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ABSTRACT: The envelope glycoprotein of human immunodeficiency virus type 1 (HIV-1) consists of a
complex of two noncovalently associated subunits, gp120 and gp41. Formation of gp120/gp41 oligomers
is thought to be dependent on a 4-3 hydrophobic (heptad) repeat located in the amino-terminal region of
the gp41 molecule. We have investigated the role of this heptad repeat in determining the oligomeric
structure of gp41 by introducing its buried core residues into the first (a) and fourth (d) positions of the
GCN4 leucine-zipper dimerization domain. The mutant peptides fold into trimeric, helical structures, as
shown by circular dichroism and equilibrium sedimentation centrifugation. The 2.4 Å resolution crystal
structure of one such trimer reveals a parallel three-stranded,R-helical coiled coil. Thus, the buried core
residues from the gp41 heptad repeat direct trimer formation. We suggest that the conserved amino-
terminal heptad repeat within the gp41 ectodomain possesses trimerization specificity.

The human immunodeficiency virus type 1 (HIV-1)1 enters
cells by the envelope protein-mediated membrane-fusion
process that allows invasion of the infectious viral genome.
The envelope protein consists of the surface subunit gp120
and the transmembrane subunit gp41 (1). These two subunits
are noncovalently associated and oligomerize on the surface
of the virion. gp120 determines viral tropism through a
sequential interaction with the cellular receptors, CD4, and
members of the chemokine receptor family at the T cell
surface (2, 3). These interactions trigger the membrane-fusion
activity of gp41 and thus initiate membrane fusion. A number
of studies support the notion that, upon binding of gp120 to
target cell receptors, gp41 undergoes conformational changes
from a native (nonfusogenic) to a fusion-active (fusogenic)
state (see refs4 and5). This conformational transition likely
facilitates exposure of the hydrophobic, glycine-rich sequence
referred to as the fusion peptide at the amino terminus of
gp41, leading to insertion into the lipid bilayer of the target
membrane (6-9).

The extracellular region (ectodomain) of the gp41 mol-
ecule mediates association with gp120 and is directly in-
volved in the membrane-fusion reaction (10). The amino-
terminal fusion peptide of gp41 is followed by two regions

with a 4-3 hydrophobic (heptad) repeat predicted to form
coiled-coil structures (11-13) (Figure 1). Between these
heptad-repeat regions is a disulfide-bonded loop region. The
N-terminal heptad repeat is located adjacent to the fusion
peptide, whereas the C-terminal heptad repeat precedes the
transmembrane segment (Figure 1). Protein-dissection studies
showed that these two heptad-repeat regions form a stable
helical trimer of antiparallel dimers (14-16). X-ray crystal-
lographic analyses confirmed that this gp41 core is a six-
helix bundle (17-19). Three N-terminal helices form an
interior, parallel trimeric coiled coil, while three C-terminal
helices pack in an antiparallel orientation into highly
conserved hydrophobic grooves on the surface of this trimeric
coiled coil. The structural similarities between the gp41 core
and the fusion-active hemagglutinin protein (HA) of influ-
enza virus suggest that the six-helix bundle represents the
fusion-active conformation of gp41 (17-19). This conclusion
has also been drawn from antibody binding studies which
show that a monoclonal antibody specifically recognizing
the six-helix bundle binds to the surface of HIV-1-infected
cells only after interaction of the envelope protein complex
with soluble CD4 (20).

The N-terminal heptad-repeat sequence of gp41 is one of
the most highly conserved regions in the HIV-1 envelope
protein. It appears to determine the trimerization state of gp41
in its fusion-active conformation (14-19). On the other hand,
an isolated peptide corresponding to this coiled-coil sequence
motif has been reported to form anR-helical tetrameric
structure (21-24). In addition, genetic studies indicate that
the putative N-terminal coiled-coil domain of gp41 is
required for membrane-fusion activity but is not necessary
for the oligomerization of the native gp120/gp41 complex,
as found on the surface of the virion (25-28). It has therefore
been postulated that the receptor-activated conformational
change in the HIV-1 envelope protein complex, as in the
influenza hemagglutinin (29, 30), is driven by formation of
an R-helical coiled coil (28, 31). Therefore, it is of interest
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and importance to understand the oligomeric specificity of
the N-terminal coiled-coil motif unequivocally.

