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HIV-1 gp41: Mediator of Fusion and Target
for Inhibition
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Abstract

The bipartite envelope glycoprotein (Env) of the human immunodeficiency virus
type 1 (HIV-1) performs two essential functions for initiating virus infection. The
gp120 surface subunit of Env binds cell receptors to attach virus to target cells
and regulate viral entry. The gp41 transmembrane subunit fuses host-cell and
viral membranes to deliver the viral core into the cell cytoplasm. The two
subunits derive from a polyprotein precursor, gp160. Cleavage of gp160 in the
biosynthetic pathway creates mature Env consisting of the noncovalently-
associated gp120/gp41 that is primed for viral entry. While performing distinct
operations in HIV entry, the activities of the gp120 and gp41 subunits must be
highly coordinated in order to lead to successful infection. This review
highlights structure-function relationships in Env, with a focus on the heptad-
repeat regions in the ectodomain of gp41. The mechanism of Env-mediated
membrane fusion and ways to interfere with this process using inhibitors and
antibodies that target gp41 are discussed.
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These features include a hydrophobic, glycine-rich
stretch of amino acid at the extreme N-terminus of
gp41 termed the fusion peptide (FP), heptad-
repeat motifs (HR) adjacent to hydrophobic do-
mains, and a transmembrane domain (TM). The
organization of these domains in HIV-1 gp41 is shown
(Fig. 1A), but a similar organization is present in
paramyxoviruses, orthomyxoviruses, and filovirus-
es, as well as in other retroviruses.

Env is a type-| integral membrane protein that is
generated as an oligomeric, 160 kiloDalton (kDa)
polyprotein precursor (gp160). Cleavage by a
cellular protease in the Golgi compartment gener-
ates the mature Env, consisting of the nonco-
valently-associated gp120/gp41 subunits!. This
cleavage positions the FP at the extreme N-termi-
nus of gp412, and primes Env for fusion activity by
converting it from the fusion-incompetent gp160
precursor to the fusion-competent gp120/gp413. It
is widely believed that the FP inserts into the
target membrane during the fusion process to
facilitate movement of lipids. Mutagenesis studies
of the FP underscore the importance of its hydro-
phobic nature4.

Adjacent to the FP is the first of two HR'’s (N-
and C-HR, respectively) that play critical roles in
the fusion activity of gp41. HR motifs contain a
characteristic repeating pattern of seven residues
(abcdefg), where the alternate third and fourth
residues (‘a’ and ‘d’ positions) typically contain
bulky, hydrophobic sidechains (Fig. 1A and 1B).
Characteristic packing of the hydrophobic sidechains
as the HR oligomerize in a helical configuration
stabilizes coiled-coil structuress. In solution, pep-
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tides corresponding to the N-HR of HIV adopt
coiled-coil structuress, while C-HR peptides are
unstructured?. Significantly, the N- and C-HR self-
assemble into an extremely thermostable, six-helix
bundle structureg (Fig. 1C).

The six-helix bundle is a trimer of the N- and C-HR,
in which three N-HR'’s form a parallel, coiled-coil
core and three C-HR’s pack in the grooves of the
coiled-coil core in an antiparallel fashion (Fig. 1C).
Hydrophobic interactions between the ‘e’ and ‘g’
heptad repeat positions in the N-HR and the ‘@’
and ‘d’ heptad repeat positions of the C-HR pro-
vide major stabilizing forces for this structure
(Fig. 1B). This structure, revealed in several high-
resolution studies®13, was initially identified as a
protease-resistant core from a gp41 ectodomain
fragment8, and is thought to represent a core
domain in an Env conformation directly involved in
fusion (see below, Section lll). The importance of
this structure in mediating fusion is suggested by
the high degree of sequence conservation in the
HR. Extensive mutagenesis studies further under-
score their important role in fusion; point muta-
tions in the ‘€’ and ‘g’ positions that preserve
helical structure but reduce potential hydrophobic
interactions between the N- and C-HR, abolish
fusion activity14-16,

Between the HR’s lies a five-amino acid hydro-
philic loop, defined by two cysteine residues.
These cysteines are highly conserved among the
retroviruses. It has been proposed that this loop
creates a ‘knob-like’ protrusion in the transmem-
brane subunit that permits packing in a cavity
(‘socket’) in the surface subunit'?. This region is
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A. Domain organization of the HIV gp41. FP = fusion pep-
tide. heptad = heptad repeat motif with characteristic repeat-
ing pattern of seven residues, in which every third and fourth
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B. Cross-sectional view of six-helix bundle. Heptad-repeat resi-
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C. Schematic figure of the six-helix bundle. Cylinders
depict the N- (light) and C- (dark) heptad repeats that
fold in an anti-parallel manner (hairpin). The six-helix bun-
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disordered in high-resolution studies of the gp41
ectodomain and has been reported to lead to
aggregation of the proteins,

