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ABSTRACT: For many different enveloped viruses the crystal structure of the fusion protein core has been
established. A striking conservation in the tertiary and quaternary arrangement of these core structures is
repeatedly revealed among members of diverse families. It has been proposed that the primary role of the
core involves structural rearrangements which facilitate apposition between viral and target cell membranes.
Forming the internal trimeric coiled coil of the core, the N-terminal heptad repeat (NHR) of HIV-1 gp41
was suggested to have additional roles, due to its ability to bind biological membranes. The NHR is
adjacent to the N-terminal hydrophobic fusion peptide (FP), which alone can fuse biological membranes.
To investigate the role of the NHR in membrane fusion, we synthesized and functionally characterized
HIV-1 gp41 peptides corresponding to the FP and NHR alone, as well as continuous peptides made of
both FP and NHR (wild type and mutant). We show here that a consecutive, 70-residue peptide consisting
of both the FP and NHR (gp41/1-70) has dramatic fusogenic properties. The effect of including the
complete NHR, as compared to shorter 23-, 33-, or 52-residue N-terminal peptides, is illustrated by a
leap in lipid mixing of phosphatidylcholine (PC) large unilamellar vesicles (LUV) and clearly delineates
the synergistic role of the NHR in the fusion event. Furthermore, a mutation in the NHR that renders the
virus noninfectious is reflected by a significant reduction in in vitro lipid mixing induced by the mutant,
gp41/1-70 (I62D). Additional spectroscopic studies, characterizing membrane binding and apposition
induced by the peptides, help to clarify the role of the NHR in membrane fusion.

Enveloped viruses need to fuse with the plasma membrane
of target cells in order to deposit their genomic information,
thereby catalyzing a new cycle of infection. This fusion event
is believed to be carried out by virally encoded envelope
glycoproteins (ENV’s), termed fusion proteins. Expressed
as oligomers on the surface of infected cells, viral fusion
proteins are highly concentrated in the viral envelope, which
is formed by budding from infected cell membranes. In the
case of HIV-1,1 the fusion protein is expressed as a
polypeptide precursor, gp160, that is endoproteolytically
cleaved to generate the transmembrane (TM) subunit, gp41,
and the surface (SU) subunit, gp120 (1). gp41/gp120 remain
noncovalently associated (2) and are trimeric in their native,
prefusogenic state (3). The two subunits act as a tag team to
initiate viral infection. Target cell specificity and binding
are the responsibility of gp120, which first binds to the CD4
receptor (4-6) and then to one of a group of chemokine
receptors (7-9). Receptor-induced conformational changes

in gp120 allow the gp41 subunit to effect the merging of
viral and target cell membranes (10, 11).

Studied extensively, the gp41 subunit is made of an
approximately 175-residue ectodomain, a single pass TM
domain, and an approximately 150-residue endodomain.
Much of the data gathered on gp41 comes from the study of
peptide fragments from the ectodomain, which can be further
reduced to three main functional subdomains: fusion peptide
(FP), N-terminal heptad repeat (NHR), and C-terminal heptad
repeat (CHR) (Figure 1). N-Terminal fragments from the FP
region insert into membranes (12-16) and single handedly
induce aggregation (16, 17) and lipid mixing of model
membrane vesicles (14, 16-18). Extension of the FP to
include the adjacent 10 aa polar region (FP analogue)
increases the fusogenic function to the extent where fusion
is observed in a highly stringent system, employing LUV
composed of PC as the sole phospholipid (19). Site-directed
mutagenesis in the FP region, demonstrating reduction or
loss of function in vivo (20, 21), corroborates with an
analogous change in vesicle fusion activity for the corre-
sponding FP analogue mutant (19, 22). Crystallographic
studies of peptide fragments from the NHR and CHR show
that the NHR forms a trimeric coiled coil, providing a
hydrophobic interface for three CHR peptides to pack as
R-helices in an antiparallel arrangement (23-25). This core
structure is believed to represent the final low-energy fusion
conformation due to its high thermostability (26), while the
native state of ENV is altered by elevated temperatures (27).
Amino acid sequence analysis of 862 HIV-1 isolates from
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varying clades demonstrates greater than 97% conservation
for residues that are involved in maintaining the coiled-coil
structure, as well as those involved in forming the hydro-
phobic corridor for packing of CHR helices (23, 28).
Nonconservative mutations in the leucine/isoleucine back-
bone of the NHR abrogate viral infectivity, though expres-
sion, oligomerization, and localization of the fusion protein
complexes remain unaffected (29-31). The NHR is also
believed to be involved directly in membrane perturbation
since peptides from this region exhibit binding to model
membranes (32-34).

