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Structure of the HIV-1 gp41 Membrane-Proximal Ectodomain Region in a
Putative Prefusion Conformation™*
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ABSTRACT: The conserved membrane-proximal external region (MPER) of the HIV-1 gp41 envelope protein
is the established target for very rare but broadly neutralizing monoclonal antibodies (NAbs) elicited
during natural human infection. Nevertheless, attempts to generate an HIV-1 neutralizing antibody response
with immunogens bearing MPER epitopes have met with limited success. Here we show that the MPER
peptide (residues 662—683) forms a labile o-helical trimer in aqueous solution and report the crystal
structure of this autonomous folding subdomain stabilized by addition of a C-terminal isoleucine zipper
motif. The structure reveals a parallel triple-stranded coiled coil in which the neutralization epitope residues
are buried within the interface between the associating MPER helices. Accordingly, both the 2F5 and
4E10 NAbs recognize the isolated MPER peptide but fail to bind the trimeric MPER subdomain. We
propose that the trimeric MPER structure represents the prefusion conformation of gp41, preceding the
putative prehairpin intermediate and the postfusion trimer-of-hairpins structure. As such, the MPER trimer
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should inform the design of new HIV-1 immunogens to elicit broadly neutralizing antibodies.

The envelope glycoprotein (Env)' of HIV-1 mediates virus
attachment and entry into target cells and offers a primary
target for vaccine development (/). The native, prefusion
form of the Env complex is thought to be a trimer comprising
three gp120 surface glycoproteins associated noncovalently
with three membrane-anchored gp41 subunits (2—4). This
structure is unstable, and its binding to cell surface receptors
(CD4 and a coreceptor, usually CCR5 or CXCR4) triggers
large-scale conformational changes in gp41 that ultimately
promote formation of a highly stable trimer-of-hairpins
structure and thereby fusion of the viral and cellular
membranes (5, 6). Much of what is known about the
structure—function relationships of gp41 has emerged from
biophysical and structural studies, showing that the core of
the postfusion trimer-of-hairpins is a bundle of six o-helices
formed by antiparallel association of two conserved heptad
repeat (HR) regions in the gp41 ectodomain (7—117). The
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first repeat (HRy) is adjacent to the N-terminal fusion peptide,
which is exposed and inserted into the target cell membrane
in the fusion process, while the second (HR¢) immediately
precedes the transmembrane segment (Figure 1a). Hence,
formation of the six-helix bundle allows the two membrane
attachment points to come together in the postfusion
conformation (9). The accumulated evidence suggests that
activation of gp41-induced membrane fusion proceeds via a
regulated sequence of structural transitions with one or more
on-pathway intermediate(s) (5, 6). The structure of gp41 in
its native and intermediate states remains unknown.

The design of HIV-1 immunogens for eliciting broadly
neutralizing antibodies remains one of the most important
challenges confronting biomedical research today. The
difficulty lies with the lack of information on natural
immunity to the virus, the extraordinary sequence diversity
of Env, and continued viral genetic variation (/). While there
have been many disappointments in the creation of a NAb-
based vaccine, a few human monoclonal antibodies (mAbs)
derived from B cells of HIV-1-infected individuals do have
significant breadth of neutralizing activities that cross virus
isolates and phylogenetic clades (/). These rare mAbs include
the two most broadly reactive NAbs, 2F5 and 4E10/z13, that
recognize adjacent but distinct epitopes on the membrane-
proximal external region (MPER) of the gp41 ectodomain
(12). However, all attempts to elicit comparable anti-gp41
antibodies with immunogens bearing these neutralization
epitope sequences have thus far failed. It has been postulated
that the induction of 2F5- and 4E10-like NAbs responses
requires presentation of the MPER in the prefusion form of
the trimeric Env complex (/, 13, 14). Great strides have been
made in characterizing the molecular architecture of the
native Env spike on virions, but no atomic structure of the
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FIGURE 1: Membrane-proximal external region in HIV-1 gp41. (a) Schematic diagram of gp41. The positions of the fusion peptide (FP), the
two 4-3 heptad repeats of hydrophobic residues (HRy and HR(), the disulfide bond (S—S), the potential N-linked glycosylation sites (treelike
symbols), the membrane-proximal external region (MPER), the transmembrane segment (TM), and the cytoplasmic region (CP) are shown.
The amino acid sequence of the C-terminal ectodomain segment is shown. The locations of C34, T-20 (enfuvirtide), and the core epitopes
for two broadly neutralizing human mAbs, 2F5 and 4E10, are indicated. Residues are numbered according to their position in HIV-1 HXB2
gpl160. (b) Constructs for experimental characterization of trimerizing MPER. The amino acid sequences of C22 and C22-pT are shown.
The C22-pT peptide contains a C-terminal 20-residue isoleucine zipper trimer sequence. The observed core residue positions (a, d, or y) for

the C22-pT trimer are indicated (see also the legend of Figure 3).

