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ABSTRACT: The human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein complex (gp120-
gp41) promotes viral entry by mediating the fusion of viral and cellular membranes. Formation of a
stable trimer-of-hairpins structure in the gp41 ectodomain brings the two membranes into proximity, leading
to membrane fusion. The core of this hairpin structure is a six-helix bundle in which three carboxyl-
terminal outer helices pack against an inner trimeric coiled coil. Here we investigate the role of these
conserved interhelical interactions on the structure and function of both the envelope glycoprotein and
the gp41 core. We have replaced each of the eight amino acids at the buried face of the carboxyl-terminal
helix with a representative amino acid, alanine. Structural and physicochemical characterization of the
alanine mutants shows that hydrophobic interactions are a dominant factor in the stabilization of the
six-helix bundle. Alanine substitutions at the Trp628, Trp631, Ile635, and Ile642 residues also affected
envelope processing and/or gp120-gp41 association and abrogated the ability of the envelope glycoprotein
to mediate cell-cell fusion. These results suggest that the amino-terminal region of the gp41 outer-layer
R-helix plays a key role in the sequence of events associated with HIV-1 entry and have implications for
the development of antibodies and small-molecule inhibitors of this conserved element.

Entry of human immunodeficiency virus type 1 (HIV-1)1

into target cells requires the fusion of viral and cellular
membranes, a process mediated by the viral envelope
glycoprotein in conjunction with receptors on the host cell.
The HIV-1 envelope glycoprotein is initially synthesized as
the polyprotein precursor gp160, which is glycosylated and
oligomerizes in the rough endoplasmic reticulum, and is then
proteolytically cleaved into two subunits by furin-like
enzymes in the Golgi network (1, 2). The resulting surface
(gp120) and transmembrane (gp41) subunits remain non-
covalently associated and are translocated to the cell
membrane for incorporation into budding virions. Infection
is initiated by binding of gp120 to the cell-surface receptor
CD4 and to one of several coreceptors (members of the
chemokine receptor family) (3-5). This receptor binding
induces a series of conformational changes in the envelope

glycoprotein, leading to exposure of the hydrophobic N-
terminal fusion peptide of the gp41 ectodomain and the
initiation of membrane fusion events (6-8 and references
therein). An understanding of this fusion activation process
is important for elucidation of viral entry mechanisms and
development of immunologic and pharmacologic strategies
for preventing HIV-1 infection.

The ectodomain of gp41 contains twoR-helical regions,
one adjacent to the N-terminal fusion peptide and one near
the C-terminal transmembrane segment (9-11). Biophysical
and structural analyses indicate that these two helical regions
associate to form a highly stable six-helix bundle in which
a central trimeric coiled coil formed by the N-terminal helical
region of gp41 is surrounded by three antiparallel C-terminal
helices that bind to conserved hydrophobic grooves on the
coiled-coil surface (12-15). Residues at positionsa andd
(the first and fourth residues of the heptad repeat, respec-
tively) of the C-terminal helix pack against residues at thee
and g positions of the N-terminal coiled-coil trimer. This
six-helix bundle represents the core of the fusion-active gp41
trimer-of-hairpins conformation (12, 16, 17). The hairpin
structure is thought to bring the virus and cell membranes
into proximity and thereby to facilitate the fusion of the two
bilayers (14, 18-20). The large body of evidence suggests
that gp41 likely exists in at least three conformations: (i) a
metastable prefusogenic state, which is stabilized by exten-
sive interactions with the gp120 subunit, (ii) a “prehairpin”
intermediate, formed by exposure of the fusion peptide region
and concurrent formation of the N-terminal coiled coil (19,
21, 22), and (iii) the fusogenic trimer-of-hairpins form, where
the C-terminal helix associates with the N-terminal coiled
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coil to induce membrane apposition and fusion. Formation
of the gp41 hairpin structure is likely to be an important
thermodynamic driving force for the conformational activa-
tion of the envelope glycoprotein (23).

Peptides derived from the N- and C-terminal helical
regions of the gp41 ectodomain (termed N-peptides and
C-peptides, respectively) are potent inhibitors of HIV-1
infection and syncytium formation (24, 25). The C-peptide
T-20 has been shown in human clinical trials to be effective
in suppressing HIV-1 replication (26). The available evidence
indicates that C-peptides inhibit formation of the fusogenic
six-helix bundle in a dominant-negative manner by binding
to the transiently exposed N-terminal coiled coil in the
prehairpin intermediate (12, 19, 22, 27, 28). Consistent with
this notion, replacement of a conserved glutamine (Gln652)
in the C-helix with leucine strengthens interhelical packing
interactions in the gp41 core and also increases the antiviral
potency of the corresponding C-peptide (29). In addition,
recent work has shown that a hydrophobic pocket on the
surface of the N-terminal coiled coil is a potential target for
the development of small-molecule HIV-1 entry inhibitors
(30-32). In the gp41 core structure, this pocket is filled by
three residues from the C-helix (Trp628, Trp631, and Ile635)
(13-15). Mutagenesis studies indicate that these bulky
hydrophobic residues contribute to the stability of the gp41
core and to the inhibitory activity of C-peptides (33). Taken
together, these results suggest that interhelix interactions in
the fusogenic hairpin structure may serve as the basis for
the design of a new class of antiviral agents.