To address the involvement of the NHR in the membrane
fusion event, we employed a native chemical ligation strategy
(35) to extend the 23-residue FP C-terminally. By ligating
to the FP, consecutive peptides of different lengths (mutant
or wt), we generated the following N-terminal constructs:
(i) gp41/1-33, (ii) gp41/1-52, (iii) gp41/1-70, and (iv)
gp41/1-70 (I62D) (Figure 1). This latter peptide harbors a
nonconservative mutation in the leucine/isoleucine backbone
of the NHR at a position 62 residues from the N-terminus,
which destabilizes the secondary structure and decreases
membrane binding affinity of the NHR peptide DP-107 (34)
(see Figure 1), as well as abrogates viral infectivity (30).
The ligation products, along with nonligated fragments, were
assayed for their ability to induce lipid mixing and apposition
of model membranes comprised of PC LUV. Fluorescently
labeled analogues were used to compare membrane partition-
ing to the same vesicles. Our results demonstrate that the
NHR is primarily involved in merging of membranes and
works synergistically with the FP to dramatically boost lipid
mixing. Furthermore, a significant reduction in lipid mixing
induced by the mutant gp41/1-70 (I62D) corresponds to in
vivo loss of function by the same mutation (30).

MATERIALS AND METHODS

Materials.BOC and F-MOC amino acids, BOC-methyl-
benzhydrylamine resin, and F-MOC methylbenzhydrylamine
resin (Rink Amide) were purchased from Nova-biochem AG
(Laufelfingen, Switzerland).S-Trityl-â-mercaptopropionic
acid was purchased from Peptides International (Louisville,
KY). Other reagents for peptide synthesis, egg phosphati-
dylcholine (PC), and the sodium salt of 2-mercaptoethane-
sulfonic acid (MESNA) were purchased from Sigma.N-
(Lissamine rhodamine B-sulfonyl)dioleoylphosphatidylethanol-
amine (Rho-PE),N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)dio-
leoylphosphatidylethanolamine (NBD-PE), and NBD fluoride
(NBD-F) were purchased from Molecular Probes (Eugene,
OR). All other reagents were of analytical grade. Buffers
were prepared using doubly glass-distilled water. Phosphate-
buffered saline (PBS) is composed of NaCl (8 g/L), KCl
(0.2 g/L), KH2PO4 (0.2 g/L), and Na2HPO4 (1.09 g/L), at
pH 7.3.

Peptide Synthesis and Fluorescent Labeling.The 23-
residue N-terminal “linker peptide” was synthesized by a
manual solid-phase method on methylbenzhydrylamine resin
using BOC chemistry as previously described (36, 37), with
modifications outlined by Hackeng et al. (35), required for
inclusion of the linker moiety (S-trityl-â-mercaptopropionic
acid). Labeling of the N-terminus of this peptide with NBD-F
was achieved as previously described (38, 39). BOC peptides
were cleaved from the resin by HF. All other peptides were
synthesized by a F-MOC solid-phase method on Rink Amide
methylbenzhydrylamine resin, using an ABI 433A automatic
peptide synthesizer, and then cleaved from the resin using a
cocktail made of TFA/DDW/TES [18.5:1:0.5 (v/v)]. All
peptides were purified by RP-HPLC on a C4 Bio-Rad
semipreparative column to>98% homogeneity, and the mass

FIGURE 1: Schematic of the HIV-1 gp41 primary structure in scale. Primary functional subdomains are dotted and outlined, with additionally
characterized regions specified by a brace. Above and in brackets are peptide fragments that have been extensively studied and will be
referred to throughout the text. The number in parentheses refers to the length of the N-terminal FP. Below are peptides represented in this
study, which correspond to the N-terminal wild-type sequence as indicated. The M24C mutation is italicized to emphasize placement of a
cysteine residue for the purpose of ligating peptide fragments (see Materials and Methods section).
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of each peptide was confirmed by platform LCA electrospray
mass spectrometry.

