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Abstract

a-Helical peptides, such as T-20 (enfuvirtide) and C34, derived from the gp41

carboxyl terminal heptad repeat (C-HR) of HIV-1, inhibit membrane fusion of HIV-1 and

the target cells. Although T-20 effectively suppresses the replication of multi-drug

resistant HIV variants both in vitro and in vivo, prolonged therapy with T-20 induces

emergence of T-20 resistant variants. In order to suppress the emergence of such

resistant variants, we introduced charged and hydrophilic amino acids, glutamic acid (E)

and lysine (K), at the solvent accessible site of C34. In particular, the modified peptide,

SC34EK, demonstrates remarkably potent inhibition of membrane fusion by the resistant

HIV-1 variants as well as wild type viruses. The activity was specific to HIV-1 and little

influenced by serum components. We found a strong correlation between the anti-HIV-1

activities of these peptides and the thermostabilities of the 6-helix bundles that are formed

with these peptides. We also obtained the crystal structure of SC34EK in complex with a

36 amino acid sequence (N36) comprising the amino terminal heptad repeat of HIV-1.

The EK substitutions in the sequence of SC34EK were directed toward the solvent and

generated an electrostatic potential, which may result in enhanced a-helicity of the peptide

inhibitor.  The 6-helix bundle complex of SC34EK with N36 appears to be structurally

similar to that of C34 and N36. Our approach to enhancing a-helicity of the peptide

inhibitor may enable future design of highly effective and specific HIV-1 inhibitors.
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1. Introduction

Enfuvirtide (T-20), which has been clinically approved as the first fusion inhibitor of

HIV-1, is derived from a 36 amino acid region of the carboxyl-terminal heptad repeat (C-HR) of

gp41l, an HIV-1 transmembrane envelope glycoprotein, which plays central role in the fusion of

HIV-1 with host cells.  T-20 prevents the formation of a 6-helix bundle, which is comprised of

a trimer of dimers formed from the amino-terminal heptad repeat (N-HR) and the

carbon-terminal heptad repeat (C-HR) in an antiparallel orientation.  Six helix formation by

physiological gp41 enables host cell and virus membranes to contact and fuse, enabling the

virus entry into the cells. Therefore, inhibition of the formation of this 6-helix bundle prevents

fusion of HIV-1 and targeted host cell membranes (Derdeyn et al., 2000; Wild et al., 1992).

Notably, T-20 effectively suppresses the replication of HIV-1 variants, which are resistant to

multiple reverse transcriptase and protease inhibitors, and has been used in the optimized

regimens for HIV-1-infected patients harboring multi-drug resistant HIV-1 variants (Lalezari et

al., 2003; Lazzarin et al., 2003).

Emergence of T-20-resistant HIV-1 was reported in patients receiving not only T-20

monotherapy in a phase | clinical trial (Wei et al., 2002), but also in patients treated with a

combination of T-20 and other inhibitors in subsequent phase 11 and IlI trials (Matthews et al.,

2004; Poveda et al., 2002). These resistant variants frequently acquired mutations in gp41,

especially in amino acids 36-45 of the N-HR region (Aquaro et al., 2006; Cabrera et al., 2006;

Mink et al., 2005; Poveda et al., 2002; Rimsky et al., 1998; Wei et al., 2002) (Fig. 1).



Additionally, complementary mutations in the C-HR region, such as S138A mutation, were
found in some T-20 resistant variants (Cabrera et al., 2006; Poveda et al., 2004; Xu et al., 2005).
Introduction of these complementary mutations compensates for impaired HIV-1 replication
stemming from the primary mutations that give rise to resistance. The N43D mutation in the
N-HR region that confers resistance to T-20 is a well documented example (Xu et al., 2005).

Although T-20 inhibits gp41-mediated fusion (Derdeyn et al., 2000; Wild et al., 1992), it
has additional effects on HIV-1 replication. For instance, baseline sensitivity of HIV-1 to T-20
is influenced not only by the amino acid sequence of gp41, but also by the co-receptor
specificity (CCR5/CXCR4) defined by the structure of the V3 loop of gp120, a glycoprotein
capping gp41, which binds to the CD4 cells (Derdeyn et al., 2000; Derdeyn et al., 2001).
Moreover, substitutions within the CD4 binding domain of gp120 also contribute to the
resistance of the virus to T-20 (Baldwin and Berkhout, 2006).  Thus, the mode of action and
the mechanism of resistance to T-20 seem to be complicated. In contrast, another fusion
inhibitor known as C34, has been clearly shown to bind to the N-HR in vitro and act as a decoy
of gp41 C-HR and prevent the formation of the 6 helix bundle (Chan et al., 1997; Liu et al.,
2005; Xu et al., 2007) . Its inhibitory effect is over 10-fold greater than that of T-20
(Armand-Ugon et al., 2003; Nameki et al., 2005). Thus, C34 appears to be a suitable peptide
to employ in the rational design of an improved HIV fusion inhibitor, based on the interaction
between the peptide and the target.

