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The viral peptide fusion inhibitor Fuzeon (T-20/DP178/enfuvirtide) is an essential part of the drug
combination that has significantly increased the quality of life and life span of many acquired immuno-
deficiency syndrome (AIDS) patients. Its development as a drug preceded the elucidation of its precise
inhibitory mechanism, as well as its molecular targets. The initial model was that Fuzeon inhibits human
immunodeficiency virus (HIV) entry by targeting one site within the viral transmembrane envelope protein.
Herein, we describe the emerging discoveries that extend this model towards a multifaceted mechanism for
the drug in targeting HIV. This significantly advances the understanding of how viruses enter host cells and
opens a new window of opportunity for designing future viral fusion inhibitors.
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1. Introduction

Acquired immunodeficiency syndrome (AIDS) was discovered in
1981 [1,2], and is a major threat to human health since. The cause of
AIDS was identified in 1983 [3–5] and later was named the human
immunodeficiency virus (HIV). HIV is the most known membrane
enveloped retrovirus [6] which mainly infects cells from the immune
system; T-cells and macrophages [7,8]. In 2010, the joint United
Nations program on HIV/AIDS (UNAIDS) published a report on the
global AIDS pandemics. This report indicated that around 33.3 million
people live with HIV. Each year 2.6 million people are infected by the
virus and 1.8 million die from AIDS. There is no cure or a vaccine for
this disease, and currently the treatment involves combinatorial anti
retroviral therapy targeting several steps in the virus life cycle [9]. This
treatment strategy has dramatically elongated the life span of patients
and results in a change from a progressive lethal disease to a chronic
condition with slow disease progression [10]. The magnitude of this
epidemic and the challenge to develop an effective treatment has led
to an extensive research on the molecular mechanisms of compounds
which inhibit different stages in the life cycle of the virus [11,12].

http://dx.doi.org/10.1016/j.bbamem.2011.06.020
mailto:Yechiel.Shai@weizmann.ac.il
http://dx.doi.org/10.1016/j.bbamem.2011.06.020
http://www.sciencedirect.com/science/journal/00052736


2353A. Ashkenazi et al. / Biochimica et Biophysica Acta 1808 (2011) 2352–2358
2. HIV entry into target cells

The first step in human immunodeficiency virus (HIV) infection is
fusion between the membranes of the virus and the host cell, leading
to the insertion of the viral genetic material into the cytoplasm.
Following reverse transcription, the viral cDNA is integrated into the
chromosomes of the cell [11]. The membrane fusion step is mediated
by the viral envelope glycoprotein (ENV) [13–16] (Fig. 1a). Like other
type I viral fusion proteins, the HIV ENV adopts trimeric organization
on the viral surface [17,18]. It is composed of two non-covalently
associated subunits: The gp120 subunit enables cell receptors and co-
receptors binding, while the gp41 transmembrane subunit endows
the physical membrane fusion [19–21]. The extracellular part
(ectodomain) of gp41 includes different regions that are involved in
membrane fusion (Fig. 1b): (i) the fusion peptide (FP), a hydrophobic
stretch at the N-terminus of the gp41 [22,23], (ii) the fusion peptide
proximal region (FPPR) [24], (iii) the N-terminal heptad repeat (NHR)
which creates a coiled-coil structure [25–27], (iv) the loop which
reverses the polypeptide chain [28,29], (v) the C-terminal heptad
repeat (CHR), a region which also creates a coiled-coil struc-
ture [30,31], (vi) the membrane proximal external region (MPER)
[32,33], and another hydrophobic region at the C-terminus of the
protein, the transmembrane domain (TMD) [34]. The intracellular
part of gp41 is also involved in membrane fusion and comprised of a
cytoplasmic tail (Cyt) [35].

The model of HIV membrane fusion asserts the conversion
between at least three major ENV conformations. Firstly, the ENV is
in its metastable native state on the virion surface [36,37]. In this state
gp41 is considered to be sheltered by gp120. Secondly, binding of
gp120 to CD4 and co-receptor (such as CXCR4 and CCR5) involves
conformational changes in both gp120 and gp41 resulting in the pre-
hairpin conformation [36,38,39]. At this point, gp41 is exposed and
a

b

Fig. 1. Entry of HIV into its host cells. (a) The first step in retrovirus infection is fusion betw
genetic material. The trimeric ENV of HIV mediates the fusion event [15,16,88,89]. It is comp
transmembrane subunit endows the physical membrane fusion [21,90]. (b) Organization of
(FP); fusion peptide proximal region (FPPR); N-terminal heptad repeat (NHR); loop; C-termi
domain (TMD) and cytoplasmic tail (Cyt). Regions within gp41 that are discussed in the re
extended leading to the insertion of the FP into the host cell
membrane [23,40,41]. Thirdly, additional conformational changes
generate the hairpin conformation [17]. This conformation comprises
a trimeric central coiled-coil that is created by three NHR regions, into
which three CHR regions pack in an anti-parallel manner. This
structure is usually referred to as the “six helix bundle” or “core”
structure and it is suggested to be essential for complete membrane
merger as well as pore formation [33,42–44] (see structure in detail in
Fig. 2 a, b).
3. The discovery of Fuzeon