gp120—gp41 complex is available (2—4). Recent electron
tomographic studies of Env spikes are interpreted to reveal
a native trimer held together in part by close contacts at the
gp41 base (2, 4) or anchored to the plasma membrane in a
tripodlike structure (3). Missing from the analysis to date is
a structural description of the gp41—gp41 interactions in the
native configuration. Here we describe the identification and
crystal structure of trimeric MPER determined at 2.0 A
resolution and discuss the implications of this autonomous
folding subdomain for native Env structure, gp41 fusion
activation, and antibody-mediated neutralization.

MATERIALS AND METHODS

Protein Expression and Purification. The pC22 and pC22-
pT constructs (Figure 1b) were appended to the TrpLE” leader
sequence (/5) and cloned into the pET24a vector (Novagen)
by using standard molecular biology techniques. All mutants
were created by site-directed DNA mutagenesis; the gener-
ated sequences were confirmed by DNA sequencing. The
C22 and C22-pT peptides were expressed in Escherichia coli
strain BL21(DE3)/pLysS (Novagan), purified from inclusion
bodies, and cleaved from the TrpLE’ leader sequence with
cyanogen bromide as described previously (15). All peptides
were purified to homogeneity by reverse-phase HPLC
(Waters, Inc.) on a Vydac (Hesperia, CA) C18 preparative
column using a water/acetonitrile gradient in the presence
of 0.1% trifluoroacetic acid and lyophilized. Peptide identities
were confirmed by electrospray mass spectrometry (Voyager
Elite, PerSeptive Biosystems, Cambridge, MA). Protein
concentrations were determined by using the method of
Edelhoch (16).

Biophysical Experiments. Circular dichroism (CD) spectra
were measured on a 62A/DS CD spectrometer (Aviv
Associates, Lakewood, NJ) in TBS [50 mM Tris-HCI (pH
8.0) and 150 mM NaCl] supplemented with 7 mM SDS at
10 °C. A [0]2, value of —33000 deg cm? dmol ' was taken
to correspond to 100% helix. Sedimentation equilibrium
experiments were conducted on an XL-A analytical ultra-
centrifuge (Beckman Coulter) equipped with an An-60 Ti
rotor (Beckman Coulter). Peptide samples were dialyzed
overnight against TBS (pH 8.0) and 7 mM SDS, loaded at
initial concentrations of 2.5, 5, 10, 30, and 100 uM, and

Table 1: Crystallographic Data Collection and Refinement Statistics

resolution (A)“ 19.6—2.00 (2.07—2.00)
space group P2,

unit cell parameters a = 4253 A, b = 48.16 A,
c=8178 A, f=954°
22010 (2171)

no. of unique reflections”

no. of reflections >20; 17246
multiplicity” 3.7 (3.6)
Rierge (%0)* 4.9 (52.8)
Io(I)* 14.1 (2.3)

completeness (%)” 98.0 (97.5)
no. of molecules in the asymmetric unit 6

solvent content (%) 54

no. of protein atoms in refinement 2241

no. of water molecules 78

no. of PO,*~ ions 5

no. of MPD molecules 8

Rerysi/ Riree (%) 21.3/26.9
average B factor (A2) 574
rmsd for bond lengths (A) 0.026
rmsd for bond angles (deg) 2.0

rmsd for torsion angles (deg) 4.8

“ Values for the highest-resolution shell are given in parentheses.

analyzed at rotor speeds of 30K, 33K, and 37K rpm for C22
and 21K and 24K rpm for C22-pT at 10 and 25 °C. Data
sets were fitted to a single-species model.

