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Human immunodeficiency virus type 1 (HIV-1) entry into the host cell involves a cascade of events and
currently represents one of most attractive targets in the search for new antiviral drugs. The fusion-active
gp41 core structure is a stable six-helix bundle (6-HB) folded by its trimeric N-terminal heptad repeat
(NHR) and C-terminal heptad repeat (CHR). Peptides derived from the CHR region of HIV-1 gp41 are
potent fusion inhibitors that target the NHR to block viral and cellular membrane fusion in a dominant
negative fashion. However, all CHR peptides reported to date are derived primarily from residues 628 to
673 of gp41; little attention has been paid to the upstream sequence of the pocket binding domain (PBD)
in the CHR. Here, we have identified a motif (> QIWNNMT®?) located at the upstream region of the gp41
CHR, immediately adjacent to the PBD (“**WMEWEREI®*®). Biophysical characterization demonstrated
that this motif is critical for the stabilization of the gp41 6-HB core. The peptide CP621-652, containing
the “>'QIWNNMT®*” motif, was able to interact with T21, a counterpart peptide derived from the NHR,
to form a typical 6-HB structure with a high thermostability (thermal unfolding transition [7,,] value of
82°C). In contrast, the 6-HB formed by the peptides N36 and C34, which has been considered to be a core
structure of the fusion-active gp41, had a T,, of 64°C. Different from T-20 (brand name Fuseon), which is
the first and only HIV-1 fusion inhibitor approved for clinical use, CP621-652 could efficiently block 6-HB
formation in a dose-dependent manner. Significantly, CP621-652 had potent inhibitory activity against
HIV-1-mediated cell-cell fusion and infection, especially against T-20- and C34-resistant virus. Therefore,
our works provide important information for understanding the core structure of the fusion-active gp41

and for designing novel anti-HIV peptides.

The entry of human immunodeficiency virus type 1 (HIV-1)
into target cells is mediated by the attachment of its envelope
(Env) glycoprotein to cell surface receptors. The Env glyco-
protein, a type I transmembrane protein, is originally synthe-
sized as a single, glycosylated, polyprotein precursor, gp160,
which is believed to assemble a trimeric structure in the endo-
plasmic reticulum and is subsequently cleaved by a cellular
protease to yield a surface subunit, gp120, and a transmem-
brane subunit, gp41l (23, 53). gp120 is responsible for virus
binding to its cell receptor, CD4, and a coreceptor (CRRS or
CXCR4). gp41 mediates membrane fusion of the virus with the
target cell (45). Like other type I transmembrane proteins, the
gp41 molecule consists of extracellular, transmembrane, and
cytoplasmic domains (Fig. 1A). Its extracellular domain
(ectodomain) contains four major functional regions: a hydro-
phobic, glycine-rich fusion peptide (FP), an N-terminal heptad
repeat (NHR) (or HR1), a C-terminal heptad repeat (CHR)
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(or HR2), and a tryptophan-rich region. Both the NHR and
CHR contain 4-3 repeats of hydrophobic amino acids pre-
dicted to form coiled coils, but the exact boundary lines of the
NHR and CHR regions could not be determined until 1995,
when Lu et al. (36) isolated a stable, proteinase-resistant struc-
ture comprising two peptides designated N51 (amino acids [aa]
540 to 590) and C43 (aa 624 to 666) from the NHR and CHR
regions by limited proteolysis of recombinant gp41 ectodo-
mains. These two peptides associate to form a highly thermo-
stable, helical, trimeric complex of heterodimers, suggesting
that both peptides contain the full length of the 4-3 hydropho-
bic repeat sequences that can form an independent structural
and functional domain with coiled-coil structure, which is rel-
atively resistant to proteolytic enzymes. Therefore, their cor-
responding regions where N51 and C43 are derived were con-
sidered to be the NHR (aa 540 to 590) and CHR (aa 624 to
666) (36). The crystal structure of the complex formed by the
NHR peptide containing aa 540 to 590 and the CHR peptide
containing aa 624 to 665 was solved (51). Further digestion of
the recombinant N51(L6)C43 polypeptide with proteinase K
generated a stable subdomain formed by shorter NHR peptide
N36 (aa 546 to 581) and CHR peptide C34 (aa 628 to 661)
corresponding to the central regions of N51 and C43, respec-
tively, which displays the salient feature of the stable core
structure of the isolated gp41l (37). Crystallographic analysis
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FIG. 1. Structure and function of HIV-1 gp4l. (A) Schematic view of the gp41 functional regions. The residue number of each region
corresponds to its position in gp160 of HIV-1j;xg,. TM, transmembrane domain; TR, tryptophan-rich region. (B) Model of gp41-mediated
membrane fusion and inhibition. Upon gp120 binding to CD4 and a coreceptor on the target cell membrane, the FP of gp41 inserts into the target
cell membrane, and the CHR and the NHR then form a 6-HB, which brings the viral and cellular membranes into close proximity for fusion. In
the fusion-intermediate state, the C peptides (e.g., C34 and T-20) may bind to the viral NHR to block 6-HB formation, thus resulting in the
inhibition of membrane fusion in a dominant negative fashion. (C) Interaction of the gp41 NHR and its downstream sequence with the CHR and
its upstream sequence or with the C peptides. In the current fusion model, the CHR of gp41 folds back to interact with the NHR to form a hairpin
structure. Three molecules of hairpins associate with each other to form a 6-HB. The dashed black lines between the NHR and the CHR indicate
the interaction between the residues located at the e and g positions in the NHR and the a and d positions in the CHR, respectively. The interaction
of the PBD (**WMEWEREI®**) in the CHR (aa 628 to 635) (in blue) with the pocket-forming domain in the NHR (aa 565 to 581) (in red) is
important for 6-HB formation. Both the C34 and T-20 peptides contain the sequences targeting the **’GIV>*° motif (in brown), which is a major
determinant of resistance to T-20 and C34 in the NHR. C34 contains the PBD sequence, while T-20 lacks it. Five designed peptides contain the
motif “!QIWNNMT®?’ (in orange), the PBD, and the partial NHR-binding sequence but lack the GIV-binding sequence. The motif **'QIWN
NMT®* may interact with the residues in the pocket-forming domain in the NHR and the downstream motif (AVERY) as shown by the dotted

