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Background: CP621-652 is a HIV-1 fusion inhibitor peptide containing the gp41 **!QIWNNMT®*” motif.

Results: The crystal structure of CP621-652 in complex with T21 was determined and mutational analyses were performed.
Conclusion: The residues Met®*® and Thr®* in the gp41 >’!QIWNNMT®*” motif are critical for HIV-1 entry and inhibition.
Significance: Our data provide important information for designing novel HIV fusion inhibitors.

The core structure of HIV-1 gp41 is a stable six-helix bundle
(6-HB) folded by its trimeric N- and C-terminal heptad repeats
(NHR and CHR). We previously identified that the >'QIWN-
NMT®?” motiflocated at the upstream region of gp41 CHR plays
critical roles for the stabilization of the 6-HB core and peptide
CP621-652 containing this motif is a potent HIV-1 fusion
inhibitor, however, the molecular determinants underlying the
stability and anti-HIV activity remained elusive. In this study,
we determined the high-resolution crystal structure of CP621—
652 complexed by T21. We find that the *>!QIWNNMT®*’
motif does not maintain the a-helical conformation. Instead,
residues Met®?® and Thr®?’ form a unique hook-like structure
(denoted as M-T hook), in which Thr®?” redirects the peptide
chain to position Met®?° above the left side of the hydrophobic
pocket on the NHR trimer. The side chain of Met®2® caps the
hydrophobic pocket, stabilizing the interaction between the
pocket and the pocket-binding domain. Our mutagenesis stud-
ies demonstrate that mutations of the M-T hook residues could
completely abolish HIV-1 Env-mediated cell fusion and virus
entry, and significantly destabilize the interaction of NHR and
CHR peptides and reduce the anti-HIV activity of CP621-652.
Our results identify an unusual structural feature that stabilizes
the six-helix bundle, providing novel insights into the mecha-
nisms of HIV-1 fusion and inhibition.

Cellular entry of human immunodeficiency virus type 1 virus
(HIV-1) requires fusion of viral and cellular membranes that are
mediated by viral trimeric envelope (env) glycoprotein gp120-
gp41 complex (1, 2). The surface subunit gp120 is primarily
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involved in binding the CD4 receptor and a co-receptor (typi-
cally CCR5 or CXCR4) on the target cells, whereas transmem-
brane subunit gp41 is responsible for the fusion reaction. In the
early 1990s, discovery of anti-HIV peptides from gp41 opened a
bright avenue for exploring the molecular events of virus-cell
membrane fusion (3-5). Several crystallographic studies
revealed that the fusogenic core structure of gp41 is a thermo-
stable trimer of hairpin (six-helix bundle structure, 6-HB),* in
which three N-terminal heptad repeat region (NHR) form a
central trimeric coiled-coil, whereas three C-terminal heptad
repeat regions (CHR) around the NHR pack as antiparallel hel-
ices into hydrophobic grooves (5—8). Prominently, the crystal
structures identified a deep pocket (~16-1°\ long, ~7-A wide,
and 5-6 A deep) in the C-terminal region of N-helices, which is
formed by a cluster of hydrophobic residues (Fig. 1). Three
hydrophobic residues (Trp®®®, Trp®*', and Ile**°) from
the pocket-binding domain (PBD) (“**WMEWEREI®*®) of the
C-helix penetrate into the NHR pocket causing an extensive
interaction. It is believed that the pocket can be an ideal target
site for developing novel anti-HIV therapeutics (5, 9).

Peptide inhibitors can bind to the exposed NHR or CHR and
block dominant-negatively 6-HB formation that results in inac-
tive fusion (5, 10—11). It has been established that the CHR-
derived peptides (C-peptides) are often more potent than that
derived from the NHR. T20 (Enfuvirtide, Fuzeon), a C-peptide,
has been approved for clinical use as the first member of a new
class of anti-HIV drugs, HIV fusion inhibitors (11-13). Because
of drug-resistance problem, a series of novel peptide-based
fusion inhibitors were developed with improved anti-HIV
potency and pharmacokinetic profiles (14—18). Notably, these
peptides have been derived primarily from residues 628 to 673
of the gp41 CHR, based on the peptide C34 sequence as a tem-
plate in particular (17, 19), but little attention was drawn to the
upstream sequence of the CHR. We previously found that the
S2IQIWNNMT®*” motif located at the upstream region of
the CHR, immediately adjacent to the PBD, plays critical roles
for 6-HB formation and inhibition (20). The peptide CP621—

“The abbreviations used are: 6-HB, six-helix bundle; NHR, N-terminal heptad
repeat; CHR, C-terminal heptad repeat; PBD, pocket-binding domain.
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CP621-652 QI/IWNNMTWMEWDREINNYTSLIHSLIEESQNQ