Crystallization and Structure Determination. Crystals of
C22-pT were grown at room temperature by the hanging-
drop vapor-diffusion method by mixing equal volumes of a
peptide solution [8§ mg/mL in 5% (v/v) acetic acid] and
precipitant [0.1 M sodium HEPES (pH 7.6), 0.1 M am-
monium dihydrogen phosphate, and 50% (v/v) MPD].
Crystals belong to space group P2, and contain six monomers
in the asymmetric unit (Table 1). The crystals were harvested
in the precipitant buffer and frozen in liquid nitrogen.
Diffraction data were collected on beamline X4A at the
National Synchrotron Light Source (Brookhaven, NY). The
images were indexed and integrated by using DENZO (/7).
The intensities were scaled in P2, symmetry with SCALEPACK
(17); the systematic absence of intensities indicates a 2-fold
screw axis. Initial phases were determined by molecular
replacement with MOLREP (/8) using the structure of the
GCN4-pll trimer [Protein Data Bank (PDB) entry 1GCM]
as a search model. Two trimers were oriented and placed in
the asymmetric unit with a correlation coefficient of 0.391
and an R factor of 0.577. To remove model bias, this model
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FIGURE 2: Solution properties of C22 and C22-pT. (a) CD spectra of a 10 uM solution of C22 (A) and C22-pT (O) in TBS (pH 8.0) and
7 mM SDS at 10 °C. (b) Equilibrium sedimentation data (30K rpm) of C22 (10 uM) in TBS (pH 8.0) and 7 mM SDS at 10 °C. The data
fit closely to a trimeric complex. The deviation in the data from the linear fit for a trimeric model is plotted (top). (c) Equilibrium sedimentation
data (37K rpm) of C22 (5 uM) in TBS (pH 8.0) and 7 mM SDS at 25 °C. The deviation in the data from the linear fit for a monomeric
model is plotted (top). (d) Equilibrium sedimentation data (21K rpm) of C22-pT (30 uM) in TBS (pH 8.0) and 7 mM SDS at 10 °C. The
data fit closely to a trimeric complex. The deviation in the data from the linear fit for a trimeric model is plotted (top).

and the data set for C22-pT were directly fed to Arp/Warp
(19), which allowed ~83% of the final model to be
automatically traced. The resulting electron density map
enabled most of the side chains to be docked. Density
interpretation and manual model building were carried out
with O (20). The C22-pT structure was refined by using
Refmac (21), resulting in an Rp.. of 31.6% and an Ry of
25.6% between 19.6 and 2.00 A resolution. At this stage,
phosphate ions, MPDs, and water molecules were modeled
in the electron density. Crystallographic refinement was
concluded with Refmac using TLS groups assigned for each
C22-pT monomer (22). The final structure consists of
residues 1—42 (monomer A), 3—42 (monomer B), 3—42
(monomer C), 2—42 (monomer D), 3—42 (monomer E), and
2—42 (monomer F) in the asymmetric unit, five phosphate
ions, eight MPDs, and 78 water molecules. All protein
residues but one (Lys-C41) are in the most favored regions
of the Ramachandran plot. Lys-C41 lies in an additionally
allowed region of the Ramachandran space and is the second
residue from the C-terminus of monomer C. Coiled-coil
parameters were calculated by using TWISTER (23). The
rms deviations were calculated with LSQKAB in the CCP4i
program suite (24). Buried surface areas were calculated from
the difference in the accessible side chain surface areas of
the trimer structure and of the individual helical monomers
by using CNS 1.0 (25).

SPR Measurements. Biacore experiments were conducted
on a Biacore 3000 (Biacore, Inc.) with the CM5 sensor chip
composed of carboxymethylated dextran covalently attached
to a gold surface (Biacore) at 25 °C. The running buffer was
10 mM HEPES (pH 7.4) containing 150 mM NaCl, 3 mM
EDTA, and 0.005% (v/v) surfactant P20 (HBS-EP) supple-

mented with 7 mM SDS. Approximately 1000 response units
(RU) of 2F5 or 4E10 antibody at a flow rate of 5 uL/min
was immobilized to the sensor chip via amino coupling in
two experimental flow cells. A mock-treated flow cell was
used as a control. All flow cells were then blocked with 1
M ethanolamine-HCl1 (pH 8.0) and washed using 10 mM
glycine-HCI (pH 2.5). For kinetic measurements, 2.5 uM
peptide antigens were injected at a flow rate of 5 uL/min,
and sensorgrams were acquired with a 60 s association phase
and a >120 s dissociation phase. The sensor surfaces were
regenerated between each experiment with two 10 uL
injections of 10 mM glycine-HCI (pH 3.0). Identical injec-
tions over blank surfaces were subtracted from the response
data for analysis of binding interactions. Antibody binding
to peptide antigens was evaluated by using BiaEvaluation
(Biacore).