In this study, we have performed a systematic analysis of
the role of individual side chains at positionsa andd of the
gp41 outer-layer C-helix in determining the structure and
function of the HIV-1 envelope glycoprotein. Our results
show that the six-helix bundle structure is largely stabilized
through specific interfacial interactions between six buried
apolar side chains (Trp628, Trp631, Ile635, Tyr638, Ile642,
and Leu645) and is destabilized by two buried polar residues
(Ser649 and Gln652). Alanine substitutions at four of these
bulky hydrophobic residues (Trp628, Trp631, Ile635, and
Ile642) also impaired fusion function by affecting gp120-
gp41 association and/or gp160 processing. Our studies
demonstrate the critical role of the N-terminal region of the
gp41 C-helix in HIV-1-mediated fusion events. This con-
served element may be a useful target for the development
of antibodies and small-molecule inhibitors for the treatment
of HIV-1 infection.

MATERIALS AND METHODS

Peptide Expression and Purification.Alanine substitutions
were individually introduced into the HIV-1 N34(L6)C28
construct by using the method of Kunkel (34) and verified
by DNA sequencing. All recombinant peptides were
expressed inEscherichia coli strain BL21(DE3)/pLysS
(Novagen). Cells were grown at 37°C in LB medium to an
optical density of 0.8 at 600 nm and induced with isopropyl
thio-â-D-galactoside for 3-4 h. Cells were lysed at 0°C with
glacial acetic acid. The bacterial lysate was centrifuged
(35000g for 30 min) to separate the soluble fraction from
inclusion bodies. The soluble fraction, containing the dena-
tured gp41 core peptide, was dialyzed into 5% acetic acid
overnight at room temperature. Peptides were purified from

the soluble fraction to homogeneity by reverse-phase high-
performance liquid chromatography (HPLC) (Waters) on a
Vydac C-18 preparative column (Hesperia, CA), using a
water/acetonitrile gradient in the presence of 0.1% tri-
fluoroacetic acid, and lyophilized. The molecular weights
of each peptide were confirmed by using matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (Per-
Septive Biosystems, Framingham, MA). For all experiments,
peptide stock solutions were prepared by resuspending the
lyophilized peptide in water. The concentrations of the
peptide stocks were determined by using tyrosine and
tryptophan absorbance at 280 nm in 6 M GdmCl (35).

Circular Dichroism Spectroscopy.CD experiments were
performed on an Aviv 62A DS circular dichroism spectrom-
eter (Aviv Associates, Lakewood, NJ). The wavelength
dependence of molar ellipticity, [θ], was monitored at 4°C
on a 10µM peptide solution in 50 mM sodium phosphate
(pH 7.0) and 100 mM NaCl (PBS) from 200 to 260 nm in
a 0.1 cm path length cuvette with an averaging time of 5 s.
The percent helicity was calculated by the method of Chen
et al. (36). The thermal stability was determined by monitor-
ing the change in the ellipticity at 222 nm as a function of
temperature. Thermal melts were performed in 2°C incre-
ments with an equilibration time of 2 min at the desired
temperature and an integration time of 30 s. All melts were
not reversible, and the peptide precipitated after thermal
denaturation. The apparent melting temperatures, or mid-
points of the cooperative thermal unfolding transitions (Tm),
were determined from the maximum of the first derivative,
with respect to the reciprocal of the temperature, of the [θ]222

values (37). The error in the estimation ofTm is (0.5 °C.
Sedimentation Ultracentrifugation.Sedimentation equi-

librium measurements were performed on a Beckman XL-A
(Beckman Coulter) analytical ultracentrifuge equipped with
an An-60 Ti rotor (Beckman Coulter). Peptide solutions were
dialyzed overnight against PBS (pH 7.0), loaded at initial
concentrations of 10, 30, and 100µM, and analyzed at rotor
speeds at 20 000 and 23 000 rpm at 20°C. Data sets were
fitted simultaneously to a single-species model of ln-
(absorbance) versus (radial distance)2 using the program
NONLIN (38). The protein partial specific volume and
solvent density were calculated as described by Laue et al.
(39). The molecular weights of N34(L6)C28 variants, except
for W631A, were all within 10% of those calculated for an
ideal trimer, with no systematic deviation of the residuals.

Crystallization and Data Collection.A stock of the HPLC-
purified peptide was dissolved in water, and its final peptide
concentration was adjusted to 10 mg/mL. Crystals were
obtained using the hanging drop method of vapor diffusion
by equilibrating 2µL drops (peptide solution mixed 1:1 with
reservoir solution) against a reservoir solution at room
temperature. Initial crystallization conditions were screened
by using sparse matrix crystallization kits (Crystal Screen I
and II, Hampton Research, Inc.) and then optimized. Primi-
tive rhombohedral crystals of I635A were grown from 0.174
M ammonium chloride and 2% polyethylene glycol methyl
ether 4000. Primitive rhombohedral crystals of I642A were
obtained from 0.62 M ammonium sulfate. All crystals were
transferred to a cryoprotectant solution containing 20%
(v/v) glycerol in the corresponding mother liquor. Crystals
were mounted in nylon loops (Hampton Research, Riverside,
CA) and flash-frozen in liquid nitrogen. Diffraction data on
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the I635A and I642A crystals were collected at 95 K using
an R-axis IV image plate detector mounted on a Rigaku
RU200 rotating anode X-ray generator at the X-ray Crystal-
lography Facility at the Weill Medical College of Cornell
University. Diffraction intensities were integrated by using
DENZO and SCALEPACK software (40) and reduced to
structural factors with the program TRUNCATE from the
CCP4 program suite (41).