green lines.

showed that the complex comprising peptides N36 and C34 is
a six-helix bundle (6-HB) consisting of three N36 helices form-
ing a central parallel trimer and three C34 helices packing in
an antiparallel manner into the hydrophobic grooves on the N
trimer, representing the gp41 core domain (4, 5).

Based on the above-described structural information, the

current model for HIV-1-mediated membrane fusion was pro-
posed (4, 5, 39). In brief, the sequential binding of gp120 to the
primary receptor (CD4) and a coreceptor (CXCR4 or CCRY)
triggers a series of conformational rearrangements in gp4l,
allowing the FP of gp41 to insert into the cell membrane, and
the NHR and CHR associate to form a 6-HB core, bringing the
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viral and cellular membranes into proximity for fusion (Fig.
1B). The peptides derived from the gp41 CHR region, e.g.,
SJ-2176 (aa 630 to 659) (25), C34 (aa 628 to 661) (37), and
T-20 (brand name of Fuzeon) (aa 638 to 673) (52), possess
highly potent inhibitory activity against HIV-1 Env-mediated
membrane fusion. T-20 is the first peptidic HIV fusion inhib-
itor approved by the U.S. FDA for clinical use. It has been
believed that that these CHR peptides may bind to the viral
gp41 NHR region to competitively block 6-HB formation, re-
sulting in the inhibition of HIV entry (5, 34, 45).

Our previous studies indicated that the CHR region contains
three functional domains: a pocket-binding domain (PBD) (aa
628 to 635), an NHR-binding domain (aa 628 to 666), and a
lipid-binding or tryptophan-rich domain (aa 666 to 673) (7, 32).
During the process of 6-HB formation, the PBD in the CHR
binds with high affinity to a deep hydrophobic pocket in the
NHR trimer, which has been proven to be important for 6-HB
formation and has been proposed to be an attractive target for
HIV fusion inhibitors (3, 5, 14). Both C34 and T-20 contain the
NHR-binding domain, which may interact with the NHR do-
main, including the **’GIV>* motif, which is a major deter-
minant of resistance to T-20 and C34 in the NHR (50). Al-
though the sequences are largely overlapping, C34 contains the
PBD at its N-terminal region, while T-20 lacks those residues;
however, T-20 has a lipid-binding domain at its C terminus,
which is critical for its antiviral activity (32).

Notably, most anti-HIV C peptides reported to date are
derived primarily from the gp41 CHR region, while scant at-
tention has been accorded to the upstream sequence of the
CHR. In this study, we have identified a novel motif (°*'QIW
NNMT®?’) located at the upstream region of the CHR, imme-
diately adjacent to the PBD (“**WMEWEREI®*®). Our data
indicate that this motif is critical for the stabilization of the
gp41 core structure. Peptides containing this motif, the PBD,
and the partial CHR sequence but lacking the >*’GIV>*’ mo-
tif-binding sequence could interact with the NHR peptides to
form extremely stable 6-HB and exhibit highly potent antiviral
activity against HIV-1 strains, especially those strains that are
resistant to the CHR peptides, including T-20 and C34. There-
fore, this newly identified motif, **QIWNNMT®?’, and its
binding site can serve as targets for designing novel HIV fusion
inhibitors with improved or altered resistant profiles.