The sequences intervening the C-HR and TM
domains, referred to as the pretransmembrane
(preTM) region, are notable for containing a
cluster of conserved tryptophan residues that
collectively are important for Env-mediated fusion.
Although the function of these tryptophans has
not been fully elucidated, they may participate in
hydrophobic interactions with membrane compo-
nents during the fusion process?. Substitution of
sequences in the preTM abolishes fusion activity,
further suggesting that there are strict sequence
requirements for retaining function9.20, Remark-
ably, several of the relatively rare, broadly neutral-
izing antibodies against HIV bind epitopes that
map to the preTM21.22,

Fusion mechanism

The merger of viral and cellular membranes
occurs when Env undergoes fusion-inducing (fuso-
genic) conformational changes while binding to
specific receptors on target cells. Like all protein-
mediated membrane fusion reactions, ranging from
virus-cell fusion to intracellular vesicular fusions,
fusion proceeds through a highly coordinated and
regulated process, ensuring that specific protein-
protein and protein-lipid interactions occur at the
right place and time. Premature triggering of Env
from its native prefusogenic state to the fusogenic
state can lead to loss of fusion potential23.

The full extent and sequence of fusogenic con-
formational changes are not known. However, data

collected from a variety of studies involving
atomic structures, monoclonal antibodies, vari-
ous receptor-binding assays, dominant-negative
peptides and inhibitors (see below, gp41 inhibi-
tors), combined with precedent set by other viral
fusion proteins, have led to a consensus model of
Env-mediated entry (Fig. 2). Key tenets of this
model are that gp120-receptor interactions trigger
(activate) the transition from the native metastable
state to the fusogenic state, allowing gp41 to
refold into the thermostable six-helix bundle that
drives membrane fusion.

The fusion process begins when gp120 binds
to the CD4 receptor2426, This interaction then
facilitates binding with a chemokine receptor?7.28,
Both CD4 and a chemokine receptor, generally
either the CXCR4 or CCR5, are usually required
for HIV-1 to fuse with target cells. In rare cases,
including simian immunodeficiency virus (SIV) and
human immunodeficiency virus type 2 (HIV-2),
CD4-independent entry or use of alternative chemok-
ine coreceptors has been described?29.30, Howev-
er, chemokine-receptor independent entry has not
been reported for HIV or primate retroviruses. The
absolute requirement for a chemokine receptor in
HIV and other retroviral infections, has led to the
proposal that chemokine receptors may have been
the primary receptor for progenitors of HIV, with later
adaptation to CD4 as HIV-1 evolved in humans3!.

The function of the chemokine receptors in HIV
entry has not been fully elucidated. Although it is
widely assumed that the chemokine receptors
trigger critical fusogenic conformational changes,
the apparent ability of Env to be triggered to the
six-helix bundle conformation by soluble CD4
(sCD4) alone suggests an additional role for the
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chemokine receptors in entry32.33. Because native
Env is in a metastable state, it is plausible that any
event that loosens gp120 association with gp41
would allow gp41 to refold to the more stable six-
helix conformation. Conceivably, chemokine re-
ceptors may play an important role in regulating
conformational changes, perhaps ensuring that
the FP inserts into the target membrane or orga-
nizing fusion pores (see below) or cellular events
needed for fusion.

Besides increased exposure of the chemokine
receptor binding site on gp120, other regions of
gp120, particularly the V3 loop, become more ex-
posed after CD4 triggering, as demonstrated by
better binding of particular monoclonal antibodies to
gp1203436, Accumulating evidence also suggests
that the enzyme protein disulfide isomerase (PDI) on
the target cells is critically involved in gp120 fuso-
genic conformational changes. PDI has been shown
to be involved in gp120 disulfide rearrangements,
and PDI inhibitors block fusion37-40,

Conformational changes in gp120 are trans-
duced to gp41, resulting in a loosening of gp120’s
grip on gp4141. Consequently, gp41 is released to
fold into the thermostable six-helix bundle, which
probably contributes energy to overcome barriers
to fusion. Transition to the hairpin six-helix struc-
ture may also facilitate close contact between
the fusing membranes. Neither the native nor the
transitional (fusion-intermediate) structures of gp41,
as it acquires the six-helix bundle conformation,
have been solved. However, studies with domi-
nant-negative inhibitors of fusion (see below, Sect.
IV) demonstrate that both N- and C-HR regions of
gp41 become transiently exposed after receptor
activation. Structural rearrangements leading to
exposure of the HR probably serve to position the
FP so that it can insert into the target membrane.
With the FP in the target membrane and the TM in
the viral membrane, creating a conformation that
is commonly referred to as the prehairpin fusion
intermediate, gp41 bridges both membranes to
facilitate the fusion process.