Structure Solution and Refinement.The structures of the
I635A and I642A crystals were determined by molecular
replacement using the program AMoRe in the CCP4 program
suite (41, 42). The HIV-1 N34(L6)C28 structure (entry 1STZ
in the Protein Data Bank) was used as a search model. Cross-
rotation and -translation functions, calculated with the search
model at 15-4 Å resolution, yielded solutions for I635A
(correlation coefficient) 74.1%; R factor ) 38.1%) and
I642A (correlation coefficient) 74.7%;R factor) 36.5%).
Density interpretation and model building were carried out
with the programs O and CNS (43, 44). Iterative rounds of
manual rebuilding and refinement increased the quality of
the initial electron density maps and served to reduce model
bias, as guided chiefly by improvement in the freeR factor.
Crystallographic refinements were carried out with the
program CNS 1.0 (45). Since molecular replacement methods
can cause a final model to be biased by the search model,
the current I635A and I642A models were verified by
simulated annealing omit maps. The quality of coordinates
was examined by PROCHECK (46). All the amino acids
were in the most favored regions of the Ramachandran plot.
Residues Ala578, Arg579, Glu654, and Lys655 of I635A
and Ser546, Arg579, Glu654, and Lys655 of I642A were
left out of the model because of the absence of interpretable
electron density for these atoms. The side chains of Ser546,
as well as Ile548, Gln652, and Gln653, of I635A are
disordered and were thus modeled as glycine and alanine,
respectively. The side chains of Gln550 and Gln652, as well
as Gln567, of I642A were modeled as serine and alanine,
respectively.

Transfections and EnVelope Glycoprotein Expression.
Alanine mutations were introduced into the HXB2 envelope
glycoprotein by using QuikChange mutagenesis (Stratagene,
La Jolla, CA) and confirmed by DNA sequencing. A proviral
fragment containing the HXB2reV and enV genes was
subcloned into the eukaryotic expression plasmid pCR-Uni
3.1 (Invitrogen) as described previously (47, 48). Ap-
proximately 6× 105 COS-7 cells were plated in a 6 cm
culture dish 1 day prior to transfection. A half-microgram
of envelope glycoprotein expression plasmid and 2.5µg of
the pcDNA3.1 vector (Invitrogen) were cotransfected with
the FuGene-6 reagent (Roche Molecular Biochemicals). After
incubation for 18 h at 37°C, the cells were washed with
Dulbecco’s phosphate-buffered saline and then re-fed with
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum. The cultures were continued at 37°C for 24
h before harvesting for cell-cell fusion assays or for Western
blot analysis.

Envelope glycoprotein expression in transfected cells was
assayed by Western blot analysis as previously described
(48). Briefly, to detect soluble gp120 in culture medium, the
cell supernatants were filtered, and shed gp120 was immu-
noprecipitated by using anti-HIV immunoglobulin from
infected persons (HIVIG) (49) and the Protein A-Sepharose

conjugate (Sigma). Immune complexes were washed, sepa-
rated by SDS-polyacrylamide gel electrophoresis (PAGE)
(6% polyacrylamide gel), and transferred to a NitroBond
membrane (Osmonics, Westborough, MA). The membranes
were then probed with the gp120-specific monoclonal
antibody (mAb) Chessie B13 (kindly provided by G. Lewis)
(50) and visualized by chemiluminescence with ECL-Plus
(Amersham Pharmacia Biotech). Western blots were quan-
titated on a Fuji fluorescence imaging system (FLA3000G
analyzer).

To detect cell surface-associated gp120, cell monolayers
were surface-biotinylated with NHS-LC-biotin (Pierce Chemi-
cal) (48), and cells were then lysed on ice in 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, and 1% Triton X-100
containing 1µg/mL aprotinin, 1µg/mL leupeptin, and 1µg/
mL pepstatin. The biotinylated envelope glycoprotein was
isolated by immunoprecipitation using HIVIG, separated by
SDS-PAGE (6% polyacrylamide gel), and probed by using
a NeutrAvidin-horseradish peroxidase conjugate (Neutr-
Avidin-HRP) (Pierce Chemical) and ECL-Plus as described
above. For the analysis of deglycosylated envelope polypep-
tides, biotinylated cell-surface proteins were isolated by using
a NeutrAvidin-agarose conjugate (Pierce Chemical). The
glycoproteins were deglycosylated withN-glycanase F (New
England Biolabs, Beverly, MA), resolved by SDS-PAGE
(8% polyacrylamide gel), and subjected to Western blot
analysis with the gp120-specific mAb Chessie 12 (kindly
provided by G. Lewis) (50).

Cell-Cell Fusion Assay.Mutant or wild-type envelope
glycoproteins were transiently expressed in COS-7 cells and
assessed for fusion activity as previously described (48). In
the present modification of the procedure, 6× 103 transfected
COS-7 cells were plated into 96-well microcultures and 8
× 103 U87-CD4-CXCR4 cells were added the next day.
Cocultures were fixed after 5 and 24 h and immunochemi-
cally stained to identify envelope glycoprotein-expressing
cells. The number of syncytia was determined microscopi-
cally.

RESULTS

Alanine Core Mutants of N34(L6)C28.In the recombinant
N34(L6)C28 peptide model of the gp41 ectodomain core,
three C28 helices are packed into conserved, hydrophobic
grooves on the surface of the N34 trimeric coiled coil (Figure
1) (15, 51). Eight residues at thea and d positions of the
C28 helix (Trp628, Trp631, Ile635, Tyr638, Ile642, Leu645,
Ser649, and Gln652) insert into each of these grooves and
make extensive hydrophobic contacts. Here we used alanine-
scanning mutagenesis to determine the importance of these
amino acid side chains in interhelical packing interactions
in the gp41 core. In this approach, individual residues are
changed to alanine (52). Because alanine has a relatively
low hydrophobicity and the highest helix propensity of all
amino acid side chains in coiled coils (53), we reasoned that
alanine mutations would be useful probes for identifying the
determinants of helix-helix interactions (48). The wild-type
and mutant peptides were produced by bacterial expression,
and the alanine mutants were named by the positions of their
substitutions.