It has been reported that a-helicity of the C-HR and N-HR peptide complexes correlates



with the anti-HIV-1 activity of the peptide inhibitor (Chan et al., 1998), suggesting that

enhancement of a-helicity of C34 may provide higher affinity to the N-HR region, thus

resulting in more potent anti-HIV-1 activity. To design potent fusion inhibitors using the

enhancement of a-helicity approach, we divided the a-helical peptide C34 into two

characteristic interactive (a, d, e) and solvent accessible (b, c, f, g) sites according to the

reported N36/C34 structure (Fig. 1) (Chan et al., 1997). When HIV-1 gp41 is folded, a

tryptophan-rich domain (WRD) in the N-terminus of C-HR plays an important role in tight and

specific binding, through the interaction of the hydrophobic aromatic ring with a deep groove

formed by the N-HR coiled coil (Chan and Kim, 1998; Salzwedel et al., 1999). In fact, C34

contains the N-terminal WRD, which binds to a hydrophobic pocket formed by the amino acid

residues L57, W60 and K63 on the N-HR trimer surface (Chan et al., 1998; Ferrer et al., 1999),

resulting in higher anti-HIV-1 activity of C34 compared to T-20, which lacks the N-terminal

WRD. On the other hand, the solvent accessible site appears to contribute little to the

formation of the 6-helix bundles, as demonstrated by the crystal structure of C34 bound to N36

(Chan et al., 1997). Therefore, amino acids in the interactive site are indispensable for binding,

whereas those in the solvent accessible site may be replaceable (Fig. 1). To enhance the

a-helicity of C34, we introduced a series of systematic replacements of amino acid residues in

the solvent accessible site, where the original amino acid residues were substituted with charged

and hydrophilic glutamic acid (E) or lysine (K) with the intention of forming possible

intrahelical salt-bridges (Marqusee and Baldwin, 1987) (Fig. 1b). We obtained two peptides,



SC34 and SC34EK (Fig. 2a), which gratifyingly, both demonstrated increased anti-HIV-1

activity (Otaka et al., 2002).

In this study, we demonstrate that SC34EK maintains highly potent activity against T-20

resistant clones of HIV-1, as well as several clinical isolates, and we reveal that the enhanced

o-helicity of SC34EK is indeed involved in the improvement of activity. The activities are

specific to HIV-1 and are not influenced by serum components.  Structural analysis indicates

that electrostatic interactions introduced by EK substitutions enhance the conformational

stability of the 6-helix bundle, thus preventing HIV-1 fusion with the host cell. The

information from our investigations involving the enhanced a-helicity of SC34EK should

enable further design of highly effective and specific HIV-1 inhibitors.

2. Materials and Methods

2.1. Cells and Viruses

MT-2 and 293T cells were grown in RPMI11640- and Dulbecco’s modified Eagle medium

(DMEM)-based culture medium, respectively. HelLa-CD4-LTR-B-gal cells were kindly

provided by Dr. M. Emerman through the AIDS Research and Reference Reagent Program,

Division of AIDS, National Institute of Allergy and Infectious Disease (NIAID) (Bethesda, MD)

and were used for the drug susceptibility assay (MAGI assay) as described previously (Kimpton

and Emerman, 1992; Kodama et al., 2001; Maeda et al., 1998). The activity of test compounds

was determined as the concentration that blocked HIV-1 replication by 50% (ECsy).



Laboratory HIV-1 (lllg) and HIV-2 (EHO and ROD) strains were used. An HIV-1
infectious clone pNL4-3 was used for constructions and for the production of HIV-1 variants as
described (Nameki et al., 2005). A wild type HIV-1, HIV-1yr, was generated by transfection
of pNL4-3 into 293T cells. Clinical isolates obtained from drug-naive and heavily
drug-experienced patients, were kindly provided by Dr. S. Oka (AIDS Clinical Center,
International Medical Center of Japan, Tokyo, Japan). Their co-receptor tropisms were
determined using NCK45 cells as described previously (Kajiwara et al., 2006).

2.2. Antiviral agent

The peptide-based fusion inhibitors used in this study were synthesized as described
previously (Otaka et al., 2002), and the sequences can be identified in Fig. 2a.
3’-Azido-3'-deoxythymidine (AZT) and 2,3’ -dideoxycytidine (ddC) were purchased from
Sigma (St. Louis, MO, USA). MKC-442 was provided by Dr. S. Shigeta (Fukushima Medical
University, Fukushima, Japan).