The structure of the HR in the prehairpin fusion
intermediate is unknown. For example, it is not
clear whether the N-HR exists in an extended
coiled-coil, as it does in the six-helix bundle, or
whether any part of the C-HR is in a helical confor-
mation. The well-characterized fusion model medi-
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completes formation of the six-helix bundle prior
to, during, or after initiation of fusion46-4¢, In addi-
tion to the fusogenic conformational changes tak-
ing place within individual Env trimers, fusion
almost certainly requires a higher order organiza-
tion of trimers and lipids in the plane of the
membrane. Based on the HA fusion model49-51, it
is presumed that multiple Env trimers undergoing
fusogenic conformational changes organize to
create a fusion pore, an initially restricted area of
the membrane that initiates continuity with the
cytoplasmic compartment of the host cell (re-
viewed in%2). It is also unclear how many Env
trimers are needed to initiate a pore and to com-
plete the fusion process.

The kinetics and/or extent of Env-mediated fu-
sion appears to be dependent on the concentra-
tion of Env and receptors present in the fusing
membranes and the affinity of Env for recep-
torsd3.54, Various cell-adhesion molecules may
also increase the likelihood of Env-receptor in-
teractions. In several cell-cell fusion assays, an
average fusion time lag in the range of 10-30 min
has been reported before mixing of the cytoplasm
between Env-expressing and receptor-expressing
cells47.55-57. This time lag likely includes the time
it takes for 1) gp120 to engage CD4 and chemok-
ine receptors; 2) gp120 and gp41 to undergo
conformational changes, and 3) Env’s to organize
into fusion pore(s). The time lag can be reduced
by pre-incubating cells at reduced temperatures,
which may allow gp120 binding to one or both
receptors and consequent triggering of conforma-
tional changes46.47.58, Importantly, receptor bind-
ing and conformational changes among multiple
Env’s may not be synchronous; Env’s involved in
fusion could be at various stages of conformation-
al changes. Fusion likely commences once a
threshold number of Env-receptor conjugates achieve
the requisite conformational states and have coor-
dinated to form a fusion pore.

gp41 inhibitors

The prospect for developing therapeutic agents
to block Env-mediated fusion has generated
much excitement in recent years. New develop-
ments in this area came from research in the
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gp41 peptide inhibitors also proved to be valu-
able tools for probing the Env fusion mechanism.
In turn, our understanding of the Env fusion mech-
anism promises to improve our ability to design
new inhibitors.

The first gp41 HR-peptide inhibitor described in
the literature was modeled on the N-heptads. This
N-peptide (DP-107) forms helical oligomers in
solution, but has a tendency to aggregate owing
in part to the hydrophobic residues in the ‘e’ and
‘g’ positions (discussed above). DP-107 inhibits
both virus infection and syncytia formation in the
1.0-0.1 uM range. The inhibitory activity correlates
with helical structure and can be improved if the
N-peptide is stabilized as a trimer, either by fusion
to a more stable trimeric coiled coil (e.g. 1ZN36)e
or by association with C-peptides (e.g. five-helix,
Ncog-gp41)6263. The five-helix inhibitor, composed
of a single chain of alternating N- and C-heptads
(N-C-N-C-N), folds in a six-helix-like bundle, ex-
cept that one face of the coiled coil is exposed
because it lacks a C-HR. These modifications
reduce aggregation and presumably increase con-
centration of the coiled-coil trimer. The C-peptides
inhibit HIV infection and Env-mediated fusion in
the 1-10 nM ranges4. Although these peptides do
not generally have stable solution structures, mod-
ifications that stabilize helicity have been shown
to improve potencyss.

The inhibitory mechanism of the N- and C-pep-
tides became clearer when the high-resolution
structures showed that the N- and C-HR self-as-
semble into the six-helix bundle®-13 (Fig. 1 B and

C). Earlier biophysical and immunological studies
also suggested an interaction between the N- and
C-HRe6:67. Thus, a dominant-negative mechanism
of inhibition appeared to be the most likely expla-
nation for the inhibitory activity of the peptides
(Fig. 3). In this case, the exogenous HR-pep-
tides bind gp41 to create a peptide-gp41 six-helix
bundle, which prevents formation of the six-helix
bundle using the endogenous (viral) HR. Because
the six-helix bundle is an extremely thermostable
structure and probably represents a final fusogenic
conformation that is achieved after receptor activa-
tion, it is believed that the peptides bind gp41
before the six-helix bundle is attained. An alterna-
tive model for peptide inhibition proposes that the
six-helix bundle is present in the native conforma-
tion and that peptides bind gp41 during a mono-
mer-trimer equilibriumé8. However, it remains un-
clear whether such an equilibrium exists when Env
is packaged in a virion. Furthermore, C-peptide
interactions with monomeric N-HR would be ex-
pected to be much less stable compared to inter-
actions with the trimeric N-HR, as one C-peptide
can interact with two N-heptads in a coiled-coil.
The dominant negative mechanism of inhibition is
supported by studies of an in vitro escape mutant
virus, which evolved resistance to a C-peptide
by generating mutations in the N-HRe69. Similar
findings have been generated in vivo in patients
receiving T20 therapy”0. Nonetheless, it remains sur-
prising that an exogenous peptide can efficiently
compete with unimolecular interactions involving
the endogenous N- and C-HR in gp41. Thus it
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seems that the N- and C-HR in gp41 are restricted
from adopting the six-helix conformation in the
native structure, probably as a result of con-
straints due to interactions with gp120. The unre-
stricted peptides may, therefore, have better ac-
cess to the HR target sites.