CP628-654 WMEWDREINNYTSLIHSLIEESQNQQE
C34 WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL
T20 YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF
C Tm (°C) IC5, (NM))
N36 T21 Fusion Replication
CP621-652 65 82 4.2 4.6
CP628-654 Undetectable 57 >4,000 >2,000
C34 64 65 3.7 3.6
T20 NA NA 26.4 33.9

FIGURE 1. Schematic illustration of HIV-1 gp41 and peptide fusion inhibitors. A, view of the gp41 functional regions. The residue numbers of each region
correspond to their positions in gp160 of HIV-1,,yg,. FP, fusion peptide; TM, transmembrane domain. B, sequence of NHR- and CHR-derived anti-HIV peptides.
The residues corresponding to the NHR pocket region are marked in blue, whereas the residues for the PBD are marked in red. C, the thermal stability and
anti-HIV activity of CHR-derived peptides. The data were derived from our previous publication (20).

652 containing this motif could dramatically improve its ther-
mal stability and anti-HIV activity (Fig. 1), however, the molec-
ular determinants were poorly understood and the
S2ZLQIWNNMT®?” motif lacks structural information. In our
previous publication (20), we discussed that “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, muta-
tional analyses may also reveal the residues responsible for high
affinity interactions between these NHR and CHR peptides.”
Here, we report the results from our proposed studies. The
crystal structure of the CP621-652-T21 complex discovered
that the residues Met®2® and Thr®?” of the **!QIWNNMT®%”
motif form an unusual hook-like structure (denoted as M-T
hook), a structural feature that has never been observed in the
large collection of 6-HB structures of the HIV gp41 core. The
structural data suggests that the M-T hook is crucial for stabi-
lizing the interaction between the pocket binding residues from
the CHR and the pocket region on the NHR trimer. Our
mutagenesis studies validated the importance of both M-T
hook residues for the stability of the NHR-CHR interaction, for
HIV-1 Env-mediated cell fusion and virus entry, and for the
anti-HIV activity of the CP621- 652 peptide.

EXPERIMENTAL PROCEDURES

Peptide Synthesis—A panel of peptides, including CP621—
652 and its mutants M626A and T627A, T21, N36, and T20
were synthesized by a standard solid-phase Fmoc (N-(9-fluore-
nyl)methoxycarbonyl) method in Scilight Biotechnology LLC
as described previously (14). All peptides were acetylated at the
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N terminus and amidated at the C terminus. They were purified
by reversed phase high-performance liquid chromatography
(HPLC) and verified for purity >95% and correct amino acid
composition by mass spectrometry. Concentrations of the pep-
tides were determined by UV absorbance and a theoretically
calculated molar extinction coefficients (280 nm) of 5500 and
1490 M~ ' cm ™! based on the number of tryptophan and tyro-
sine residues (all the peptides tested contain Trp and/or Tyr),
respectively.

Purification, Crystallization, and Structure Determination—
The 6-HB containing the CP621-652 and T21 peptides was
prepared by dissolving an equal amount (1:1 molar ratio) of
peptides in the denaturing buffer (100 mm NaH,PO,, 10 mm
Tris-HCI, pH 8.0, 8 M urea). The peptides were refolded by
dialysis to yield the 6-HB structure. The resulting 6-HB was
purified by size exclusion chromatography (Superdex 75
10/300 GL, GE Healthcare). The 6-HB containing CP621—
652:T21 peptides were crystallized by mixing equal volumes (1
wl) of purified sample (~10 mg/ml) and reservoir solution con-
taining 0.2 M ammonium sulfate, 0.1 M sodium acetate, pH 4.6,
30% (w/v) PEG4000. The cryocooling was achieved by soaking
the crystal 30—-60 s in reservoir solution containing 15% glyc-
erol. The crystals were flash-frozen in liquid nitrogen before
x-ray diffraction experiments. Complete data were collected at
the laboratory x-ray source (HighFlux HomeLab™!, Rigaku,
wavelength = 1.54 A). The crystal belonged to the space group
of H32, contained one-third of a complete 6-helical bundle (one
CP621- 652 peptide and one T21 peptide) per asymmetry unit,
and diffracted the x-ray to a resolution limit of 1.74 A. The
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structures of the 6-HB were solved by molecule replacement
(Phaser, CCP4 suite) using the HIV-1 gp41 core structure (Pro-
tein Data Bank code 3F4Y) as the search model. The initial
electron density map was improved by manual model building
(COOT) and refinement using PHENIX (21). The final atomic
model has good refinement statistics and stereochemistry qual-
ities (Table 1).