NatiVe Chemical Ligation.The ligation of unprotected
fragments was carried out as described (35) with the
following alterations: (1) We used MESNA as the catalyst
(40). (2) Prior to addition of lyophilized peptides, the pH of
the reaction mixture, made of 5.5 M GnCl, 0.1 M Na2HPO4,
and 1% MESNA (w/v), was adjusted to∼7.2 using 1 M
NaOH. (3) Ligations were carried out at peptide concentra-
tions ranging from 0.1 to 0.8 mM. (4) The various ligations
were incubated over a range of temperatures, from 4 to 37
°C, and for a period of 4-5 days. For each ligation, the
product resolved as a single isolated peak and was purified
to >98% homogeneity using RP-HPLC. Product identity was
confirmed by mass spectrometry.

Amidation of the “Linker” Peptide.To generate the 23-
residue FP fragment, amidated at the C-terminus, a molar
excess of NH3 was added to the linker peptide solubilized
in 50% AcN. RP-HPLC was used to follow the reaction and
to purify the product to>98% homogeneity. An amide group
effectively replaced the linker and leucine group at the
C-terminus as evidenced by the appearance of a new peak
with a peptide-like spectrum (the conjugated linker moiety
induces a specific spectrum), as well as mass confirmation
using mass spectrometry. Unless stated elsewhere, stock
solutions of concentrated peptide in DMSO with a 10-fold
molar excess of DTT were used to deliver the peptides into
aqueous or lipidic solutions to avoid aggregation and
disulfide dimerization of the peptides prior to use.

Preparation of Large Unilamellar Vesicles (LUV).PC was
dissolved in a 2:1 (v/v) mixture of chloroform/methanol and
then dried under a stream of nitrogen gas while rotating,
thereby depositing a thin film of PC on the wall of a glass
vial. Excess solvent was removed by overnight lyophilization.
Dry lipids were suspended in PBS buffer by vortexing to
produce large multilamellar vesicles. The lipid suspension
was freeze-thawed 6 times and then extruded 20 times
through polycarbonate membranes with 0.1µm diameter
pores (Nuclear Corp., Pleasanton, CA) to generate LUV.

Peptide-Induced Lipid Mixing.Lipid mixing of LUV was
measured using a fluorescence probe dilution assay (41). PC
LUV containing 0.6 molar % each of NBD-PE as the energy
donor and Rho-PE as the energy acceptor were prepared in
PBS as described above. A 1:4 mixture of labeled and
unlabeled vesicles (110µM total phospholipid concentration)
was suspended in 400µL of PBS, and a small volume of
peptide in stock solution was added. The increase in NBD
fluorescence at 530 nm (8 nm slit) was monitored, with the
excitation set at 467 nm (8 nm slit). The fluorescence
intensity before the addition of the peptide was referred to
as 0% lipid mixing, and the fluorescence intensity upon
addition of reduced Triton X-100 [0.05% (v/v)] was referred
to as 100% lipid mixing. All fluorescence measurements
were done on an SLM-AMINCO Bowman series 2 lumi-
nescence spectrometer.

Electron Microscopy.The effects of the peptides on
liposome suspensions were determined by negative stain
electron microscopy. Prior to staining and fixing, suspensions
of PC LUV at 4.5 mM (with or without lyophilized peptide)
were incubated for 5 min at room temperature. A drop of
the suspension containing PC LUV or a mixture of PC LUV
and peptide at a peptide/lipid molar ratio of 0.01 was

deposited onto a carbon-coated grid and negatively stained
with phosphotungstic acid (2%, pH 6.8). The grids were
examined using a JEOL JEM 100B electron microscope
(Japan Electron Optics Laboratory Co., Tokyo, Japan).

Membrane Binding Experiments.The degree of peptide
association with PC LUV was determined using NBD-labeled
peptides. The sensitivity of the NBD moiety to the dielectric
constant of its surroundings allows for the determination of
the environment of the NBD-labeled peptides. It has been
shown previously that the fluorescence emission of NBD
increases and shifts to lower wavelengths (blue shift) upon
relocation of the NBD moiety to a more hydrophobic
environment (38, 42). The changes in fluorescence intensity
were measured following addition of increasing amounts of
LUV to 0.1 µM NBD-labeled peptides until a plateau had
been reached (after subtracting the contribution of the
vesicles alone). The fluorescence intensity was measured as
a function of the lipid/peptide molar ratio, with the excitation
set at 467 nm (8 nm slit) and the emission set at 530 nm (8
nm slit).