MATERIALS AND METHODS

Peptide synthesis. A set of peptides derived from the NHR (N36 and T21) or
the CHR (CP613-644, CP618-649, CP621-652, CP623-654, CP628-654, C34, and
T-20) of HIV-1 gp41 (Fig. 1C) were synthesized by a standard solid-phase
9-fluorenylmethoxy carbonyl method using an Applied Biosystems model 433A
peptide synthesizer. All peptides were acetylated at the N terminus and amidated
at the C terminus. The peptides were purified to homogeneity (>95% purity) by
high-performance liquid chromatography (HPLC) and identified by laser de-
sorption mass spectrometry (PerSeptive Biosystems, Framingham, MA). The
concentration of peptides was determined by UV absorbance and theoretically
calculated molar extinction coefficients (¢) (280 nm) of 5,500 mol/liter " - cm ™!
and 1,490 mol/liter ! - cm ™! based on the number of tryptophan (Trp) residues
and tyrosine (Tyr) residues (all the peptides tested contain Trp and/or Tyr),
respectively.

CD spectroscopy. Circular dichroism (CD) spectroscopy was performed as
previously described (19). Briefly, an N peptide (e.g., T21 or N36) was incubated
with a C peptide (e.g., CP621-652 or C34) at 37°C for 30 min (the final concen-
trations of N peptide and C peptide were 10 pM in 50 mM sodium phosphate
and 150 mM NaCl [pH 7.2]). The isolated N and C peptides were also tested. The
CD spectra of these peptides and peptide mixtures were acquired on Jasco
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spectropolarimeter (model J-715) at room temperature using a 5.0-nm band-
width, a 0.1-nm resolution, a 0.1-cm path length, a 4.0-s response time, and a
50-nm/min scanning speed. The spectra were corrected by the subtraction of a
blank corresponding to the solvent. The a-helical content was calculated from
the CD signal by dividing the mean residue ellipticity at 222 nm by the value
expected for 100% helix formation (—33,000 degrees cm? dmol ') as described
previously (8, 47). Thermal denaturation was monitored at 222 nm by applying a
thermal gradient of 2°C/min in the range of 4 to 98°C. To determine the revers-
ibility, the peptide mixtures were cooled to 4°C and kept in the CD chamber at
4°C for 30 min, followed by the monitoring of thermal denaturation as described
above. The reversibility was also measured by performing the reverse thermal
melt from 98°C to 4°C. The melting curve was smoothened, and the midpoint of
the thermal unfolding transition (7,,,) values was calculated using Jasco software
utilities as described previously (33). Thermal denaturation was analyzed by
fitting the CD data to a simple two-state model (46).

N-PAGE assay. Native polyacrylamide gel electrophoresis (N-PAGE) was
carried out to determine the 6-HB formation between the N and C peptides as
described previously (35). Briefly, an N peptide (N36 or T21) was mixed with a
C peptide (C34 or CP621-652) at a final concentration of 40 wM and incubated
at 37°C for 30 min. The mixture was loaded onto 10- by 1.0-cm precast 18%
Tris-glycine gels (Invitrogen, Carlsbad, CA) at 25 pl/per well with an equal
volume of Tris-glycine native sample buffer (Invitrogen). Gel electrophoresis was
carried out with 125-V constant voltage at room temperature for 2 h. The gel was
then stained with Coomassie blue and imaged with a FluorChem 8800 imaging
system (Alpha Innotech Corp., San Leandro, CA).

Binding assays by size-exclusion chromatography. Nonequilibrium binding
analyses were performed using size-exclusion chromatography on a TSK-G
3000SW,; HPLC column (Tosoh Corporation, Japan) as described previously
(12). An N peptide (T21) was mixed with a designed C peptide (CP621-652) at
a molar ratio of 1:1 in 50 mM sodium phosphate-150 mM NaCl (pH 7.2) and
incubated at 37°C for 30 min (the final concentration of the peptide was 0.20
mM). Thirty microliters of the mixture or peptide (0.2 mM, in 50 mM sodium
phosphate—150 mM NaCl, at pH 7.2) was applied to the TSK-G 3000SW,, HPLC
column equilibrated with 50 mM sodium phosphate-150 mM NaCl and eluted at
0.8 ml/min, and fractions were monitored at 214 nm.

