively high levels of conservation were also
detected with amino acids in the otherwise highly variable V3
loop. Moreover, a region adjacent to the CD4 binding loop was
also less heterogeneous compared with those of the gpl20
subpopulation carrying +7 V3 loop (Figs. 3B). In the gpl20
subpopulations carrying the +2, +3, 4, and +5 V3 loops, the H(i)
scores were indistinguishable from each other: they were less
heterogeneous than the subpopulations carrying the +6, +7, and
+8 V3 loops. Similar results were obtained with HIV-1 subtype C
that represents the most predominated HIV-1 in the world (data
not shown).

Discussion

The ability of HIV-1 to rapidly change its phenotype greatly
complicates our efforts to eradicate this virus. Elucidation of
structural principles for the phenotypic change may provide a clue
to control HIV-1. In this study, by combining MD simulations
with antibody neutralization experiments and diversity analysis of
the viral protein sequences, we studied a structural basis for the
phenotypic change of HIV-1 by V3 mutations. To address this
issue, we used a V3 recombinant system; we performed a
computer-assisted structural study and an infection-based neutral-
ization assay using gp120 proteins whose amino acid sequences are
identical except for V3 loop. In combination with an informatics
study, we obtained evidence that the HIV-1 V3 loop acts as an
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electrostatic modulator that influences the global structure and
diversity of the interaction surface of the gpl20 outer domain.

Using MD simulation, we first examined whether the V3 net
charge could affect the structural dynamics of the HIV-1 gp120
outer domain surface. Initial structures of the outer domain of the
two gpl20s, Gpl20parnmivs and Gpl20parTHosvs, were identi-
cal before MD simulations, because the domains were both
derived from HIV-1j,4; strain. Remarkably, however, the two
molecules with distinct V3 loop exhibited markedly distinct
structural dynamics following MD simulations (Figs. 1 and 2).
These data strongly suggest that the V3 net charge can act as an
intrinsic modulator that influences the structural dynamics of the
interaction surface of the gp120 outer domain. Such a global effect
on structure by a local electrostatic change has been reported with
bacteriorhodopsin [43]. In general, the long-range effects of non-
electrostatic contributions are negligible, whereas those of the
electrostatic contributions are not [34]. Therefore, it is reasonable
that the changes in overall charge of the V3 loop element caused
the global effects on the gpl20 structure via alteration of the
electrostatic potentials of the gpl20 surface.

We next studied biological impact of the structural changes
predicted by MD simulations. The MD simulations suggested that
the CD4 binding loop was less exposed in the Gpl20pa1nmivs
than the Gpl20panmivs (Fig. 2). The finding predicted that
reduction in V3 net charge could cause reduction in neutralization
sensitivity to the anti-CD4 binding site antibodies. This possibility
was assessed by neutralization assay. We used infectious HIV-1y 4
clones having the GplQOLAl_NH\\I3 or the GpIQOLAj.THogvg; to
assess their neutralization sensitivities to the anti-CD4 binding site
MAbs. Notably, we indeed observed marked reduction in the
neutralization sensitivity in HIV-1y 45 having Gpl20pa1TH09v3
(Table 1). The results are consistent with the structural changes
predicted by MD simulations, as well as previous findings on
neutralization sensitivity of HIV-1s to soluble CD4 [14,15,16].

We further studied evolutionary impact predicted by MD
simulations and the neutralization studies. These studies predicted
that reduction in V3 net charge could cause reduction in sequence
diversity around the CD4 binding site due to reduced sensitivity to
positive selection pressures of antibodies. Notably, we indeed
observed marked reduction in the gpl20 diversity: our Shannon
entropy data show that otherwise variable surfaces of gp120, such
as V3 and a region around the CD4 binding loop, are less
heterogeneous in the gpl120 subgroups carrying a V3 loop with a
+3 charge (Tig. 3).

Previous cryo-electron microscopy studies have indicated that
gp120 forms a trimer on an HIV-1 virion, where the CD4 binding
sites are exposed on the outside surface in the solution [44,45,46].
Therefore, it is reasonable that gpl20 with +3 V3 with less
exposed CD4 binding loop is less sensitive to neutralization by
anti-CD4 binding site antibodies (Table 1) and less heterogeneous
around the CD4 binding site (Fig. 3). Collectively, our results
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Figure 2. Comparison of the averaged 3-D models during MD simulation. (A) Superposition of the averaged structures obtained with the
40,000 snapshots obtained from 10-30 ns of MD simulations using ptraj module in Amber 9. Red and Blue ribbons: loops of Gp120,a.nmivs and
Gp120¢ar-THosvs With V3 net charges of +7 and +3, respectively. (B-D) Configuration and structural dynamics of the CD4 binding loop. The distance
between the Co. of Gly115 and the Ca of Gly221 in the CD4 binding loop was calculated to monitor configurational changes (B). The distance was
monitored during the 10-30 ns of MD simulation (C) and the average distance with variance was plotted (D). +7: Gp120_a.nH1va +3: GP120 A THooVS-

doi:10.1371/journal.pone.0037530.g002

obtained with all three approaches agree with each other and
suggest that V3 net charge is an intrinsic factor that influences
structural property, antibody sensitivity, and sequence diversity of
CD4 binding site.