Coiled-coil motifs have been shown to be important for
mediating protein oligomerization (32). These motifs share
a characteristic seven-amino acid (heptad) repeat, (abcdefg)n,
with hydrophobic residues at the first (a) and fourth positions
(d) and polar residues generally elsewhere (33-35). The
coiled-coil sequences with this shared heptad-repeat pattern
can adopt parallel or antiparallel dimeric as well as trimeric
and tetrameric conformations (32, 35-47). A 33-amino acid
peptide corresponding to the leucine-zipper dimerization do-
main from the yeast transcription factor, GCN4, forms a par-
allel, dimeric coiled coil (36). Previous studies demonstrated
that core mutants of this peptide (that is, substituted only at
positionsa andd) can form dimers, trimers, and tetramers
(37, 38). Thus, the buried “core” residues in the GCN4
leucine zipper are sufficient to define the oligomerization
state of the molecule. In addition, some combinations of core
residues lack structural specificity, and can populate more
than one oligomeric state (37, 39-47). Thus, the stringently
defined oligomeric properties of the GCN4 leucine zipper
provide a sensitive test-bed for defining the determinants of
structural specificity in this class of molecules.

Here we use the GCN4 leucine zipper as a model system
to investigate the role of the buried core residues within the
N-terminal heptad-repeat region of gp41 in determining
oligomeric specificity. We have introduced these core resi-
dues into their equivalenta andd positions of the GCN4-p1
peptide. Physicochemical characterization shows that the leu-
cine zipper-gp41 hybrid peptides form trimeric helical bun-
dles and that they exhibit a cooperative thermal unfolding
transition. The X-ray crystal structure of one such helical
bundle at 2.4 Å resolution is a parallel three-stranded,R-heli-
cal coiled coil. Thus, the conserved core residues within the
N-terminal heptad-repeat region of gp41 direct trimer forma-
tion in isolation. We suggest that the N-terminal coiled-coil
sequence of gp41 possesses exclusively trimerization speci-
ficity.

MATERIALS AND METHODS

Plasmid Construction. Plasmids for the expression of
chimeric proteins were used to generate peptides H38-p1 and

N36-p1 upon cleavage by cyanogen bromide (CNBr). Syn-
thetic genes encoding H38-p1 and N36-p1 were prepared
with optimal codon usage forEscherichia coliand verified
by DNA sequencing. The genes were subsequently cloned
into theHindIII-BamHI sites of a phagemid-T7 expression
vector, pTMHa (48), to produce plasmids pN36-p1 and
pH38-p1. In the pTMHa vector, the desired sequences are
expressed as chimeric proteins containing a modified form
of the TrpLE leader sequence, in which an NH2-terminal
(His)9 tag has been added. Standard recombinant DNA
techniques were used (49).