Sedimentation equilibrium centrifugation. Sedimentation equilibrium exper-
iments were performed using an Optima XL-I analytical ultracentrifuge (Beck-
man Instruments, Palo Alto, CA) equipped with a standard two-channel cell in
an An-60 Ti rotor (11). The concentration of the designed peptide was 25 uM in
buffer consisting of 50 mM sodium phosphate-100 mM NaCl (pH 7.4), and the
complex was composed of 12.5 wM N peptide (T21) and 12.5 pM C peptide
(CP621-652). The samples were run at 25,000 or 33,000 rpm at 20°C for 24 h.
Absorbance monitoring was performed at 280 nm. The apparent molecular weight
(MW,,,,) was obtained by fitting the data to self-association using the sedimentation
analysis software supplied by Beckman. The partial specific volumes used for T21
and CP621-652 were 0.738 and 0.743, respectively, as calculated from the mass
average of the partial specific volumes of the individual amino acids.

Inhibition of HIV-1 gp41 6-HB formation by CP621-652. The inhibitory activ-
ities of peptides (CP621-652, C34, and T-20) on 6-HB formation were measured
by a modified enzyme-linked immunosorbent assay (ELISA)-based method as
previously described (20). Briefly, a 96-well polystyrene plate (Costar; Corning
Inc., Corning, NY) was coated with 6-HB-specific monoclonal antibody NC-1
immunoglobulin G (4 pg/mlin 0.1 M Tris, pH 8.8). A tested peptide (CP621-652,
C34, or T-20) at graded concentrations was mixed with C34-biotin (0.25 wM) and
incubated with N36 (0.25 wM) at room temperature for 30 min. The mixture was
then added to the NC-1-coated plate, followed by incubation at room tempera-
ture for 30 min and washing with a washing buffer (phosphate-buffered saline
[PBS] containing 0.1% Tween 20) three times. Streptavidin-labeled horseradish
peroxidase (Invitrogen) and the substrate 3,3',5,5'-tetramethylbenzidine (Sigma)
were then added sequentially. The absorbance at 450 nm (A,5,) was measured
using an ELISA reader (Ultra 384; Tecan, Research Triangle Park, NC). The
percent inhibition by the peptides and the 50% inhibitory concentration (ICs,)
values were calculated as previously described (28).

Cell-cell fusion assay. A dye transfer assay was used for the detection of
HIV-1-mediated cell-cell fusion as previously described (27). Briefly, HO/HIV-
1yp-infected cells were labeled with a fluorescent reagent, Calcein-AM (Mo-
lecular Probes, Inc., Eugene, OR) and then incubated with MT-2 cells (ratio of
1:5) in 96-well plates at 37°C for 2 h in the presence or absence of tested peptides.
The fused and unfused calcein-labeled HIV-1-infected cells were counted under
an inverted fluorescence microscope (Zeiss, Germany) with an eyepiece micro-
meter disc. The percent inhibition of cell-cell fusion and the ICs, values were
calculated as described above using GraphPad Prism software (GraphPad Soft-
ware Inc., San Diego, CA).
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FIG. 2. The a-helical conformation of the complex formed by N and C peptides analyzed by CD spectroscopy. The final concentration of each

peptide in PBS was 10 uM.

Inhibition of infection by T-20-resistant virus. HIV-1 strain NL4-3 and its
T-20-resistant mutant bearing V38E/N42S double mutations were obtained
through the NIH AIDS reagent program (44). The inhibitory activities of pep-
tides on infection by wild-type and T-20-resistant NL4-3 were determined as
previously described (27). In brief, 1 X 10* MT-2 cells were infected with HIV-1
isolates at 100 50% tissue culture infective doses in 200 wl RPMI 1640 medium
containing 10% fetal bovine serum in the presence or absence of the peptides at
graded concentrations overnight. The culture supernatants were removed, and
fresh media were added. On the fourth day postinfection, 100 wl of culture

supernatants was collected from each well, mixed with equal volumes of 5%
Triton X-100, and assayed for p24 antigen by ELISA.

RESULTS

Identification of a critical motif for the stabilization of the
HIV-1 gp41 6-HB structure. After analyzing the sequences that
involved in the interactions between the NHR and the CHR
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TABLE 1. The a-helicity and thermostability of the complexes
formed between NHR and CHR peptides
determined by CD spectroscopy

Helix

Peptide(s) [0]222 content (%) T, (°0)
N36 —14,575 44 Undetectable
T21 —12,401 38 Undetectable
N36 + CP613-644 —18,982 58 Undetectable
N36 + CP618-649 —19,581 59 59
N36 + CP621-652 —23,782 72 65
N36 + C34 —32,550 100 64
N36 + CP623-654 -17,309 53 59
N36 + CP628-654 —9,642 29 Undetectable
T21 + C34 —28,463 86 65
T21 + CP613-644 —14,725 45 Undetectable
T21 + CP618-649 —28,587 87 78
T21 + CP621-652 —32,540 100 82
T21 + CP623-654 —23,678 72 76
T21 + CP628-654 —20,985 64 57

