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To date, resistant variants to C-HR-derived peptides, such
as T-20 and C34, have been extensively investigated. Resistant
variants to T-20 have emerged with mutations in the N-HR region,
especially from L33 to L45, which is thought to be the binding site
of T-20, both in vitro (Fikkert et al., 2002; Rimsky et al., 1998) and in
vivo (Aquaro et al., 2006; Bienvenu et al., 2006; Cabrera et al., 2006;
Labrosse et al., 2006; Menzo et al., 2004; Perez-Alvarez et al., 2006;
Ray et al., 2007; Wei et al., 2002), suggesting that substitutions in
the N-HR directly interfere with T-20 binding. Variants resistant to
(34 also emerged in vitro with amino acid mutations in the N-HR
region (Armand-Ugon et al., 2003; Lohrengel et al., 2005; Nameki
et al., 2005). Taken together, mutations in the N-HR region play a
key role in resistance to C-HR-derived peptides.

An N-HR-derived peptide N36 corresponding to the
leucine/isoleucine zipper sequence of gp41 has anti-HIV-1 activity
to a lesser extent when compared to T-20 and C34 (Dubay et al.,
1992; Wild et al., 1994; Wild et al., 1992). It is believed that N36
easily aggregates in physiological solutions, resulting in reduced
potency (Luetal.,, 1995; Lu and Kim, 1997). Meanwhile, a stabilized
and trimeric coiled-coil N peptide, IZN17, was developed and dis-
played 100-fold greater potency compared with N36 (Eckert and
Kim, 2001a). Moreover, (CCIZN17)3, a covalently stabilized trimer
of IZN17s, represented 30-fold increase in potency compared
with IZN17 (Bianchi et al., 2005). These studies demonstrated
that appropriate engineering of N-HR-derived peptides could
increase their inhibitory effect, suggesting that development of
N-HR-derived peptides is one of the novel candidates for effective
HIV-1 inhibitors.

In this study, we selected for and characterized HIV-1 variants
resistant to N36 by virological, biochemical and X-ray crystallo-
graphic analyses, with the aim of elucidating further information
regarding HIV-1 fusion.

2. Materials and methods
2.1. Cells and viruses

MT-2 and 293T cells were grown in RPMI 1640 medium and
Dulbecco’s modified Eagle medium (DMEM), respectively. HeLa-
CD4-LTR-B-gal cells were kindly provided by M. Emerman through
the AIDS Research and Reference Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Disease (Bethesda,
MD, USA), and used for the drug susceptibility assay as described
previously (Nameki et al., 2005). Recombinant infectious HIV-
1 clones carrying various mutations were generated by pNL4-3
plasmid with site-directed mutagenesis as described previously
(Nameki et al., 2005). Each molecular clone was transfected into
293T cells with TransIT® (Mirus Bio LLC, Madison, WI, USA). After
48 h, the supernatants were harvested and stored at —80°C until
required.

2.2. Antiviral agents

The peptides used in this study were synthesized as described
previously (Otaka et al., 2002). A reverse transcriptase inhibitor,
2',3'-dideoxycytidine (ddC), and an adsorption inhibitor, dextran
sulfate (DS5000) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.3. Determination of drug susceptibility

The peptide sensitivity of infectious clones was determined
by the multinuclear activation of galactosidase indicator (MAGI)
assay as described previously (Nameki et al., 2005). Briefly, the
target cells (HeLa-CD4-LTR-B-gal; 10* cells/well) were plated in
96-well flat-bottomed microtiter culture plates. On the following

day, the cells were inoculated with the HIV-1 clones (60 MAGI
unit/well, giving 60 blue cells after 48 h of incubation) and cul-
tured in the presence of various concentrations of drugs in fresh
medium. Forty-eight hours after viral exposure, cells were stained
with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)
and blue cells were counted in each well. The activity of test com-
pounds was determined as the effective concentration that blocked
HIV-1 replication by 50% (ECsg).

2.4. Induction of HIV-1 variants resistant to N36

MT-2 cells were exposed to wild-type HIV-1 (HIV-1wr) and cul-
tured in the presence of N36 at an initial concentration of 0.1 uM.
Cultures were incubated at 37 °C until extensive cytopathic effect
(CPE)was observed. The culture supernatants were used for further
passage of MT-2 cells in the presence of increasing concentrations
of N36 until massive CPE was seen at earlier stages of culture.
Such dose-escalating culture was performed until resistant vari-
ants were obtained. This selection was carried out for a total of 25
passages. At the indicated passages, 10, 20, and 22, the sequence of
the env region was determined by direct sequencing of the proviral
DNA extracted from the infected MT-2 cells.

2.5. Viral replication kinetics assay

MT-2 cells (105 cells/mL) were infected with each virus prepara-
tion (500 MAGI unit) for 16 h. The infected cells were then washed
and cultured in a final volume of 3 mL. The culture supernatants
were collected from days 2-7 after infection, and the amount of
p24 antigen was determined.

2.6. Circular dichroism (CD) spectroscopy

Each peptide was incubated at 37 °C for 30 min, with the final
concentration of peptides were 10 wM in phosphate buffered saline
(PBS) pH 7.4. CD spectra were recorded on a AVIV model 202 spec-
tropolarimeter (AVIV) with a 1 mm path-length cuvette at 25°C
from an average of eight scans. The thermal stability was assessed
by monitoring the change in the CD signal at 222 nm. The midpoint
of the thermal unfolding transition, the melting temperature (Tr )
of each complex was determined as described previously (Otaka et
al., 2002).

2.7. Crystallization, data collection and refinement

Crystallization was performed using the hanging-drop vapor-
diffusion method at 4°C. The solution for crystallization was
prepared by mixing 2 pL peptide solution (10 mg/mL each of N36
and C34q peptides) with 2 ul of mother liquor. The triangu-
lar prism-shaped crystals of the N36/C34gq complex were grown
in 80 mM ammonium chloride, 16% 2-methylpentan-2,4-diol and
25% isopropanol, which diffract to beyond 1.7 A resolution and
belong to space group (2 with unit-cell parameters a=88.63,
b=50.48, c=56.15A, $=90.88°. X-ray diffraction data were col-
lected at 100K on a rotating copper-anode home X-ray source
(MicroMax-007, Rigaku, Japan) equipped with an imaging plate
detector (R-axis [V**, Rigaku). The structure was solved by molecu-
lar replacement using the program MOLREP (Vagin and Teplyakov,
1997) with the model of a wild-type 6-helical bundle struc-
ture which was generated by symmetry operations from the PDB
coordinate file 1AIK. Structure refinement was performed with
the programs CNS (Brunger et al., 1998) and XtalView (McRee,
1999).
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3. Results
3.1. Selection of N36-resistant HIV-1

In order to induce HIV-1 variants resistant to N36, escalating
doses of N36 (from 0.1 wM)were applied to HIV-1y-infected MT-2
cells. At passage 11 (P-11), P-20 and P-22, when the concentra-
tion of N36 was 6.4, 12.8 and 25.6 pM, respectively, the sequence
of the env region was determined by direct sequencing of the
proviral DNA extracted from MT-2 cells as described previously
(Fig. 1) (Nameki et al., 2005). Sequence analysis of HIV-1 at P-11
revealed that the aspartic acid residue at position 36 (D36) and the
asparagine at position 126 (N126) of gp41 had been substituted for
glycine (D36G) and lysine (N126K), respectively. At P-20 and P-22,
E137Qingp41and P183Qingp120 had emerged, respectively. Both
N126K and E137Q substitutions were located in the C-HR which
is thought to be the interactive site of N36 (Fig. 1A) (Chan et al,,
1997). An N126K mutation was also induced in resistant viruses
to C34 (Nameki et al., 2005), T-20 (Baldwin et al., 2004), modi-
fied C-HR-derived peptide, T-1249 (Eggink et al., 2008), and cell
membrane-anchored C-peptide, maC46 (Hermann et al., 2009). In
the bulk-sequencing, we found mixed substitution at N126K, AAG
and AAA. Therefore, we cloned PCR products to a cloning vector
pSL301 (Invitrogen, Carlsbad, CA, USA) and revealed that 6 and 3
clones were AAG and AAA, respectively, and that no other substi-
tutions in the both HRs were observed.
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Fig. 1. Schematic view of HIV-1 gp41 (A) and induction of N36-resistant HIV-1 (B).
The locations of the fusion peptide (FP), N-terminal heptad repeat region (N-HR), C-
terminal heptad repeat region (C-HR), transmembrane domain (TM), and the gp41-
derived peptides, N36 and C34, are shown (A). The residue numbers of each peptide
correspond to their positions ingp41. The bold underlined letters in the box indicate
the novel mutations that were observed in the C-HR of N36-resistant HIV-1 variants.
(B) HIV-1wr was passaged in MT-2 cells with increasing concentrations of N36. The
dose-escalating selection was carried out for a total of 25 passages, with compound
concentrations ranging from 0.1 to 25.6 WM. At the indicated passages, proviral DNA
from the lysates of infected cells were sequenced.
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Fig. 2. Replication kinetics of N36-resistant variants. Replication kinetics of N36-
resistant HIV-1 variants with a single (A) or combination of mutations (B).
Supernatants were collected on days 2-7 from infected MT-2 cells and were sub-
jected to determination of p24 production. Representative results show the mean
and standard deviation of experiments performed independently three times.

3.2. Susceptibility of HIV-1 variants to N36

To identify which substitutions were responsible for N36 resis-
tance, we generated seven recombinant viruses, and examined the
susceptibility of N36 against these viruses with the MAGI assay.
HIV-1In126x, HIV-1g137q. HIV-1N126K/E137Q. HIV-1p36cN126K/E1370:
and HIV']gpl20-P1 83Q/D36G/N126K/E137Q showed reduced susceptibil-
ity to N36 (Table 2). Since N126K emerged in HIV-1 variants
resistant to C-HR-derived peptides (Baldwin et al., 2004; Nameki
et al., 2005), all N126K containing viruses also demonstrated a
4-5-fold reduction in susceptibility to C34. The D36G substitution,
observed in the majority of HIV-1 strains (Kuiken et al., 2009), and
P183Q in gp120 demonstrated no resistance to all the inhibitors
tested. P183Q whichislocated in the gp120 V2 region was observed
in a wide range of HIV-1 subtypes including subtypes A, B, and C
as well as the wild-type, indicating that P183Q is a polymorphism
(Kuiken et al., 2009). These results indicate that the single muta-
tions, N126K and E137Q, are involved in resistance to N36, but
when both mutations were present, only a weak effect on resistance
was observed.

3.3. Replication kinetics of N36-resistant variants

To address effects of the mutations on HIV-1 replication, we
examined replication kinetics of HIV-1 variants through p24 pro-
duction in culture supernatants. The N126K substitution had an
adverse effect on replication kinetics, while E137Q exhibited no
effect on replication kinetics compared to HIV-1yr (Fig. 2A). The
variant, HIV-1y126k/E137¢ had markedly reduced replication kinet-
ics, however the D36G mutation moderately restored these kinetics
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Fig. 3. Affinity of N36 and C34 with or without mutation. Melting temperature (Ty,)
and CD spectra of the N36/C34 (wild-type), N36/C34k, N36/C34q and N36/C34xq
complexes are shown (A). CD spectra profile of N36/C34 and N36/C34kq complexes
are shown (B).

(Fig. 2B). These results indicate that the primary mutations, N126K
and E137Q, are strongly and weakly associated with a reduction
in HIV-1 replication kinetics, respectively. In contrast, P183Q in
gp120solely enhanced the replication kinetics of HIV-1 (Fig. 2A) but
did little to alter the replication kinetics of HIV-1p36¢/N126K/E1370
(Fig. 2B). P183Q and D36G appear to be secondary or spontaneous
mutations in HIV-1induced by serial passage in an attempt to adapt
to a cell culture environment.