RESULTS

The MPER Peptide Self-Associates To Form an a-Helical
Trimer. The HIV-1 MPER segment (amino acids 662—683;
denoted C22) is among the most highly conserved within
the HIV-1 Env and is unusually rich in the amino acid
tryptophan (Figure 1a). The C22 peptide is only marginally
soluble in aqueous solutions but attains a solubility of >500
uM in TBS buffer (pH 8.0) supplemented with a submicellar
concentration of SDS (i.e., 7 mM). This behavior is consistent
with binding of SDS to the hydrophobic side chains of the
peptide. The CD spectrum of C22 has double minima at 211
and 217 nm as well as a minor positive band around 230
nm (Figure 2a). This CD signal differs from the characteristic
signature of an a-helical conformation (with minima at 208
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FIGURE 3: C22-pT peptide forms a parallel three-stranded coiled coil. (a) Lateral view of the trimer. The C* backbones of the C22 and
GCN4-pT portions of C22-pT are colored red and blue, respectively. Pink van der Waals surfaces identify residues at the a positions, green
surfaces residues at the d positions, and yellow surfaces residues at the y positions. (b) Axial view of the trimer. The view is from the
N-terminus looking down the superhelical axis. (¢) The 2F, — F, electron density map (contoured at 1.00) is superposed on the final model
of the A helix. (d) Cross section of the trimer in the Phe-673(a) layer. The 2F, — F, electron density map contoured at 1.00 is shown with
the refined molecular model. The aromatic ring planes of helices A and C incline by ~45° toward the C-terminus of each helix with respect
to the plane perpendicular to the superhelical axis, while that of helix B is tilted by ~45° toward the N-terminus. (e) Cross section of the
trimer in the Thr-676-Asn-677(y) layer (60). A single MPD molecule is located in the trimeric coiled-coil core. Hydrogen bonds are denoted
by blue dotted lines. (f) Cross section of the trimer in the Trp-680(d) layer. (g) Sequence conservation of MPER in HIV-1 Envs. The
consensus sequences of the MPER segment are shown for subtypes of the HIV-1 M group (67). The observed a, d, and y core positions

are indicated above the HXB2 MPER sequence.

and 222 nm), which can be attributed to Trp residues whose
indole chromophore is known to contribute significant
ellipticity in the far-UV CD spectrum of helical peptide
proteins (26). While not a quantitative measure, the mean
residue ellipticity at either 208 or 222 nm would suggest
~70% helical structure at 10 °C. Sedimentation equilibrium
experiments indicate that C22 sediments as a trimer at 10
°C: the apparent molecular mass is 9.5 kDa in the concentra-
tion range of 10—100 uM (the expected molecular mass is
8.8 kDa) (Figure 2b). A very slight deviation of residuals
from an ideal trimer may indicate the presence of <5%
monomer in the sample. The monomeric form of C22 at a
peptide concentration of 5 uM and 25 °C is demonstrated
by the sedimentation equilibrium data (Figure 2c). These
results indicate that the C22 peptide associates intermolecu-
larly to form a folded a-helical trimer structure under native
conditions (low temperatures).

Design of the C22-pT Chimera. Previous studies have
suggested that favorable hydrophobic packing interactions
between the predicted transmembrane helices of gp41 can
contribute to the trimerization of the protein (27, 28). On

the basis of the trimeric helical structure of C22 reported
here, we posit that the trimerization specificity of native gp41
may reside in the MPER segment abutting the transmem-
brane anchor. In attempting to engineer a stabilized MPER
peptidic molecule for crystallographic studies, we appended
a soluble isoleucine zipper motif (GCN4-pT) to C22 at the
C-terminus in place of the transmembrane anchor (Figure
1b). In this 20-residue GCN4-pT sequence of the classical
GCN4-plI coiled coil (29), four hydrophobic surface residues
were substituted with charged Lys and Arg side chains, which
are expected to increase solubility. The resulting C22-pT
peptide exhibits a characteristic a-helical CD spectrum with
negative minima at ~222 and ~210 nm in TBS (pH 8.0)
and 7 mM SDS (Figure 2a). The mean residue ellipticity of
the folded peptide at 222 nm is —29700 deg cm? dmol !,
consistent with a >90% helical structure. Sedimentation
equilibrium studies demonstrate that C22-pT forms a discrete
trimer, with an apparent molecular mass of 17.3 kDa over a
40-fold range of peptide concentrations (Figure 2d). Thus,
the C-terminally appended GCN4-pT sequence appears to
effectively replace the transmembrane anchor and thus
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stabilize the homotrimeric conformation of the parent C22
molecule. A similar approach was successfully used to create
soluble trimers of viral fusion protein ectodomains without
distortion of their triple-stranded coiled-coil structures (9, 30).

Structure of C22-pT. To investigate the basis for trimer-
ization interaction specificity of the MPER, the X-ray crystal
structure of the C22-pT peptide was determined at 2.0 A
resolution by molecular replacement (Table 1). Crystals of
C22-pT contain two trimers in the asymmetric unit, giving
rise to six independently refined monomers. The final
experimental electron density map is of excellent quality and
reveals the positions of all of the amino acid residues except
for two at the N-terminal end. Glu-662 and Leu-663 are
disordered to a different degree among different chains.
Although it is possible that this variation is due to the
differences in local lattice contact environments, these two
N-terminal residues are more likely to be intrinsically
flexible. This structural disorder is consistent with the
measured molar ellipticity of C22-pT in solution (Figure 2a).
The quality of the structure was verified by PROCHECK,
with all residues in the most favored a-helical region of the
Ramachandran plot. A representative portion of the 2F, —
F. electron density map is shown in Figure 3c. Despite
asymmetric crystal contacts, the six individual chains in the
C22-pT structure have essentially the same conformation and
degree of order. The average rms difference in C* atom
positions between any pair of chains is 0.48 A, and the
average B factors vary from 50.3 to 56.5 A2