Visible Absorbance Measurements.Changes in the size
of vesicles were measured by visible absorbance. Aliquots
of peptide stock solutions were added to 200µL suspensions
of 90 µM PC LUV in PBS. Absorbance was measured at
405 nm using a Bio-Tek Instruments microplate reader before
and after the addition of peptide.

RESULTS

Experimental System.Represented in this study are
synthetic peptide fragments from the N-terminal half of the
gp41 ectodomain (Figure 1). To overcome difficulties in the
synthesis of the long peptides, we employed a “native
chemical ligation strategy” (35), whereby the N-terminal 23-
residue linker peptide (with a linker moiety attached at its
C-terminus) was ligated to continuous fragments of different
lengths (all containing a cysteine at their N-terminus, required
for ligation). A native peptide bond seals the ligation seam.
Because the region of gp41 under study lacks a cysteine,
we decided to mutate methionine at position 24 for the
following reasons: (i) position 24 tolerates variation (28),
and (ii) a break at this position facilitates generation and
comparison of peptides corresponding to the well-character-
ized FP and the NHR region.

Regarding the membrane mimetic environment, we chose
LUV composed solely of PC since this is a major outer leaflet
phospholipid in both target cell and viral membranes and
additionally mimics the zwitterionic nature of the same
biological surfaces. With respect to model membrane sys-
tems, PC LUV are difficult to fuse and therefore represent
a highly stringent membrane to test fusogenic function. It is
known that inclusion of components such as PE or negatively
charged lipids into liposomes creates vesicles more facile to
fusion (14, 43).

The Cysteine Mutation (M24C) Affords No Loss of
Fusogenic Function.The effect of the M24C mutation on
the fusogenic function was tested by comparing the lipid
mixing ability of the wild-type FP analogue (gp41/1-33 wt)
to its corresponding M24C mutant (gp41/1-33). In Figure
3A, the data confirm the fusogenic ability of the fusion
peptide analogue (gp41/1-33 wt) (19, 22, 44). Furthermore,
the ability of gp41/1-33 wt to induce lipid mixing is not
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compromised by inclusion of the cysteine mutation [gp41/
1-33 (M24C)]. These two peptides are equal in their ability
to mix membranes of PC LUV. The M24C mutation is
required for the ligation chemistry to extend the fusion
peptide C-terminally, and therefore all extended peptides
retain the M24C mutation.

Inclusion of the Complete NHR Boosts Fusion Ability
Dramatically.Illustrated in Figure 3A is a clear relationship
between the length of the N-terminal gp41 fragment and its
effectiveness at fusing PC LUV. We confirm earlier findings
that the FP (gp41/1-23) is unable to fuse PC vesicles over
the concentration range tested (13, 16). The gp41/1-52
peptide, which extends to include approximately one-half
of the NHR, is approximately twice as fusogenic as the
shorter gp41/1-33 constructs. Remarkably, the gp41/1-70
peptide, which extends to include all of the NHR [as defined
by extensive protease digestion (45)], is 10 times as active
as the fusion peptide analogue gp41/1-33 and five times
more active than the gp41/1-52 fragment. These results
suggest a novel role for the NHR: specifically, direct
involvement in mediating membrane fusion.

The FP/NHR Composite Is Responsible for the Fusion
ActiVity of the Ectodomain.A peptide from an additional
region in the HIV-1 gp41 ectodomain, namely, the pretrans-
membrane region (see Figure 1), has been reported to have

fusogenic properties (46). This region is comparable to the
23-residue FP in inducing lipid mixing (J. L. Nieva, personal
communication). This latter result substantiates the HIV gp41
FP/NHR composite as being primarily involved in the
membrane fusion event. On the basis of previous biochemical
studies, the FP was implicated as being the main mediator
of viral fusion (16, 17). The striking difference between the
fusogenic potency of the FP and the FP/NHR composite
indicates that the FP/NHR composite is responsible for
bearing the bulk of the membrane fusion work.