Site-directed Mutagenesis—Two of the HIV-1; , ; mutants
carrying M626A or T627A substitutions were generated as
described previously (22). The mutations were created using
double-stranded DNA templates and selection of mutants with
Dpnl. For each mutation, the two primers contained the
desired mutation and occupied the same starting and ending
positions on opposite strands of the plasmid DNA. DNA syn-
thesis was carried out by PCR in a 50-ul reaction volume using
1 ng of denatured plasmid template, 50 pm upper and lower
primers, and 5 units of high-fidelity thermostable polymerase
PrimeStar (Takara, Dalian, China). PCR amplification was car-
ried out for one cycle of denaturation at 98 °C for 5 min, then 18
cycles of 98 °C for 15 s and 68 °C for 15 min, followed a final
extension at 72 °C for 10 min. The amplicons were treated with
the restriction enzyme Dpnl for 1 h at 37 °C. Dpnl-resistant
molecules, which were rich in the desired mutants, were recov-
ered by transforming Escherichia coli strain DH5a to antibiotic
resistance. The successful mutations were confirmed by
sequencing.

Cell-Cell Fusion Assays—To evaluate the effect of mutations
on HIV-1 Env-driven cell-cell fusion, a sensitive assay was
adapted from our previous studies (23, 24). Briefly, 293T effec-
tor cells seeded in 6-well plates at 4 X 10° cells per well were
transfected with the plasmid encoding HIV-1,;, ; Env or its
mutants (M626A or T627A) in combination with plasmid
pGAL4-VP16, which encodes the herpes simplex virus VP16
transactivator fused to the DNA-binding domain of the Saccha-
romyces cerevisiae transcription factor GAL4. In parallel, U87-
CD4-CXCR4 target cells seeded in 48-well plates at 2.5 X 10*
cells per well were transfected with pGal5-luc plasmid, which
encodes the luciferase reporter gene under control of a pro-
moter containing five GAL4-binding sites. The day after trans-
fection, the effector cells were added to the target cells. After
co-culturing for an additional 30 h, the cells were lysed by cell
culture lysis buffer, and the luciferase activity was measured by
luciferase assay system (Promega, Madison, W1I).

To detect the inhibitory activity of CP621-652 and its
mutants, cell fusion was monitored using a reporter gene assay
based on activation of the HIV LTR-driven luciferase cassette in
TZM-bl (Target) cells by HIV-1 tat from HL2/3 (Effector) cells
(25). Briefly, the TZM-bl cells were plated in 96-well clusters
(1 X 10* per well) and incubated at 37 °C overnight. The target
cells were co-cultured with HL2/3 cells (3 X 10%*/well) for 6 h at
37 °C in the presence or absence of a tested peptide at graded
concentrations. Luciferase activity was measured using lucifer-
ase assay regents and a Luminescence Counter (Promega)
according to the manufacturer’s instructions. Background
luminescence in TZM-bl cells was determined without addi-
tion of HL2/3 cells. The percent inhibition of fusion by the
peptides and 50% inhibitory of fusion concentration (IC,) val-
ues were calculated as previously described (14).
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HIV-1 Pseudovirus and Single-cycle Infection—HIV-1 pseu-
doviruses were generated as described previously (26, 27).
Briefly, 293T cells (5 X 10° cells in 15 ml of growth medium in
a T-75 culture flask) were cotransfected with 10 ug of an Env-
expressing plasmid and 20 ug of a backbone plasmid pSG38Env
that encodes a Env-defective, luciferase-expressing HIV-1
genome using Lipofectamine 2000 (Invitrogen). Pseudovirus-
containing culture supernatants were harvested 48 h after
transfection and filtered at 0.45-um pore size, and stored at
—80 °Cin 1-ml aliquots until use. The 50% tissue culture infec-
tious dose (TCID,) of a single thawed aliquot of each pseudo-
virus batch was determined in TZM-bl cells. The antiviral activ-
ity of the peptide CP621-652 or its mutants (M626A and
T627A) was determined using TZM-b1 cells. Briefly, the pep-
tides were prepared with 10 series of dilutions in a 3-fold step-
wise manner and mixed with 100 TCID,, viruses and incubated
1 h at room temperature. The mixture was added to TZM-bl
cells (10%*/well) and incubation at 37 °C for 48 h, and luciferase
activity was measured as described above.