As anticipated, the C22-pT trimer consists of three
continuous, parallel o-helices wrapped in a slight left-handed
superhelical twist (Figure 3a). This coiled coil has a straight
supercoil axis and forms a cylinder that is ~60 A in length
and ~24 A in diameter. An approximate 3-fold axis of
symmetry coincides with the superhelical axis. C22-pT
displays 4-3 hydrophobic heptad continuity at the junction
of the chimera [i.e., the Trp-580(d) layer of the MPER is
followed by the isoleucine a layer of GCN4-pT] (Figure 1b).
Alteration of the phasing of this heptad register by addition
of either one or two alanine residues at the N-terminus of
the GCN4-pT sequence causes the resulting molecule to form
an insoluble aggregate in solution. In addition, the GCN4-
pT fraction adopts the same three-stranded coiled-coil
conformation as in the original GCN4-plI structure (rmsd
for equivalent C* atoms of 0.49 A) (29). 1t is possible but
unlikely that addition of the GCN4-pT sequence imposes
the complete structure of the C22 trimer. Therefore, we
assume that C22-pT retains the intrinsic structural features
of three-stranded coiled-coil interactions in the MPER.

Trimerizing MPER Interactions. The MPER trimer inter-
face of the C22-pT coiled coil consists of five cross-sectional
layers of interhelical interactions: Trp-666(a), Leu-669(d),
Phe-673(a), Thr-576-Asn-577(y), and Trp-680(d) (Figure
3a,g). The four nonpolar a and d residues make side-by-
side contacts in a “knobs-into-holes” pattern (29) and thus
provide a stabilizing hydrophobic core. The side chains of
the d residues, for example, pack into holes formed between
the side chains of residues in the d and e positions of an
adjacent helix (Figure 3f). The angles between the C*—C*
and C*—C” vectors at these a and d layers are 120° and 150°,
respectively. This type of acute packing arrangement in the
interior of the coiled coil is characteristic of parallel trimers
(29). All of these hydrophobic a and d residues adopt their
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well-populated rotamer conformations in a-helices. We note
that the Phe-673 side chain of helix B is oriented differently
from those of helices A and C, thus making stacking
interactions and van der Waals contacts with that of the
neighboring C helix (Figure 3d). This nonideal geometry for
knobs-into-holes packing results from avoidance of steric
clashing between the Phe-673 side chain and Trp-672 at the
g position of helix A, because the indole ring of the latter
residue points back into the interior of the coiled coil (Figure
3d). In general, the interfacial residues at the buried core
positions of the MPER are either absolutely conserved or
highly restricted among HIV-1 sequences from M groups,
whereas exposed polar residues display great sequence
variability (Figure 3g). This pattern of sequence conservation
presumably reflects selective pressure on the MPER coiled-
coil interactions to nucleate trimer formation and to regulate
activation of the metastable native state, as discussed below.

The adjacent Thr-576 and Asn-577 side chains project
obliquely to the trimer interface in a distinguishing hexagonal
arrangement, thus giving rise to a specific non-closely packed
core with weak interhelical contacts (Figure 3e). An electron
density peak is located in a prominent cavity in the middle
of this so-called y layer and was identified as a MPD
molecule (a precipitant that is present in the crystallization
buffer) (Figure 3e). The two hydroxyl groups of the bound
MPD are well-positioned to make hydrogen bonds with both
the Thr-576 and Asn-577 side chains of helix A, and its
carbon atoms form optimal van der Waals contacts (3.0—3.6
A) with the same side chains of the other two helices.
Variability at the Thr-576 and Asn-577 positions among
HIV-1 isolates is limited to serine and polar amino acids,
respectively (Figure 3g).

The presence of the Thr-576 and Asn-577 residues in the
hydrophobic core of the MPER trimer markedly alters its
overall coiled-coil conformation and geometry. In contrast
to the C-terminal GCN4-pT fraction that has a superhelical
pitch of 139 A, the pitch of the N-terminal MPER segment
is 492 A. This unusually large pitch allows the Thr-576 and
Asn-577 side chains to face toward the axis of supercoil
rotation and mesh in the non-closely packed cross section,
as recognition sites for intermolecular interactions must be
positioned in relation to the exact pitch of the helix. As a
consequence, the backbones of the three MPER helices are
less highly curved, resulting in an underwound superhelix.
Thus, the MPER trimer is significantly less tightly packed
than the canonical GCN4-pT coiled coil. Approximately 1940
A? of solvent-accessible surface area (30% of total accessible
surface area of the three a-helical chains) is buried in the
MPER trimeric coiled coil. Relative to the side chains of
isolated helices, residues at the a, d, and y positions of the
MPER trimer are substantially buried (>57%), those at the
e and g positions are partly buried (~30% and 42%,
respectively), and the b, ¢, and f positions remain completely
exposed. Together, these results suggest that the non-closely
packed core may function to achieve knobs-into-holes close
packing of the apolar residues while minimizing the defor-
mations of the supercoiled MPER helices. Such recurring
heptad repeat anomalies may serve a general role in
facilitating polymorphic structural transitions in viral fusion
proteins (31, 32).