(Fig. 1C), we predicted that the helical motif (WNNMT) pre-
ceding the PBD in the CHR may interact with the downstream
helical sequence of the pocket in the NHR to form a highly
stable fusion-active 6-HB structure. We therefore designed
and synthesized a set of peptides to evaluate whether the
WNNMT motif affects the a-helicity and stability of the gp41
6-HB structure. Four overlapping peptides (CP623-654,
CP621-652, CP618-649, and CP613-644) were designed to con-
tain various numbers of residues preceding the PBD, while a
short peptide (CP628-654) was designed to lack these residues
as a control. We used CD spectroscopy to analyze the inter-
actions of NHR and CHR peptides. The counterpart peptides
N36 and C34 were included in this study since they can form a
thermostable 6-HB complex that represents a core structure of
the fusion-active gp41 (4). As expected, the CD spectra of the
isolated N peptides (N36 and T21) displayed about 40% «-he-
licity, while all C peptides showed random coil structures (Fig.
2). The equimolar mixture of N36 and C34 is a typical confor-
mation of an a-helix, displaying the characteristic double min-
ima at 208 and 222 nm (Fig. 2A). However, among the newly
synthesized C peptides, only CP621-652 could significantly in-
teract with N36 to form an a-helical structure (~72% helicity);
all others (CP613-644, CP618-649, CP623-654, and CP628-
654) induced minor or no a-helicity (Table 1), possibly because
they may not match well with N36 to bind each other (Fig. 1C).
When T21 was used as a counterpart N peptide, all new C
peptides could interact with T21 to form a-helical conforma-
tions except peptide CP613-644 (Fig. 2B to F). The combina-
tion of CP621-652 and T21 was fully helical (100%), while
CP628-654, CP623-654, and CP618-649 induced about 64%,
72%, and 87% a-helicities, respectively.

The stability of the peptide complex formed by N and C
peptides was measured by thermal denaturation analyses. The
signal of the peptide mixture at 222 nm was monitored when
the temperature was slowly raised from 4°C to 98°C at a scan
rate of 2°C/min. The melting curves for the peptide combina-
tion are shown in Fig. 3, and their 7,, values were calculated
(Table 1). As a control, the complex of N36 and C34 had a 7,,,
of 64°C (Fig. 3A). Interestingly, while the complex of peptides
CP628-654 and T21 had a T,,, of 57°C (Fig. 3B), the complexes
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formed by the peptides containing the sequences preceding the
PBD were highly stable (Fig. 3C to E). The 7, values for the
CP623-654/T21, CP621-652/T21, and CP618-649/T21 com-
plexes were 76°C, 82°C, and 78°C, respectively. Notably, al-
though the C34/T21 complex was also highly helical (86%), it
had a 7,, (65°C) similar to that of the N36/C34 complex (Fig.
3F). Furthermore, these peptide pairs were unfolding repro-
ducibly and reversibly while the reverse thermal melts were
monitored from 98°C to 4°C or heated to 98°C again. These
results suggest that the “**QIWNNMT®*’ motif in the C pep-
tides is a key determinant for the stabilization of the a-helical
complexes formed between the NHR and the CHR.

Characterization of CP621-652 by N-PAGE and sedimenta-
tion equilibrium centrifugation. We previously developed an
N-PAGE-based method to visualize the 6-HB formed by N36/
C34 and used it to characterize the antiviral activities of HIV-1
fusion inhibitors (33, 35). In this study, N-PAGE was used to
detect the complex formed by peptide CP621-652 and its coun-
terpart peptide T21. As shown in Fig. 4A, the N peptide N36
shows no band in the native gel because it carries net positive
charges and thus could migrate up and off the gel, but peptide
C34 shows a specific band, consistent with our previous results
(33). When C34 was mixed with N36, the specific bands cor-
responding to the 6-HB appeared. The migration rates of
6-HBs were dependent on their net charges and molecular
sizes as well as the different shapes among the peptide combi-
nations. Similarly, N peptide T21 migrated off the gel, whereas
the peptide CP621-652 alone and its mixture with T21 gave a
specific band, further confirming that CP621-652 and T21
formed a high order of complex. Their specific binding was
further confirmed by size-exclusion HPLC (Fig. 4B).