Inhibition of 6-HB Formation by Peptides—A mouse mono-
clonal antibody (mAb) specific for the gp41 6-HB (NC-1) was
obtained from Dr. Shibo Jiang through the ARRRP, Division of
AIDS, NIAID, National Institutes of Health. The inhibitory
activity of CP621-652 or its mutants (M626A and T627A) on
6-HB formation was measured by a modified ELISA-based
method as previously described (20, 27). Briefly, a 96-well
polystyrene plate (Costar, Corning Inc., Corning, NY) was
coated with NC-1 (2 ug/ml in 0.1 M Tris, pH 8.8). A tested
peptide at graded concentrations was mixed with C34-biotin
(0.1 um) and incubated with N36 (0.1 uMm) at room temperature
for 30 min. The mixture was then added to the NC-1-coated
plate, followed by incubation at room temperature for 30 min
and washing with a washing buffer (PBS containing 0.1% Tween
20) three times. Then streptavidin-labeled horseradish peroxi-
dase (Invitrogen) and the substrate 3,3,5,5-tetramethylbenzi-
dine (Sigma) were added sequentially. Absorbance at 450 nm
(A450) was measured using an ELISA reader (Bio-Rad).

CD Spectroscopy—Circular dichroism (CD) spectroscopy
was performed as previously described (20). Briefly, CP621-
652 or its mutant peptides (M626A, T627A) were incubated
with an equal molar concentration of the NHR-derived peptide
N36 at 37 °C for 30 min. The final concentration of each peptide
was 10 um in PBS buffer, pH 7.2. The CD spectra were acquired
on Jasco spectropolarimeter (model J-815) using a 1-nm band-
width with a 1-nm step resolution from 195 to 260 nm at room
temperature. The spectra were corrected by subtraction of a
blank corresponding to the solvent. Data were averaged over
three accumulations. 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™'). The thermal denaturation
experiment was performed by monitoring the change in ellip-
ticity (0) at 222 nm at the increasing temperature (20-98 °C)
using a temperature controller. The temperature was increased
at a rate of 1.2 °C per min; data were acquired at a 1-nm band-
width at 222 nm at a frequency of 0.25 Hz. The melting curve
was smoothened, and the midpoint of the thermal unfolding
transition (7',,) values were taken as the maximum of the deriv-
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TABLE 1
Data collection and refinement statistics

CP621-652/T21

Data collection
Space group

H32

Cell dimensions

a, b, c(A) 44.97, 44.97, 209.24

a B,y () 90.00, 90.00, 120.00

X-ray source _ RIGAKU MICROMAX-007 HF

Wavelength (A) 1.54

Data range (A) 23.70-1.74

Reflections unique 8804

R, “ (last shell) 0.037 (0.207)

I/ol 33.0 (5.6)

Completeness (%) (last shell) 99.8 (98.7)

Redundancy (last shell) 6.51 (3.84)
Refinement

Resolution range (A) 23.70-1.74

Reflections F > 0.06 (cross-validation) 8596 (411)

R, o’ /Re.  (last shell) 0.1921/0.1968 (0.2063/0.2537)

Non-hydrogen protein atoms 681
Protein 580
Water 87
N-acetyl group 3
C-NH, group 1
Acetate 4
Glycerol 6
B-factors average 23.01
Protein 22.00
N-Acetyl group 38.16
C-NH, group 14.94
Acetate 30.93
Glycerol 47.67
Water 31.88
Root mean square deviation
Bond lengths (A) 0.005
Bond angles (°) 0.832
MolProbity score 1.67, 82nd percentile

% Favored regions and outliers in 100.0, 0.0

Ramachandran plot

“Roym = Zpr>illinsj = Dual /2> Apaaj» Where I, is the average of symmetry-re-
lated observations of a unique reflection.

b Ryorte = Lt Fobs (kD] = |Fcarc (BRD|1/ 210l Fots (1D

€ R¢.c. = the cross-validation R factor for 5% of reflections against which the
model was not refined.

ative d[0],,,/dT. The T,, value was detected at a peptide con-
centration of 10 um in PBS buffer.

RESULTS

Assembly, Crystallization, and Structure Determination of
CP621-652-T21 Complex—To crystallize the CP621-652-T21
complex, we assembled the complex by mixing equal amounts
of synthetic peptides pre-dissolved in denaturing buffer. The
mixture was dialyzed to allow refolding. The 6-HB formed by
CP621-652 and T21 was purified by size-exclusion chroma-
tography. The crystal of CP621-652-T21 complex belonged to
the space group of H32 and contained a pair of CP621-652-T21
peptides per asymmetric unit, and diffracted x-ray to a resolu-
tion limit of 1.74 A. The crystal structure was solved by molec-
ular replacement. The finally refined atomic model has excel-
lent refinement statistics and stereochemistry qualities (Table
1). The structure was validated by MolProbity analysis. The
MolProbity score is 1.67, with a in rating 82nd percentile
among structures of comparable resolution. The Ramachan-
dran plot finds all residues in the favored area.