3.4. Thermal stability of the 6-helix bundle

Synthetic peptides representing the N- and C-HRs have been
shown to fold into thermally stable 6-helix bundles (Lu et al., 1999;
Lu and Kim, 1997), and thus provide a model of gp41 for inves-
tigating structural and other biophysical properties of a 6-helix
bundle. To determine whether N126K and E137Q contributed to
the stability of the 6-helix bundle, we measured the Ty, of the com-
plexes, N36/C34 (wild-type) and N36/C34kq (C34 with N126K and
E137Q mutations). As shown in Fig. 3A, T, values of the complex of
N36/C34x and N36/C34q were similar to that of N36/C34 complex,
while that of N36/C34kq was increased. In addition, the CD spec-
tra observed in N36/C34kq and N36/C34q at 25°C showed a high
helix extent compared to that in N36/C34, while N36/C34 showed
intermediate helicity (Fig. 3B). These results indicate that the two
mutations, N126K and E137Q, co-operatively provide high thermal
stability of the N36/C34kq complex.

Table 1
Crystallization data, statistics and refinement parameters.

Crystallization

Peptide solution

N36 10 mg/mL
C34kq 10mg/mL
Mother liquor
Ammonium chloride 80mM
2-Methylpentan-2,4-diol 16%
Isopropanol 25%
Data collection
Resolution range/A 35-1.7
No. of observed reflections 99,054
No. of unique reflections 27,434
Completeness 99.1%
Redundancy 3.61
Rmerge 7.2%
Space group Q
Unit-cell parameters
a=88.63, b=50.48, c=56.15A, $=90.88°
Refinement
Resolution range/A 23.8-1.7
No. of reflections in the working set 25,818
No. of protein atoms 1803
No. of water molecules 146
R/Rfee 18.8/21.9%

3.5. Crystal structure of the 6-helix bundle

To reveal the structural basis of the resistance and stabiliza-
tion mechanisms by the double mutations, we solved the crystal
structure of the N36/C34kq complex (PDB code 3AHA). The statis-
tics for data collection and refinement are summarized in Table 1.
The solved structure showed a 6-helix bundle structure, which was
the same as in the wild-type N36/C34 complex (PDB code 1AIK)
(Fig.4). Their main chain structures are completely identical in heli-
cal pitch as well as in twist angle. A careful comparison between
the N36/C34 and N36/C34kq complexes revealed some differences
inside-chain interactions. The N36/C34 complex has been solved in
the trigonal P321 space group so that the asymmetric unit contains
one of each N36 and C34 peptide, in which symmetrical side-chain
interactions along the 3-fold rotation axis are formed around the
bundle. We solved the N36/C34kq complex in the lower symme-
try C2 space group, and this asymmetric unit contained one helix
bundle structure (Fig. 4).

The N126K mutation does not seem to induce conformational
changes in the crystal structure when compared to the N36/C34
complex (Fig. 4C). It is consistent with the location of N126 that the
N126K mutation does not directly interact with the binding groove
formed by the N-HR trimer (Fig. 4A). In the case of E137Q, local rear-
rangement of a hydrogen bond was induced (Fig. 4D-G), although
the hydrogen bond network formed by E/Q137-N43-R46-N42-
Q142’-Q40' is maintained. These asymmetrical and inter-helical
side-chain interactions may contribute to the stability of gp41.

4. Discussion

In this study, we induced N36-resistant variants of HIV-1 in vitro
and characterized them. The variants contained four mutations,
P183Qingp120and D36G,N126K,and E137Qin gp41. Among these
mutations, N126K and E137Q were directly associated with N36
resistance. The N126K mutation also conferred resistance in HIV-1
to C-HR-derived peptides (Baldwin et al., 2004; Eggink et al., 2008;
Nameki et al., 2005) and a cell surface expressed peptide (Hermann
etal., 2009), indicating that N126K is a key mutation for acquisition
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of resistance to all gp41-derived fusion inhibitors.

E137Q was not observed as a polymorphism (Kuiken et al.,
2009) and was not identified in HIV-1 that was resistant to the N-
HR-derived peptide, N13 ATrimer, which had reasonable solubility,
high helicity and thermostability (Dwyer et al., 2008). Therefore,
E137Q is a novel mutation for N36 resistance. The solved crystal
structure revealed that E137Q induces local rearrangement of the
hydrogen bond networkin gp41. A polymorphism E137K(Kuiken et
al., 2009) has been identified as one of resistance associated muta-
tions to N44 in a CCR5 tropic HIV strain, HIV-1jg_csF (Desmezieres et
al., 2005). Recently, Tolstrup et al. (2007) also reported that E137K
restored T-20-resistant virus infectivity impaired by the acquisi-
tion of the N43D mutation. Since E137 formed hydrogen bonds
with N43, it is likely that the E137K mutation partially restores the
6-helix bundle stability (Bai et al., 2008), suggesting that E137 is
an important position for stability of the 6-helix bundle and E137Q

©)

is a mutation for conferring N36-resistance in HIV-1. On the other
hand, the overall structure of the 6-helix bundle with mutations
was barely affected, which is consistent with our recent observa-
tions. The C34 derivative, SC34EK, which contains 12 hydrophilic
and one artificial substitution (Nishikawa et al., 2009) has highly
potent anti-HIV activity and maintains its structure in the 6-helix
bundle even with these extensive modifications. These results
indicate that the basic structure of the 6-helix bundle appears to
be crucial for gp41 function, suggesting that agents which disrupt
this structure will have inhibitory effects upon fusion.

Other substitutions observed in the N36 selection, P183Q in
gp120and D36G in gp41, enhanced viral replication kinetics (Fig. 2)
but little influenced N36 susceptibility (Table 2). It is likely that
faster entry kinetics theoretically provides resistance to fusion
inhibitors through relatively short period to allow interaction of
fusion inhibitors with the target, gp41. Indeed, HIV-1 with the

(F)

Fig. 4. Helical wheel representation of N36 and €34, and structure of N36-resistant HIV-1 gp41. The 6-helix bundle is represented as helical wheel projections (Chan et al.,
1997) and the view is from the top of the complex. N36 and €34, N36' and C34’, and N36” and C34” indicate each pair of a N36- and a C34-helix. The position of amino acid
mutations in N36-resistant HIV-1 and the amino acids related to formation of hydrogen bonds is shown (A and B). (C) The entire structure of the 6-helix bundle with N126K
and E137Q mutations. The views, focused on binding between an N36 and a C34 (D and F) and an N36 and a C34q (E and G), are shown. A hydrogen bond is depicted by
the blue dashed line. (D) A hydroxyl group of the E137 side chain formed two hydrogen bonds with the amide oxygen of N43 and the amine of R46. A hydrogen bond also
formed between the amide oxygen of N43 and the amine of R46. (E) The amide hydrogen of the E137Q side chain sustains a hydrogen bond with the amide oxygen of N43.
The hydrogen bond formed between the amide hydrogen of E137Q and the amine of R46 was lost. The hydrogen bond formed between the amide oxygen of N43 and the
amine of R46 in N36 was also lost. The views, focused on the hydrogen bond in the entire 6-helix bundle, formed with N36 and C34 (F) and N36 and C34q (G) are shown. A
hydrogen bond is depicted by a blue dashed line. An apostrophe, upper right of an amino acid, means the amino acids of a neighboring helix pair as indicated in (A).
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Table 2

Antiviral activity of HIV-1 gp41-derived peptides against recombinant viruses,
Viruses ECsp? (nM)

ddC DS5000 C34 N36

HIV-1wr 505 + 158 56 + 8.2 28+£12 200 £ 13
HIV-1p36c 640 + 76°(1.3) 94 +22(1.7) 28+ 1.2(1) 250 + 46(1.3)
HIV-1n126k 515+ 86(1) 88 + 19(1.5) 11+£3.1(4) 550 + 105(2.8)
HIV-1g1379 500+ 90(1) 84 + 14(1.5) 3.0+ 1.0(1.1) 636 + 159(3.2)
HIV-1n126K/E1370 642 + 84(1.3) 74 £ 6.0(1.3) 12 £ 4.7 (4.4) 731 £ 121(3.7)
HIV-1p36cN126K/E137Q 728 +29(1.4) 40 £ 4.0(0.7) 15+ 1.0(5.2) 796 + 144 (4)
HIV-1gp120-p1830. 414 + 50(0.8) 58 +£7.5(1) 27+06(1) 343 + 76 (1.7)
HIV-144120-p1830/D36G/N126K/E137Q 634 + 150(1.2) 43 + 5.7 (0.8) 15+ 2.4(5.2) 573 £ 64(2.9)

4 Anti-HIV activity was determined with the MAGI assay.

b The data shown are mean value and standard deviation (SD) obtained from the results of at least three independent experiments.
¢ Values in parentheses represent fold-resistance in ECs; for recombinant viruses compared to HIV-1wr.

faster entry kinetics shows resistance to T-20 (Reeves et al., 2002;
Heredia et al., 2007; Hermann et al., 2009). However, only CCR5
tropic HIV-1s were subjected to be examined the entry kinetics
and T-20 susceptibility in these studies, while CXCR4 tropic HIV-1s
have been less examined yet. Interestingly, cell surface expression
level of CCR5 influenced T-20 susceptibility but those of CD4 did not
(Heredia et al., 2007), suggesting that entry kinetics of HIV-1 only
through CCRS5 influences T-20 susceptibility. In contrast, our study
and others also revealed that D36G, the faster virus with CXCR4
tropism, showed high susceptibility to T-20 (Ueno et al., 2009; Mink
et al.,, 2005; Kinomoto et al., 2005). In the present study, the faster
viruses with mutations, such as P183Qand D36G little provided N36
resistance (Table 2). Thus, it is likely that there are some unknown
differences in fusion inhibitor susceptibility between CXCR4 and
CCRS5 tropic viruses. As one of possibilities, Kahle et al. (2009)
reported interesting data that asymmetric deactivation is observed
in the C-HR targeted 5-helix peptide. Activity of the C-HR-derived
peptide, C37 is well-correlated with binding affinity to the N-HR (Kp
value), while that of 5-helix targeted the C-HR is poorly-correlated.
They proposed a novel mechanism of fusion inhibition that pep-
tides targeting N-HR and C-HR have distinctively reversible and
irreversible deactivation of gp41 function, respectively.