Protein Production and Purification. Chimeric proteins
H38-p1 and N36-p1 were expressed inE. coli BL21(DE3)
pLysS using the T7 expression system as previously de-
scribed (14). Cells, freshly transformed with an appropriate
plasmid, were grown to late log phase. Protein expression
was induced by addition of 0.5 mM isopropyl thio-â-D-
galactoside (IPTG). After growth for another 3 h at 37°C,
the bacteria were harvested by centrifugation and the pellets
were stored frozen. Inclusion bodies of the cell lysate were
isolated as described previously (14). The inclusion bodies
were solubilized in 6 M guanidinium hydrochloride (GdmCl),
0.1 M sodium phosphate, and 10 mM Tris (pH 8.0). The
solution was passed over a nickel-chelating column (Ni2+-
NTA-agarose, Qiagen). Bound fractions containing the His
tag were eluted with a 6 MGdmCl buffer containing 0.2 M
acetic acid. After dialysis and lyophilization, proteins were
treated with CNBr (0.03 g/mL, 70% formic acid, 2 h). After
removal of CNBr, the proteins were dialyzed against 5%
acetic acid and lyophilized. The resulting pellet was solu-
bilized in 6 M GdmCl, 0.1 M sodium phosphate, and 10
mM Tris (pH 8.0). The solution was again passed over a
nickel-chelating column to remove the leader sequence
containing the His tag and any uncleaved chimeric protein.
Proteins were purified to homogeneity by reverse-phase
HPLC, using a Vydac C-18 preparative column and a linear
gradient of acetonitrile containing 0.1% trifluoroacetic acid.
The protein identity was confirmed by mass spectrometry.
Protein concentrations were determined by tyrosine absor-
bance at 280 nm in 6 M GdmCl (50).

Circular Dichroism (CD) Spectroscopy. CD spectra were
acquired at a peptide concentration of 200µM in neutral

FIGURE 1: R-Helical coiled-coil motif within the N-terminal portion of the gp41 ectodomain. Schematic diagram of gp41 showing important
functional features. The locations of the N- and C-terminal hydrophobic heptad-repeat regions are denoted. The amino acid sequences of
the H-38 and N-36 segments are shown, along with thea and d positions above the sequences. The disulfide bond and four potential
N-glycosylation sites are depicted. The residues are numbered according to their position in gp160.
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pH phosphate-buffered saline (PBS) [50 mM sodium phos-
phate (pH 7.0) and 150 mM NaCl] with an Aviv 62 DS
spectrometer as described previously (14). The wavelength
dependence of molar ellipticity, [θ], was monitored at 0 or
20 °C as the average of five scans, using a 5 sintegration
time at 1.0 nm wavelength increments. Spectra were baseline-
corrected against the cuvette with buffer alone. The helix
content was estimated from the CD signal by dividing the
mean residue ellipticity at 222 nm by the value expected for
100% helix formation by helices of comparable size [-33000
deg cm2 dmol-1 (52)]. Thermal stability was determined by
monitoring the change in CD signal at 222 nm as a function
of temperature, and thermal melts were performed in 2°C
intervals with a 2 min equilibration at the desired tempera-
ture, and an integration time of 30 s. Reversibility was
checked by repeated scans. All melts were reversible, with
superimposable folding and unfolding curves and>90% of
the signal regained upon cooling. The midpoint of the thermal
unfolding transition (Tm) was determined from the maximum
of the first derivative, with respect to the reciprocal of the
temperature, of the [θ]222 values (51). The error in the
estimation ofTm is (1 °C.

Sedimentation Equilibrium. Sedimentation equilibrium
studies were performed on a Beckman XL-A analytical
ultracentrifuge as described previously (14). Protein solutions
were dialyzed overnight against PBS, loaded at initial
concentrations of 200, 400, and 1000µM, and analyzed at
rotor speeds of 30 000 and 33 000 rpm. Data sets (six per
protein) were fitted simultaneously to a single-species model
with the program NONLIN (53). The protein partial specific
volume and solvent density were calculated with constants
from Laue et al. (54). Molecular masses were all within 10%
of those calculated for an ideal trimer, with no systematic
deviation of the residuals.

Crystallization, Data Collection, and Structural Determi-
nation. The H38-p1 peptide was crystallized by hanging-
drop vapor diffusion at room temperature. Initial crystalli-
zation conditions were screened by using sparse matrix
crystallization kits (Crystal Screen I and II, Hampton
Research, Riverside, CA) and then optimized. To grow
crystals, a 7 mg/mL stock of the H38-p1 peptide was diluted
1:1 with 0.1 M Hepes (pH 7.5), 1.5 M Li2SO4, and 20%
(v/v) glycerol (reservoir) and allowed to equilibrate against
the reservoir solution. Primitive hexagonal crystals were
transferred to a cryoprotectant solution containing 25% (v/
v) glycerol in the corresponding mother liquor. Cryoprotected
crystals were frozen in propane before data collection. Data
to 2.4 Å resolution were collected at 95 K using a Mar
research 300 image plate scanner at the X12B beamline of
the National Synchrotron Light Source. Data were integrated
and scaled with the HKL suite (55).