2F5 and 4E10 Do Not Bind Trimeric MPER. The
neighboring linear MPER epitopes targeted by the 2F5 and
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FIGURE 4: Binding of mAbs 2F5 and 4E10 to the MPER peptide
assessed by surface plasmon resonance. Representative sensorgrams
for binding monomeric C22 at 2.5 uM and trimeric C22-pT at 2.5
uM to immobilized 2F5 (black) and 4E10 (red) at 25 °C are shown.
Specific interactions of 2F5 and 4E10 with C22 but not C22-pT
are observed. Data represent three independent binding experiments,
each of which was conducted in duplicate.

4E10 NAbs (Figure 1a) appear to be poorly exposed on the
surface of both HIV-1-infected cells and virions (/, 12). The
exposure of these neutralizing epitopes is enhanced or
triggered by receptor binding but is lost by formation of the
stable six-helix bundle core, indicating that changes in
accessibility of the MPER occur during the fusion process (33, 34).
Our structural study indicates that four hydrophobic residues
(Trp-666, Trp-672, Phe-673, and Trp-680) critical for the
neutralization activity of 2F5 and 4E10 (/3) are buried within
the MPER trimer interface (Figure 3). We performed SPR
experiments to compare the binding of 2F5 and 4E10 to
monomeric versus trimeric MPER by using the C22 and C22-
pT peptides. Experimental conditions for these Biacore
analyses were chosen (e.g., peptide concentration of 2.5 uM)
so that C22 and C22-pT are predominantly a monomer and
trimer in solution, respectively (as judged from sedimentation
equilibrium data; see Figure 2¢). As expected, C22 interacts
specifically with both immobilized 2F5 and 4E10 (Figure
4). The reactivity of C22 to 2FS5 is greater than that to 4E10,
in accord with results of previous studies (/2, 35). In contrast,
little or no antibody binding to C22-pT is observed under
the same conditions. These results support our hypothesis
that the trimeric coiled-coil conformation of the MPER is a
significant structural factor that regulates the conversion of
the native state of Env to the extended intermediate, thus
explaining why the latter conformation is a prime target of
the 2F5 and 4E10 antibodies.

DISCUSSION

The unexpected identification and crystal structure of the
MPER subdomain of gp41 described here, together with the
results of immunological reactivity (33, 34) and the cryo-
electron tomographic structure of the native Env spike (2, 4),
lead us to propose that the labile three-stranded coiled coil
represents the native, prefusion conformation of gp41. Three
C-terminal MPER segments, one from each gp41 subunit,
interact laterally with each other to create a superhelical
substructure at the bottom of the ectodomains, whereas the
fusion peptides and HRy regions are sequestered in the
interior of the native Env complex as a result of interactions
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with the gp120 chains (Figure 5a). They may also contribute
to the prefusion Env trimer structure primarily from the three
V1/V2 loop regions (4, 36). According to present theories,
binding of gp120 to CD4 and a chemokine receptor alters
gpl20—gp41 intersubunit interactions in the native state,
initiating cooperative folding of a HRy coiled-coil trimer that
presents the fusion peptides to the target membrane (5, 6).
As a result, the native state of gp41 converts into an extended
homotrimeric prehairpin intermediate (Figure 5b). We can
speculate that dissociation of the MPER trimer as the three
helices splay apart may act as a trigger for the conformational
change at the C-terminal part of the gp41 ectodomain. The
MPER helix displays substantial affinity for lipid bilayers
(14, 35, 37), a phenomenon postulated to facilitate this
structural transition. The two key features of this gp41
refolding seem to be a coiled-coil—lipid-embedded helix
transition in MPER and reorientation of the C-terminal
ectodomain segment, so that the HR¢ regions can fold back
onto the newly formed HRy trimer surface (Figure 5c). Thus,
temporal collapse of the native MPER subdomain might
serve as a possible mechanism for achieving controlled
activation of membrane fusion.