D36G is one of the characteristic substitutions or polymor-
phisms for HIV-1y14.3, since only HIV-1y14.3 has D36 and others
originally contains G36 (Kuiken et al., 2009). Kinomoto et al. (2009)
analyzed D36G effect in a structure modeling with SIV gp41 and
revealed D36 could induce distortion or incorrect positioning of
the N and C helices by misdirected salt bridge with K144. How-
ever, less difference between the N36 conformations of wild-type
and D36G mutant was expected, since the D36G, the second amino
acid from the N-terminal end of N36, is located in the flexible
region of N36 sequence. Experiments with the N-HR-derived pep-
tide including expanded N-terminal region of N36 will be needed
to reveal structural feature of D36G in the N-HR. In addition to a
role in the viral entry, D36G has another role in viral replication
kinetics as nucleotides (Dgau36Gegy) in the stem Il of Rev respon-
sive element (Ueno et al., 2009; Nameki et al., 2005). Nameki et al.
(2005) demonstrated that Agcc30Vyc located outside of the N-HR
but complementally with Dgay36 in the stem Il¢, also enhanced
replication kinetics of HIV-1ni4.3 (underlined nucleotides; com-
plementally located in the stem Il¢) through compensation of the
RNA structure. As such, D36G has at least 2 advantages, fusion
and RNA stability for viral replication. In the present study, we,
therefore, focused mainly on mutations in the C-HR region. In the
(D analysis, enhanced 6-helix bundle stability of N36/C34xq was
observed, while structural alteration of the 6-helix bundle was not
apparent. We hypothesize that the mechanism of resistance to N36
has little association with the binding ability of C-HR. Although
the resistance of HIV-1 to C-HR-derived peptides accounts for a
correlation with the binding affinity of N-HR, an important factor

in the resistance to N36 may exist before completion of 6-helix
bundle formation. Steger et al. reported that the 5-helix fusion
inhibitor, containing three N-HR and two C-HR segments, targeting
the C-HRregion in gp41 as well as N36, demonstrated poor correla-
tion between inhibitory potency and interaction affinity with C-HR
(Steger and Root, 2006). The ICsq values of 5-helix variants with
some mutations in the sequence were inversely proportional to
their association rate constants. It is consistent with observations
by Kahle et al. (2009) mentioned above that mechanism of inhibi-
tion of peptides targeting the N- and C-HRs seems to be different,
deactivation of gp41 function and dominant negative/decoy effect,
respectively. The anti-HIV activity of N36, which has the same tar-
get as the 5-helix variants, might be also correlated with association
rate constants to C-HR and finally irreversibly deactivate the gp41
function.

In conclusion, non-aggregating and trimeric coiled-coil N-HR-
derived peptides such as (CCIZN17); have been developed and
exhibit more potent anti-HIV-1 activity (Bianchi et al., 2005; Eckert
and Kim, 2001a), as well as exerting a strong synergistic effect with
T-20 (Bianchi et al., 2005). Therefore, N-HR-derived peptides with
appropriate modifications are promising because of possible co-
administration with T-20 and modulation of the resistance profile.
The mechanism of resistance to N36, described in this paper, pro-
vides a role for the N126K and E137Q mutations in 6-helix bundle
stability, although N126 does not directly associate with the N36
surface. Further experiments are needed to clarify the role of the
common N126K mutation in HIV-1 fusion.
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Rev, a viral regulatory protein of HIV-1, binds through its arginine-rich domain to the Rev-responsive
element (RRE), a secondary structure in transcribed HIV-1 RNA. Binding of Rev to RRE mediates export
of singly spliced or unspliced mRNAs from the nucleus to the cytoplasm. It has been previously shown
that a certain arginine-rich peptide exhibits not only RRE-binding ability but also cell permeability and
antagonism of CXCR4, one of the major coreceptors of HIV-1. Here we designed and synthesized arginine-

- rich peptides derived from the RNA-binding domain of Rev (Revs4.50) and evaluated their anti-HIV-1
Il_(i%\:vlords. activities. Revsg.s0-A4C, comprising Revss.so with AAAAC at the C-terminus to increase the a-helicity,
Rev inhibited HIV-1 entry by CXCR4 antagonism and virus production in persistently HIV-1-infected PM1-

CXCR4 CCRS cells. Interestingly, similar motif of human lymphotropic virus type I Rex (Rex;-;1) also exerted
Inhibitor moderate anti-HIV-1 activity. These results indicate that arginine-rich peptide, Revs4.50-A4C exerts dual
Alpha-helix antagonism against CXCR4 and Rev.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

HIV-1 attaches to its target cells through a major receptor, CD4,
and then interacts with coreceptors such as chemokine receptors
to enter the cells (Este and Telenti, 2007). The T-cell-line-tropic
(X4) and macrophage-tropic (R5) HIV-1 strains mainly use CXCR4
and CCR5 as coreceptors, respectively. HIV-1 completes its infec-
tion by integration of reverse-transcribed double-stranded cDNA
into the host genome. Expression of HIV-1 genes is enhanced by the
viral transactivator protein Tat, while regulation of the expressed
genes through RNA splicing is tightly controlled by the viral reg-
ulatory protein Rev. Some expressed RNAs are protected against
RNA splicing by binding of Rev to a Rev-responsive element (RRE),
comprising an RNA secondary structure co-encoded with gp41,
resulting in singly spliced (e.g., for env mRNA) or unspliced (e.g.,
for gag-pol mRNA or viral progeny genomes) RNAs, which are
exported to the cytoplasm by Rev and used for viral protein syn-

* Corresponding author at: Building 1 Room 515, Tohoku University Graduate
School of Medicine, Department of Internal Medicine/Division of Emerging Infec-
tious Diseases, 2-1 Seiryo-cho, Aoba-ku, Sendai 980-8575, Japan.
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E-mail address: kodama515@m.tains.tohoku.ac.jp (E.N. Kodama).

1357-2725/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocel.2010.05.005

thesis and/or progeny genomes (Felber et al., 1989; Malim et al.,
1989b).

Rev contains several functional signals, such as a nuclear local-
ization signal (NLS; aa 35-50), which also serves as an RNA-binding
domain (Malim and Cullen, 1991; Olsen et al., 1990), and a nuclear
export signal (NES; aa 75-84) as shown in Fig. 1 (Fischer et al.,
1995; Szilvay et al., 1995). The RNA structure of the RRE in these
singly and unspliced RNAs plays an important role in the interac-
tion with Rev (Charpentier et al., 1997; Dayton et al., 1989). Rev
mainly binds to stem-loop IIB of the RRE and oligomerization of
Rev on the RRE is required for sufficient RNA export (Daugherty
et al., 2008; Kjems et al., 1992; Mann et al., 1994; Zapp et al.,
1991). Another human retrovirus, human T-cell leukemia virus type
[ (HTLV-I), also has a regulatory protein, Rex, which is the counter-
part of HIV-1 Rev. Rex interacts with not only a Rex-responsive
element (RXRE) but also with the HIV-1 RRE via its RNA-binding
domain (aa 1-16), which also acts as an NLS (Bogerd et al., 1991;
Hammes and Greene, 1993; Siomi et al., 1988). Functionally, Rex is
also involved in the nuclear export of RNAs containing an RXRE or
RRE (Rimsky et al., 1988). However, Rex and Rev interact with the
RRE in different manners, since Rev mainly binds to stem-loop IIB
while Rex mainly binds to the stem-loop III[/IV/V region (Ahmed et
al., 1990; Bogerd et al., 1991; Charpentier et al., 1997; Kjems et al.,
1992).
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Fig. 1. Domain structure of HIV-1 Rev and sequences of Rev- and Rex-derived pep-
tides. (A) Diagrammatic representation of HIV-1 Rev. The functional domains and
regions of HIV-1 Rev are depicted. (B) Sequences of Rev-derived, Rex-derived and
RSG-P2G4 peptides. The Rev- and Rex-derived peptides were synthesized based
on the HIV-1n14.3 (GenBank Accession No. AF324493) and HTLV-1 MT-2 (GenBank
Accession No. L03561) sequences, respectively. The protein transduction domain
(PTD; YGRKKRRQRRRY), an amino acid sequence derived from HIV-1ni4.3 Tat protein
(aa 47-57), was added to the C-terminus of the peptides.

At least three properties seem to be required to antagonize Rev
function: cell permeability, nuclear localization and specific bind-
ing to HIV-1 RRE or Rev. In this regard, Rev M10, a Rev mutant
lacking the nuclear export activity, efficiently suppresses HIV-1
replication through a dominant-negative effect on Rev function
(Malimetal., 1989a). However, it has several obstacles to overcome,
such as immunogenicity, chemical synthesis and administration,
for clinical application. In contrast, small peptides may be ideal
for overcoming such obstacles. Harada et al. (1996, 1997) designed
and examined artificial arginine-rich peptides as Rev antagonists
in biochemical binding assays. The crystal structure of Rev/RRE
has been reported (Jain and Belasco, 2001). Based on this structure
(Jain and Belasco, 2001; Jiang et al., 1999), we designed peptides
of 17 and 21 amino acids derived from the RRE-binding domains
of Rev and Rex proteins, designated Revs4.so and Rex;_1, respec-
tively, and examined their anti-HIV-1 activities. These peptides
contain an arginine-rich domain, which not only binds to the
RRE but also imparts cell permeability and nuclear localization
(Futaki et al., 2001). Notably, it has been reported that arginine-
rich peptides, e.g., ALX40-4C (N-a-acetyl-nona-D arginine), show
anti-HIV-1 activity via antagonistic effects against CXCR4 (Doranz
et al,, 1997). We hypothesized that the arginine-rich RNA-binding
domains of Rev and Rex inhibit both the entry of HIV-1 through
CXCR4 and the production of progenitor HIV-1 by interrupting the
function of Rev in the early and late phases of the replication cycle.

In this study, we tested this hypothesis by synthesizing Rev- and
Rex-derived peptides based on their RNA-binding domains, as well
as RSG-P2G4, an arginine-rich peptide that interacts with the RRE
(Harada et al., 1997), and by evaluating their antiviral activities as
bifunctional inhibitors that target Rev and CXCR4.

2. Materials and methods

2.1. Reagents

AZT was purchased from Sigma (St. Louis, MO). Amprenavir
(APV) was kindly provided by Dr. H. Mitsuya (Kumamoto Univer-
sity, Kumamoto, Japan). AMD3100 was a kind gift from Dr. S. Shigeta

(Fukushima Medical University, Fukushima, Japan). TAK-779 was
obtained from the AIDS Research and Reference Program, Divi-
sion of AIDS, National Institute of Allergy and Infectious Disease
(Bethesda, MD). All peptides used in this study were chemically
synthesized by Fmoc-solid-phase peptide synthesis on a Rink
amide resin as reported previously (Futaki et al., 1997). A phycoery-
thrin (PE)-conjugated mouse anti-human CXCR4 MAD (12G5) was
purchased from BD Bioscience Clontech (San Jose, CA).

2.2. Cells and viruses

Two laboratory strains, HIV-1yg and HIV-1g,1, that mainly
interact with CXCR4 and CCR5 as coreceptors, respectively, were
used in this study.

MT-2 cells were grown in RPMI 1640 medium (Sigma, St. Louis,
MQO). PM1-CCRS5 cells, which are CCR5-transduced PM1 cells, and
PM1-CCR5/IIIB and PM1-CCR5/Ba-L cells, which are PM1-CCR5
cells persistently infected with HIV-1yg or HIV-1p,;, respec-
tively, were maintained in RPMI 1640 medium supplemented with
G418 disulfide (0.5mg/ml; Nacalai Tesque, Kyoto, Japan). HeLa
CD4/CCR5/LTR-B-galactosidase (MAGI/CCR5) cells (Vodicka et al.,
1997) were kindly provided by Dr. ]. Overbaugh through the AIDS
Research and Reference Program. MAGI/CCRS5, 293T and NP-2 cells
were maintained in Dulbecco’s modified Eagle’s medium (Sigma).
All media were supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 100 U/ml penicillin and 50 p.g/ml streptomycin.

2.3. Determination of anti-HIV-1 activity

The anti-HIV-1 activities of the peptides in the early phase
of the replication cycle were determined by the MAGI assay
as described previously (Nameki et al., 2005). The inhibitory
effects of the peptides in the late phase were evaluated using
PM1-CCR5 cells persistently infected with HIV-1. Briefly, PM1-
CCR5/1IIB or PM1-CCR5/Ba-L cells were washed three times and
resuspended at 4 x 104 cells/ml with the peptides in the RPMI
1640-based medium. After 48 h, the amounts of viral p24 anti-
gen present in the culture supernatants were measured using a
RETRO-TEK HIV-1 p24 Antigen ELISA Kit (ZeptoMetrix Corporation,
Buffalo, NY). The cytotoxicities of the peptides were evaluated by
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assay as described previously (Kodama et al.,
2001).