2.3. Determination of drug susceptibility of HIV-1

The peptide sensitivity of infectious clones was determined using the MAGI assay with as
described previously (Kodama et al., 2001; Maeda et al., 1998). The activity of test
compounds was determined as the concentration that blocks HIV-1 replication by 50% (ECsy).
For clinical isolates, PHA-stimulated peripheral blood mononuclear cells (PBMCs) were used
as described previously (Kodama et al., 2001). PBMCs (10° cells/ml) were exposed to test

compounds and HIV-1, and were cultured in the presence of interleukin 2 for 7 days. Amounts



of p24 protein in the supernatants of the cultures were then determined using the commercially
available p24 antigen enzyme linked solvent assay Kit.
2.4. Construction of recombinant HIV-1 clone

Recombinant infectious HIV-1 clones with substituted V3 regions, pNL-V3pa and
PNL-V3sr16, Were generated using pNL4-3.  The V3 region, corresponding to n.t. 7029 to 7249
of pNL4-3, was amplified using primers containing appropriate Bgl 1l and Nhe I restriction
enzyme cleavage sites for directional cloning into pBS-gp120yy. The resulting amplified V3
region was subjected to Bgl 1l and Nhe | digestion, subcloned into pBS-gp120ws containing the
corresponding region in the DNA fragment of EcoR I-Nhe | (1510 bp containing gp120 V1, V2
and V3, n.t. 5740 to 7249 of pNL4-3) and subsequently ligated into pNL4-3. pNL-V3cu; and
V3cH2, CCR5 and dual (CXCR4 and CCR5) tropic molecular clones, were kindly donated by Dr.
Y. Maeda, Kumamoto University (Kumamoto, Japan) (Foda et al., 2001; Maeda et al., 2000).

Recombinant infectious HIV-1 clones carrying various mutations in gp120 and/or gp41
were also generated using pNL4-3.  Briefly, the desired mutations were introduced using site
directed mutagenesis into the region of pSL-gp41y~ flanked by the Nhe 1-BamH | restriction
enzyme sites (1220 bp containing gp120 V4, V5 and gp41 ectodomain n.t. 7250 to 8469 of
pNL4-3)(Weiner et al., 1994).  After restriction enzyme digestion and purification the Nhe
I-BamH | fragments were ligated into pNL4-3, generating a series of molecular clones with the
desired mutations.

Each molecular clone was transfected into 293T cells (10° cells/6-well culture plate).



After 48 h, MT-2 cells (10° cells/well) were added and co-cultured with the 293T cells for an
additional 24 h.  When an extensive cytopathic effect was observed, the supernatants were
harvested and stored at -80°C for further use.
2.5. Determination of gp41 amino acid sequence

Nucleotide sequences of the clinical isolates were determined using an automated
sequencer. Briefly, DNA was extracted from PBMCs infected with the clinical isolates,
subjected to nested PCR for the gp41 coding region, and then directly sequenced as described
previously (Nameki et al., 2005).
2.6. Measurement of circular dichroism (CD) spectra

N-HR peptides (N36, N36yzsa OF N36n43p) and C-HR peptides (C34 or SC34EK) were
incubated at 37°C for 30 min (the final concentration of both the N-HR peptide and the C-HR
peptide were 10 uM in pH 7.4, 12 mM phosphate-buffered solution containing 50 mM NacCl).
The wavelength-dependence of molar ellipticity [ ] was monitored at 25°C as the average of
eight scans, and the thermal stability was estimated by monitoring the change in the CD signal
at 222 nm in a spectropolarimeter (Model J-710; Jasco, Tokyo, Japan) equipped with a
thermoelectric temperature controller. The midpoint of thermal unfolding transition (melting
temperature [Ty,]) of each complex was determined as described previously (Otaka et al., 2002).
The percentages of a-helicity in 6-helix complexes were calculated by comparing the CD signal
at 222 nm of N36/C34 or N36/SC34EK complexes in a spectropolarimeter.

2.7. Crystallization, data collection and refinement



Samples for crystallization were prepared by mixing solutions of N36 and SC34EK
dissolved in 10 mM sodium acetate buffer at a concentration of 10 mg/mL. The mixture was
incubated for 30 min at 37°C, then was passed through a 22 um filter.  Crystallization was
performed by the hanging drop vapor diffusion method at 4°C. Droplets were prepared of
equal amounts (2 uL) of reservoir solution and the peptide solution. Hexagonal prism crystals
were obtained under the following conditions: 100 mM sodium acetate buffer (pH 4.0), 200 mM
ammonium sulphate, 14% polyethylene glycol monomethyl ether 2000.  After screening of
various cryo-conditions, the suitable condition was found to be the addition of 35% xylitol to
the peptide solution and a slight increase in the amount of the precipitant (ca 14.5%). The
obtained crystals were easily broken by direct transfer from the crystallization condition to the
cryo-condition, but the transfer of the fragile crystals could be accomplished by gradual change
in conditions using stepwise increase in the amount (0 to 35% in five steps) of the
cryoprotectant.

Data was collected at a beamline BL38B1 of SPring-8. Collected data were processed
using DENZO and SCALEPACK from the HKL2000 package (Otwinowski and Minor, 1997).
A molecular replacement solution was found using AMoRe (Navaza, 2001), with a molecular
model of the HIV-1 gp41 core structure (PDB code: 1AIK). Model refinements and
reconstruction were performed using REFMACS (Murshudov et al., 1999) and XtalView
(McRee, 1999). The final model was refined at a resolution of 2.1 A, to a crystallographic R

value of 0.213 and a free R value of 0.238. Detailed data collection and refinement statistics
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are summarized in Table 1.  Atomic coordinates and structural factors have been deposited at

the Protein Data Bank (PDB code: 2Z2T).