The structure of the H38-p1 trimer was determined by
molecular replacement using AMoRe (56). The 1.8 Å
structure of the isoleucine-zipper trimer GCN4-pII (PDB
code 1GCM, all side chains truncated to alanine) was used
in a combined rotation-translation search (with 8.0-3.5 Å
data) to yield a solution for H38-p1 (correlation coefficiency
) 66.5%;R factor ) 43.0%). The model was refined with
simulated annealing and atomic displacement parameter
(ADP) refinements using the program X-PLOR (57). The
model was rebuilt to reflect the sequence of H38-p1 by using
conventional (2Fo - Fc)Φcalc and (Fo - Fc)Φcalc maps with

the program O (59) and improved with the program ARP
(58). The final model contains residues 1-35 (monomers A
and C), 1-36 (monomer B), and 79 water molecules. Gln4
(monomers B and C) is modeled as alanine. The last two
residues of monomers A and C and the last residue of
monomer B were left out of the model because of the absence
of interpretable electron density for these atoms.

RESULTS AND DISCUSSION

Core Mutants of the GCN4 Leucine Zipper. The N-
terminal coiled-coil segment of HIV-1 gp41 corresponds to
residues 553-590 (Figure 1), named H-38 for its length in
residues. The N-36 peptide (residues 546-581) identified
by protein dissection differs slightly from the predicted H-38
motif (Figure 1). Unlike traditional coiled-coil motifs, H-38
and N-36 also contain a preponderance of hydrophobic
residues at positionse andg (Figure 1). Having found that
the isolated N-36 peptide has a tendency to aggregate (15),
we surmised that the residues at positionsa and d of the
peptide are responsible for oligomer formation, whereas the
hydrophobic residues at positionseandg cause aggregation.

We assume that if the buried core residues in the
N-terminal heptad-repeat region of gp41 can specify a unique
coiled-coil structure (e.g., dimer, trimer, or tetramer), forma-
tion of favorable packing interactions at the helix interface
involving these residues should contribute to the global
stability and oligomeric specificity of the GCN4 leucine
zipper (see the introductory section). To test this hypothesis,
we generated two core mutants of the GCN4 leucine zipper
by replacing the residues at positionsa andd of the molecule
with their equivalents from H-38 and N-36, respectively
(Figure 2b). Because H-38 and N-36 have five heptad repeats

FIGURE 2: Chimeras of gp41 and the GCN4 dimerization domain.
(a) Sequence of the GCN4 leucine zipper (amino acids 245-281).
Thea andd positions that form the core of the dimer interface are
shown. (b) Helical wheel representation of the H38-p1 (left) and
N36-p1 (right) peptides. Residues in positionsa andd of the GCN4
leucine zipper are replaced with their equivalents from the sequences
of H-38 and N-36, respectively. Residues from the gp41 heptad
repeat are denoted in bold type; their positions in gp160 are denoted
in parentheses. The view is from the NH2 terminus looking toward
the COOH terminus.
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each, the desired length was achieved by extending four
residues at the N terminus of the GCN4-p1 peptide (Figure
2a) (60, 61). These hybrid peptides were named H38-p1 and
N36-p1, respectively (Figure 2b). They were produced by
bacterial expression and purified by reverse-phase HPLC (see
Materials and Methods).