The first indications for functional regions in gp41 originated from
studies predicting a coiled-coil structure in its N- and C-termini [45].
Synthetic peptides are used tomodel coiled-coils, therefore, a peptide,
DP107, corresponding to the N-terminal region of gp41 was
synthesized. It exhibited a strong α-helical structure in solution
validating its coiled-coil nature [46]. The authors also tested the
ability of the peptide to inhibit HIV replication and demonstrated
inhibitory capabilities. Following the prediction of a high α-helical
secondary structure for another region, in the C-terminus of gp41,
another peptide, Fuzeon (T-20/DP178/enfuvirtide), was synthesized
and analyzed [47]. In contrary to DP107 it was unstructured in solution
but surprisingly, much more potent in inhibiting the virus. Fuzeon did
not affect the function of HIV reverse transcriptase, or protease, and it
was established that the peptide functions at an early stage of viral
replication, consistent with inhibiting the fusion ability of the virus
[48,49]. From that stage the work with Fuzeon diverged into the
followingdirections; thefirst, involved research towards understanding
the inhibition mechanism of the peptide, while the second focused on
developing the compound as a therapeutic drug [50].
een the membranes of the virus and the host cell, leading to the insertion of the viral
osed of two subunits; gp120 subunit endows CD4 and co-receptors binding, while gp41
the ENV transmembrane subunit, gp41. The domain abbreviations are: fusion peptide
nal heptad repeat (CHR); membrane proximal external region (MPER); transmembrane
view are indicated. Residues are numbered according to the HXB2 gp160 variant.
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Fig. 2. The hairpin structure of gp41. The very recent high resolution structure (PDB ID: 2x7r) [33] provides an insight into (i) the central core which is created by a trimeric inner
coiled-coil of three NHR regions, into which three CHR regions pack in an antiparallel manner, and (ii) the fusion peptide and the membrane proximal external regions (FPPR and
MPER, respectively). A top (a) and side (b) view of the structure is presented. C, carboxyl terminus; N amino terminus. In section b, the trimeric inner coiled-coil of the NHR is
highlighted in red and the three packing CHR regions are highlighted in green. The FPPR is highlighted in yellow and the MPER is highlighted in blue. (c) The same structure as in
section b with the location of Fuzeon which is highlighted in orange. Fuzeon overlaps two functionally different regions from the ectodomain of gp41. The N-terminus of the peptide
overlaps the CHR region while its C-terminus overlaps the hydrophobic MPER.
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4. Fuzeon comprises a unique sequence location

The peptide Fuzeon is unique amongst other fusion inhibitors in its
sequence location. It partially overlaps two functionally different
regions from the ectodomain of gp41, the CHR and the MPER (Figs. 1b
and 2c).

4.1. The CHR region

The CHR region contains a pocket-binding domain (PBD) that
includes three conserved hydrophobic residues. These residues bind
to a deep cavity termed “the pocket” on the outer surface of the NHR
coiled-coil structure. This is believed to be crucial for the six helix
bundle stability [51]. Also, the CHR contains a NHR-binding domain
consisting of hydrophobic amino acid heptad repeats [43]. Fuzeon
includes the NHR-binding domain and lacks the PBD [30,31] (Fig. 1b).

4.2. The MPER

The MPER of gp41 is rich in specifically tryptophan amongst other
hydrophobic residues. It is also the target of broadly neutralizing anti-
HIV-1 antibodies suggesting an important role for this region in gp41-
mediated membrane fusion [52–54]. It has been demonstrated
already in 1999 that this region is important for virus fusion and
infectivity [55]. Deletion of 17 amino acids or mutations of tryptophan
residues to alanines abrogated the ENV ability to induce cell–cell
fusion and viral entry. In contrast, the ENV maturation, transport and
CD4 binding properties were unaltered. The importance of the
conserved tryptophan residues was indicated to be at the level of
glycoprotein incorporation into virions. It was speculated that the
tryptophan residues interact with components of themembrane, such
as cholesterol, that result in glycoprotein enrichment in the
membrane subdomains through which the virus buds [55]. Later, it
was established that the MPER serves as a lipid domain targeting
sequence that causes membrane destabilization, and gp41 clustering
at the fusion site [56]. Utilizing cryoelectron microscopy tomography,
the structures of ENV spikes on the membranes of SIV and HIV-1
virions were discovered; the first [18] supports binding of the MPER
region to the membrane of the virus, whereas the second [57]
supports inter-subunit interactions of this region. A recent crystal
structure of the HIV-1 gp41 core including the MPER (Fig. 2) provides
the evidence that part of MPER will be membrane inserted within
trimeric gp41 [33].