The NHR Region (gp41/24-70) Is a Fusogenic Fragment.
We report here a novel fusogenic sequence from the HIV-1
gp41 ectodomain. Comparing panels A and B of Figure 3,
we see that gp41/24-70 can induce lipid mixing of PC LUV
as effectively as the FP analogue, gp41/1-33. The NHR
region was implicated to be involved in membrane fusion,
since mutations in this region depress or abolish gp41-
mediated fusion (29-31, 47). Furthermore, peptide fragments
from this gp41/24-70 NHR region adoptR-helical, coiled-
coil structures in solution (23, 26, 32, 34, 48-50) and bind
to the surface of membranes asR-helices (33, 34). The fact

FIGURE 2: Dose dependence of lipid mixing of PC LUV induced
by the peptides. In separate experiments, increasing amounts of
peptide were added to a fixed amount of vesicles. The maximal
values of the fluorescence intensity, following addition of peptide,
were plotted as a function of the peptide/lipid molar ratio. For all
peptides, we observed a linear correlation between the percent lipid
mixing and the peptide/lipid molar ratio, with the corresponding
percent error illustrated with brackets representing a linear average
of two to three individual experiments. A linear fit function was
used to define the linear correlation of the dose-response curves
for individual experiments, withR2 values ranging from 0.970 to
0.998. For precision, the data set used to establish the linear fit
extended to 0.08 peptide/lipid for all peptides except gp41/1-70
and gp41/1-70 (I62D). Panel A: (a) gp41/1-33, (b) gp41/1-33
wt, (c) gp41/1-52, and (d) gp41/1-70. Panel B: (a) gp41/1-23,
(b) gp41/24-70, (c) gp41/1-23 + 24-70, equimolar mixture, (d)
gp41/1-70, and (e) gp41/1-70 (I62D).

FIGURE 3: Electron micrographs confirm fusion. Shown are
micrographs of negatively stained PC LUV (4.5 mM) in the absence
and presence of different peptides at a 0.01 peptide/lipid molar ratio.
Panels: (A) PC LUV alone; (B) PC LUV incubated with gp41/
1-23; (C) PC LUV incubated with gp41/1-70.
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that gp41/24-70 is fusogenic on its own, combined with
the markedly enhanced fusion observed in the FP/NHR
composite (gp41/1-70), further confirms the novel fusogenic
role of NHR region.

The FP and NHR Regions Act Synergistically When
Conjugated.Given the clear lipid mixing effect of gp41/
24-70, contrasted with the nonfunctional gp41/1-23, we
show that equimolar mixtures of the FP and the NHR region
(gp41/24-70) are only slightly more effective than gp41/
24-70 alone. Significantly, the continuous FP/NHR com-
posite (gp41/1-70) is substantially more fusogenic than
either the FP or NHR region alone or as a mixture (Figure
3B). Our results demonstrate the synergy played between
the FP and the NHR regions of HIV-1 gp41 in mediating
membrane fusion.

A Loss of Function Mutation in ViVo Correlates with
Significantly Reduced Function in Vitro.The gp41/1-70
(I573D) peptide harbors a mutation in the “a” position of
the leucine/isoleucine zipper backbone of the NHR, located
far from the N-terminal fusion peptide. Well characterized,
this mutation significantly reduces the secondaryR-helical
structure of the DP-107 peptide (see Figure 1) in solution
(34) and is a loss of function mutation in vivo despite proper
expression, localization, and oligomerization of native fusion
protein complexes (30). Our results show that gp41/1-70
(I62D) is significantly less fusogenic than its gp41/1-70
counterpart (Figure 3B). This finding validates the biological
relevance of our model system and further supports the direct
involvement of the NHR in the actual fusion step.

Electron Microscopy Confirms Membrane Fusion.To
confirm that the observed lipid mixing (see Figure 2) is
indeed a function of vesicle fusion, we utilized negative stain
electron microscopy to visualize PC LUV before and after
incubation with peptide. Shown in Figure 3 are representative
micrographs of PC LUV alone (panel A), PC LUV incubated
with gp41/1-23 (panel B), and PC LUV incubated with
gp41/1-70 (panel C). The micrographs corroborate the lipid
mixing results previously described. Specifically, while gp41/
1-70 causes a substantial increase in vesicle size, gp41/1-
23 induces no change in vesicle size. These results confirm
that the lipid mixing induced by gp41/1-70 is a result of
membrane fusion.