Core Mutants Form Trimeric Helical Structures. The
circular dichroism (CD) spectrum of the N36-p1 peptide is
typical of anR-helix, displaying the characteristic minima
at 208 and 222 nm (Figure 3a). On the basis of the magnitude
of the CD signal at 222 nm in PBS (pH 7.0) and the 200
µM peptide concentration at 0°C, N36-p1 appears to be

∼80% helical. Incomplete helix formation is possibly due
to fraying at the ends of the helices. Under these conditions,
N36-p1 exhibits a cooperative, thermally induced unfolding
transition, with a melting temperature (Tm) of 24 °C (Figure
3b). Sedimentation equilibrium measurements were used to
determine the oligomerization states of the N36-p1 peptide.
Over a 5-fold range of peptide concentrations (200µM to 1
mM), the average experimental molecular mass of N36-p1
is 12.6 kDa (Figure 3c), indicating that the peptide is a trimer.
Taken together, these results indicate that the N36-p1 peptide
forms a three-stranded helical bundle in solution.

The H38-p1 peptide is not soluble in PBS (pH 7.0) but
becomes soluble up to∼0.5 mM in PBS in the presence of
the denaturant guanidinium hydrochloride (GdmCl) at a
concentration of 0.7 M. CD experiments indicate that H38-
p1 is∼80% helical at 20°C in PBS (pH 7.0) containing 0.5
M GdmCl at a peptide concentration of 200µM (Figure 4a).
Under these conditions, H38-p1 melts cooperatively and
reversibly with aTm of 58 °C (Figure 4b). Sedimentation
equilibrium measurements indicate that the H38-p1 peptide
sediments as a trimer and exhibits no systematic dependence
of molecular mass on peptide concentration between 200
µM and 1 mM in PBS in the presence of 1 M GdmCl
(Figure 4c).

Although the H38-p1 peptide is not soluble under physi-
ological conditions (i.e., PBS buffer), it does retain a
cooperative two-state folding-unfolding transition and form
a clean trimer in the presence of low concentrations of the
denaturant GdmCl, demonstrating a defined trimeric, helical
structure. In addition, the sequences of the H38-p1 and N36-
p1 peptides differ in several buried core residues (Figure 1),
which may give rise to their large difference in melting
temperature. For example, the buried polar residue Gln522
may lead to significantly reduced thermal stability of N36-
p1 (see ref46). Taken together, these results indicate that
the conserved core residues in the N-terminal coiled-coil
motif of HIV-1 gp41 confer structural specificity for trimer
and not tetramer formation. Conclusions regarding the
tetrameric form of gp41 based on studies of the H-38 peptide
and the chimeric protein are probably misleading because
the hydrophobic residues at positionse andg cause aggrega-
tion upon exposure to solvent.

Crystal Structure of the H38-p1 Trimer.To better under-
stand how the buried core residues from the N-terminal
coiled-coil motif of gp41 determine trimer formation, the
X-ray crystal structure of the H38-p1 trimer was determined.
The H38-p1 peptide was crystallized by hanging-drop vapor
diffusion. Primitive hexagonal crystals were obtained from
0.1 M Hepes (pH 7.5), 1.5 M Li2SO4, and 20% (v/v) glycerol.
The crystals belong to space groupP61 (a ) b ) 50.79 Å,
c ) 119.25 Å; Table 1), with three monomers in a
crystallographic asymmetric unit. The crystal structure of
H38-p1 was determined by molecular replacement using a
1.8 Å structure of GCN4-pII (37) and refined at 2.4 Å
resolution, with crystallographic and freeR factors of 22.1%
and 29.4, respectively, in the resolution range of 8.0-2.4 Å
(Table 1). The current model contains residues 1-35
(monomers A and C) and 1-36 (monomer B) as well as 79
water molecules. The root-mean-square (rms) deviations of
bond lengths and bond angles from the ideal values are 0.006
Å and 1.303°, respectively (Table 1). Allφ and ψ angles
are in allowed regions of the Ramachandran plot.