3. Results

3.1. Anti-HIV-1 activity of SC34 and SC34EK.

We examined the anti-HIV-1 activity of SC34 and SC34EK against not only HIV-1yr but

also T-20- and/or C34-resistant clones observed in vitro. SC34 and especially SC34EK that

has aligned EK modification more effectively suppress HIV-1 infection compared to C34 and

T-20 (Table 1). D36S/V38M substitutions in the gp41 region (HIV-1psesnvasm), and a five

amino acid (FNSTW) deletion in the V4 region of gp120 (AV4) with L33S/N43K in the gp41

region (HIV-1,va 33s/na3k) Were isolated in vitro (Fikkert et al., 2002; Rimsky et al., 1998).

L33S was also selected during C34-resistant induction in vitro (Armand-Ugon et al., 2003).

C34 and its derivatives effectively inhibit entry of these clones into the host cell. In particular,

SC34EK maintained strong activity even against V38E containing clones, such as HIV-1y3ge/n42s

(Armand-Ugon et al., 2003), which showed cross-resistance to T-20, C34 and SC34.

Reduction of activities by SC34 and SC34EK was moderate in HIV-1,gnstwisasivask that

showed high level resistance to T-20 and C34. Next, we examined the antiviral activities of

C34 derivatives against clones containing major primary mutations V38A and N43D, which are

mutations frequently observed in T-20 resistant variants in vivo (Cabrera et al., 2006; Derdeyn

et al., 2001; Menzo et al., 2004; Poveda et al., 2004; Poveda et al., 2002; Xu et al., 2005) (Table
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1). SC34 reduced its antiviral activities against HIV-1y43p, While SC34EK maintained its

potent activity, indicating that when EK is bound with the complementary electrostatic

interactions appropriately aligned SC34EK can effectively suppress the infection by various

clones resistant to T-20 and C34 both in vitro and in vivo.

We further evaluated activities of SC34 and SC34EK against VV3-substituted clones (Table

1). HIV-1y3.apa uses mainly the CCR5 co-receptor for its entry into the host cells and has been

reported to moderate T-20 resistance (=10 fold), compared to the CXCR4 using strain of HIV-1,

which shows higher susceptibility to fusion inhibitors (Reeves et al., 2002).  As reported, the

susceptibility of HIV-1y3 apa to T-20 decreased, however, C34 and its derivatives maintained

their activity against the same variant. Interestingly, in our experiments, HIV-1y3.sr162,

HIV-1y3.cy1 and HIV-1y3 o also showed comparable susceptibility to T-20.  These results

indicate that sequence variations in the V3 region do not always correlate with the observed

T-20 susceptibility and are not involved in the resistance to C34 and its derivatives.

3.2. Amino acid sequence.

Amino acid sequences of clinical isolates are shown in Fig. 2b.  One isolate, HIV-1kr,

was obtained from a drug naive patient and the other three isolates (HIV-1411, HIV-14;5,

HIV-1,03) were obtained from heavily drug-experienced patients. None of the patients had

received T-20 therapy. Amino acid sequences of the N-HR were highly conserved within all

HIV-1 clinical isolates with some small variations. In contrast, the N36 region of the two

HIV-2 strains, EHO and ROD, was identical in both HIV-2 isolates. We found some variations
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in the amino acid sequences of the HIV-2 strains we isolated, as compared with the sequences

deposited in the GenBank (accession number; M15390 and X05291 for HIV-2rop, and U272000

for HIV-2gp0).  Namely, we identified two different amino acids in the isolated HIV-2rop,

V26L and 11571/M (mixture of | and M), and one variation in the amino acid sequence of

HIV-2gn0, VA5L.  Except for 1157M, other substitutions are observed in the majority of the

HIV-2 strains, as reported in the HIV sequence database (Los Alamos National Laboratory: Los

Alamos, NM, USA, http://www.hiv.lanl.gov). These substitutions might be introduced through

different culture conditions, (e.g., host cells used for the propagation). We considered these

substitutions as a polymorphism.

Sequence homology of the N36 region of the isolated HIV-1 strains was 31/36 (86%),

including mutation D36G that is observed in the vast majority of HIV-1 strains (Kuiken, et al

2001). In contrast, those of the C34 region were relatively heterogeneous, 24/34 (71%) for

HIV-1 and 12/34 (35%) for HIV-2.  Sequence identity of the T-20 region (residues 117-152) in

the HIV-1 strains was also variable 27/36 (75%), while in the HIV-2 strains the sequence

identity was 15/36 (42%). These results indicate that even highly conserved two helical

extracellular domain of the gp41 can allow polymorphisms.