The Peptides Bind Similarly to Membranes.To determine
whether the observed variation in fusogenic character was
due to differential membrane binding of the peptides, we
N-terminally labeled the following peptides with NBD to
determine their membrane binding character: gp41/1-33,
gp41/1-52, gp41/1-70, and its mutant gp41/1-70 (I62D).
A fixed amount of labeled peptide was titrated with increas-
ing amounts of PC LUV, and the increase in fluorescence
intensity due to membrane partitioning was recorded as a
function of the lipid/peptide molar ratio. The resultant binding
curves are shown in Figure 4. Since the peptides oligomerize
in aqueous solution, their binding curves were not analyzed
further. The binding curves all reached saturation at lipid/
peptide molar ratios similar to what has been observed
previously for NBD labeled gp41/1-33 wt (19, 22, 44).
Comparison to soluble antimicrobial peptides with similar
saturation points suggests that the three peptides share a
partition coefficient on the order of 104 M-1 (39, 51). The
similar membrane binding character of the peptides assayed
cannot explain their range of variation with respect to fusion.

Induction of Vesicle Aggregation by the Peptides.Mem-
brane apposition is a necessary step before membrane fusion
can occur. The ability of the peptides to induce vesicle
aggregation was tested in order to investigate whether this
property is responsible for the differences in their ability to
fuse membranes. Changes in vesicle size distribution result-
ing from peptide-induced aggregation and/or fusion can be
monitored by following the absorbance of the liposome
suspension. The changes in absorbance at 405 nm of PC
LUV as a function of the peptide/lipid molar ratio are shown
in Figure 5. The data reveal that the difference in fusogenic
potency between gp41/1-33 and 1-70 is not a function of
their respective ability to increase light absorbance of the

FIGURE 4: Membrane binding affinity of the peptides. The
following binding isotherms are based on the increase in the
fluorescence of NBD-labeled peptides (0.1µM) upon titration with
PC LUV. Titrations were performed at room temperature in PBS.
The excitation wavelength was set at 467 nm (8 nm slit) and
emission recorded at 530 nm (8 nm slit). Key: (b) gp41/1-33
NBD, ([) gp41/1-70 NBD, (2) gp41/1-70 (I62D) NBD, and (9)
gp41/1-52 NBD.

FIGURE 5: Light scattering induced by the peptides. Detection of
aggregation and/or fusion is followed by measuring absorbance
changes at 405 nm of PC LUV mixed with peptides. Peptides were
added to 90µM PC LUV in PBS. The changes in absorbance at
405 nm, as measured in milli-absorption units (mAU), are plotted
versus the peptide/lipid molar ratio. Key: ([) gp41/1-70, (b)
gp41/1-33, (2) gp41/1-70 )I62D), (×) gp41/24-70, (+) gp41/
1-23, and (*) gp41/1-23 + 24-70, equimolar mixture.
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LUV suspension. For the following peptides, we see a
stepwise gradation in their ability to increase light absor-
bance, which corresponds to their respective fusogenic
potencies: gp41/1-70, gp41/1-70 (I62D), gp41/24-70, and
gp41/1-23. In contrast, the equimolar mixture of gp41/1-
23 and 24-70 and gp41 1-52 (not shown) cause no change
in light absorbance. Additionally, gp41/1-33 wt is equal to
gp41/1-33 at increasing light absorbance (not shown).

DISCUSSION

Fusion of phospholipid vesicles is believed to involve three
major steps: vesicle aggregation, membrane destabilization,
and merging of the two membranes (43, 52-54). Using a
stringent model membrane system (PC LUV), we assayed
the fusogenic character of HIV-1 gp41 peptides correspond-
ing to the N-terminal half of the ectodomain. We show here
that the NHR is essentially involved in membrane fusion.