General View of CP621-652-T21 Structure—CP621-652
and T21 peptides assemble into a typical 6-HB structure as
anticipated. Three T21 helices form the central trimeric coiled-
coil, whereas three CP621- 652 helices wrap around the outside
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of T21 trimer in an antiparallel orientation (Fig. 2). In the major
part of CP621- 652, the peptide adopts an a-helical conforma-
tion. Interestingly, the helical conformation does not extend all
the way to the N-terminal portion of the peptide. The
S21QIWNNMT®*” motif located upstream of the pocket-bind-
ing domain is directed away from the central NHR coiled-coil.
There was insufficient electron density to model residues
GIn®*', 1e®*?, or Trp®*® located at the N terminus of the pep-
tide, indicating that this portion is relatively mobile (Fig. 2).

We previously demonstrated that a conserved salt bridge
between Asp®®?in the CHR and Lys®”* in the NHR is critical for
HIV-1 entry and inhibition (26, 27). In the crystal structure, we
found two conformers for Asp®*2. The distance between the
side chain of conformer B of Asp®®** (59% occupancy) and the
side chain of Lys®”* is 3.95 A, indicating a typical salt bridge.
The carboxylate of conformer A of Asp®®* (41% occupancy),
which is oriented closer to Lys®*, accepts a hydrogen bond
from N atom of Lys®”* side chain (distance 2.01 A, angle 137°)
(Fig. 3). In addition, we found another hydrogen bond between
the side chain of conformer A of GIn®®” (41% occupancy) and
the side chain of His®*® (distance 2.06 A, angle 149°). Collec-
tively, these inter-helical hydrogen bonds may contribute to the
binding affinity of CP621-652 to the T21 coiled-coil trimer.

Met®?® and Thr®?” Form a Hook-like Structure (M-T Hook)
That Stabilizes 6-HB—Regardless of the flexibility of the N-ter-
minal portion of CP621— 652 containing the **'QIWNNMT®>”
motif, the conformation of residues Met®*® and Thr®?” are well
defined. As show in Fig. 4, Thr®*” plays a role of terminating the
a-helical conformation by rotating the dihedral angle ¢ of the
residue by ~180°, so that the N terminus of CP621-652 turns
away from the helical portion of the peptide. The unusual con-
formation of Thr®?” is stabilized by a hydrogen bond between
the side chain hydroxyl group of Thr®*” and the backbone NH
group of Glu®®® (distance 2.34 A, angle 168°). This hydrogen
bond also caps the downstream a-helix, stabilizing its helical
conformation. Consequently, the upstream residue Met®*® is
positioned above the left side of the hydrophobic pocket on the
NHR coiled-coil trimer, allowing its nonpolar side chain to
accommodate a hydrophobic groove between Leu®®® and
Trp°”* on T21 and Glu®*® and Glu®** on CP621-652 (Fig. 4).
Collectively, residues Met®*® and Thr®*” fold into a unique
hook-like structure (we denoted as M-T hook) that may con-
tribute to stabilize the 6-HB structure as the following. Thr®?*”
redirects peptide chain and positions Met®*® on top of the
hydrophobic pocket; the side chain of Met®*® functions as an
ideal cover for the hydrophobic pocket below, stabilizing the
interaction between the hydrophobic pocket and the pocket-
binding domain.

Met®*® and Thr®*” Are Essential for Virus Fusion and Entry—
To define the function of residues Met®*® and Thr®*” for HIV-1
infectivity, we substituted them with alanine, respectively, by
using a plasmid encoding the HIV-1,;; , 5 Env as template. The
point mutations were verified by DNA sequencing, and expres-
sion and processing of the HIV-1 Env glycoprotein were con-
firmed by Western blotting (data not shown). We then deter-
mined the effects of substitutions on Env-mediated cell-cell
fusion and viral single-cycle infection. As shown in Fig. 54, both
M626A and T627A substitutions could completely abolish the
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T21 trimer

“QINNWMT”
domain

“QINNWMT”
domain

FIGURE 2. The 6-helical bundle structure formed by CP621-652:T21. A ribbon model of 6-HB structure formed by CP621-652-T21. The peptides as well as
their N and C termini are labeled. Left side, side view of 6-HB; right, top view of 6-HB. The T21 trimer is colored light gray; CP621- 652 peptides are colored marine
blue. The ©2'QIWNNMT®?” motif at the N-terminal of CP621-652 is highlighted in orange with the labels. Key residues Met®2® and Thré?’, forming a hook-like
structure, are shown in stick model with the labels. The motif does not adopt further a-helical conformations. The N-terminal of CP621-652 points away from

the central NHR coiled-cail.