3.3. Efficacy of the peptides against clinical isolates

To evaluate preclinical efficacy, we examined the antiviral activity of C34, SC34 and

SC34EK against clinical isolates (Table 2). Replication of HIV-1y 4.5 and HIV-1k+, a drug

naive strain, was suppressed by all compounds tested. C34 showed decreased activity against
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HIV-1yr-a03, Which was isolated from a heavily drug-exposed patient. SC34 also showed

reduced susceptibility against three drug-experienced strains. However, it is difficult to

conclude whether SC34 showed enhanced susceptibility against HIV-1xr or reduced

susceptibility against drug resistant strains. In contrast, T-20 and SC34EK suppressed the

replication of all isolates tested to similar extents in ECs, values compared to HIV-1y.4.3 (Table

2), indicating that SC34EK with appropriately aligned EK residues effectively suppresses the

replication of the clinical isolates.

3.4. Anti-HIV-2 activity

To confirm the target specificity, we examined antiviral activities of SC34 and SC34EK

against two HIV-2 strains, EHO and ROD. Compared to HIV-1y.4.3, EHO and ROD contain

19 and 22 amino acid substitutions in the C34 region, respectively, and 15 amino acid

substitutions in the N36 region, the anticipated site of binding of SC34 and SC34EK peptides

(Fig. 2b). Like the parent peptide C34, both SC34 and SC34EK lost their potent activities

(Table 3). Compared to HIV-1 4.3, 6 out of 19 residues in the C34 region of HIV-2g40 and 7

out of 22 residues in the C34 region of HIV-2rop are located at positions a, d, and e that directly

interact with the N36 binding surface. These substitutions in the N36 and C34 region in HIV-2

may be responsible for reduced anti-HIV-2 activities of the peptides derived from HIV-1. At

present, we cannot conclude which amino acid substitutions are directly involved in the reduced

susceptibility of the HIV-2 strain to the treatment with the peptide fusion inhibitor, and/or

whether other regions besides the N36 and C34 regions might influence peptide susceptibility.
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However, our results indicate that SC34 and SC34EK maintain similar target specificity to the

parent peptide, C34.

3.5. Effect of fetal calf serum (FCS) on anti-HIV-1 activity

To estimate the stability of the peptides in vivo, binding level of SC34EK, to serum

components, (e.g., albumin) was examined. In this experiment, the antiviral activity in the

presence of relatively high concentrations of fetal calf serum (FCS) was determined (Baba et al.,

1993) (Fig. 3). ECg values of the fusion inhibitors against HIV-1 replication in vitro were

used. In the presence of 50% FCS, the activity of MKC-442 (I-EBU), a lipophilic

non-nucleoside RT inhibitor, was reduced 2.3-fold compared with 10% FCS as described

previously (Baba et al., 1993). However, the activities of SC34, SC34EK and T-20 were little

influenced by serum components. Among the three, SC34EK was the least affected by the

concentration of FCS.

We further examined the stability of peptide inhibitors in freshly prepared human sera (n =

3). After 1 hincubation of peptides in human sera (final concentration of 200 uM) at 37°C, the

anti-HIV-1 activity was examined using the MAGI assay. Comparable activities of all peptides

tested were observed either with or without the incubation (data not shown). These results

indicate that hydrophilic SC34EK likely retains its strong anti-HIV-1 activity in vivo, similarly

to T-20, because of its low nonspecific binding and protease cleavage in serum.

3.5. Peptide binding affinity

To clarify the mechanism of potent anti-HIV-1 activity observed with SC34EK, the
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binding affinity of SC34EK was evaluated by collecting the CD spectra using synthetic peptides.

The CD spectra of equimolar mixtures of the N- and C-HR peptides showed spectrum minima

at 208 and 222 nm, which indicate the presence of stable a-helical conformations. All

combinations of peptides showed similar spectra at 25°C, indicating that these peptides

contained the same a-helicity (Fig. 4a), although the spectrum of C34 with N36 and N43D

mutation (N36n43p) indicated only weak a-helicity.  These results indicate that N43D might

reduce the stability of the conformation of the 6-helix bundle, thus decreasing the replication of

HIV-1, whereas V38A does not. SC34EK formed stable 6-helix conformations with N36y/3sa

and N36n43p.  Under these experimental conditions, wavelength-dependent spectra were

similar with the exception of the spectrum of the N36y43p/C34 complex. Thus, we analyzed

thermal stabilities, defined as the midpoint of the thermal unfolding transition (T.,) values, of the

potential 6-helix bundles of N- and C-HR peptides. T, of N36/C34 was found to be 52.0°C,

while that of N36y33a/C34 and N36y43p/C34 decreased to 44.5 and 34.0 °C, respectively (Fig.