2.4. Flow cytometric analysis of the antagonistic effects on CXCR4

MT-2 cells were resuspended in phosphate-buffered saline
(PBS) containing 1% FCS and preincubated with peptides at 4 °C for
30 min. PE-conjugated anti-CXCR4 MAb (12G5) was then added and
incubated at 4 °C for a further 30 min. The cells were washed three
times, fixed with 1% formaldehyde and analyzed using an EPICS XL
flow cytometer (Beckman Coulter, Miami Lakes, FL).

2.5. Evaluation of the anti-HIV-1 effects of intracellular
expression of Rev peptides

We constructed pCIl-Rev-IG vectors encoding various Rev
mutants, an internal ribosomal entry site (IRES) and neomycin
phosphotransferase (G418") under the control of a cytomegalovirus
(CMV) promoter as shown in Fig. 4. The pCI-Rev-IG plasmids were
transfected into MT-2 cells using the TransIT transfection reagent
(Mirus Bio, Madison, WI). After 16 h, the transduced MT-2 cells were
subjected to G418 selection, and further cultured in the presence
of G418 (0.5 mg/ml).

Rev-transduced MT-2 cells were resuspended in 96-well plates
(3 x 103 cells/well) and incubated with HIV-1ys. After 5 days, the
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cytopathic effects were determined by the MTT assay as described
previously (Kodama et al., 2001).

2.6. Subcellular localizations of Rev and Rex peptides

To evaluate the subcellular localizations of Revand Rex peptides,
we constructed pReVpepiide-EGFP and pReXpeprige-EGFP vectors
expressing C-terminally EGFP-fused peptides using pEGFP N1
(Clontech Laboratories Inc., Palo Alto, CA). The plasmids were trans-
fected into 293T and NP-2 cells using the TransIT transfection
reagent. After 48 h, the cells were fixed with 1% formaldehyde
and examined with a BioZERO fluorescence microscope (BZ-8000;
Keyence, Osaka, Japan).

3. Results
3.1. Arginine-rich peptides inhibit HIV-1y;p infection

The amino acid sequences of the peptides are shown in Fig. 1.
The peptides were examined for their anti-HIV-1 activities by the
MAGI assay (Table 1), which only detects anti-HIV-1 activity in the
early phase of the replication cycle up to the point of Tat inter-
action with the long terminal repeat (LTR) within 48 h post viral
inoculation (Uchida et al., 1997). The reverse transcriptase inhibitor
zidovudine (AZT) inhibited both HIV-1y;5 and HIV-1g,_1, which use
CXCR4 and CCR5 as coreceptors, respectively, while AMD3100 and
TAK-779, which are specific antagonists of CXCR4 or CCR5 (Baba et
al., 1999; Donzella et al., 1998), only inhibited HIV-1y;3 and HIV-
1a-1, respectively. All peptides showed anti-HIV-1 activity against
HIV-1y;p, but not HIV-1p,;. Addition of the 5 amino acids AAAAC
(A4C), which stabilizes the a-helical structure (Lin et al., 2004), to
the C-terminus of Revss. 50 (Revss.50-A4C) enhanced the activity
against HIV-1y;g3 compared with the parental Revs4.so. The anti-
HIV-1 activity of Revs4.50-A4C was slightly enhanced by addition
of the protein transduction domain of HIV-1 Tat (Tat-PTD) to the
C-terminus (see Fig. 1B), which increases the intracellular delivery

Table 1

Anti-HIV-1 activities of Rev- and Rex-derived peptides?.
Compound ECso® (M)

HIV-1yp HIV-1ga1

Revss.so 1.7+0.25 >10
Revi3as50-AsC 0.35+0.07 >10
Revs4.50-A4C-PTD 0.37 £0.09 >10
Rexi-21 >10 >10
Rex-2:-PTD 2.5+0.76 >10
RSG-P2G4 2.240.51 >10
AZT 0.022 +0.005 0.055 + 0.009
AMD3100 0.0038 +0.0011 >100
TAK-779 >100 0.0030+0.0019

2 Anti-HIV-1 activity was determined by the MAGI assay that detects early phase
of HIV replication (Uchida et al., 1997). HIV-1y;s and HIV-1g,L are one of represen-
tative strains for CXCR4 and CCR5 tropic HIV-1.

b ECso, 50% effective concentration. Data represent the means =+ SD of at least three
independent experiments.

of the conjugated protein or peptide (Nagahara et al., 1998). Rex;.2;
partially inhibited infection by HIV-1yg at 10 uM (approximately
40%) and its anti-HIV-1 activity was increased by addition of Tat-
PTD. Another arginine-rich peptide, RSG-P2G4 (Harada et al., 1997),
also only inhibited HIV-1yg infection.

3.2. Antagonism against CXCR4

It has been demonstrated that arginine-rich peptides bind to
CXCR4, resulting in inhibitory effects on the binding of the HIV-1
gp120 V3 loop to CXCR4 (entry inhibition) (Doranz et al., 1997;
Murakami et al., 1999). Our synthesized peptides contained an
arginine-rich motif in their sequences and blocked early-phase
infection only by the CXCR4-tropic HIV-1yg virus. Therefore, we
investigated whether the anti-HIV-1 activities of these peptides
in the early phase were produced by CXCR4 antagonism using
flow cytometric analysis with an anti-CXCR4 monoclonal antibody
(MADb; 12G5). All the peptides, including Revss.50-A4C, Revsg.so-

control AMD3100
80 80
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control no-compound M 1uM
Faiat )
Y Y
: ._.' '.\' 0 “.r \.*.
100 10! 102 10° 10! 102
Revays Reviy 50-A4C
. 80 80
2 100 yM 100 pM
£ o
= Pl
= EEAN
S X &
0 — - 0
100 10 102 10°
Rex,.,, Rev,,,-PTD
80 80
100 yM 100 uM
10 uM
..."-._"
.".. ﬁ'-
0 e = 0
100 10! 10? 10°

Fluorescence intensity

Fig. 2. Effects of the peptides on binding of a MAb against CXCR4 expressed on the MT-2 cell surface. MT-2 cells were resuspended in PBS containing 1% FCS and preincubated
with the peptides at 4°C for 30 min. PE-conjugated anti-CXCR4 MAb (12G5) was then added and incubated at 4°C for a further 30 min. The cells were washed three times,
fixed with 1% formaldehyde, and analyzed using a flow cytometer. A CXCR4 antagonist, AMD3100, was used a positive control. The results represent one of three independent
experiments. (*) Fluorescence without PE-conjugated 12G5 is shown. Arrowhead indicates the mean fluorescence intensity of the no compound control.
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Fig. 3. Inhibitory effects of the peptides on p24 production from persistently HIV-1-infected PM1-CCR5 cells. PM1-CCR5 cells persistently infected with HIV-1ys or HIV-1ga.1
(PM1-CCRS5/I1IB or PM1-CCR5/Ba-L cells, respectively) were washed and resuspended at 4 x 104 cells/ml with the peptides (black bars: 10 wM; white bars: 1 M), APV as a
positive control or AMD3100, TAK-779 or medium alone (control) as negative controls. After 48 h, the amounts of viral p24 in the culture supernatants were measured. The
results are expressed as the percentages of p24 relative to that of the control. The data represent the means+SD of three independent experiments.

A4C-PTD and Rex;-1-PTD (data not shown), inhibited binding
of 12G5 in a dose-dependent manner as observed for AMD3100
(Fig. 2). Although Rex;; showed only weak inhibitory activity
against HIV-1g at 10 wM (data not shown), it blocked the binding
of 12G5 sufficiently at 100 uM (Fig. 2). Relatively high concen-
trations of peptides were required to block binding of 12G5. It
is likely that numerous functional and non-functional CXCR4 for
HIV-1 infection may be expressed on the cell surface. In the CCR5
case, the antagonism observed in less than 20% of cell surface
expressed CCR5 appeared to be sufficient for inhibition of HIV infec-
tion (Maeda et al., 2004), since only that to functional CCR5 as
an HIV-1 receptor, including co-localization with CD4, appears to
be required. However, for a flow cytometer analysis, monoclonal
antibodies and small agents including peptides can recognize both
functional and non-functional, therefore, high concentration seems
to be needed. Actually, another peptide CXCR4 antagonist, T134
was also required high concentration to inhibit 12G5 binding in a
flow cytometry (Arakaki et al., 1999). These results indicate that the
arginine-rich peptides may inhibit infection by HIV-1y;z through
antagonism for CXCR4.

3.3. Inhibitory effects against viral production

In addition of the CXCR4 antagonism, the inhibitory effects of
the peptides in the late phase were independently evaluated using
persistently HIV-1-infected PM1-CCR5 cells. AMD3100, TAK-779
and the protease inhibitor APV were used as controls. The specific
CXCR4 or CCR5 antagonists AMD3100 and TAK-779, respectively,
had no inhibitory effects on viral production, whereas APV (1 uM)
effectively inhibited the production of viral p24 antigen from both
PM1-CCR5/IIIB and PM1-CCR5/Ba-L cells (Fig. 3). Rev34.59, which
specifically binds to the RRE similar to intact Rev in vitro (Kjems
et al,, 1992), showed no inhibitory effects on the production of
viral p24, whereas Revs4.50-A4C inhibited the production of p24
from both PM1-CCR5/IIIB and PM1-CCR5/Ba-L cells. Addition of
Tat-PTD to Revs4.50-A4C, which provides cell permeability, hardly
enhanced the inhibitory effect. On the other hand, although Rex;.2;
had no effect on the production of viral p24, Rex;.21-PTD inhibited
the production of viral p24 from both PM1-CCR5/IIIB and PM1-
CCR5/Ba-L cells. RSG-P2G4, which interacts with the RRE more
tightly than Revss.50 (Harada et al., 1997), also inhibited the pro-
duction of p24 from both PM1-CCR5/I1IB and PM1-CCR5/Ba-L cells.
However, the antiviral activities of Revss.50-A4C, Revis 50-A4C-
PTD and Rex;.21-PTD were comparable to that of RSG-P2G4. None

of the peptides showed any cytotoxicity for 5 days, as evaluated
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays (data not shown).

3.4. Infectivity of secreted HIV-1

To address whether HIV-1 secreted from the persistently
infected PM-1 treated with peptides, maintains its infectivity, we
examined the infectivity of HIV-1 particles in the supernatant. To
avoid effect of CXCR4 antagonism by the peptides, we used HIV-
1g,-1 strain for the experiments. PM1-CCR5/Ba-L cells were washed
3 times and exposed to each peptide (10 pM) for 24 h. The super-
natant, which contains newly produced and secreted HIV-1g,.1, was
harvested and subjected to the titration with the MAGI cells and the
P24 assay. Revigsoaqc attenuated the infectivity compared to the
anticipated one by p24, while other peptides, Reviss0 and P2G4
showed moderately reduced infectivity (Table 2). However, both
Rex-derived peptides showed little changes in actual and antici-
pated infectivity. These results indicate that the peptides, especially
Revsq.50A4C, might sustain its binding to the RRE even in the virion
and/or during RT reaction after the next round of the new infection,
led to the reduced infectivity.

3.5. Anti-HIV-1 effects on intracellular expression of Rev peptides

The arginine-rich peptides inhibited the production of p24 in
PM1-CCR5 cells persistently infected with HIV-1 (Fig. 3). Next,
we evaluated the effects of intracellular expression of various Rev
mutants in MT-2 cells against HIV-1 infection using MTT assays.