The MW,,, values for peptide CP621-652 and its complex
with T21 were determined by sedimentation equilibrium ultra-
centrifugation at 20°C. The result showed that the MW,,,, of
CP621-652 alone was 3,720, suggesting that it is a monomer in
the solution. The MW, of the mixture of CP621-652 and T21
was 24,250 (Fig. 4C). Compared to the expected molecular
mass of 8,510 Da for the CP621-652/T21 heterodimer, we
conclude that the CP621-652 and T21 peptides associate to
form a 6-HB structure consisting of three molecules each of
CP621-652 and T21.

Unlike T20, CP621-652 efficiently inhibited 6-HB formation
as modeled by N36/C34. A model system of the gp41 6-HB was
established by mixing the N and C peptides (N36 and C34) at
equal molar concentrations (4). This model gp41 core struc-
ture can be detected by sandwich ELISA using a conforma-
tion-specific monoclonal antibody, NC-1 (24, 26). Using this
system, we have tested whether peptide CP621-652 inhibits
6-HB formation, a proposed mechanism for anti-HIV pep-
tides. As shown in Fig. 5A, CP621-652 could efficiently inhibit
the 6-HB formation between N36 and C34 in a dose-depen-
dent manner, comparable to that of C34 itself. However, T-20
had no this effect at a concentration as high as 8,000 nM,
consistent with our previous data (33). This result suggests
that CP621-652, different from T-20, can block 6-HB for-
mation between the NHR and the CHR in a dominant
negative fashion.

Peptides containing the WNNMT motif exhibited potent
inhibitory activities on HIV-1-mediated cell-cell fusion. It is
interesting to know whether the WNNMT motif-containing
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FIG. 3. Thermostability of the complexes formed by N and C peptides. The unfolding temperature of each complex was scanned at 222 nm by
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m

peptides have anti-HIV activity. First, their inhibitory activities
on HIV-1-mediated cell-cell fusion were determined. Al-
though the short peptide CP628-654 contained the most se-
quence of C34, it had no antiviral activity at a concentration of

as high as 4,000 nM (Table 2). When five residues (WNNMT)
were added to the N terminus of CP628-654, the resulting
peptide, CP623-654, could efficiently inhibit HIV-1-mediated
cell-cell fusion with an ICs, of 70.22 nM. Impressively, while
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FIG. 4. Determination of 6-HBs formed by N and C peptides. (A) N-PAGE. (B) Size-exclusion HPLC analysis. (C) Molecular mass of the
T21/CP621-652 complex determined by sedimentation equilibrium ultracentrifugation at concentrations of 25 uM in PBS buffer (pH 7.0) at a rotor
speed of 33,000 rpm. The observed molecular mass is 24,250 Da (the calculated mass for a trimer is 25,530 Da).

CP623-654 shifted two residues upstream, peptide CP621-652
increased 17-fold in its anti-HIV potency (ICs, = 4.23 nM).
However, a further shift upstream with three (CP618-649) or
more (CP613-644) residues resulted in peptides with greatly
decreased activity. As a control, C34 and T-20 could inhibit
HIV-1-mediated cell-cell fusion with ICy, values of 3.65 nM
and 26.43 nM, respectively. The representative data from the
viral fusion inhibition experiments are shown in Fig. 5B. These
results suggest that the heptad motif *'QIWNNMT®? is also
a critical motif for anti-HIV peptides.

Potent inhibition of CP621-652 against T-20- and C34-re-
sistant virus. Previous studies indicated that double mutations
(V38E and N42S) in the NHR of HIV-1 strain NL4-3 confer
genetic resistance to T-20 (44). Here, we sought to determine
whether CP621-652 is able to inhibit the replication of HIV-1
strains that are resistant to T-20. As expected, T-20 could
effectively inhibit the parental HIV-1 NL4-3 but failed to block
infection by NL4-3 bearing V38E andN42S mutations at a
concentration of as high as 2,000 nM (Table 3). This NL4-3
mutant was also resistant to C34 (22.97-fold change). However,
CP621-652 was similarly effective against both wild-type (ICs, =

4.55 nM) and resistant (ICs, = 4.22 nM) viruses. As a control,
peptide CP628-654, which lacks the “*'QIWNNMT®*” motif,
had no inhibitory activity on these viruses. These results sug-
gest that the peptide containing **'QIWNNMT®?” is highly
effective against HIV-1 strains, especially those that are resis-
tant to T-20 and C34, therefore having a great potential to be
developed as a novel peptidic anti-HIV drug.