FIGURE 3: Folding of N36-p1 as anR-helical trimer. (a) Circular
dichroism (CD) spectrum of the N36-p1 peptide in PBS (pH 7.0)
and at a peptide concentration of 200µM at 0 °C. (b) Thermal
melt of N36-p1 monitored by CD at 222 nm. (c) Analytical
ultracentrifugation data (27 000 rpm) collected at 4°C in PBS (pH
7.0) at at a peptide concentration of∼400 µM. The natural
logarithm of the absorbance at 234 nm is plotted against the square
of the radial position. Deviations from the calculated values are
plotted as residuals (upper part).
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The H38-p1 structure is a regular trimeric coiled coil,
consisting of three parallelR-helices wrapped in a gradual
left-handed superhelix (Figure 5). The superhelix creates a
cylinder that is∼51 Å long and∼25 Å wide. TheR-helices
are packed together in the classical acute “knobs-into-holes”
arrangement characteristic of trimeric coiled coils, in which
the CR-Câ bonds in the side chains (knobs) of thea andd
residues make an acute angle with respect to the recipient
holes formed by spaces between four residues on a neighbor-
ing helix (37, 62). All the core leucine and valine residues
point into the center of the trimer and adopt preferred

rotamers (63). Thus, the buried core residues in the N-
terminal heptad-repeat region of HIV-1 gp41 are capable of
imparting orientational and trimeric specificity to the leucine-
zipper coiled coil.

The coiled-coil packing geometry in the H38-p1 trimer is
very similar to that seen in the six-helix bundle of the gp41
core [N34(L6)C28; 19] (Figure 6). The rms deviation
between all CR atoms of the homotrimeric packing in H38-
p1 and N34(L6)C28 is 0.44 Å. In H38-p1, there are 10 layers
of homotrimeric interactions in which the core residues at
the successivea and d positions pack together on the
molecular 3-fold symmetry axis. Although these homotri-
meric contacts are largely hydrophobic, two polar residues
are buried in the interior core packing. The Gln9 side chains,
at thed position, face each other across the 3-fold axis and
form a network of hydrogen bonds between the side chain
amide group and the backbone carbonyl on the opposite helix
(3.15 Å). As a consequence, the carbonyl groups of the Gln9
side chain are exposed to the solvent. In the layer around
Thr16 at thed position, the residue has its hydroxyl group
hydrogen-bonded to the backbone carbonyl of Lys12 (2.9
Å) and still uses its hydrophobic methyl group pointing
toward the center of the trimer (Figure 5a). These polar
residues are conserved in HIV-1 and simian immunodefi-
ciency virus (SIV) and appear to be critical in maintaining
the trimeric coiled-coil structure.

Oligomeric Structure of gp41.Attempts to define the
oligomerization state of the HIV-1 envelope protein complex
have yielded conflicting results. Chemical cross-linking,
velocity sedimentation, and electron microscopy studies
suggest variously dimeric, trimeric, and tetrameric models
for the native envelope protein complex (for a review, see
ref 10; see, however, ref64). The highly conserved N-
terminal coiled-coil motif of gp41 has been predicted to play
a role in oligomer formation and stability (11-13). Mu-
tagenesis studies have demonstrated that substituting proline
for isoleucine or leucine within the N-terminal heptad-repeat
region abolishes membrane-fusion activity, but these sub-

FIGURE 4: H38-p1 forms a helical trimer. (a) CD spectrum of the
H38-p1 peptide at 20°C in PBS (pH 7.0) and at a peptide
concentration of 200µM in the presence of 0.5 M GmdCl, a
denaturant. (b) Thermal melt of H38-p1 monitored by CD at 222
nm. (c) Analytical ultracentrifugation data (30 000 rpm) collected
at 20°C in PBS (pH 7.0) at a peptide concentration of∼1 mM in
the presence of 1 M GdmCl. The natural logarithm of the
absorbance at 280 nm is plotted against the square of the radial
position. Deviations from the calculated values are plotted as
residuals (upper part).