Table 2

Peptide effect on infectivity of HIV-1p,...
Compound % of non-treated control Infectivity/p24

Infectivity p24

Revia.sp 74 £ 11 119+ 16 0.62
Reviq.50-A4C 24 +1 67 +8 0.36
Rexi-21 121 £ 43 93 +24 1.3
ReXy.21-PTD 74 + 30 82+ 15 0.97
RSG-P2G4 72 £ 32 92+5 0.78

Infectivity and amount of p24 in the supernatant of PM1-CCR5/Ba-L cells exposed
to peptides (10 wM) were determined by the MAGI assay and a commercially avail-
able p24 kit, respectively. Each value was normalized by that of simultaneously
performed non-treated control as 100%. Data represent the means + SD of three
independent experiments.
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Fig. 4. Anti-HIV-1 activities of various Rev-transduced MT-2 cells. (A) Structures
of the pCI-Rev-IG expression vectors encoding various Rev mutants. The fragments
encoding Rev, Rev M10 (D75L79), Revis.so and Revss.s0-A4C were inserted into the
upstream of IRES-G418" under the control of the CMV promoter. Amino acid substi-
tutions at LsgE79 (wild type Rev) to D7gLy9 (Rev dominant-negative mutant, Rev M10)
diminish nuclear export of HIV mRNA (Malim and Cullen, 1991). (B) Effects of var-
ious Rev mutant transductions on HIV-1. MT-2 cells were transfected with various
Rev mutant-encoding vectors and subjected to G418 selection. The Rev-transduced
cells were infected with HIV-1y5. On day 5 post-infection, the cell viabilities were
determined by the MTT assay. The assays were performed in triplicate and the
means +SD are shown. The results are representative of three independent experi-
ments. *p <0.05, significant difference to the control by Student’s t-test.

To obtain such MT-2 cells, the cells were transfected with various
Rev expression vectors and then selected by G418. Although the
expression of Rev hardly affected the cell death caused by HIV-1
infection, transduction of Rev M10, a dominant-negative mutant of
Rev lacking NES activity, dramatically conferred resistance against
HIV-1 infection (Fig. 4). Transduction of Revs4.59 moderately pro-
tected the cells. However, Revss.59-A4C-transduced cells became
more resistant to HIV-1 infection than Revs4.59-transduced cells.
These results for the transduced cells are consistent with those
obtained for the persistently HIV-1-infected cells (Fig. 3). Therefore,
the intracellular expression of Rev peptides conferred resistance
against HIV-1 infection.

Control Rev Rev M10

3.6. Subcellular localizations of Rev and Rex peptides

To elucidate the inhibitory mechanism of the arginine-rich
peptides in the late phase of the replication cycle, we con-
structed pRevpepiide-EGFP and pReXpeptige-EGFP vectors expressing
C-terminally EGFP-fused Rev and Rex peptides and examined the
subcellular localizations of the EGFP-fused Rev and Rex peptides.
In 293T cells, EGFP alone was equally distributed throughout the
cells (Fig. 5, the 1st panel Control). In contrast, Rev and Rev M10
were mostly detected in nucleoli as previously reported (Dundr
et al., 1995; Kalland et al., 1994; Stauber et al., 1995). Revsg_5q,
Revi4.50-A4C and Rex;_; were moderately detected in the cyto-
plasm, but dominantly accumulated in the nucleus. Similar results
were observed in NP-2 cells (data not shown). These results indi-
cate that Rev peptides exert antiviral activity in the same manner
as Rev M10.

4. Discussion

4.1. Rev- and Rex-derived peptides act as dual antagonists
toward CXCR4 and Rev

In the present study, we have demonstrated that arginine-
rich peptides corresponding to the RRE-binding domains of HIV-1
Rev and HTLV-I Rex have dual inhibitory effects, namely CXCR4
antagonism and a dominant-negative effect for Rev function. Addi-
tion of A4C, which stabilizes the a-helical structure (Lin et al.,
2004), to Revs450 enhanced the inhibitory effects toward both
CXCR4 antagonism and Rev function. It has been demonstrated that
Revs34.50 forms an a-helical structure (Battiste et al., 1996; Tan et
al., 1993) and binds to the RRE more efficiently when its a-helicity
is increased (Tan et al., 1993). Short a-helical peptides (>20 amino
acids) are known to have unstable helical structures and their heli-
cal structure is stabilized as their length increases (Marqusee et al.,
1989). Hence, it is likely that the expected increase in a-helicity of
Revs4.50 by the addition of A4C resulted in enhanced CXCR4 antag-
onism and inhibition of p24 production at a post-transcriptional
step for HIV-1 genes. The Rev peptides lacked NES activity, similar
to the case of Rev M10, which is a trans-dominant repressor of Rev
function (Malim et al., 1989a; Malim and Cullen, 1991). Therefore,
the peptides may inhibit HIV-1 replication by competing with Rev
for binding to the RRE, similar to the case of Rev M10. We observed
that the Rev peptides, which contained a NLS, accumulated in the
nucleoli. Expression of Rev M10 inhibited the cell death caused by
HIV-1 significantly more efficiently than Revs4_50-A4C. This may be
the result of Reviy_50-A4C being able to inhibit only the Rev-RRE
binding step, whereas Rev M10 can inhibit multiple Rev functions

Rev,, <, Rev,, s-A,C Rex, 5,

Fig. 5. Subcellular localizations of Rev and Rex peptides. 293T cells were transfected with pReVyeprige-EGFP and pReXpepride-EGFP plasmids expressing Rev-, Rev M10-,
Revia-s0-, Reviaso-A4C- and Rex;.21-EGFP fusion proteins and EGFP alone as a control. After 48 h, the cells were fixed and examined using a fluorescence microscope
(excitation: 488 nm). Fluorescent (upper panels) and corresponding phase-contrast (lower panels) images are shown. Scale bar: 10 pm.
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by forming Rev-Rev M10 hetero-oligomers lacking NES activity
(Stauber et al., 1995). However, despite the higher potency of Rev
M10, its clinical applications are limited because it only differs from
Rev by two amino acids. In this regard, the short peptide Revsg.59-
A4C is more well suited for clinical applications. In fact, enfuvirtide
(T-20), a similar 36-amino acid long peptide which inhibits HIV-1
fusion has been approved for the treatment of HIV infections and
its clinical efficacy and utility has been demonstrated (Lalezari et
al., 2003; Lazzarin et al., 2003).

Although addition of Tat-PTD may enhance the cell permeabil-
ity of the peptides, its effects on cell permeability may be limited
because the Rev and Rex peptides showed efficient cell perme-
ability, as previously described (Futaki et al., 2001). It has been
reported (Futaki et al., 2001) that peptides containing 6 and 8
arginine residues show efficient cell permeability. It is likely that
addition of Tat-PTD t0 Revsy.50-A4C or Rex;_21-A4C hardly affected
their cell permeability, as they already contained a large number of
arginines. Notably, Tat-PTD does not interact with the RRE (Harada
etal,, 1996). On the other hand, Rex;_»1 itself has sufficient cell per-
meability (Futaki et al., 2001), and addition of Tat-PTD to Rexj.»q
enhanced its inhibitory activity likely through interactions with the
CXCR4 coreceptor. Specifically, although Rex;.»; showed a weak
antagonistic effect against CXCR4 by itself, addition of Tat-PTD to
Rex;_y1 enhanced its antagonistic effect because Tat-PTD contains
an arginine-rich motif. These results indicate that the secondary
structure and/or arginine content of peptides may be important for
CXCR4 antagonism.

Since Rex;.p; accumulated in the nucleoli and Rex binds to
the stem-loop 1II/IV/V region of the RRE, which is different from
the recognition site of Rev (stem-loop IIB) (Ahmed et al., 1990;
Kjems et al., 1992), Rex;.21-PTD probably inhibited the production
of viral p24 by interfering with an event after the Rev-stem-loop
1IB interaction, possibly Rev oligomerization. It is possible that the
increased size of Rexj.»1-PTD over Rex;.p; results somehow to
increased steric hindrance that prevents REV oligomerization. It is
also possible that the increased size of Rex;_5;-PTD over Rex;_;-
confers higher stability to the secondary structure of the peptide for
binding to the RRE or competing with the Rev function in Rexy 1.
Binding of Rex;_2;-PTD to the stem-loop III/IV/V region, which is
different from the binding of Rev (Ahmed et al., 1990), also inhib-
ited p24 production, indicating that not only stem-loop IIB but
also the whole RRE structure may represent potential drug targets.
Moreover, it provides opportunities for combination therapies of
peptides that target different domains of RRE.

RSG-P2G4, another arginine-rich peptide which permeates the
cell membrane efficiently, (Harada et al., 1997), also inhibited
viral p24 production. RSG-P2G4 binds to stem-loop IIB of the RRE
(Harada et al., 1997), and therefore inhibited p24 production as
efficiently as the Rev peptides.

4.2. Potential of Rev antagonists as chemotherapeutic agents

In the early phase of the HIV-1 replication cycle, Tat protein
promotes production early proteins such as Tat, Rev and Nef. Since
Tat enhances viral transcription without controlling splicing, the
early proteins accumulate in the cells. One of the early proteins,
Rev, inhibits splicing of the transcripts and exports them to the
cytoplasm to generate late proteins including Gag, Pol, Env and pro-
genitor genomes, resulting in suppression of Tat and Rev expression
(Felber et al., 1990; Seelamgari et al., 2004). These decreases subse-
quently increase Tat expression, such that Tat and Rev cooperate for
efficient viral gene expression with a certain balance. This cooper-
ation plays an important role in the generation of progeny viruses,
suggesting that interference with this cooperation may be sufficient
for suppression of viral replication. Limited loss of Rev function
without full suppression of its activity may cause an imbalance

of Tat/Rev functions, resulting in dysregulation of viral expression
and the formation of incomplete viruses. Therefore, only partial
inhibitory effects of Rev inhibitors, rather than the full inhibition
observed for reverse transcriptase and protease inhibitors, may be
sufficient for effective viral suppression. In the state of Tat domi-
nance, infected cells will keep producing disproportionate amounts
of early proteins, such as Tat, Rev and Nef. Accumulation of such
proteins may be detrimental to an antigen-presenting cell, as it
may result in targeting by the host immune system, and elimina-
tion of infected cells. This would be a novel strategy for eliminating
HIV-infected cells using peptide-based therapies.

As with all potential anti-HIV therapeutics a concern regarding
Rev inhibitors is the development of resistance. However, it should
be noted that in this case there would be additional constraints that
are likely to affect the barrier to resistance. Specifically, introduc-
tion of mutations into the Rev coding region also influences the Tat
and/or Env sequences and possibly their functions, as both proteins
are simultaneously encoded with Rev. Furthermore, it is likely that
successful introduction of mutations might interfere with the bal-
ance of Rev/Tat, which would also reduce viral replication and lead
to possible elimination of the infected cells by the host immune sys-
tem. In the case of RRE mutations, we have clearly demonstrated
that the RRE and the gp41 N-heptad repeat (N-HR), one of the key
helical domains for virus fusion, are simultaneously encoded and
that mutations in the N-HR influenced RRE structure clearly affect
the replication kinetics of the virus (Nameki et al., 2005; Ueno et
al., 2009). These observations highlight a number of difficulties
that HIV-1 would have to overcome in order to develop resistance
against Rev inhibitors. Even if HIV-1 does acquire resistance, this
may result in deteriorating replication kinetics, since it will simul-
taneously alter the functions of other viral proteins, such as Tat and
gp41, and the RRE. Therefore, genetic barrier for resistance against
Rev inhibitors is expected to be high and Rev inhibitors may be able
to sustain antiviral activity during prolonged use.