DISCUSSION

Structurally, the coiled-coil domain of HIV-1 fusion protein
gp41 shares a characteristic 4-3 heptad repeat sequence, (abc
defg),, (4, 51). During viral fusion, the trimeric NHR and CHR
fold into the fusion-active 6-HB structure, in which the N-
terminal homotrimers are packed against each other through
the interaction of residues at the a and d positions, and its
residues at the e and g positions lie on the outside of the central
coiled coil and create extensive interactions with the residues
at the a and d positions of the C helices (Fig. 1). Previous
studies indicated that the helical packing interactions in the
HIV-1 gp41 6-HB core play an important role in viral infec-
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FIG. 5. Inhibition of 6-HB formation and membrane fusion by
CP621-652. (A) Unlike T-20, both CP621-652 and C34 can inhibit the
6-HB formation modeled by N36/C34 peptides in a dose-dependent man-
ner. (B) CP621-652 can efficiently inhibit HIV-1;5-mediated cell-cell
fusion.

tivity (17, 31, 38). In particular, the hydrophobic interactions
between the deep pocket in the C terminus of the NHR groove
and three residues from the PBD of the CHR can determine
the stability of the 6-HB (3, 5-7). In this study, we identified a

TABLE 2. Inhibitory activities of CHR-derived peptides on
HIV-1-mediated cell-cell fusion

Peptide Sequence (lrf/gn +l CSSB

CP613-644  SWSNKSLEQIWNNMTWMEWD 1,962.11 * 29.72
REINNYTSLIHS

CP618-649  SLEQIWNNMTWMEWDREINN 86.94 + 1.63
YTSLIHSLIEES

CP621-652  QIWNNMTWMEWDREINNYTS 423 +0.35
LIHSLIEESQNQ

CP623-654  WNNMTWMEWDREINNYTSLI 70.22 = 1.18
HSLIEESQONQQE

CP628-654 ~ WMEWDREINNYTSLIHSLIEE >4,000.00
SQNQQE

C34 WMEWDREINNYTSLIHSLIEE 3.65 = 0.39
SQONQQEKNEQELL

T20 YTSLIHSLIEESONQQEKNEQ 26.43 £ 0.94
ELLELDKWASLWNWF

“ The residue numbers of each region corresponds to their positions in gp160
of HIV-1yxg,. The residues forming the PBD are in boldface type, and the
residues preceding the PBD are in italic type.

J. VIROL.

TABLE 3. Potent inhibition of CP621-652 against T-20- and
C34-resistant virus

Mean ICs, (nM) + SD Fold
Peptide h
NL4-3 WT NL 4-3 V38E + N42S change
T-20 33.86 = 1.12 >2,000.00 >59.17
C34 3.60 = 0.38 82.68 = 2.21 22.97
CP621-652 4.55 +0.33 4.22 +0.27 0.93
CP628-654 >2,000.00 >2,000.00

motif, >’ QIWNNMT®?’, located in the upstream region of the
CHR, immediately adjacent to the PBD. This motif might be a
key determinant for the stabilization of the gp41 6-HB core
formed by the NHR and the CHR during the virus fusion
process. Synthetic peptides containing this motif, the PDB, and
NHR-binding sequence, e.g., CP621-652, could interact with
the counterpart NHR peptide T21 to form a fully a-helical
6-HB with a higher stability (7,, = 82°C) than those formed
between T21 and the overlapping peptides lacking the ®*'QI
WNNMT®*” motif, e.g., CP628-654 (T,, = 57°C) and C34 (T,
= 64°C) (Fig. 4 and Table 1). These results suggest that the
peptide containing the “*'QIWNNMT®*” motif can bind with
the NHR target to form a highly stable 6-HB core.

It was predicted previously that the “*WNNMT®*’ motif
displays the a-helical conformation in the steric structure of
the ectodomain of HIV-1 gp41 (1, 54). It is possible that these
residues may interact with the downstream residues of the
NHR pocket to stabilize the interaction of the PBD in the C
helix with the pocket in N-trimeric helices (1, 2). The NHR
peptide T21 contains the pocket downstream sequence **'AV
ERYLKDQ®%, which has also been predicted to be in an
a-helical conformation (1). The interaction between the PBD
upstream and the pocket downstream might provide a high
binding energy of peptides CP621-652 and T21. One can spec-
ulate that the interactions of these motifs may be together with
the hydrophobic interactions within the pocket for CHR and
NHR pairing during the membrane fusion process. Further-
more, the *WNNMT®?” motif has recently been identified as
being a caveolin-1 binding site and has the ability to induce
neutralizing antibodies (22). It is interesting to define whether
these features are associated with the ability of CP621-652 to
interact with the NHR peptide with a high affinity. Thus, it is
necessary to further characterize the interacting interface of
the NHR and the CHR. A crystallographic study on the 6-HB
structure formed by CP621-652 and T21 is under the way, and
hopefully, this study will provide more detailed information
about their interaction. In addition, mutational analyses of the
S2IQIWNNMT®?” motif may also reveal the residues respon-
sible for the high-affinity interactions between these NHR and
CHR peptides.