The HIV-1 gpl20 outer domain has several functional or
immunogenic loops involved in binding to CD4, coreceptor and
antibodies. Our MD simulations predicted that V3 net charge
influences fluctuation and conformation of these loops (Figs. 1 and
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2). The V3-based structural modulation of the gp120 surface loops
may be an effective mechanism to alter effectively the phenotype
and relative fitness of HIV-1. For example, a change in the V3 net
charge by mutations may induce changes in V3 conformation
(Figs. 1D and 2A) [13], which in turn may influence intra- or inter-
molecular interactions among gpl20 monomers and thus global
structure of gpl20 trimer on a virion. Generation of a swarm of
structural variants by V3 mutations could help generating the best-
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Table 1. Neutralization sensitivity of the isogenic V3 recombinant HIV-1 to anti-gp120 monocional antibodies.

Epitopes on Gp120 NDs, (ng/ml)®

Antibody ID Ig subtype

49G2

a2

0!55 [59]

acnpg
4301

human lgG1 CD4 binding site™

#Neutralization epitope in the Gp120 outer domain before CD4 binding.
$Neutralization epitope induced in Gp120 after CD4 binding.

*Epitopes outside of the CD4 binding site [37].

®The effect of each antibody on viral infectivity was tested in duplicate.
doi:10.1371/journal.pone.0037530.t001
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loop

V3 +7 V3 +3

0 4.4 bits

Figure 3. Diversity of the gp120 subpopulations carrying a V3 loop with net charge of +7 or +3. Full-length gp120 sequences of the HIV-1
CRFO1_AE [42] were extracted from a public database, and divided into subgroups on the basis of the net charge of the V3 loop (+2~+8). The divided
sequences were used to calculate the Shannon entropy, H(i) [63], within each subpopulation, and the H(i) values were plotted on the 3-D structure of
gp120 (PDB code: 2B4C [1]). The results for the gp120 subgroups that have V3 loops with +7 (left panel) and +3 (right panel) charges are shown as
representative. The numbers of sequences used to calculate the H{j) were 9 and 81 for +7 and +3, respectively. (A) Distribution of H(j) in the gp120
monomer. (B) Distribution of H(i} around the CD4 binding site.

doi:10.1371/journal.pone.0037530.g003
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fit variants under changing environments during persistent
mfection of HIV-1 in vive. Further study is necessary to address
above issue.

Thus far fine structures of neither the intact gpl120 monomer
nor trimer are available. However, recent crystal structure study
disclosed a structure of V1/V2 domain [47], which had been the
major gpl20 region lacking structural information. The V1/V2
domain is located on the outer surface of gpl20, as is V3, and can
participate in phenotypic changes of HIV-1 [48,49]. In this regard,
Kwon et al [50] have found an intriguing role of gp120 variable
loops; gpl20 core has an intrinsic preference to form the CD4-
bound conformation, whereas the variable loops, such as V1/V2
and V3 loops, play key roles in preventing conformational
transitions into the CD4-bound state that is sensitive to
neutralization. Thus it is conceivable that configurational changes
of V3 loop by V3 mutations play roles in modulating structural
dynamics of the unliganded gpl20 core and neutralization
sensitivity of HIV-1. Availability of the V1/V2 loop structure will
promote structural study of the whole gp120 monomer containing
V3loop, V1/V2 domain, and glycans. Our findings will provide a
structural basis to elucidate intra-molecular interactions of these
elements, which in turn will allow the study of structure, function,
and evolution of gpl20 trimer. Incorporation of MD simulation
into these studies will help understanding structural dynamics with
which HIV-1 adjusts its relative replication fitness in nature.

Materials and Methods

Characteristics of the gp120 proteins and HIV-1s used

We used two isogenic recombinant gpl20 proteins, termed
Gpl20pannivs and Gpl20paitHoovs [35], for the present
structural and neutralization studies. They differ only in their
V3 loops. The Gpl20pa1nmivs and Gpl20parraoovs have the
35-amino-acid-length V3 loops from HIV-1-infected individuals in
the gpl120 backbone of the HIV-1y o; strain [35]. The net charges
of the V3 loops are +7 and +3 for the Gpl20pannmvs and
Gpl120pa1-THOOVS, respectively (the V3 net charge represents the
number of positively charged amino acids (R, K, and H) minus the
number of negatively charged amino acids (D and E) in the V3
loop). The HIV-1j4; carrying the Gpl20painmivs HIV-1pa1
wH1vs) is the CXCR4 tropic virus, whereas that carrying the
GplQOW_THogvg (HIV‘lLAl_THog\/g) is the CCRS5 lTlOllOtI'OpiC
virus [35]. The HIV-1yo1.nm1vs IS sensitive to neutralization by
antibodies with the ability to bind to the peptides containing the
autologous V3 tip sequences, whereas HIV-1{artHoovs s highly
resistant to antibodies targeting the autologous V3 tip sequences
[13].