Polymorphic Interactions of the MPER. Entry of HIV-1
into its target cell requires receptor binding-activated struc-
tural rearrangements in gp41 that are coupled to the apposi-
tion and merger of the virus and cell membranes (5, 6).
Current thinking proposes that prefusion gp41 is trapped in
a metastable native state that precludes formation of the
thermodynamically preferred trimer-of-hairpins structure. The
three-chain coiled-coil structure of the MPER subdomain
presented here (Figure 4), combined with previous knowl-
edge, provides an opportunity to elucidate the molecular
events involved in the control of HIV-1 membrane fusion.
First, our proposal that formation of the MPER trimer is
important for the native, prefusion conformation of gp41 is
consistent with a large body of mutagenesis data on the
structure—fusion activity relationships of Env. Deletion of
the MPER sequence (residues 666—682) abolishes viral
infectivity and membrane fusion, even though the mutant
Env protein exhibits normal cell surface expression, gp160
precursor processing, gpl20—gp41 association, and CD4
binding (38). Alanine substitutions that have a deleterious
effect on infectivity map to the Trp-666, Leu-669, Trp-672,
Phe-673, Ile-675, and Leu-679 residues (39, 40) that appear
to play a critical role in stabilizing the trimeric MPER
structure determined here (Figure 3g). Consistent with this
notion, biochemical studies have shown that the N-terminal
A660—671 deletion affects formation of the oligomeric
structure of native gp41 (40). Thus, it seems reasonable to
postulate that mutations which destabilize the MPER sub-
domain of gp41 prematurely induce fusion-associated con-
formational changes in the absence of target membranes and
cause viral inactivation.

Second, the MPER segment of gp41 undergoes structural
transitions in the course of the fusion reaction, as inferred
from changes in antibody binding and sensitivity to limited
proteolysis (33, 34, 39, 40). Both the 2F5 and 4E10 NAbs
likely target the extended prehairpin conformation rather than
the native gp41 structure as discussed above, and they also
exhibit enhanced reactivity to MPER peptides with different
lengths in the presence of lipids (/4, 35, 40). Chemical cross-
linking and fluorescence quenching experiments show that
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FIGURE 5: Potential sequence of conformational changes for HIV-1 gp41. (a) Schematic of the native Env trimer on the surface of the viral
membrane (at the base of the diagram). A three-chain coiled-coil structure (formed by the MPER of each gp41 subunit) located just N-terminal
to the transmembrane anchors is colored green as a stem of native gp41. The gp120 chain is depicted as a purple sphere. (b) Following
interaction of gp120 with cell surface receptors, the native state of gp41 converts to a transient prehairpin intermediate. Now the N-terminal
HRy coiled coil (blue) is formed, relocating the fusion peptides to allow them to interact with the target bilayer (at the top of the diagram),
while the C-terminal segments of the ectodomains open up. (c) Postfusion, the HR¢ regions (red) are shown as jackknifed and packed
against the HRy coiled coil to form the trimer-of-hairpins structure. The fusion peptides and the transmembrane anchors are now adjacent
in the fused membrane. Fusion ensues as the initial lipid stalk progresses through local hemifusion and then opening and enlargement of

a fusion pore.

the MPER peptides self-associate to form homo-oligomers
in solution and membranes (41, 42). On the other hand, NMR
studies in detergent micelles suggest that the MPER segment
forms a straight or bent amphipathic helix lying in the outer
leaflet of the lipid bilayer (/4, 37). We therefore propose
that in the native state of gp41, the MPER folds as a trimeric
coiled coil and is converted to a membrane-bound helix in
the prehairpin intermediate (Figure 5). Alterations in the bulk
hydrophobic side chains from the coiled-coil trimer interface
to the lipid-embedded state could influence the net free
energy change of this structural transition. Moreover, release
of constraints imposed by the MPER trimer contacts in the
prehairpin intermediate may permit the refolding of each
gp41 chain independently of the other two in attaining the
still more stable trimer-of-hairpins state. Indeed, mutations
in the HRy region of gp41 that impair fusion kinetics by
destabilizing the six-helix bundle enhance viral sensitivity
to 2F5 mAb (43). A coiled-coil—lipid-embedded helix
transition is likely to be a common theme in viral fusion
proteins since many protein ectodomains contain character-
istic hydrophobic and often relatively Trp-rich membrane-
proximal sequences (44).