Biophysical Analysis of Mutant N34(L6)C28 Peptides.The
helical content and thermal stability of mutant N34(L6)C28
peptides were quantitated by circular dichroism. Alanine
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mutations at either of the two polar residues (Ser649 or
Gln652) showed stabilization of N34(L6)C28 complexes with
an apparent elevation of the melting temperature (Tm) relative
to that of the wild type (the change in thermal stability,
∆Tm, ) 6 and 3°C, respectively) (Table 1 and Figure 2a).
Sedimentation equilibrium measurements indicated that both
S649A and Q652A sedimented as discrete trimers (Table
1). The stabilizing effects observed for the alanine substitu-
tions indicate that the buried polar residues Ser649 and
Gln652 contribute unfavorably to the stability of the gp41
core (54). In contrast, alanine mutations of any of the six
hydrophobic residues resulted in substantial destabilization
of the N34(L6)C28 complex; the apparentTm’s of W628A,
W631A, I635A, Y638A, I642A, and L645A were 56, 38,
57, 65, 61, and 60°C, respectively, as compared to a value

of 70 °C for the wild-type peptide (Figure 2a and Table 1).
The greatest destabilization was observed with the W631A
mutant (∆Tm ) -32 °C). W631A also exhibited markedly
decreased mean residue ellipticity at 222 nm (θ222, a measure
of helical content), while the five other alanine mutations
had little effect on the absolute value ofθ222 (Table 1). Like
the other alanine mutants, W631A was trimeric in solution,
with no systematic dependence of molecular weight on
concentration between 10 and 100µM (Figure 2b,c and Table
1). However, a systematic trend was observed in the residuals
between the data for W631A and the linear fit (Figure 2c),
suggesting that the peptide is prone to aggregation. Col-
lectively, these results demonstrate that C28 residues making
hydrophobic contacts with the N34 coiled-coil groove are
important for stabilizing the fusogenic six-helix bundle
structure of the gp41 core.

Determination of Crystal Structures of I635A and I642A.
Our biophysical analysis suggests that substituting a single
alanine for bulky hydrophobic residues at thea or d position
of the C28 helix results in the formation of a cavity at the
packing interface between the N34 coiled coil and the C28
helix and thus causes a decrease in the thermal stability of
the trimeric N34(L6)C28 complex. To understand how these
cavity-creating substitutions affect the conformation and
stability of the gp41 core, we used X-ray crystallography to
determine the structures of the I635A and I642A complexes
at 1.75 and 1.88 Å resolution, respectively. We were unable
to crystallize the W628A and W631A mutants. The I635A
and I642A peptides were selected, in part, because an Ilef
Ala substitution at either of these positions significantly
destabilized the six-helix bundle structure and blocked the
ability of the envelope glycoprotein to mediate cell fusion

FIGURE 1: HIV-1 gp41 structure. (a) A schematic view of HIV-1 HXB2 gp41 showing important functional features, including the disulfide
bond and four potential N-glycosylation sites. Regions corresponding to the N34 and C28 peptides identified by protein dissection are
indicated, along with their sequences. The recombinant N34(L6)C28 protein consists of the N34 and C28 segments that are connected via
a short peptide linker in place of the disulfide-bonded loop region. (b) Helical wheel projection of the C28 sequence. Thea-g positions
represent sequential positions in the 4,3-hydrophobic heptad repeat in the C28 sequence. The view is from the NH2 terminus. (c) Helical
wheel representation of the six-helix bundle in the gp41 ectodomain. Three inner N34 helices and three outer C28 helices are represented
by circles, with heptad-repeat positions labeleda-f. Residues at thea andd positions of the C28 helices pack in an antiparallel orientation
against residues at thee andg positions of the adjacent N34 helices, respectively.

Table 1: Biophysical Data of Alanine Mutants of the gp41 Core

[θ]222
a (deg cm2 dmol-1) Tm

a (°C) Mobs/Mcalc
b

N34(L6)C28 -31300 70 3.1
W628A -31500 56 3.1
W631A -24700 38 NDc

I635A -31200 57 3.0
Y638A -31300 65 3.0
I642A -31600 61 3.1
L645A -31800 60 3.1
S649A -32300 76 3.1
Q652A -32500 73 3.0

a All circular dichroism scans and melts were performed on 10µM
peptide solutions in PBS (pH 7.0). The circular dichroism signal at
222 nm ([θ]222 nm) is reported. The midpoint of thermal denaturation
(Tm) was estimated from the thermal dependence of [θ]222. b Sedimen-
tation equilibrium results are reported as a ratio of the experimental
molecular weight to the calculated molecular weight for a monomer
(Mobs/Mcalc). c Aggregated, as determined by sedimentation equilibrium.
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(see below). The crystals of I635A and I642A belong to
space groupR3 and contain a monomer in the asymmetric
unit, with the trimer formed around the crystallographic
3-fold axis. Both the structures were determined by a
molecular replacement approach (42). In each case, the final
2Fobs - Fcalc electron density map and simulated annealing
omit map are readily interpretable except for a few disordered
residues at the helix termini and in the short peptide linker
region. Representative examples of the final 2Fobs - Fcalc

maps with the refined molecular models superimposed are
shown in Figure 3. The I635A structure was refined against
25.0-1.75 Å resolution data to yield a conventional and free
R factors of 20.6 and 22.6%, respectively. The I642A
structure was refined to a conventionalR factor of 19.7%,
with a freeR factor of 21.6% over a resolution range of
26.0-1.88 Å. Crystallographic details and results are sum-
marized in Materials and Methods and in Table 2.