5. Conclusion

We have shown that arginine-rich peptides derived from the
RNA-binding domain of HIV-1 Rev can act as dual-target inhibitors
that inhibit HIV-1 entry and viral production in the early and late
phases of replication. Targeting Rev for chemotherapy is a promis-
ing strategy because it is entirely distinct from current drug targets.
In addition, acquisition of resistance to Rev inhibitors may be lim-
ited because the Rev and RRE encoding regions simultaneously
encode Tat and/or Env. Furthermore, the Rev peptides inhibit a
completely different step of HIV-1 infection, the coreceptor CXCR4,
and may, therefore, exert synergistic effects. Moreover, inhibit-
ing Rev function may induce elimination of infected cells by the
host immune system, suggesting that Rev peptides may represent
the first inhibitors to enhance vaccine efficacy. Taken together,
the dual-target Rev peptides are attractive agents and our present
observations support their development as dual-target inhibitors
for the prevention of HIV-1 infection.
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Human immunodeficiency virus (HIV) gp41 plays a key role
in viral fusion; the N- and C-terminal heptad repeats (N-HR
and C-HR) of gp41 form a stable 6-helical conformation for
fusion. Therefore, HR-derived peptides, such as enfuvirtide
(T-20), inhibit HIV-1 fusion by acting as decoys, and have been
used for the treatment of HIV-1 infection. However, the effi-
cacy of T-20 is attenuated by resistance mutations in gp41,
including V38A and N43D. To suppress the resistant variants,
we previously developed electrostatically constrained peptides,
SC34 and SC34EK, and showed that both exhibited potent an-
ti-HIV-1 activity against wild-type and T-20-resistant variants.
In this study, to clarify the resistance mechanism to this next
generation of fusion inhibitors, we selected variants with re-
sistance to SC34 and SC34EK in vitro. The resistant variants
had multiple mutations in gp41. All of these mutations indi-
vidually caused less than 6-fold resistance to SC34 and
SC34EK, indicating that there is a significant genetic barrier
for high-level resistance. Cross-resistance to SC34 and
SC34EK was reduced by a simple difference in the polarity of
two intramolecular electrostatic pairs. Furthermore, the se-
lected mutations enhanced the physicochemical interactions
with N-HR variants and restored activities of the parental pep-
tide, C34, even to resistant variants. These results demonstrate
that our approach of designing gp41-binding inhibitors using
electrostatic constraints and information derived from resis-
tance studies produces inhibitors with enhanced activity, high
genetic barrier, and distinct resistance profile from T-20 and
other inhibitors. Hence, this is a promising approach for the
design of future generation peptide fusion inhibitors.
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The env gene of human immunodeficiency virus (HIV) en-
codes two glycoproteins, gp120 and gp41, that form a stable
trimeric complex consisting of three heterodimers to consti-
tute a functional envelope (1). Entry of HIV into target cells is
initiated by the interaction of gp120 with the receptor, CD4,
and then with co-receptors CCR5 or CXCR4, which are ex-
pressed on the target cell surface (2). After receptor binding, a
conformational change in gp41 is induced, triggering the ex-
posure of the N-terminal heptad repeat (N-HR)* by stretching
the folded gp41, enabling a hydrophobic fusion domain lo-
cated at the N terminus to be inserted into the target cell
membrane (3). Subsequently, the N-HR folds into its counter-
part, the C-terminal heptad repeat (C-HR), and together they
form a hairpin-like structure of antiparallel helices (6-helix
bundle) bringing together and facilitating the fusion of the
viral and cellular membranes (4, 5).

Based on the nature of the mechanism of HIV fusion, pep-
tides corresponding to N-HR or C-HR of HIV fusion acted as
decoys and interfered with formation of the 6-helix bundle (6,
7). Indeed, a C-HR-derived peptide, enfuvirtide (T-20), sup-
presses HIV-1 replication, and has been widely used for treat-
ment of HIV-1 infection (8, 9). However, during long-term
therapy, T-20-resistant variants emerge among patients
treated with T-20-containing regimens (10, 11). To suppress
replication of such variants and obtain sustained efficacy, the
next generation of fusion inhibitors is urgently needed.

Recently, a number of next generation peptide fusion inhib-
itors has been reported. These inhibitors include tifuvirtide
(T-1249) (12), T-2410 (13), and sifuvirtide (14), which are able
to suppress T-20-resistant variants. We have developed elec-
trostatically constrained fusion inhibitors, SC34 and SC34EK,
which inhibit replication of T-20-resistant HIV-1 (15). SC34
was designed to be more soluble and have enhanced a-helic-
ity, by engineering electrostatic interactions between glutamic
acid and lysine substitutions at i and i+4 positions in the sol-
vent-interacting site (EK motif) (16) of the parental C-HR-
derived C34 peptide (Fig. 1) (17). SC34EK, which has unidi-
rectional EK motifs, demonstrated a 5-fold enhanced activity
compared with the original C34 (15, 17). We demonstrated
that the a-helical structure was stabilized by electrostatic in-

* The abbreviations used are: N-HR, N-terminal heptad repeat; C-HR, C-ter-
minal heptad repeat; MAGI, multinuclear activation of a galactosidase
indicator.
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81 31

NH2

Intracellular

—MTWMEWDREINNYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWFNI—
c34 WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL

SC34 WXEWDRKIEEYTKKIKKLIEESQEQQEKNEKELK

SC34EK WXEWDRKIEEYTKKIEELIKKSQEQQEKNEKELK

T-1249 WQEWEQKI------- TALLEQAQIQQEKNEYELQKLDKWASLWEWF
T-2410  MTWMEWDREINNYTSLIHSLIEESQNQQEKNEQELLEL

T-2429  TTWEEWDREINEYTSRIESLIRESQEQQEKNEQELREL

T-200676 TTWEAWDRAIAEYAARIEALIRASQEQQEKNEAELREL

T-2635  TTWEAWDRAIAEYAARIEALIRAAQEQQEKNEAALREL

T-2544  MTWEAWDRAIAEYAARIEALIRAAQEQQEKNEAALREL

Sifuvirtide SWETWEREIENYTRQIYRILEESQEQQDRNERDLLE

T-20 YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF
T-20EK YTSLIEELIKKSEEQQKKNEEELKKLEEWAKKWNWF

FIGURE 1. Peptide sequences of gp41-derived fusion inhibitors. C-HR-
derived fusion inhibitors are shown with the functional domains of HIV-1
gp41. The residue numbers of each peptide correspond to their positions in
gp41 of HIV-1y, _5. FP, fusion peptide; TM, transmembrane domain; X, nor-
leucine (Nle); —, deleted amino acid.

teractions of the EK motif with specific residues on the target
peptide, providing high selectivity (15).

In addition to engineering stabilizing electrostatic interac-
tions we have also established a second strategy to design im-
proved peptide fusion inhibitors. This strategy is based on the
introduction of resistance mutations into the sequence of
the original peptide inhibitor. These new changes enhance the
antiviral potency against resistant variants. Hence, T-20 with
a S138A substitution (T-20g,354), one of the secondary resis-
tance mutations observed in patients that fail to respond to
T-20, regained anti-HIV-1 activity against T-20-resistant vari-
ants (18). X-ray crystallographic and circular dichroism (CD)
analyses revealed that the S138A substitution contributed to
stability of the N-HR+C-HR complex (19). Similar results were
observed for C34 with N126K (C34y;,¢x), also secondary mu-
tations for T-20-resistant variants in vivo (20, 21) and C34-
resistant variants iz vitro (18). Therefore, the novel strategy to
design inhibitor peptides utilizing resistance mutations has
resulted in antivirals that can suppress variants resistant to
the parental peptides.

In this study, to determine the mechanism of resistance and
the effect of escape mutations on the potency of the next gen-
eration fusion inhibitors, we induced resistant variants to
SC34 and SC34EK in vitro. Our results demonstrate that pep-
tides that are designed to have specific electrostatic con-
straints and include changes that are based on resistance in-
formation have significantly improved properties in terms of
potency and cross-resistance.

EXPERIMENTAL PROCEDURES

Antiviral Agents—Peptide fusion inhibitors (Fig. 1) were
synthesized based on a previous report (17). 2',3’'-Dideoxycy-
tidine was purchased from Sigma.

39472 JOURNAL OF BIOLOGICAL CHEMISTRY

Cells and Viruses—MT-2 and 293T cells were grown in
RPMI1640 medium and Dulbecco’s modified Eagle’s medium
(DMEM), respectively. These media were supplemented with
10% fetal calf serum (FCS), 2 mm L-glutamine, 100 units/ml of
penicillin, and 50 ug/ml of streptomycin. HeLa-CD4/CCR5-
LTR/B-gal cells (22) (provided by Dr. J. Overbaugh through
the NIH AIDS Research and Reference Reagent Program, Di-
vision of AIDS, NIAID) were maintained in DMEM supple-
mented with 10% FCS, 200 pg/ml of hygromycin B, 10 ug/ml
of puromycin, and 200 ug/ml of geneticin.

An HIV-1 molecular clone, pNL4-3 (23), was employed as a
wild-type HIV-1 (HIV-1y;, 5), and used for the construction
of various gp41-recombinant viruses as described previously
(15, 18, 24, 25). The viruses were harvested from the superna-
tant of transfected 293T cells and stored at —80 °C.

Determination of Drug Susceptibility— Anti-HIV activity of
inhibitors was determined using multinuclear activation of a
galactosidase indicator (MAGI) assay as described previously
(15, 18, 24 -26). Inhibitory activity was presented as the con-
centration required for 50% inhibition (EC.).

Dose Escalating Induction of Resistant Variants to SC34 or
SC34EK—MT-2 cells were initially infected with HIV-1;; 4 5
in the presence of 0.1 nm SC34 or 0.15 nm SC34EK. Infected
cells were incubated at 37 °C until a cytopathic effect was ob-
served. When an extensive cytopathic effect was observed,
culture supernatant was harvested and used for the next
round of infection on fresh MT-2 cells in the presence of a
2-fold increased concentration of inhibitors as shown in Fig.
2. At the indicated passages, proviral DNA was extracted from
infected cells and the mutations were identified by direct se-
quencing. These selections with dose escalations were per-
formed in a single HIV-1 selection culture. To avoid selection
of a minor population for drug resistance, in each passage, we
propagated the virus after an extensive cytopathic effect was
observed.

Replication Kinetics of Env-recombinant Viruses—MT-2
cells (10° cells/3 ml) were infected with each env-recombinant
HIV-1 clone (500 MAGI units) for 4 h. The infected cells were
extensively washed and cultured in 4 ml in 6-well plates. The
culture supernatants were harvested periodically and produc-
tion of progeny viruses was monitored by the MAGI assay.

Circular Dichroism (CD) Spectroscopic Analysis—CD analy-
sis was performed as described previously (15, 18, 27), with
some modifications. In brief, spectra of a complex of N-HR
and C-HR peptides (each 10 um) or an N-HR peptide alone
(10 um) in 5 mm HEPES buffer (pH 7.2) were collected using a
J-710 CD spectrometer (Jasco, Tokyo, Japan) equipped with a
thermoelectric temperature controller. The thermal stability
was measured as the change of CD signal at 222 nm. The tem-
perature that resulted in 50% unfolding (melting temperature,
T,,) of each complex was determined.