»
T21 trimer j’u‘u’

“QINNWMT”
domain

FIGURE 3. Hydrogen bond interactions between CP621-652 and T21
peptides confer the thermostability of 6-HB. The 6-HB structure formed by
T21and CP621-652is placed horizontally with the labels. The Nand C termini
of the peptides are labeled. The T21 trimer is colored light gray, CP621-652
peptides are colored marine blue, and the ®'QIWNNMT®?” motifs of CP621-
652 are highlighted in orange with the label. Hydrogen bonds are observed
between Asp®*? and Lys*>’* and between His®** and GIn>’, and are indicated
by dash lines.

function of HIV-1; , 5 Env to induce the cell-cell fusion. Con-
sistently, whereas the HIV-1; , ; pseudovirus carrying a wild-
type Env could efficiently enter the target TZM-bl cells, the
M626A or T627A variants lost their cell entry completely (Fig.
5B).

Both Met®?° and Thr®*” are highly conserved amino acids in
the gp41 sequence, but several naturally occurring mutations
can be identified in HIV-1 isolates, such as M626L, M626T, and
T627S. We further replaced them with a panel of conservative
and nonconservative residues. Interestingly, the Envs with
M626L and M626T maintained a large extent of activity for cell
fusion and entry (Fig. 5C), suggesting that these naturally
occurring changes might be compatible for the interactions
with the hydrophobic pocket. However, substitutions of Met®*®
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with the positively or negatively charged residues (M626R and
MB626E) or noncharged polar residue (M626G) could effectively
disrupt the Env. Of note, a conservative substitution in Thr®*”
(T627S) resulted in the Env with a marginal activity, albeit this
mutation naturally occurred. Similarly, substitutions of Thr®*”
with the charged residues were also disruptive. These results
suggest that Met®? and Thr®*” are highly important for the
function of HIV-1 Env to mediate cell membrane fusion and
infection.

Met®*® and Thr®*” Are Critical for Anti-HIV Activity of
CP621-652—We sought to characterize the roles of Met®%®
and Thr®*” for the anti-HIV activity of the peptide CP621—652.
Two peptides that carry M626A or T627A single mutations
were therefore synthesized and their anti-HIV activity was
evaluated in a direct comparison to the parental peptide.
First, the cell-cell fusion inhibition assay showed that
CP621-652 could inhibit the HIV-1,;y, Env-mediated cell
fusion with an IC,, of 8.6 nM, but peptides M626A and
T627A inhibited the cell fusion at IC,, of 37.8 and 51.2 nm,
respectively (Table 2). Furthermore, the virus entry inhibi-
tion assay indicated that CP621-652 could inhibit the HIV-
1yi4s pseudovirus with an IC,, of 5.8 nMm, whereas two
mutant peptides inhibited the cell entry of pseudovirus at
IC;, of 50.3 and 126.2 nm, respectively. Therefore, residues
Met®?® and Thr®*” are critical for the peptide CP621—652
and their single substitutions could significantly impair the
anti-HIV activity. The results support our observations from
the above crystal structure.

Met®*® and Thr®*” Are Critical for Inhibition of 6-HB
Formation—Structures of the HIV-1 gp4l core have also
revealed the mechanism of action of peptide fusion inhibitors
(5, 10, 17). It is thought that the exogenous C-peptides act by
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FIGURE 4. Methionine-threonine (M-T) hook of CP621-652 stabilize the
hydrophobic pocket on NHR coiled coil. A, upper part, a ribbon model of the
6-HB structure formed by CP621-652-T21 (positioned horizontally). The T21
trimer is colored light gray; CP621-652 peptides are colored in marine blue.
The N and C termini of the peptides are labeled. Lower part, a portion of the
above 6-HB structure is magnified in the blue box and is illustrated with a
wall-eye stereo image. Residues Thr®?” and Met®?¢ form a hook-like structure
(highlighted in orange) that stabilizes the interaction between T21 and
CP621-652.Thr®” terminates the a-helical conformation of the N-terminal of
CP621-652 peptide. The hydroxyl group of the Thr®” side chain accepts a
hydrogen bond from the NH group of GIu®*°, directing the N terminus of the
CP621-652 peptide away from the T21 trimer. The side chain of Met®2® covers
the hydrophobic pocket on the T21 trimer. The M-T hook and residues involv-
ing interaction with the MT hook are shown in stick model. Dash lines indicate
the hydrogen bonds between the residues. B, a portion of the 6-HB structure
formed by CP621-652/T21 is displayed in a refined stick model with
the superimposed refined 2F, — F_ electron density map (1.5 s contour, blue
mesh). The atoms are colored by type: carbon, yellow; nitrogen, blue; oxygen,
red. The residues on the M-T hook and residues involving the interaction with
the M-T hook are labeled.