The mechanism by which gp41 causes membrane fusion
is poorly understood, though evidence has been accumulated
in support of models describing the fusion event. A prevailing
model describes gp41 as existing in at least two states:
metastable and stable. In unbound, native gp41/120, the gp41
subunits are in a metastable state that is maintained by
association with gp120 subunits (10, 23). Following receptor
binding, gp120 undergoes conformational changes, thereby
freeing gp41 to form an extended,R-helical rodlike confor-
mation that translocates the FP outward, facilitating its
insertion into the target cell membrane (55, 56). This
“prehairpin” conformation exposes the NHR and CHR
regions, which remain vulnerable to the inhibitory activities
of peptide inhibitors up to 15 min following initial receptor-
ENV interactions (57). Peptide inhibitors derived from heptad
repeat regions of the ectodomain are thought to act by
binding to their counterparts in gp41, mimicking the struc-
tural organization involved in forming the core. Active at
nanomolar concentrations, DP-178 (see Figure 1) is derived
from the CHR and binds to the corresponding NHR (26, 58,
59) but has also been shown to bind to the FP region (60,
61). Viruses resistant to DP-178 have mutations that map to
residues in the NHR region (62). In the absence of inhibitors,
the NHR and CHR regions are believed to draw together,
apposing the two tethered membranes, and fold into the low-
energy ‘”hairpin” or core conformation. The energy liberated
as a result of folding into the highly thermostable core
structure is believed to help offset the energy involved in
merging of the opposing membranes (26).

The profound effect of the NHR in mediating vesicle
fusion implies an essential role during viral ENV-mediated
fusion. Membrane fusion is an energy-costing event since it
involves destabilization of the bilayers and dehydration of
the interface regions of merging membranes (63). The NHR
region can bind to and destabilize membranes throughout
the fusion event, exerting its effects at two levels: (1)
protein-lipid interactions and (2) protein-protein interac-
tions (intra- and intermolecular). Shortly after insertion of
the FP into the target cell membrane, N-terminal regions of
the NHR can act to destabilize membranes. This assertion
is validated by Piesajovich et al. (44), showing that the polar
region (see Figure 1) has membrane-perturbing effects, which
is confirmed by our results comparing the fusogenic potency
of the FP to the FP analogue (Figure 2). Subsequent

membrane apposition can be driven by the low solubility of
the NHR region (45) and its ability to bind membranes (32-
34) and oligomerize (56, 64, 65). Membrane destabilization
to the point of hemifusion can be characterized structurally
by the formation of stalk-like intermediates (43, 66), which
provide a scaffold for facile binding of the extended coiled
coil [see illustrations in Bentz (67)]. Binding and membrane
destabilization at this point are likely given the fusogenic
effects of gp41/24-70, as well as the fact that DP-178
effectively inhibits viral fusion at latter stages (57) and can
act on membrane bound targets (33). At the level of protein-
protein interactions, the tendency of the NHR to oligomerize
into a trimeric coiled coil would localize FP’s inserted in
the cell membrane, thereby initiating fusion pore formation.
The NHR may also induce or stabilize the structure in the
FP region. This is likely since the NHR has been shown to
induce the secondary structure of adjacent C-terminal regions
in the ectodomain (23-26, 59, 68), as well as induce
oligomerization of otherwise monomeric proteins fused to
its N-terminus (69, 70).

Early studies predicted that the coiled-coil structure
adjacent to the N-terminal FP is a common theme in viral
fusion protein architecture (71). The fusogenic interplay
between these two subdomains is consistent among different
viral families. The HA2 and F-protein subunits of influenza
and Sendai virus fusion proteins, respectively, correspond
to the gp41 subunit of the HIV fusion protein. The NHR of
F-protein has been shown to bind membranes (72, 73), as
does that of gp41 (32-34). Ghosh and Shai showed that the
NHR acts synergistically with the FP in inducing membrane
fusion for the Sendai F-protein (74). Compared to gp41 and
HA2, the F-protein has a much larger ectodomain with a FP
that is only mildly fusogenic (75), implying that additional
regions are involved in mediating fusion. By analogy, the
FP of HA2 is mildly fusogenic (76-78), while extension to
include most of the NHR generates a peptide with far greater
fusogenic potency (79). Our results demonstrating the
fusogenic potential of the FP/NHR composite of gp41 further
support the idea of a common fusion mechanism among
various enveloped viruses. Crystallographic and biochemical
structural analyses demonstrate the ordering of specific
subdomains within the ectodomain, with formation of a
conserved structural core motif among different families of
enveloped viruses (10, 23, 26, 32, 80-82). Collectively, these
results support the suggestion advanced by Weissenhorn et
al. (10) that positioning of coiled coils parallel to the surface
of two opposing membranes, while maintaining physical
linkage between the membranes via insertion of FP into target
membrane and TM anchoring to viral membrane, may
represent a common fusion intermediate essential to the
mechanism of viral-induced membrane fusion.
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