Third, the MPER of gp41 is thought to play a role in a
final conformational step of protein refolding in the fusion
pathway, although no structural details have been available
(39). In the completed postfusion six-helix bundle core, the
outer-layer HR( regions have zipped up alongside the HRy
trimer surface, which brings MPER into the proximity of
residues connecting the fusion peptide and the HRy coiled
coil (Figure 5c). Recent studies suggest that highly favorable
interactions between these two membrane-proximal elements
of postfusion gp41 can facilitate the transition from a
“hemifusion” state to complete membrane fusion (17, 39, 42).
A comparable step has been defined in the extensively
studied system of influenza virus hemagglutinin (45). It has
also been proposed that the MPER of gp41 can interact with
the fusion peptide to promote membrane perturbations that
ensure fusion pore opening (46, 47). It is possible that the
C-terminal ectodomain segments of gp41 participate in the

assembly of postfusion trimers into an oligomeric, lipidic
fusion pore (42). Alternatively, the lipid-embedded helical
state of MPER might directly couple to the process of
membrane deformation and fusion (/4, 46, 47). Further
studies are required to determine the precise mechanism by
which MPER contributes to fusion pore formation and thus
merger of the two bilayers.

Inhibitors of HIV-1 Entry. Viral entry is an important part
of the HIV-1 life cycle that can be successfully inhibited.
Two such antiviral drugs are the fusion inhibitor enfuvirtide
(T-20) and the CCRS antagonist maraviroc, which are used
as salvage therapy for a growing number of AIDS patients
who no longer respond to antiretroviral therapy (48). Peptides
derived from the C-terminal ectodomain of gp41 are potent
inhibitors of HIV-1 infection (49, 50). These inhibitors, such
as C34 and T-20 (see Figure la), are thought to work by
binding to the trimeric coiled coil of the postfusion gp41l
inner core (6, 48). Nonetheless, T-20 contains an additional
MPER sequence (at positions 670—673) whose binding site
extends beyond this HRy coiled-coil region yet provides the
key determinant of inhibitory activity in T-20 (Figure la)
(50). A second-generation fusion inhibitor, T-1249, designed
to overcome viral resistance to T-20, includes the additional
HRy pocket-binding sequence and demonstrates enhanced
potency and a different resistance profile (57). Moreover,
C34 is fully active in vitro against T-20-resistant viral strains
(52), reinforcing the suggestion that the target for the antiviral
effect of T-20 may be distinct from that of C34 (42). T-20
may retard or block the MPER coiled-coil—helix transition
postulated here to be essential for gp41 activation, thereby
disrupting formation of the trimer-of-hairpins and blocking
viral entry. Consistent with this mode of action, there is
substantial evidence to indicate that T-20 acts on the
transiently exposed prehairpin state of gp41 rather than its
native conformation or a post-lipid mixing stage (/7). The
trimeric MPER crystal structure may serve as a staring point
for elucidating the mechanism of action of T-20 and how
its antiviral effect is abrogated by the evolution of resistant
viruses in vivo.
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Development of orally bioavailable therapeutic agents for
inhibition of HIV-1 membrane fusion is the subject of intense
pharmaceutical efforts. Discovery of small-molecule inhibi-
tors that target the gp41 HRy coiled-coil pocket represents
an attractive approach in this endeavor. Indeed, a set of
structurally related chemical compounds have been identified
that inhibit formation of the six-helix bundle with antiviral
activity in the low micromolar range (53). On the basis of
the crystal structure of C22-pT, native gp41 is expected to
contain a prominent central cavity in the MPER coiled-coil
trimer (Figure 3e). The size of this cavity (approximately
440 A% makes it ideal for binding by a small molecule of
roughly 500 Da, raising the possibility that it could serve as
a target for drug development. Interestingly, an MPD
molecule is observed to be anchored to the cavity in the C22-
pT crystal structure, with favorable hydrophobic and hydro-
gen bonding interactions between the bound MPD and the
participating amino acid residues (Figure 3e). The availability
of the atomic structure of C22-pT alone or in combination
with a specific cavity-binding molecule (e.g., MPD) would
enable rational drug development approaches. For example,
chemical libraries can be screened with C22-pT to identify
novel cavity-binding compounds.

Implications for Vaccine Design. Intensive efforts have
been directed toward creation of a soluble recombinant Env
(gp140) protein that forms the native trimeric structure as
found on the infectious virion for vaccine and/or structural
studies over the past decade. There are many hurdles to the
production of such a trimeric gpl40 that is truncated
immediately before the transmembrane anchor (i.e., just
C-terminal to the MPER). A major issue is that the native
state of the Env trimer is labile, because the intersubunit
interactions (gp120—gp41 and gp41—gp41) are noncovalent
and weak; this inherent instability is essential for unleashing
the postfusion trimer-of-hairpins conformation. Hence, sev-
eral protein engineering strategies have been adopted to
stabilize gp140 trimers for use as immunogens (54—59). Our
studies suggest that trimerization of native gp41 is initiated
at the C-terminus of its ectodomain by formation of a labile
trimeric a-helical coiled coil. Our structural data for the
stable C22-pT subdomain should guide future attempts to
design and engineer the native gp140 trimer for structural
analysis and for assessment of its potential as a vaccine
immunogen.
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