Statistical Analysis—Pearson correlation analysis of rela-
tionships between T’ values of each N-HR-C-HR complex
determined in the CD analysis, and the EC,, values of inhibi-
tors determined by MAGI assay, was performed using
GraphPad Prism 4 software (GraphPad Software Inc., San
Diego, CA). p values less than 0.05 were considered statisti-
cally significant.
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FIGURE 2. Induction of SC34- and SC34EK-resistant HIV-1. HIV-1 , ; was passaged in the presence of increasing concentrations of the inhibitors in MT-2
cells. The dose escalating selections were carried out for a total of 122 passages with SC34 concentrations ranging from 0.1 nm to 9.8 um (A), and for 120
passages with SC34EK concentrations ranging from 0.15 nm to 80 um (B). At the indicated passage number (black arrowheads with solid line), proviral DNA
was extracted from infected cells, and gp41- and gp120-coding regions were sequenced. At the final passage (P-122 for SC34 and P-120 for SC34EK), the
following gp120 mutations were identified; K107K/Q (mixture of K and Q}, S134N, $136G, and F147L in the case of SC34, and V37A, V59I, S100K, S115N,
R138S, D139N, and A310T in the case of SC34EK. Amino acids shown in bold are located within the N-HR (31-81) or C-HR (112-154) in the gp41. The EC,,
values of HIV-1 variants (heterogeneous pool) at the indicated passage number (white arrowheads with dashed line) were determined using the MAGI assay.

RESULTS

Selection of SC34-resistant HIV-1 in Vitro—To determine
the resistance profile of SC34, SC34-resistant variants were
selected by a dose-escalating method and susceptibility of the
obtained variants was determined by the MAGI assay. Selec-
tion of resistant HIV-1,;, , 5 was initially started in the pres-
ence of 0.1 nm SC34 (Fig. 24). At passage 20 (P-20), where the
concentration of SC34 was 6.4 nMm, substitution of aspartic
acid to glycine at position 36 in the gp41 coding region
(D36QG) was observed. At P-58, although the D36G substitu-
tion transiently reverted to the original amino acid, a set of
mutations, A30V, I37T, and N126K, which also emerged dur-
ing the induction of resistance to C34 (24), was introduced. At
P-71, D36G was again observed, and simultaneously, L2041
was introduced, whereas A30V disappeared. L210F and
S138A were newly introduced at P-91 and P-102, respectively.
The ECy, of SC34 to the P-106 variant increased to 43 nm. At
P-112, further substitutions, R46K, Q52R, and N163D, were
added. The amino acid at position 163 was predominantly
aspartic acid among many HIV-1 strains (28). Therefore, the
N163D change was considered to be a polymorphism. At the
final passage, P-122, Q56R, E151K, and K154N were further
introduced, and the EC, for SC34 reached 170 nm. In addi-
tion to the mutations introduced in the gp41, some mutations
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were also identified in gp120 at P-122 (K107K/Q (a mixture of
Lys and Gln), S134N, S136G, and F147L.

Selection of SC34EK -resistant HIV-1 in Vitro—Induction of
SC34EK resistance was also performed, except that the ini-
tial concentration of SC34EK was 0.15 nm (Fig. 2B). At
P-24, two substitutions, D36G and N126K, were observed
in the gp41. A transient partial substitution at Leu'® was
observed as a mixture of leucine and glutamine (L108L/Q),
but disappeared at later passages. At P-44, Q41R, P203I/S,
and H258Q were added. Heterogeneous P2031/S at P-44
was transient, and was predominantly substituted by P203S
at P-60. The EC,, of SC34EK to P-45 variants was 5 nM. At
P-60, [1711/K and L2041 were added, and the EC, in-
creased to 18 nM. At P-86, four further substitutions,
N43K, A96D, H132Y, and E151K, were newly introduced.
The EC,, of SC34EK to the P-88 variant increased to 36
nM. Further substitutions, V1821 and S241F/A312T,
emerged at P-106 and P-120, respectively. The EC, of
SC34EK for the P-120 variant ultimately reached 40 nm.
H132Y and V1821 observed at later passages were consid-
ered gp41 polymorphisms, because these were predomi-
nantly observed in non-treated clinical isolates (28). Muta-
tions introduced in the gp120 at the final P-120 were
V374, V59I, S100K, S115N, R138S, D139N, and A310T.
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TABLE 1

Susceptibility of SC34-selected mutation-introduced env-recombinant viruses to fusion inhibitors

Anti-HIV activity was determined using MAGI assay. Data are shown as mean * S.D. obtained from at least three independent experiments, and resistance (n-fold of
the ECy,) of recombinant viruses, compared to that of parental HIV-1,y; , _s, is shown in parentheses.

ECs, (nm)

Mutation(s) ddC T-20 C34 SC34 SC34EK
HIV-1y1, 5" 430 = 121 203 33*06 14 +0.3 0.7 = 0.4
gp4l

A30V 213 * 40 (0.5) 6.4+ 22(0.3) 72 *+1.6(22) 0.5 +0.2(0.4) 0.8 +0.2(1.1)
D36G 392 + 93 (0.9) 1.0 = 0.1 (0.05) 8.1 *34(25) 0.6 0.2 (0.4) 0.7 = 0.2 (1.0)
137K 287 *+92(0.7) 2,453 * 873 (123) 23 £3(7.0) 4.9 * 0.6 (3.5) 1.0 £0.2(1.4)
137T 289 * 30 (0.7) 166 *+ 40 (8.3) 20 £5(6.1) 23 +0.8(1.6) 0.5+ 0.1(0.7)
R46K 572 *+ 162 (1.3) ND* 1.3 +0.4(0.4) 0.6 + 0.1 (0.4) 1.9 +0.2(2.7)
Q52R 415 + 29 (1.0) ND 2.9 + 0.8 (0.9) 1.6 = 0.5 (1.1) 1.5+ 0.2 (2.1)
Q56R 300 * 58 (0.7) ND 28 * 6 (8.5) 41+ 1.0(2.9) 1.0 £0.2(1.4)
N126K 256 * 18 (0.6) 27 £5(1.4) 8.0 =29 (2.4) 1.3 £ 0.4 (0.9) 0.4 = 0.1 (0.6)
S138A 210 = 64 (0.5) ND 4.0 +0.8(1.2) 23+ 0.8(1.6) 0.8 0.2 (1.1)
E151K 277 * 16 (0.6) ND 2.3 +0.6(0.7) 1.1 £0.02 (0.8) 1.4 = 0.4 (2.0)
K154N 529 * 160 (1.2) ND 2.1 +1.7(0.6) 1.4 + 0.5(1.0) 0.4 = 0.2 (0.6)
N163D 348 + 33(0.8) ND 0.5 +0.1(0.2) 2.5 *0.8(1.8) 0.9 = 0.7 (1.3)
L2041 226 = 12(0.5) 13 +£4(0.7) 39*+01(1.2) 1.5*10:3(1.1) 0.6 £ 0.1(0.9)
L210F 556 = 162 (1.3) ND 41+ 1.7(12) 0.6 + 0.1 (0.4) 0.4 = 0.04 (0.6)
SC34(P-122)gp41°¢ 329 + 33(0.8) 1,727 * 255 (86) 24 *4(7.3) 2,189 * 287 (1,564) 23 +1(33)
gp120
SC34(P-122)gp120* 339 = 95(0.8) 45 +2(2.3) 0.8 =0.3(0.2) 0.2 £0.03(0.1) 0.2 £ 0.05 (0.3)
gpl60
SC34(P122)gp160° 542 * 68 (1.3) >5,000 (>250) >1,000 (>303) 2,827 + 439 (2,019) 33 =4 (47)

“HIV-1y4_3 was used as wild-type virus.
® ND, not determined.

€ HIV-1gc3a(p-122)gpar CONtains D36G/137K/R46K/Q52R/Q56R/N126K/S138A/E151K/K154N/N163D/L.2041/L210F mutations in gp41 coding region.
4 HIV-15¢34(p-122)gp120 CONtains K107Q/S134N/S136G/F147L mutations in gp120 coding region.
¢ HIV-1gc3a(p-122)gp160 CONtains K107Q/S134N/5136G/F147L and D36G/137K/R46K/Q52R/Q56R/N126K/S138A/E151K/K154N/N163D/L2041/L210F mutations in gp120

and gp41 coding regions, respectively.

Acquisition of resistance to SC34EK seems to be faster than
that to SC34 (Fig. 2). However, actual EC,, values for SC34
and SC34EK remain just 8.5- and 2-fold of that of T-20,
respectively.

Phenotypic Analysis of gp41-, gp120-, and gp160-recombi-
nant HIV-1—To determine which mutations contributed to
inhibitor resistance we constructed gp41 recombinant HIV-1s
containing each of the mutations that emerged during resis-
tant variant selection. Changes of susceptibility were deter-
mined by the MAGI assay (Tables 1 and 2). During T-20 ther-
apy, HIV-1 acquired T-20 resistance mutations, especially in
amino acids at positions 36 —45 (DIVQQQNNLL in the
NL4 -3 sequence) of gp41 N-HR, where it interacts with
C-HR, mainly contributing to the resistance (29 -32). In our
selections using SC34 and SC34EK, several mutations were
also located within this region, and some conferred T-20 re-
sistance to various extents (123- and 14-fold by I37K and
N43K, respectively). 137K was slightly resistant to SC34 (3.5-
fold). Ile®” was initially substituted with threonine (I37T) at
P-58, and later converted to lysine (137K) at P-71, moderately
reducing the susceptibility to SC34 (from 1.6- to 3.5-fold).
Other substitutions had little influence on the susceptibility to
SC34 (0.4-2.9-fold decreases). However, HIV-15c34(p.120)gpa1s
which contains multiple substitutions, D36G/137K/R46K/
Q52R/Q56R/N126K/S138A/E151K/K154N/N163D/1.2041/
L210F, showed high resistance to SC34 (1564-fold) and T-20
(86-fold), but mild and moderate resistance to C34 (7.3-fold)
and SC34EK (33-fold), respectively.

The A96D mutation observed in SC34EK selection con-
ferred high resistance to T-20 (more than 50-fold), but only
weak resistance to SC34EK (6.3-fold) (Table 2). Ala®® is lo-
cated between two HRs, termed a loop or hinge region, and so
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far, there are no clinical reports that A96D is involved in T-20
resistance during antiviral therapy. It is likely that the A96D
substitution that introduces a larger polar residue at position
96 induces structural changes to gp41, resulting in reduced
T-20 interaction. However, the exact effects of the A96D mu-
tation on the resistance remain unclear. An N43K mutation,
which is observed in T-20-treated HIV-1-infected patients,
decreased susceptibility to C34 (55-fold), whereas it had little
effect on the susceptibility to SC34 (1.9-fold) and SC34EK
(3.3-fold). An H132Y substitution also conferred mild and
moderate resistance to SC34EK and T-20 (4.9- and 18-fold,
respectively), but not to C34 and SC34. Substitutions other
than A96D and H132Y had little influence on the susceptibil-
ity to SC34EK (range of fold-decrease in resistance was 0.6 —
3.3). However, HIV-15c34p1(p-120)gpa1 Which contains multi-
ple substitutions, D36G/Q41R/N43K/A96D/N126K/H132Y/
V1821/P203S/L2041/S241F/H258Q/A312T, again conferred
high resistance to SC34EK (107-fold), but moderate resistance
to both C34 (21-fold) and SC34 (14-fold).

The vast majority of HIV-1 strains carry a glycine at posi-
tion 36 (G36), but in rare cases, NL4-3 harbors aspartic acid
(Asp>©) (28). We recently observed that D36G is selected dur-
ing passages even in the absence of peptide inhibitors,” indi-
cating that D36G is an HIV-1,, , 5-specific substitution.