Effects of the Ilef Ala Mutations on the Hairpin
Structure.The overall structures of the I635A and I642A
trimers are very similar to that of the wild-type N34(L6)-
C28 complex. In all cases, three hairpin-like molecules pack
on the crystallographic 3-fold symmetry axis to form a six-
helix bundle (Figure 4a). The inner N34 helices form a
parallel, three-stranded coiled coil. The core residues at the
a andd positions of the N34 peptide exhibit “acute knobs-
into-hole” side chain packing characteristic of three-stranded

FIGURE 2: Biophysical properties of alanine mutants of N34(L6)-
C28. (a) Thermal melts of W628A (b), W631A (2), I635A (O),
Y638A (0), I642A ([), L645A (4), S649A (9), and Q652A (])
monitored by circular dichroism at 222 nm at a protein concentration
of 10 µM in PBS (pH 7.0). The decrease in the fraction of a folded
molecule is shown as a function of temperature. (b) Representative
equilibrium sedimentation data of a 10µM solution of W628A at
20 °C in PBS (pH 7.0). The natural logarithm of absorbance at
235 nm is plotted against the square of the radius from the axis of
rotation. The slope of the data as plotted is proportional to the
molecular mass of the peptide oligomer. Lines indicate the expected
slopes for dimeric, trimeric, and tetrameric states. The deviation in
the data from the linear fit for a trimer model is plotted (top panel).
(c) Representative equilibrium sedimentation data of a 10µM
solution of W631A at 20°C in PBS (pH 7.0). The natural logarithm
of absorbance at 232 nm is plotted against the square of the radius
from the axis of rotation. Data fit closely to a trimer model, but
with systematic residuals.

FIGURE 3: Experimental electron density maps at the substitution
sites. (a) A portion of the final 2Fobs - Fcalc map of I635A with
the refined model superimposed. (b) A portion of the final 2Fobs-
Fcalc map of I642A with the refined model superimposed. The maps
of I635A and I642A are contoured at 1.5σ. This figure was
generated with the program SETOR (77).
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coiled coils (55, 56). Interactions between these residues and
their counterparts from the other two N34 peptides of the
trimer are maintained in nine successivea and d layers
perpendicular to the 3-fold axis. The outer C28 helices adopt
a left-handed superhelical twist and make contacts along three
hydrophobic grooves between the neighboring inner N34
helices (Figure 4b,c). The grooves are formed by highly
conserved residues at theeandg positions of the N34 helix.
Side chains of thea and d residues of the C28 helix are
tucked into the center of the groove between two adjacent
N34 helices. In I635A and I642A, both alanine replacements
are in positiona of the C28 helix. In each case, the alanine
mutation is accommodated well in the six-helix bundle
structure by using different sets of atoms. The wild-type and
mutant structures can be superimposed, with root-mean-
square (rms) differences of 0.73 Å for I635A and 0.68 Å
for I642A. Thus, alanine substitutions at the conserved Ile635
and Ile642 residues each do not affect the overall conforma-
tion of the fusogenic gp41 ectodomain core.

Each hydrophobic groove on the surface of the N34 coiled
coil has a deep pocket that has been proposed as an attractive
drug target (30-32). This pocket is formed by residues,
including amino acids Leu568, Trp571, and Lys574, on the
inner N34 helix, and accommodates residues Trp628, Trp631,
and Ile635 on the outer C28 helix. In the I635A crystal
structure, the methyl group of the substituted Ala635 side
chain docks into the hydrophobic pocket without significantly
altering the six-helix bundle structure (Figure 4b). The small
alanine side chain decreases the extent of favorable hydro-
phobic interactions in the interhelical interface and thus the
gp41 core stability, as suggested by the reduction inTm of
I635A relative to that of the wild-type core.

In the I642A crystal structure, Ala642 packs into the N34
coiled-coil groove through hydrophobic contacts with the
Gln563 and Leu565 residues (Figure 4c). This hydrophobic
effect buries 46 Å2 of solvent-accessible surface area. In the

wild-type N34(L6)C28 structure, Ile642 interacts similarly
with the coiled-coil core, with a buried surface area of 110
Å2. Removal of three methylene groups by the Ile-to-Ala
substitution creats a cavity at the tightly packed interhelical
interface and thus destabilizes the six-helix bundle structure.
Our biophysical and crystallographic studies indicate that the
favorable van der Waals and hydrophobic interactions
between thea andd residues of the C28 helix and thee and
g residues of the N34 coiled coil are a dominant factor in
the stabilization of the gp41 ectodomain core.