3B). In contrast, thermal stabilities of N36y33a/SC34EK, N36n430/SC34EK and N36/SC34EK

were much higher, 60.5, 56.0 and 69.5°C, respectively. Thus, binding affinity of SC34EK to

N-HR was stronger compared to that of C34. Alternatively, at the physiological temperature of

37°C, only 60 and 40% of the a-helix content was observed in N36y33a/C34 and N36y43p/C34

mixtures, respectively, indicating that roughly half of C34 failed to form stably 6-helix bundle

with the target N-HR harboring resistant mutations. Therefore, C34 reduces its anti-fusion

activity exerted by dominant negative effect. In contrast, only 20% of the unfolded o-helix
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content was observed in SC34EK with mutated N36, which indicated that at 37°C, binding of
SC34EK to mutated N36 was comparable to that of C34 with wild-type N36 (Fig. 4b).
Moreover, physiochemical properties of N-HR and SC34EK complexes, defined by T, value,
correlated well with their ability to inhibit HIV-1 fusion (Fig. 4c). These results suggest that
the stability of the 6-helix complex, as judged by the binding stability (affinity), is directly
correlated with the anti-HIV-1 activity.
3.6. Crystal structure of the N36/SC34EK complex

The crystal structure of the complex between SC34EK and the N-HR representative
peptide N36 was resolved to a resolution of 2.1 A (Table 4).  In the asymmetric unit, a 6-helix
bundle consisting of a central helix bundle of three N36 peptides surrounded by three SC34EK
peptides was found. This arrangement is similar in the core structure of gp41 (Chan et al.,
1997). Structural superimposition of the original gp41 core and the N36/SC34EK complex
showed a good match, with an RMSD value of 0.59 for main-chain atoms (Fig. 5a and b).
Hydrophobic contacts between SC34EK and N36 with tryptophan rich domain (WRD) and
leucine zipper were preserved for the original gp41 core. All introduced charged residues of
the EK motif were directed toward the solvent (Fig. 5¢). As a direct consequence of
introducing the EK motifs, the ratio of surface area occupied by charged residues to the total
surface area was increased from 35% in the original molecule to 60% in the N36/SC34EK
complex. Importantly, it appeared that tight bonding, such as ion pairing or hydrogen bonding,

was not present in the side-chains of the residues of the EK motif. Electrostatic interaction
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may involve in constrained structure which provides the enhanced a-helicity observed (Fig. 4).

This structural analysis demonstrated that the interaction between N36 and SC34EK retained

the ability to form the 6-helix bundle structure despite the substitution of more than one third of

the residues (13/34) in the sequence of SC34EK.

4, Discussion

In this study, we characterized a novel a-helical peptide, SC34EK that effectively inhibits

replication of HIV-1 strains resistant to T-20 and C34. The activity was specific to HIV-1 and

little influenced by serum components. We demonstrate that the potent anti-HIV-1 activity of

SC34EK is derived from its high affinity to the N-HR region by the CD analysis.  Further, we

reveal that SC34EK binds to its target, N-HR in identical manner that C34 does by the structure

analysis.

The structural analysis of the N36/SC34EK complex clearly demonstrated that the

interaction between SC34EK and N36 peptides was maintained by hydrophobic contacts and

that the EK motif was directed toward the solvent. The introduction of the EK residues

increased the proportion of accessible surface area occupied by charged residues.  Although

tight bonding was not observed, a continuous electrostatic potential between the EK residues

may serve to stabilize the helix bundle. Such helix stabilization, which might occur on the

surface of the HIV-1 virion between SC34EK and the N36 region of gp41, could result in the

high anti-HIV-1 activity. In this regard, SC34EK, containing an aligned EK motif, showed

18



more potent anti-HIV-1 activity compared to SC34, which has one misaligned EK motif (Fig.

2a). Increasing the hydrophilic surface area may prevent aggregation of SC34EK as compared

to parental peptide C34. Therefore, SC34EK might distribute into the various organs in the

body without being trapped and destroyed in the reticular systems or having its activity reduced

by non-specific binding to proteins (e.g., aloumin) (Fig. 3).

We further demonstrate that SC34EK specifically binds to the target, N-HR of HIV-1,

since it exerted less activity to two HIV-2 strains that contain 15 amino acid substitutions in the

N-HRs compared to HIV-1 NL4-3 strain (Table 3 and Fig. 2b). These results suggest that to

develop resistance to SC34EK, at least, certain mutations in not only the N-HR but also the

C-HR are required to be introduced. This might delay emergence of resistant HIV-1 variants

to SC34EK in vivo.

So far, some approaches for stabilizing o-helix structures through the introduction of

artificial amino acids were reported for HIV-1 fusion inhibitors T-20 (Judice et al., 1997) and

C34 (Sia et al., 2002), including an example of an amino acid containing terminal olefin-derived

side chains, designed as a substrate for the ring-closing olefin metathesis (Blackwell et al.,

2001) and an example of a hydrocarbon-stapled peptides (Phelan et al., 1997) Walensky et al.

applied a hydrocarbon-stapled modification to generate peptides that bind to the BH3 helical

domain of Bcl-2, an anti-apoptotic protein, and demonstrated that a synthesized peptide mimic

that binds to the BH3 domain activates apoptosis in leukemic cells (Walensky et al., 2004).