competitive binding to the NHR of gp41 during its conforma-
tional change to the fusogenic state (i.e. pre-hairpin conforma-
tion) and thus block the 6-HB formation in a dominant-nega-
tive fashion. We previously developed an ELISA-based method

20286 JOURNAL OF BIOLOGICAL CHEMISTRY

to detect whether the peptide or small molecule-based fusion
inhibitors can physically block 6-HB formation, in which the
mAb NC-1 specific for 6-HB was used as a capture and the
biotinylated-C34 was used for signal detection (20, 27). Here,
we applied this method to further investigate the function of
Met®*® and Thr®*” for 6-HB inhibition. As shown in Fig. 6,
CP621-652 could efficiently block the formation of 6-HB as
modeled by peptides N36 and C34 at a dose-dependent man-
ner, consistent with our previous data (20). However, M626A
and T627A peptides had no inhibitory activity at a concentra-
tion as high as 200 uM. The results suggested that these two
mutant peptides could not compete off the biotinylated-C34 for
binding to N36 and demonstrated that residues Met®*° and
Thr®?” play important roles in inhibition of 6-HB by the peptide
inhibitors.

Met®*® and Thr®?” Are Critical for Interaction of NHR and
CHR—We further studied the structure and function of the
M-T hook residues by CD spectroscopy. The interaction of
wild-type and mutant CP621- 652 with the NHR-derived pep-
tide N36 was analyzed. The CD spectrum of an equimolar mix-
ture of N36 and CP621-652 peptides showed a typical double
minima at 208 and 222 nm (Fig. 7A), which indicates the pres-
ence of stable a-helical conformations. In comparison, both
M626A and T627A peptides induced significantly less a-helic-
ity. The thermal stability of the N36:CP621-652 complex,
defined as the midpoint of the thermal unfolding transition
(T,,) values, was found to be 61.1°C, whereas that of
N36-M626A and N36-T627A complexes were 52.1 and 54.0 °C,
respectively (Fig. 7B). Therefore, the binding affinity of two
mutant peptides decreased significantly, which might explain
their inability to block the 6-HB formed by N36 and C34 above.
The CD results demonstrated that both M-T hook residues play
important roles in the interaction of NHR and CHR.

DISCUSSION

The primary structure of HIV-1 gp41 contains multiple func-
tional domains (from N- to C terminus): a fusion peptide, the
NHR and CHR linked by a loop with a disulfide bond at its basis,
a transmembrane region, and a long cytoplasmic tail (Fig. 1).
Previous studies have demonstrated that molecular interac-
tions between NHR and CHR are essential for HIV-1-mediated
cell fusion and infection (28 —33). The crystallographic struc-
tures of the HIV-1 gp41 core have revealed the detailed molec-
ular contacts within the trimer of the hairpin structure (6-HB)
and a deep hydrophobic pocket in the NHR trimer (6-38),
which provides the basis for exploring viral fusion mechanisms
and for developing viral entry inhibitors. Unsatisfactorily, all
three pioneering structures of the HIV-1 gp41 core were deter-
mined by using biosynthetic or synthesized peptide fragments
(6—8), in which the loop region sequences between the putative
NHR and CHR were completely omitted and thus the structure
of the upstream sequence of the PBD or the boundary of a
C-helix could not be observed. Recently, several new gp41 6-HB
structures were solved for deciphering the mechanism of action
of peptide inhibitors, but none of them included the PBD
upstream motif (16, 34-35). Therefore, the structure of this
region was often deduced to be helical based on the structural
analogy of SIV the gp41 core (36 —38), in which the C-terminal
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TABLE 2

Inhibitory activity of wild-type and mutant CP621-652 on HIV-1-me-
diated cell fusion and entry

Both cell fusion and single-cycle infection assays were performed in triplicate and
repeated at least three times. The data are expressed as mean = S.D.

Cell fusion Virus entry
Peptide IC,, Fold-change” 1C,, Fold-change
nm nm
CP621-652 8.6+ 25 1 58 0.6 1
M626A 378+ 84 44 50326 87
T627A 512+76 6 1262 +19 218
T20 11.5+0.9 NA® 221*£0.8 NA

“ Compared to the IC;, of wild-type CP621—652.
2 NA, not applicable.

helix of SIV gp41 extends 5 residues to the loop region with
respect to the most complete structure of HIV-1 gp41. How-
ever, our present structure of the 6-HB formed by CP621-652
and T21 has demonstrated that the conformation of the heptad
S2IQIWNNMT®? is flexible, resulting that the structures of
most of its residues cannot be well defined by the crystallo-
graphic method, except residues Met®*° and Thr®*’. This
observation suggests that the upstream motif of PBD does not
likely adopt the helical conformation during the fusion process.