Table 1: X-ray Data Collection and Refinement Statistics

space group P61
a, b, c (Å) 50.79, 50.79, 119.25
resolution (Å) 30.0-2.4
no. of measured reflections 22736
no. of unique reflections 6765
completeness (%) 98.8
Rmerge

a (%) 3.9

Refinement
resolution (Å) 8.0-2.4
no. of reflections in working set (2σ) 6059
no. of reflections in test set 500
no. of protein non-hydrogen atoms 895
no. of water molecules 79
Rfree

b (%) 29.4
Rcryst

b (%) 22.1
averageB-factor (Å2) 37.5
rms deviations from ideality

bond lengths (Å) 0.006
bond angles (deg) 1.303
torsion angles (deg) 21.9

a Rmerge ) Σ|I - 〈I〉|/ΣI, where I is the intensity of an individual
measurement and〈I〉 is the mean recorded intensity over multiple
recordings.b R) Σ|Fo - Fc|/ΣFobs, where the crystallographic and free
R factors are calculated using the working and free reflection sets,
respectively.
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stitutions have little or no effect on the oligomeric structure
of the HIV-1 envelope protein complex on the surface of
the virion (25-28). This finding suggests that the N-terminal
coiled-coil motif must be “sequestered” in the native structure
and that the gp41 conformational change is driven by
formation of the N-terminal coiled-coil structure (28, 31).
An understanding of the factors that determine oligomer-
ization specificity in gp41 has ramifications that extend into

more general considerations of the conformational change
in gp41 during activation of HIV-1 fusion.

In the high-resolution structure of the fusion-active gp41
core, the residues at thea andd positions of the N-terminal
heptad-repeat region form the hydrophobic interface of the
central coiled-coil trimer, while three C helices pack along
this central coiled-coil surface (17-19). We have previously
shown that formation of the N-terminal coiled-coil structure

FIGURE 5: Crystal structure of H38-p1. (a) Final 2Fo - Fc electron-density map of the H38-p1 trimer with the refined model superimposed.
The map is contoured at 1.4σ. This figure was created with the program O (59). (b) Axial view of the H38-p1 trimer from the NH2 terminus
looking down the 3-fold axis of the trimer. The van der Waals surfaces are colored purple for residues at thea positions and green for
residues at thed positions. (c) Side view of the trimer showing the van der Waals surfaces of residues at thea (purple) andd (green)
positions superimposed on the helix backbone. The NH2 terminus is labeled. Panels b and c were generated with the program GRASP (65).

FIGURE 6: Stereoview of the superimposed backbone ribbons of the N-terminal trimeric coiled coil in H38-p1 (green) and in N34(L6)C28
(white), and overlayed using helices from H38-p1 (residues 13-23) and N34(L6)C28 (residues 21-31). This figure was generated with the
program SETOR (66).
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is required to specify the overall fold of the six-helix bundle
(16). Moreover, the folding and stability of the gp41 core
correlate well with severity of the in vivo phenotypes
observed in cells expressing the full-length HIV-1 envelope
protein complex bearing mutations at Ile573, ana heptad
position in the N-terminal coiled coil (16, 25). These results
provide direct evidence for the notion that the N-terminal
coiled-coil domain is a critical component of the fusion-active
gp41 core (14).

Studies from several groups have suggested that an isolated
peptide corresponding to the N-terminal coiled-coil sequence
of HIV-1 gp41 forms anR-helical, tetrameric structure (21-
24). However, the reported analytical sedimentation data fit
well to a self-associating monomer-tetramer equilibrium
rather than a single-species (i.e., tetramer) model. In this
study, we demonstrate that the buried core residues at
positionsa and d of the N-terminal heptad-repeat region
direct trimer formation of the leucine-zipper model peptide.
The crystallographic analysis reveals that these core residues
pack in the characteristic “acute” packing geometry for the
parallel three-stranded,R-helical coiled coil. These results
strongly suggest that the highly conserved N-terminal coiled-
coil motif of gp41 exclusively possesses trimerization
specificity. This work also demonstrates the feasibility of
using the GCN4 leucine-zipper system to determine the
oligomerization state conferred by the core residues of a
coiled-coil sequence.
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