Expression of Mutant EnVelope Glycoproteins.Alanine
mutations were introduced into the HXB2enV gene by site-
directed mutagenesis, and the mutant envelope glycoproteins
were expressed by transient transfection in COS-7 cells. All
envelope glycoprotein-expressing plasmids displayed similar
transfection efficiencies. The levels of envelope glycoprotein
expression, as determined by immunochemical staining and
by Western blot analysis, were very similar among all alanine
mutants and the wild type (Table 3). In all cases, gp120 was
shed from the cell-surface envelope glycoprotein complexes.
One experiment is shown in Figure 5a, and the consensus
findings from multiple such experiments are summarized in
Table 3. In general, the extent of gp120 shedding to the cell
culture supernatant was comparable for the wild-type and
mutant envelope glycoproteins. Some variability was ob-
served between experiments, but only the Y638A mutant
distinguished itself by consistently yielding>2-fold higher
levels of shed gp120.

To further assess the biosynthesis of the mutant envelope
glycoproteins, cell-surface proteins were biotinylated and the
envelope glycoprotein was immunoprecipitated from cell
lysates using HIVIG, an immunoglobulin preparation from
HIV-infected persons. The cell-surface envelope glycoprotein
was detected by Western blot analysis using a Neutra-
Avidin-horseradish peroxidase conjugate and fluorescence
imaging. Strikingly, we were unable to detect significant
accumulation of gp120 on the surface of cells expressing
the W628A, W631A, I635A, and I642A envelope glyco-
proteins (Figure 5b and Table 3). Cells expressing the other
mutant envelope glycoproteins typically displayed levels of
cell-surface gp120 that were similar to that of the wild type.
A control, cleavage-defective envelope glycoprotein (57)
produced only gp160. Uncleaved gp160 precursor was also
found on the surface of cells expressing the mutant and wild-
type envelope glycoproteins. This incomplete processing is
likely due to saturation of the furin-like proteases that are
responsible for the proteolytic cleavage of gp160 (58). In
many experiments, we observed a slight reduction in the
relative amount of gp160 precursor in the Y638A mutant.
In conjunction with the parallel increase in the level of gp120
shedding by this mutant, these data may indicate enhanced
proteolytic processing of the Y639A envelope precursor.

The apparent lack of accumulation of gp120 on the surface
of cells expressing the W628A, W631A, I635A, and I642A
mutants was further analyzed by enzymatic deglycosylation.
Biotinylated and deglycosylated gp120 (p120) migrates as
a discrete polypeptide band of approximately 55 kDa and
was observed from all mutant and wild-type envelope
glycoproteins, except those of the W628A, W631A, I635A,
and I642A mutants (Figure 5c). These results confirm the
significant absence of gp120 accumulation within the
envelope glycoprotein complex of these alanine mutant

Table 2: X-ray Data Collection and Refinement Statistics

I635A I642A

data statistics
space group R3 R3
a ) b, c (Å) 51.85, 60.70 52.21, 60.90
resolution (Å) 50.0-1.75 50.0-1.88
no. of reflections 36268 27873
no. of unique reflections 6132 5047
redundancy 25.4 (11.3)a 20.3 (11.0)a

I/σ(Ι) 44.5 (5.7)a 44.7 (5.0)a

completeness (%) 99.4 100
Rsym (%)b 3.9 3.9

refinement statistics
resolution (Å) 25.0-1.75 26.0-1.88
no. of reflections 6132 4977
Rcryst (%)c/Rfree (%)d 20.6/22.6 19.7/21.6
no. of protein non-hydrogen atoms 489 482
no. of water molecules 67 74
rms deviations

bond lengths (Å) 0.004 0.005
bond angles (deg) 0.8 0.8
torsion angles (deg) 14.2 14.2

averageB factor (Å2) 32.7 31.1
a Values in parentheses are for the highest-resolution shell (1.81-

1.75 Å for I635A and 1.95-1.88 Å for I642A).b Rsym ) ∑|Ihi - 〈Ih〉|/
∑Ihi for all h, whereIh is the intensity of reflectionh. c Rcryst ) ∑||Fobs|
- |Fcalc||/∑|Fobs|. No σ cutoff was applied.d Rfree ) ∑||Fobs| - |Fcalc||/
∑|Fobs| for 10% of the reflections not used in refinement.
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glycoproteins. In the case of W628A and W631A, we often
observed a smear of envelope polypeptide that migrated
faster than p120 (Figure 5c), suggesting aberrant cleavage
of the mutant gp160 precursor. At present, we cannot
determine whether the apparent absence of intact gp120 on
the surface of cells expressing the W628A, W631A, I635A,
and I642A mutant glycoproteins reflects a marked reduction
in the efficiency of gp160 proteolytic cleavage and/or an
alteration in the stability of the gp120-gp41 association,
resulting in a marked increase in the level of gp120 shedding.

Fusogenicity of Mutant EnVelope Glycoproteins.We have
demonstrated that single alanine substitutions at the six
hydrophobic positions within the buried face of the C28 helix
destabilize the gp41 core structure. Four of these mutations
also result in cell-surface envelope glycoprotein complexes
that are largely devoid of intact gp120. To determine the
effects of these alanine mutations on the ability of the

envelope glycoprotein to mediate membrane fusion, we
cocultured the envelope glycoprotein-expressing cells with

FIGURE 4: Crystal structures of the I635A and I642A trimers. (a) Top view of the superposition of the backbone traces for I635A in
magenta and I642A in yellow, looking down the 3-fold axis from the loop region. (b) Helical packing interactions in I635A. The N34
coiled coil is represented as a molecular surface, and the C28 helix (magenta) is shown as a ribbon witha andd side chains (white) that
pack into a hydrophobic groove on the coiled-coil surface. The NH2 termini of the N34 helices point toward the bottom of the page, and
those of the C28 helices point toward the top. (c) Helical packing interactions in I642A. The C28 helix (magenta), represented as a ribbon,
is shown against a surface representation of the central N34 coiled coil. This figure was prepared with the program GRASP (78).