More importantly, our studies reveal a unique hook-like
structure (M-T hook) comprising Thr®*® and Met®*’, which
can stabilize the interaction between the NHR pocket and the
CHR PBD. The M-T hook presents a structural feature that has
never been observed in the available HIV gp41 core structures.
This structural feature has provided a molecular basis for
explaining why the **’QIWNNMT®*” motif can improve ther-
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FIGURE 6. Inhibition of 6-HB formation by wild-type or mutant CP621-
652 peptides. CP621-652 could inhibit 6-HB at a dose-dependent manner,
but its mutants peptides (M626A and T627A) failed.

mal stability of 6-HB significantly (20). Due to the limitation of
the crystallographic methods, our current structure does not
offer explanations for the roles of other residues within this
motif. In other words, we could not rule out the contributions
of those residues in thermal stability of 6-HB. The solution
structural study or the molecular dynamic study could be useful
to elucidate their functions at the molecular level. Indeed, our
mutagenesis studies confirmed that the M-T hook residues
could determine the function of HIV-1 Env to mediate cell
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rived peptide N36. The a-helicity (A) and thermostability (B) of peptide com-
plexes were measured by CD spectroscopy.

fusion and virus entry. Significantly, single substitutions of M-T
hook residues were able to inactivate the virus (Fig. 5). Before
and after determination of the gp41 core structure, the func-
tionality of amino acid residues in both NHR and CHR was
extensively examined by mutagenesis and biophysical analyses
(28-33, 39-42), but little attention was paid to the upstream
motif of the pocket-binding domain, such as residues Met®*®
and Thr®”’. Given that these two residues are located immedi-
ately adjacent to the PBD on the CHR, it is plausible that they
could participate in interaction between the NHR pocket and
CHR PBD. Our structural and functional data have finely vali-
dated their essential roles in HIV-1 infectivity.

In our previous study (20), we found that the CHR peptide
lacking the **' QIWNNMT®*” motif (CP628 — 654 in Fig. 1) had
no anti-HIV activity at high concentrations, but addition of
these heptad residues to the peptide (CP621-652) conferred a
potent inhibitory activity on both HIV-1 cell fusion and infec-
tion (Fig. 1). During that time, we could not understand the
molecular determinants underlying the anti-HIV activity of the
CP621-652 peptide, but speculated that interaction between
the ®*!QIWNNMT®*” motif and the pocket or its downstream
site on the NHR trimer should be the most important determi-
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nant. The M-T hook characterized here has confirmed the case.
Disruption of the M-T hook by single amino acid substitutions
dramatically impaired the peptide for its inhibitory activity in
both cell fusion and virus entry, supporting the crystallographic
data and the rational inhibitor design. Although most of the
reported anti-HIV peptides were derived primarily from the
CHR sequence starting from Trp®?®, there are several potent
peptide inhibitors designs, including Met®*® and Thr®*” at their
N termini (43). It would be interesting to obtain structural
information of these inhibitors. In our designing of the CP32M
inhibitor using the CP621-652 peptide as the template (14),
residues Met®?® and Thr®?” were unchanged, because their sub-
stitutions could dramatically reduce the anti-HIV activity of the
peptide (data not shown).

Surprisingly, the CP621-652 peptide with single substitu-
tions in the M-T hook residues could not block formation of
6-HB formed by N36 and C34 in our experimental conditions.
This result was conflicted with its anti-HIV activity in both cell
fusion and single-cycle infection assays. Although the inhibi-
tory activity of mutant peptides reduced significantly, they were
still active on the virus. Therefore, we performed a CD spectro-
scopic study to analyze interaction of CP621-652 and its
mutants with the NHR peptide N36. Single substitutions could
result in that CP521-652 interacts with N36 with much less
a-helicity and thermal stability. Therefore, the M-T hook resi-
dues did participate in NHR binding. In this case, Met®*® and
Thr®?” might hook the pocket region tightly and thus stabilize
the interaction between the pocket residues on the NHR and
the PBD residues projected from the CHR.

In conclusion, we determined the high-resolution crystal
structure of the CP621-652-T21 complex, revealing that resi-
dues Met®*® and Thr®%’ in the **’QIWNNMT®*” motif of
CP621-652 form a hook-like structure that stabilizes the inter-
action of the hydrophobic pocket on the NHR timer. We dem-
onstrated that both M-T hook residues are essential for HIV-1-
mediated cell fusion and entry, and play critical roles for the
anti-HIV activity of CP621-652. Our findings identify a novel
structural feature in the HIV gp41 core, providing a glimpse of
the peptide structure upstream of the pocket-binding domain,
offering multiple implications for understanding the mecha-
nism for HIV-1 cell fusion and designing novel fusion
inhibitors.
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