However, all peptides exerted only moderate activity in vivo, although they showed efficient
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binding to the target proteins in vitro (Blackwell et al., 2001; Judice et al., 1997; Sia et al., 2002;

Walensky et al., 2004). It is likely that during the formation of the 6-helix bundle and the

fusion process, gp41 changes its conformation drastically, suggesting that a flexible

conformation of the peptide may be required to preserve actual inhibition. Compared with

tethered, constrained peptides, EK modification that facilitates electrostatic stabilization

displays such flexibility while exhibiting enhanced o-helicity. Most recently, T290676, a 38

amino acid peptide, has been reported to suppress various fusion inhibitor-resistant strains of

HIV-1 (Dwyer et al., 2007). Like SC34EK, T290676 is substituted with the charged and

hydrophilic amino acids, glutamic acid (E) and arginine (R), at the solvent accessible site and

shows potent anti-HIV-1 activity.

In conclusion, we have demonstrated that SC34EK selectively inhibits various HIV-1

strains, including T-20 resistant clones, through increased stability of the a-helix. The

sequence of the solvent accessible site of a-helical peptides is replaceable and modifications of

this sequence can regulate a-helicity with target specificity. Therefore, our approach of

introducing the EK motif in the o-helical structure of the peptide inhibitor will help to generate

future peptide inhibitors with high anti-HIV efficacy and potentially fewer adverse effects.
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FIGURE captions

Fig. 1. Helical wheel representation of the 6-helix bundle structure and the design of
SC34EK. (a) Amino acid residues at positions a, d, e of C34 are interactive sites that form
the 6-helix complex with N36, while the remaining amino acid residues at positions b, c, f, g
are solvent accessible sites, which are substituted with Glu (E) or Lys (K) in SC34EK. (b)
The design concept of introducing the EK motif to the solvent accessible site.  The o-helical
C-HR peptide could be divided into interactive (red) and solvent (blue) sites. Z indicates the
original amino acids of C34. Only amino acid residues at solvent sites were replaced by E at

the i position and K at the i+4 position.

Fig. 2. Schematic view of gp41 and C34 derivatives and amino acid alignment of gp41.
(a) The locations of the fusion peptide (FP), the amino-terminal heptad repeat region (N-HR),
the carboxyl-terminal heptad repeat region (C-HR), and the transmembrane domain (TM) and
the amino acid sequences of N36, T-20, C34 and its derivatives are shown. The residue
numbers of each peptide correspond to their positions in gp41 of the NL4-3 strain. The X in
SC34EK indicates norleucine, introduced to avoid oxidation of the methionine residues. No
differences between the original methionine- and norleucine-containing peptide were observed
(Otaka et al., 2002).  (b) Alignment of amino acid sequence of clinical isolates (KT, IVR411,

IVR412 and IVR-A03; GenBank accession number; AB222704, AB222705, AB222706 and

AB222703, respectively) and HIV-2 strains (EHO and ROD) are shown. Corresponding
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regions of N36 and C34 are indicated in gray. Identical or deleted amino acids from the

sequence of NL4-3 are indicated with a bar or a dot, respectively. The X in amino acid

sequences of IVR411 and ROD indicates the mixture of | and V for IVR411, and mixture of |

and M for ROD.

Fig. 3. Effect of FCS concentrations on anti-HIV-1 activity. Changes in the blue cell

counts at various concentrations of FCS are shown. Blue cell counts at ECg, value in 10%

FCS concentration (black bar) were used and set as 100%. White, black, hatched, and striped

bars correspond to 5, 10, 25, and 50% FCS, respectively. Inhibitors for reverse transcriptase,

ddC and MKC-442, and for fusion, T-20 were used as controls.

Fig. 4. CD analysis of peptide complex between resistant variants of N36 and C34 or

SC34EK. (a) Wavelength-dependent CD spectra of the complexes in solution. The

spectrum minima at 208 and 222 nm indicated the presence of stable a-helical conformations.

(b) Thermal midpoint analysis was measured at 222 nm CD signal for the N and C peptide

complexes. Final concentration of each peptide was 10 mM. The arrow indicates the

physiological temperature of 37°C. (c) The correlation between T, (Fig. 3B) and ECs, values

(Table 1). Colors of plots correspond to those in panels (a) and (b). Combination of

N36n43p and C34 (ECs > 100 nM) is excluded.
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Fig. 5. Structure of the 6-helix bundle formed by N36 and SC34EK. (a) and (b) The
gp41 core structure and N36/SC34EK complex are shown in red and blue, respectively. (c)
Stick model representation of SC34EK. The stick model of SC34EK is shown, and three
N36s in the core and two other surrounded SC34EK are represented in gray. SC34EK
showed amphiphilic properties. The location of the N-terminal tryptophan rich domain
(WRD) in SC34EK is indicated by a red circle. Original and introduced charged amino acids

are indicated in green and blue, respectively.
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Fig. 4.
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Table 1. Antiviral activity of gp41-derived peptides against gp41 and gp120 V3 recombinant virus®.