Table 3: Summary of Envelope Glycoprotein Expression and
Function

envelope protein
expressiona

cell-surface
gp120b

gp120
sheddingc

cell-cell
fusiond

wild type ++ ++ ++ ++
W628A ++ - ++ -
W631A ++ - ++ -
I635A ++ - ++ -
Y638A ++ ++ +++ ++
I642A ++ - ++ -
L645A ++ ++ ++ ++
S649A ++ ++ ++ ++
Q652A ++ ++ ++ ++

a ++, mutant envelope glycoprotein expression levels comparable
to the wild-type level (50-200%).b The steady-state levels of cell-
surface gp120 and gp160 were compared.++, gp120/gp160 ratios
comparable to that of the wild type (50-200%);-, little or no cell-
surface gp120 detected.c +++, gp120 accumulation in the cell culture
supernatant is greater than 200% of that of the wild type;++, gp120
accumulation comparable to that of the wild type (50-200%).d ++,
fusion activity comparable to that of the wild type (50-200%);-, no
syncytium formation.

FIGURE 5: Synthesis and processing of mutant and wild-type
envelope glycoproteins. (a) COS-7 cells were transfected with
plasmids expressing either the wild-type or a mutant envelope
glycoprotein; 48 h posttransfection, the cell culture supernatants
were immunoprecipitated with HIVIG, and shed gp120 was
analyzed by Western blot using the gp120-specific mAb Chessie
B13. (b) Cell-surface expression of the wild-type and mutant
envelope glycoproteins. Two days after transfection, the cells were
labeled with NHS-LC-biotin as described in Materials and Methods.
Cell lysates were prepared and immunoprecipitated with HIVIG,
and cell-surface gp160 and gp120 were detected using the Neu-
trAvidin-HRP conjugate. (c) Analysis of deglycosylated cell-
surface envelope glycoproteins. Biotinylated proteins were isolated
with the NeutrAvidin-agarose conjugate and deglycosylated using
N-glycanase F. Envelope glycoproteins were detected by Western
blot analysis with the gp120-specific mAb Chessie 12. Wild-type
and cleavage-defective (cd) envelope glycoproteins (gp120 and
gp160) and the corresponding deglycosylated polypeptides (p120
and p160) are shown at the right.
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a CD4- and CXCR4-bearing fusion partner, U87-CD4-
CXCR4 cells (59). As shown in Figure 6, syncytium
formation by the Y638A, L645A, S649A, and Q652A mutant
envelope glycoproteins proceeded rapidly, and after the cells
had been cocultured for 5 h, the syncytia were indistinguish-
able in number and extent from those induced by the wild-
type glycoprotein (Table 3). In contrast, syncytium formation
was entirely absent in cells expressing the W628A, W631A,
I635A, and I642A glycoproteins, even after the cells had
been cocultured for 24 h. The control, cleavage-defective
envelope glycoprotein likewise did not induce syncytia. The
basis for the fusion defect in these alanine mutants is,
however, more complex than in the cleavage-defective
envelope glycoprotein. Although the alanine mutants do not
accumulate significant levels of intact gp120 on the cell
surface, they do appear to shed gp120 into the cell culture
supernatant (Figure 5a). Other effects, in addition to that on
the steady-state level of gp120, may also contribute to the
fusion-defective phenotype of the W628A, W631A, I635A,
and I642A envelope glycoproteins.

DISCUSSION
The critical importance of trimer-of-hairpins formation for

HIV-1 membrane fusion activity leads to the hypothesis that
interhelical packing interactions within the gp41 ectodomain
core are key determinants for viral entry and its inhibition
(29, 33, 48, 60). The N34 coiled-coil surface contains three
symmetry-related hydrophobic grooves that are the sites for
interaction with the C28 helix (13-15). In general, thee
andg residues of the N34 helix that line these grooves pack
against residues at thea andd positions of the C28 helix,
although additional interhelical contacts at other positions

are also observed. Sequence comparisons between HIV-1
and SIV gp41 show that the residues at these contact
positions are highly conserved. To better understand the
structure-function relationship for the amino acid residues
at the interhelical interface, we have utilized alanine-scanning
mutagenesis to compare the effects of individual side chains
at the eighta and d positions of the C28 helix on the
conformational stability of the fusogenic gp41 core and on
the membrane fusion activity of the gp120-gp41 complex.
Physical biochemical studies indicate that the six-helix bundle
structure of the gp41 core is destabilized by alanine substitu-
tions at the bulky hydrophobic positions Trp628, Trp631,
Ile635, Tyr638, Ile642, and Leu645. Crystal structures of
the I635A and I642A mutant cores suggest that this
destabilization is caused by formation of a cavity in the
interhelical interface. In contrast, the substitution of polar
residue Ser649 or Gln652 with alanine is stabilizing. Thus,
hydrophobic interactions involving packing of apolar side
chains at the buried face of the C28 helix contribute
significantly to the gp41 core stability.