MD simulation

As the initial structures for the MD simulation, we first
constructed three-dimensional (3-D) models of the outer domains
of the Gpl20par.nm1vs and Gpl20p ar-rHoevs by the comparative
(homology) modeling method (reviewed in [33,51,52]), as
described previously [13]. We used the crystal structure of HIV-
1 gp120 containing an entire V3 region at a resolution of 3.30 A
(PDB code: 2B4C [1]) as the modeling template. The gp120 core is
in complex with the CD4 receptor and the CD4 induced structure
(CD4i) antibody X5 [1]: it represents the structure after the CD4
binding. We deleted the structures of the CD4 receptor and the
X5 antibody from the 2B4C complex structure to comstruct the
free gpl20 outer domain models of HIV-1y4; V3 recombinant
viruses by homology modeling. Then the models were subjected to
the MD simulations to analyze structure and dynamics of the
gp120 outer domain in the absence of the CD4 receptor and the
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X5 antibody interactions. The homology modeling was performed
using tools available in the Molecular Operating Environment
(MOE) program (MOE 2008.10; Chemical Computing Group
Inc., Montreal, Quebec, Canada). The 186 amino-terminal and
27 carboxyl-terminal residues were deleted to construct the gpl120
outer domain structure. We optimized the 3-D structure
thermodynamically via energy minimization using an MOE and
an AMBER99 force field [53]. We further refined the physically
unacceptable local structure of the models based on a Ramachan-
dran plot evaluation using MOE. MD simulations were performed
as described previously [13] using the Sander module in the
Amber 9 program package [54] and the AMBER99SB force field
[55] with the TIP3P water model [56]. Bond lengths involving
hydrogen were constrained with the SHAKE algorithm [57], and
the time step for all MD simulations was set to 2 fs. A nonbonded
cutoff of 12 A was used. After heating calculations for 20 ps to
310 K using the NVT ensemble, the simulations were executed
using the NPT ensemble at 1 atm at 310 K for 30 ns.
Superimpositions of the Gpl20painmivs and Gpl20parrHoovs
structures were done by coordinating atoms of amino acids along
the P-sheet at the gpl20 outer domain. We performed two
independent MD simulations with distinct MD codes and
obtained similar results. Therefore, we present here the data set
from one of the MD simulations as a representation.

Calculation of the root mean square deviation (RMSD)
and root mean square fluctuation (RMSF)

The RMSD values between the heavy atoms of the two
superposed proteins were used to measure the overall structural
differences between the two proteins [34]. We also calculated the
RMSF to provide information about the atomic fluctuations
during MD simulations [34]. In this study, we calculated the
RMSF of the main chains of individual amino acids using the
40,000 snapshots obtained from MD simulations of 10-30 ns. The
average structures during the last 20 ns of MDD simulations were
used as reference structures for the calculation of the RMSF. Both
the RMSD and RMSF were calculated using the ptraj module in
Amber 9 [34].

Monoclonal antibodies (MAbs)

The 49G2, 42F9, 0.586 and 4Cl11 antibodies used for the
neutralization assay were the human MAbs established from an
HIV-1-infected patient with long-term non-progressive illness.
Human blood samples were collected after signed informed
consent in accordance with study protocol and informed consent
reviewed and approved by Ethics committee for clinical research
& advanced medical technology at the Faculty of Life Science
Kumamoto University. B cells from the patient’s peripheral blood
mononuclear cells were transformed by EBV, followed by cloning
as described previously [58]. The culture supernatant from an
individual clone was screened for the reactivity to gpl20srs by an
enzyme-linked immunosorbent assay (ELISA). The specificity of
antibodies was determined by gpl20 capture ELISA and FACS
analysis as described previously [59]. Briefly, reactivity of the
mAbs against monomeric gpl120 of HIV-1gpy was measured with a
gpl20 capture assay in the absence or presence of soluble CD4
(0.5 pg/ml). Decrease in the binding activity was observed for the
mAbs 0.58, 49G2, and 42F9 in the presence of soluble CD4,
whereas enhancement in the reactivity was detected for the mAb
4C11. Reactivity of the mAbs against envelope protein on the cell
surface was measured with a FACS analysis of PMI1 cells
chronically infected with JR-FL in the absence or presence of
soluble CD4 (0.5 pg/ml). No significant difference was observed
for the binding profiles of 0.58, 49G2, and 42F9 in the presence of
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