Studies involving direct binding of the pep-
tides to gp41 revealed an additional surprise in
the inhibitory mechanism. In assays examining
Env expressed at the cell surface, both N- and
C-peptides were shown to preferentially bind re-
ceptor-activated gp41, compared to native gp4171.72
(Fig. 3). Similar findings were reported for five-
helix inhibitors7374, Consequently, the peptides
appear to be targeting the HR in the prehairpin
fusion intermediate, a transient structure. Yet, a
transient structure would seem to be a difficult
target for inhibition, compared to the more long-
lived native structure. However, if multiple Env’s
must undergo coordinated fusogenic changes
during a critical time-window to initiate fusion,
then inhibiting one Env may prevent the function
of many, which may not be the case for agents
targeting native structures.

While the N-HR of gp41 appears to be a clear
target for the C-peptide (Fig. 3 pathway 1), the
dominant negative model of inhibition predicts two
possibilities for the target site for the N-peptide
(Fig. 3 pathways 2 and 3). In one case, the N-
peptide could bind to the N-HR to create a pep-
tide-gp41 coiled coil (Fig. 3 pathway 2). This
possibility might be more likely if the N-HR does
not exist in an extended coiled-coil prior to recep-
tor activation, and if the N-peptide acts as a
monomer or dimer. Alternatively, the N-peptide
could also bind the C-HR (Fig. 3 pathway 3). This
pathway would seem most likely if the N-peptide
acts as a trimer. Experiments involving Env’s with
point mutations in the N-HR indicate that the C-
peptide directly binds to the N-HR of gp41, but
that N-peptide most likely binds to the C-HR (Fig.
3 pathway 3). However, a study involving a mutat-
ed N-peptide that prevented binding to the C-HR
showed inhibition of Env-mediated fusion in a
specialized assay, suggesting that an N-peptide
could also bind the N-HR under some condi-
tions7s. Further work is necessary to determine
whether N-peptide binding to the N-HR plays a
significant role in the mhlbltory activity of wild-type
peptides and Env’s.
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tant virus (reviewed in76). The different sensitivities
can be explained by the structural data showing
that the peptide binds a slightly different, but
overlapping, region of the N-HR. Moreover, this
latter peptide, unlike T20, binds to a prominent
hydrophobic pocket in the C-terminus of the N-HR,
which has been proposed to be a good target for
small molecule inhibitors?7. Targeting this pocket
with small molecules, however, remains a chal-
lenge because of the need to compete with the
extensive protein-protein interactions between
the N- and C-HR. Additionally, residues outside the
N-HR can affect sensitivity to T20. In particular, it
has been reported that V3 sequences can influ-
ence sensitivity to T20 and that R5 viruses fre-
quently require somewhat higher amounts of T20
to inhibit entry compared to X4 viruses’879. In
these cases, it has been proposed that faster
fusion kinetics related to increased affinity for
receptors may reduce susceptibility to inhibition
by T2054,

gp41 antibodies

The potency of the N- and C-peptides against
a broad range of HIV clinical isolates suggests
new avenues for vaccine design. If the peptides
can prevent HIV infection by binding to either N- or
C-HR, then why not antibodies? While the concept
seems simple, there are obvious challenges to
this approach. First, the fusion intermediate oc-
curs when target and viral membranes are in
close contact, so a large antibody molecule may
have trouble accessing the N- or C-HR (steric
barrier). In addition, the transient nature of the
fusion intermediate reduces the time available for
an antibody to bind (kinetic barrier), so the effi-
ciency of binding to a transient fusion intermedi-
ate may be less than binding to a long-lived
native structure. The broadly neutralizing 2F5 an-
tibody binds the native conformation of gp412t.
The chief compelling reason for pursuing fusion
intermediates as antibody targets is that the HR'’s
are among the most conserved regions of Env,
particularly the N-HR. Likewise, the HR peptides
inhibit most strains of HIV, so antibodies against
the same sites would be expected to be broadly
active.
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