Our analysis of the mutant envelope glycoproteins indi-
cates that alanine substitutions at Trp628, Trp631, Ile635,
and Ile642 also appear to affect gp120-gp41 association and/
or gp160 processing. In these mutants, the gp120 subunit
does not accumulate within the cell-surface envelope com-
plex. Our data do not allow us to determine whether the
alanine substitutions affect proteolytic processing of the
gp160 precursor and/or the noncovalent association between
the gp120 and gp41 subunits. As expected, these alanine
mutations abrogated envelope-mediated cell-cell fusion. In
contrast, alanine mutations at Tyr638, Leu645, Ser649, and

FIGURE 6: Syncytium formation by mutant envelope glycoproteins. COS-7 cells were transfected with plasmids expressing the wild-type
or mutant envelope glycoproteins. Two days after transfection, U87-CD4-CXCR4 cells were added to the cultures to determine the ability
of the envelope glycoproteins to mediate cell-cell fusion. Cocultures were washed and fixed after 5 h, and were immunochemically stained
to identify envelope glycoprotein-expressing cells and syncytia: (a) wild type, (b) cleavage-defective envelope glycoprotein, (c) W628A,
(d) W631A, (e) I635A, (f) Y638A, (g) I642A, (h) L645A, (i) S649A, and (j) Q652A. All microphotographs were taken using a 10×
objective lens.
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Gln652 have little or no effect on envelope glycoprotein
synthesis, transport, processing, and function. These biologi-
cal results can be reconciled with the suggestion that the
effects of the alanine mutations of the C28 helix on the
structure and function of the envelope glycoprotein are
position-dependent. Those near the amino terminus (W628A,
W631A, I635A, and I642A) disrupted the surface expression
of the gp120-gp41 complex and thus resulted in mutant
envelope glycoproteins that are unable to mediate cell-cell
fusion, whereas those (L645A, S649A, and Q652A) at the
C-terminal end of the helix do not affect gp120-gp41
association and thereby fusion activity. Our studies demon-
strate that the N-terminal half of the gp41 C-helix is a critical
component of the HIV-1 fusion process.

A wealth of structural and functional information about
the gp41-mediated membrane fusion process indicates that
formation of the trimer of hairpins is intimately associated
with fusion of the viral and cellular membranes during virus
binding and entry (reviewed in refs7 and8, and references
therein). Current knowledge suggests that formation of the
helical-hairpin complex can provide a ready source of energy
for overcoming the activation energy barrier needed to bring
two lipid bilayers into close approximation at the fusion site
(23, 54, 60, 61). According to this idea, the conformational
stability of the fusogenic gp41 core is likely to be critical in
determining the membrane fusion properties of the envelope
glycoprotein, a notion that has been supported by previous
mutagenesis studies (48, 60, 61). For instance, the Gln652
f Leu mutation at ana position of the C28 helix has been
shown to stabilize the six-helix bundle structure and to
increase HIV-1 infectivity (29, 62). In our previous alanine-
scanning analysis of the individuale andg residues of the
N34 coiled coil, we have observed a general correlation
between the thermal stability of the six-helix bundle and the
fusion activity of the gp120-gp41 complex (48). In general,
however, the dependence of membrane fusion activity on
the thermal stability of the gp41 core is less apparent in these
C28 mutants than in our previously characterized N34
mutants (48). This difference may be related to the proposal
that the N34 trimeric coiled coil is formed at an earlier step
of the gp41 refolding process (51), prior to the packing
interactions between the C28 helix and the N34 coiled coil
present in the fusion-active hairpin structure (refs7 and8,
and references therein).

The Trp628, Trp631, and Ile635 residues of the C28
peptide are inserted into a prominent hydrophobic pocket
on the surface of the N34 coiled coil in the gp41 core. This
hydrophobic pocket has previously been identified as an
important target for antiviral drug development (30-32).
Replacement of these hydrophobic residues with alanine
results in marked destabilization of the gp41 core (Table 1
and ref33). Interestingly, the Leu565, Val570, and Gly572
residues within the N34 region that are involved in the
formation of this pocket were also found to be crucial for
gp41 core stability and envelope glycoprotein activity (48).
In addition, the envelope glycoprotein bearing the Gly572
f Ala mutation fails to retain gp120 in the cell-surface
envelope complex (48). These cavity-forming and cavity-
binding residues in the N34 and C28 helices lie adjacent to
the disulfide-bonded loop region of the gp41 ectodomain.
This disulfide-bonded loop region is thought to act as a hinge
in the formation of the trimer-of-hairpins structure. It is also

an important site for gp41 interaction with the gp120 subunit
within the native envelope glycoprotein complex (58, 63,
64). It would thus appear that helix-packing interactions at
or near this hinge region are crucial for gp41 activation
during the fusion process. Alterations within and proximal
to the disulfide-bonded loop region are likely to affect the
conformation and/or dynamics of the native gp120-gp41
complex.

It is possible that the increased level of gp120 shedding
we observed in the Y638A envelope glycoprotein may reflect
destabilization of the native gp120-gp41 complex, as well
as a potential increase in the proteolytic cleavage of gp160.
Similarly, mutations that result in the apparent absence of
intact gp120 within the envelope glycoprotein complex
(Trp628, Trp631, Ile635, and Ile642 in the C28 helix and
Gly572 and Arg579 in the N34 helix) may also alter the
native envelope glycoprotein conformation through this
putative gp120-gp41 interface. It has been proposed that
an immune response to the native envelope glycoprotein
complex may lead to the production of neutralizing antibod-
ies (65-68). A major problem in the development of
vaccines based on the HIV-1 envelope glycoprotein is the
instability of the gp120-gp41 complex (69-72). Attempts
to stabilize the native envelope glycoprotein structure have
to date relied on approaches to incorporating disulfide bonds
between the gp41 ectodomain or between the gp120 and
gp41 subunits (73-76). Mutations that stabilize the gp120-
gp41 association could prove to be invaluable in developing
stable native envelope glycoprotein immunogens.
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