Application of the highly active antiretroviral therapy regi-
men, or “drug cocktail,” which is a combination of several
antiretroviral drugs such as reverse transcriptase inhibitors and
protease inhibitors, can dramatically reduced the morbidity
and mortality of AIDS and increased the life expectancy of
HIV-infected patients (41, 55). However, the need for new
classes of anti-HIV drugs has become apparent because of
increasing concern about the long-term toxic effects of existing
drugs and the emergence of HIV-1 variants that are resistant
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to treatment (21, 43). HIV-1 entry inhibitors that target the
Env of HIV-1 or its receptors have been considered to be the
most promising treatment options (16, 39, 40). Enfuvirtide
(T-20), which targets the gp41 NHR and blocks the fusion of
viral and cellular membranes, is the first HIV-1 entry inhibitor
approved for the treatment of HIV-1 in treatment-experienced
patients (29, 30). Although T-20 has a pivotal role in optimiz-
ing antiretroviral drug combinations, it also has the problem of
inducing drug resistance rapidly (9, 42). Therefore, it is essen-
tial to identify new targets in Env for designing novel HIV
fusion inhibitors with improved or altered drug resistance pro-
files (13).

It was reported previously that the peptides containing the
motifs that stabilize the helical structure have increased anti-
viral activity (3, 48), although more recent results have shown
that this relationship may be complex (18, 49). Peptide CP621-
652, containing the “**QIWNNMT®*’ motif, could effectively
inhibit HIV-1-mediated cell-cell fusion (Table 2). In contrast,
peptide CP628-654, lacking the *>!QIWNNMT®*” motif, had
no or weak antiviral activity. Impressively, CP621-652 was also
highly effective against both T-20- and C34-resistant HIV-1
strains (Tables 3). Previous studies suggested that both T-20
and C34 can target the “GIV” motif in the NHR and that the
mutations in this site can confer resistance (44). However,
CP621-652 targets primarily the site around the pocket region,
and the “GIV” motif is not involved in its target, which may
explain why this peptide can retain its potent inhibitory activity
against T-20- and C34-resistant HIV-1 strains bearing V38E
and N42S double mutations. Furthermore, our data presented
here suggest that the sequence *' AVERYLKDQ>%, located
at the NHR pocket downstream, may serve as a target by the
S2IQIWNNMT®?” motif. Interestingly, the sequence **' AVER
YLKDQ>* also serves as a critical portion for the most im-
munodominant B-cell epitope and is highly conserved among
all HIV-1 isolates (10). This feature implies that the **'QIW
NNMT®?” motif-containing peptides may have broad anti-HIV
activity.

The antiviral activities of peptides are presumed to be re-
lated to the stability of the NHR/CHR bundle (3, 48). How-
ever, several recent studies demonstrated that some C peptides
may have high T,, values with their NHR partners but have
reduced antiviral activity (15, 49). We have recently shown that
the engineered peptide C34 can form a 6-HB with N36 with
much higher thermostability but that its anti-HIV activity has
not been increased (20). In this study, we show that peptides
CP613-644 and CP618-649, which also contain the >!QIWN
NMT®?” motif, have higher T, values than C34 but that they
have less anti-HIV activity. Notably, peptide C34 had an in-
hibitory activity similar to that of peptide CP621-652 against
wild-type HIV-1-mediated fusion and infection, but it inter-
acted with the N peptides (N36 and T21) with much lower 7,
values (64°C and 65°C, respectively) than CP621-652. In addi-
tion, the anti-HIV activity of C34 could be abolished or se-
verely impaired by the deletion of its C-terminal heptad resi-
dues (°KNEQEL®®'), as shown by peptide CP628-654,
suggesting that the C-terminal residues of C34 play a critical
role in its inhibitory activity. It is believed that the integrity of
the NHR binding sequence is important for designing anti-
HIV peptides rather than that the length of the peptides can
simply cause the reduction of the inhibitory activity. As a
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control to this point, peptide CP613-644 is composed of 32 aa
but is practically not active. Therefore, further studies need to
be done to elucidate the relationship between antiviral activity
and 6-HB stability.

In conclusion, the present studies not only provide impor-
tant information for understanding the interhelical interac-
tions in the fusion-active gp41 core structure but also suggest
that peptide CP621-654 has potential to be further developed
as a novel anti-HIV fusion inhibitor that can be used for the
treatment of infection by HIV-1 strains that are resistant to
anti-HIV peptides currently used in clinics or in preclinical
studies (e.g., T-20, T-1249, and C34).
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