ECso (NM)
clone tropism® ddC N36 T-20 C34 SC34 SC34EK
gp41 recombinant virus
WT® 404+£196 180+70 3517 3.240.9 1.4+0.7 0.7+£0.3
L33S 289+24  39+11 >1000 29+0.9 1.3+0.1 0.9+0.3
V38A 714+109 407+76 402468 96+29 2.0£0.5 1.1+0.6
V38E 291457 41414 >1000 492485 3712 4.3+1.3
N43K 321+8.5 234463 114419 50+9.5 2.5+0.3 2.7+0.3
N43D 430+42 461+266 >1000 >100 9.0+6.6 1.0+0.8
D36S/V38M 296+88 178+31 42+6.4 7.2+4.0 1.9+0.1 0.84+0.3
V38E/N42S 273£105 227+20 >1000 322+7.5 32431 3.2£1.0
AFNSTW/L33S/N43K® 276439 152+31 >1000 248+56 2.7+0.3 4.4+0.5
AFNSTW/D36G/137K/N126K/L2041°
24667 547+7.8 754174 67121 4.60.9 2.910.8
gp120 V3 recombinant virus
V3-ADA R5 362+102 360+91 289+19 6.8+3.3 0.7+0.4 2.0+0.2
V3-SF162° R5 995+219 383+9.9 19+2.8 7.8£3.5 0.5+0.2 0.5+0.2
V3-CH1' R5X4 649+4.5 2207442 16+1 5.6£0.1 1.3+#0.1 0.71£0.1
V3-CH2°¢ R5 15154177 192+13 3532 3.8£0.1 0.4+0 0.9+0.8

8Anti-HIV-1 activity was determined using the MAGI assay.  All data represent means + standard deviation
obtained from the results of three independent experiments. Bold indicates over 5-fold increase in ECsg value
compared to HIV-1yr. "The co-receptor tropism were determined using NCK45 cells as described (Kajiwara et
al., 2006). °“HIV-1y.4.3 served as a wild-type virus. dAFNSTW is the deletion of five amino acids at position
364-368 in the gp120 V4 region of HIV-1y4.3 (Nameki et al., 2005).  Fusion inhibitor resistant variants used
have been previously reported (Armand-Ugon et al., 2003; Nameki et al., 2005). °The V3 region of NL4-3
gp120 was replaced with the corresponding region of HIV-1sg6o. leV—lvg_CHl has mutations in the gp120 V3
region of primary isolate HIV-1xwr , where GKI1 is substituted by GEI.  ®HIV-1y3.cH has mutation in the gp120

V3 region of the primary isolate HIV-1xwt, where GKI is substituted by GQI.
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Table 2. Antiviral activity of gp41-derived peptides against clinical isolates®.

ECso (NM)

Strain AZT  T20  C34 SC34  SC34EK
NL4-3 (WT)® 2.0 36 3.2 0.36 0.4

KT (WT)° 2.0 11 0.2 0.1 0.03
IVR411 7600 4.1 0.2 3.1 0.04
IVR412 9060 23 7.2 4.8 0.1
IVRAO3 1200 7.0 17 4.1 0.7

EAnti-HIV-1 activity was determined using the amounts of p24 protein in the supernatants of the
PHA-stimulated PBMC cultures using commercially available ELISA kit (Kodama et al., 2001). Bold
indicates over 5-fold increase in ECs, value compared to HIV-1yr. PH V-1 4.3 and HIV-1x7 served as

controls.
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Table 3. Antiviral activity of HIV-1 gp41-derived peptides against HIV-2°,

ECso (NM)
HIV-2 strain ddC T-20 C34 SC34 SC34EK
WT® 404+196 35+17 3.2+0.9 1.4+0.7 0.7+0.3
HIV-2g10° 925+188 14+3.0 (x0.4) 63987 (x200) 68+10 (x49)  17+1.2 (x24)
HIV-2gop" 1,808+927 176268 (x5)  >1000 (> x313) 251429 (x179) 115+33(x164)

EAnti-HIV-2 activity was determined using the MAGI assay. All data represent mean + standard deviation
obtained from the results of three independent experiments. Bold indicates over 5-fold increase in ECs
value compared to HIV-1yr. DHIV-1y 45 SErved as a wild-type virus. “HIV-2g0 was dual-tropic HIV-2.

YHIV-2gop Was T-tropic HIV-2.

41



Table 4. Crystallization, data collection and refinement statistics.

Data collection

BL38B1 Spring-8

Temperature (K)
Space group

Cell dimensions a, b, ¢ (A)

100

P3:21

105.01, 105.01, 78.31

Resolution limits (A) 90.00 - 2.10
No. unique reflections 29,461
Average redundancy 7.53
Completeness (%) 99.7
Rmerge ° 0.122
Refinement statistics
Refinements resolution range (A) 20.00 - 2.20
R / Riee ° (%) 0.213/0.238
The highest resolution shell (A) 2.15-2.10
R / Riee ° (%) 0.231/0.255
RMSD from ideal

bonds (A) 0.010

angles (°) 1.015
<B> for atomic model ¢ (A?) 29.93
Ramachandran plot

Most favored regions (%) 100

2 Rmerge = Z| In - <Ip>| / Zly, where <Iy> is the average intensity of reflection h and symmetry-related
reflections. ° R and Reee = Z||Fo|-|Fd|[/Z|F,| calculated for reflections of the working set and test (5%) set,

respectively. ©<B> is the average temperature factor for all protein atoms.
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