We also evaluated the effect of mutations in the gp120 on
drug susceptibility. The two clones, HIV-1gc34(p_122)gp120 and
HIV-15aapkp-1200gp120 CONtaining K107Q/S134N/S136G/
F147L and V37A/V591/S100K/S115N/R138S/D139N/A310T
mutations, respectively, showed no significant resistance to

® K. Shimura, D. Nameki, K. Kajiwara, K. Watanabe, Y. Sakagami, S. Oishi, N.
Fujii, M. Matsuoka, S. G. Sarafianos, and E. Kodama, unpublished data.
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TABLE 2

Resistance Profile of SC34 and SC34EK

Susceptibility of SC34EK-selected mutation-introduced env-recombinant viruses to fusion inhibitors
Anti-HIV activity was determined using MAGI assay. Data are shown as mean * S.D. obtained from at least three independent experiments, and resistance (n-fold of

the EC;,) of recombinant viruses, compared to that of parental HIV-1,,_5, is shown in parentheses.

ECy, (nm)

Mutation(s) ddC T-20 C34 SC34 SC34EK
HIV-1p, 430 + 121 20 + 3 33+06 14+03 0.7 + 0.4
gpr41

D36G 392 + 93 (0.9) 1.0 + 0.1 (0.05) 8.1+ 3.4 (2.5) 0.6 * 0.2 (0.4) 0.7 + 0.2 (1.0)
Q41R 259 =19 (0.6) ND? 125 + 50 (38) 5.3 +0.4(3.8) 2.3+ 0.6(3.3)
N43K 220 = 5.0 (0.5) 278 + 24 (14) 180 * 54 (55) 2.7 0.6 (1.9) 2.3+0.8(3.3)
A96D 255 = 13(0.6) >1,000 (>50) 12 = 1(3.6) 2.8 +1.2(2.0) 4.4 *0.9(6.3)
N126K 256 + 18 (0.6) 27 + 5(1.4) 8.0 + 2.9 (2.4) 1.3 + 0.4 (0.9) 0.4+ 0.1(0.6)
H132Y 394 + 83 (0.9) 363 = 70 (18) 3.6 *+14(1.1) 2.7 = 1.3(1.9) 3.4 *04(4.9)
E151K 277 = 16 (0.6) ND 2.3 0.6 (0.7) 1.1 = 0.02 (0.8) 1.4 = 0.4 (2.0)
V1821 686 + 181 (1.6) 26 + 8 (1.3) 45+ 12(1.4) 1.3 = 0.3 (0.9) 0.7 = 0.2 (1.0)
P203S ND ND ND ND ND
L2041 226 = 12 (0.5) 13 = 4.(0.7) 3.9+0.1(12) 1.5 +0.3(1.1) 0.6 = 0.1(0.9)
P203S/L2041 646 = 208 (1.5) 23 +5(1.2) 35*01(1.1) 1.6 £ 0.2(1.1) 1.5+0.2(2.1)
S241F 420 = 75(1.0) 20 + 3(1.0) 6.3 +02(1.9) 1.6 £0.3(1.1) 0.6 +0.1(0.9)
H258Q 381 = 25(0.9) 54 +19(2.7) 13 +3(3.9) 1.8 £0.4(1.3) 0.7 £04(1.0)
A312T ND ND ND ND ND
H258Q/A312T 633 = 140 (1.5) 28 = 5(1.4) 6.0 = 0.7 (1.8) 1.3 = 0.2 (0.9) 0.7 = 0.2 (1.0)
SC34EK(P-120)gp41¢ 536 = 20 (1.2) 112 + 38 (5.6) 70 =9 (21) 20 = 1(14) 75 * 8(107)
gp120
SC34EK(P-120)gp120? 399 = 85 (0.9) 70 = 16 (3.5) 1.4 + 0.4 (0.4) 0.2 £ 0.03(0.1) 0.3 +0.1(0.4)
gpl160

SC34EK(P-120)gp160°

344 + 42 (0.8)

435 * 139 (22)

378 + 133 (115)

52+ 05(3.7)

72 + 18 (103)

“ HIV-1y514_3 was used as wild-type virus.
?ND, not determined.

€ HIV-15c34EK(p-120)gpa1 CONtains D36G/Q41R/N43K/A96D/N126K/H132Y/V1821/P203S/1.2041/S241F/H258Q/A312T mutations in gp41-coding region.
4 HIV-1scaaek(p-120)gp120 CONtains V37A/V591/S100K/S115N/R138S/D139N/A310T mutations in gp120-coding region.
€ HIV-1gcaaek(p-120)gp160 CONtains V37A/V591/S100K/S115N/R138S/D139N/A310T and D36G/Q41R/N43K/A96D/N126K/H132Y/V1821/P203S/L2041/S241F/H258Q/

A312T mutations in gp120- and gp41-coding regions, respectively.

T-20, C34, SC34, and SC34EK. Instead, they exhibited hyper-
sensitivity to SC34, SC34EK, and C34, and only moderate re-
sistance to T-20 (less than 4-fold). Moreover, the gp120 muta-
tions barely enhanced resistance conferred by the mutations
gp41 (1.3- and 1.0-fold resistance to SC34 and SC34EK, re-
spectively). Of note, when the SC34-selected mutations in
gp41 and gp120 were both present in gp160, we observed sig-
nificant increases in resistance to T-20 (from 86- to >250-
fold) and C34 (from 7.3- to >303-fold). Similarly, when the
SC34EK-selected mutations in gp41 and gp120 were present
at the same time, we observed an increase in resistance to
T-20 from 5.6- to 22-fold and to C34 from 21- to 115-fold.
These results indicate that resistance to SC34 and SC34EK
require accumulation of multiple mutations, rather than cer-
tain primary mutation(s) in the gp41, which is distinct from
the mechanism of resistance to T-20 and C34.

Replication Kinetics of Env-recombinant HIV-1—The ef-
fects of SC34- and SC34EK-selected mutations in gp120 and
gp41 on HIV-1 replication kinetics were assessed by mea-
suring production levels of infectious virions in the culture
supernatant by MAGI assay. Replication kinetics of clones
containing SC34-selected mutations were little and moder-
ately reduced by mutations in gp120 and gp41, respectively
(Fig. 3). The reduced replication capacity observed in HIV-
Lscsa(p-122)gpar Was partially restored by mutations in the
gp120 (HIV-15c34(p-129)gp160)- Similarly, SC34EK-selected
mutations in gp120 partially improved the replication capac-
ity of HIV-15c34x(p-120)gpar» Which was severely impaired by
mutations in gp41. Taken together, these results and pheno-
typic analyses (Tables 1 and 2) indicate that SC34- and
SC34EK-selected mutations in the gp41, not in the gp120, are

“BSEpEN.
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FIGURE 3. Replication kinetics of env-recombinant HIV-1 variants. The
effects of SC34- and SC34EK-selected mutations on the replication kinetics
were analyzed. MT-2 cells were infected with each env-recombinant HIV-1
variant at 500 MAGI units. After a 4-h incubation, the infected cells were
washed and cultured for 7 days. The culture supernatants were harvested
every 24 h and production of progeny viruses was monitored by MAGI as-
say. HIV-1y, 4.5 was used as wild-type strain (HIV-1,,;). The presented data
are mean * S.D. of MAGI units obtained from 0.1 ml of culture superna-
tants. Results shown are representative of three independent experiments
each using two independent clones. Error bars on each point represent the
S.D. of the mean.

mainly involved in resistance to SC34 and SC34EK with repli-
cation cost, whereas mutations in the gp120 partially restore
the replication capacity through secondary mutations.

Effect of Mutations on the Stability of the a-Helical Bundle
Formation—To elucidate the impact of SC34- and SC34EK-
selected mutations introduced in N-HR and C-HR on the sta-
bility of complex formation between N-HR and C-HR, CD
analysis was performed. The N36 peptide was used as a wild-
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FIGURE 4. CD analysis of physicochemical properties of fusion inhibitors. A, modified peptides with mutations selected by SC34 or SC34EK were chemi-
cally synthesized. The mutations observed in the N-HR and C-HR were introduced into the original sequences of N36 and C34, respectively. Substituted
amino acids are shown in color. B, CD spectra change of N-HR peptide alone. Original N36, SC34-selected mutation-introduced N36 (N36.5,"°), and
SC34EK-selected mutation-introduced N36 (N3643,4£<“°) were separately prepared and their a-helicities, defined as molar ellipticity (6), were examined.

C, thermal midpoint analysis was measured at 222 nm for N-HR (N36) and C-HR (C34) peptide complexes. Equimolar amounts of N-HR and C-HR were mixed
and the thermal-induced unfolding transition was measured. Original N36 (top), N36s¢3,"* (middle), and N36¢c5,4£4"* (bottom) were used as N-HRs. C34,
SC34, SC34EK, and mutation-introduced C34 (C34¢3,"* and C345c34e¢ ) are indicated in color. D, correlation between T, values of each N-HR-C-HR com-
plex determined in C and antiviral activity of C-HR peptides (EC., values determined by MAGlI assay). Combination of N-HR and C-HR peptide pairs is indi-
cated as “N-HR + C-HR" in each plot. Orange, original N36; pink, N36¢5,"; blue, N364c34e¢*. Pearson correlation coefficient (r) and its p value were

calculated.

type N-HR. The mutant peptides, N364,,"° and
N36gc34p s harboring SC34-selected mutations (D36G/
137K/R46K/Q52R/Q56R) and SC34EK-selected mutations
(D36G/Q41R/N43K) were prepared through chemical synthe-
sis (Fig. 4A). C344c5,"° and C34gcz.p " that contain N126K/
S138A and N126K/H132Y substitutions, respectively, were
also synthesized.

First, we compared the a-helicity of each N-HR peptide
alone. In contrast to native N36, no typical features of a-heli-
ces were observed in either N36gc5, " or N36gca,eic"° (Fig.
4B). Additionally, few significant temperature-dependent
changes of spectra were observed in both N364.,,"* and
N36gcs4pxc  Over a broad range of temperatures compared
with N36 (data not shown). This indicated that both inhibi-
tors resulted in the selection of N-HR mutations that de-
creased the helical content and only the original N36 folded
into an intramolecular coiled-coil form and behaved as an
a-helix.

Thermal stability of the complex formed between N-HR
and C-HR was investigated. The midpoint of the thermal un-
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folding transition (7',,,) of N36-C34 was 53.3 °C, whereas
N36:SC34 and N36:SC34EK formed more stable complexes
(T, values of 65.4 °C for N36-SC34 and 71.4 °C for
N36:SC34EK; Fig. 4C). The resistance mutations in the C-HR
enhanced binding stability; 7', of 64.1 °C for N36:C34¢,,"
and 57.5 °C for N36°C34¢c34pi"°. C34, C34g5,", and
C34gca.p"*° maintained binding capacity to both N36g5,"*
and N36gc3,p " (Fig. 4C). SC34 and SC34EK no longer
formed stable complexes with N363," and N36gca,4p" as
their 7', values were lower than C34. These results indicate
that substitutions of compensatory mutations into C-HR con-
tribute to stability enhancement. To further evaluate whether
decreased susceptibility of the resistant variants to the inhibi-
tors was caused by thermodynamic instability of the peptide
bundle formation, we analyzed the relationship between the
values of T, and EC,,,. The T',, was determined by CD analy-
sis and found to be inversely correlated with the EC,, value
measured in the MAGI assay (Pearson correlation analysis,

r = —0.535, p < 0.05; Fig. 4D). Overall, these experiments
demonstrate that mutations within N-HR reduce its a-helic-
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