5. The molecular targets and inhibition mechanism of Fuzeon

5.1. Targeting the NHR region of gp41 and acquiring viral resistance

It was demonstrated already in 1994 [49] that Fuzeon blocks an
early step in the virus replication cycle prior to reverse transcription.
It was suggested that the peptide interferes with virus entry or
uncoating. Later on, a research showed that the helical structure of the
N-peptide, DP107, was disrupted in a dose dependent manner
following the addition of Fuzeon, indicating a possible interaction
between these two regions. Fuzeon peptides with alterations or
mutations demonstrated reduced interactive ability with DP107 and
exhibited reduced anti-viral activity [58]. Using Fuzeon, researchers
capture an early conformation of gp41 [38]. They showed that the
peptide binds gp41 and inhibits HIV-cell fusion after gp120 interacts
with cellular receptors. These studies provide insights into early
events leading to ENV-mediated membrane fusion.

Additional evidence for this mode of action lies in studies
examining viral strains that are resistant to Fuzeon. Resistant strains
were derived by serial virus passage in the presence of increasing
doses of the peptide [59]. A contiguous three amino acid sequence
within the NHR region, GIV (aa 547–549), was associated with the
resistance phenotype. This phenomenon of resistant strains with
alterations in that specific region was also observed during phase I of
the clinical trial with Fuzeon [60]. However their analysis, as well as
others, suggests that mutations in adjacent residues also contribute to
the resistance [61,62]. There are several proposed escapemechanisms
for the peptide resistant strains depending on the type of mutation in
the NHR region: reduced contact, steric obstruction, electrostatic
repulsion, and electrostatic attraction [63].

Using a six helix bundle specific monoclonal antibody with isolate-
restricted ENV reactivity, it was directly shown that Fuzeon binds to
the gp41 NHR coiled-coil to form a peptide/protein hybrid struc-
ture [64]. These observations led to a broad belief that this peptide
inhibits the virus replication cycle by blocking six helix bundle
formation, and preventing progression from the pre-hairpin confor-
mation to the hairpin conformation resulting in inhibiting virus–cell
membrane fusion (Fig. 3).



Fig. 3. Fuzeon inhibits multiple intermediate conformations within the viral ENV. Early on, it targets the gp120 co-receptor binding sequence, blocking the interaction of gp120–CD4
complexes with the CXCR4 co-receptor [65,68,77]. This prevents the conversion into the pre-hairpin conformation. Later, Fuzeon targets the NHR in gp41 pre-hairpin conformation
thus preventing the conversion into the hairpin conformation [61,64,72]. Lastly, it inhibits late fusion events which subsequently prevent fusion pore expansion [44,66,67].
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5.2. Targeting other regions in gp41

Several discoveries expand the initial inhibitory model of Fuzeon
that relies on prevention of the six helix bundle formation by
targeting the NHR region. First, the peptide does not contain the PBD
(Fig. 1b) that was previously demonstrated to be crucial for fusion
ability and six helix bundle stability [51]. Second, virus strains
resistant to Fuzeon are still sensitive to other CHR derived peptides
such as T649 [65] raising the possibility of an additional inhibitory
mode of action. Indications for additional inhibitory modes of action
began to surface, and in 1998, the first study that presented strong
evidence for it was published [44]. The authors monitored the fusion
between effector cells (containing HIV-1 ENV) and target cells
(containing the receptors and co-receptors) labeled with lypophilic
and cytosolic fluorescent probes. Upon addition of Fuzeon they
monitored inhibition of the cytosolic probe redistribution while the
lypophilic probes were redistributed freely. In a second study [66] it
was also demonstrated that Fuzeon binds and oligomerizes on the
surface of membranes. The authors concluded that the peptide has
two binding sites with different binding affinities; the lower affinity
site is the NHR, while the higher affinity site is yet unknown. It was
speculated that the higher affinity site is the parallel endogenous
region, and that by binding to it Fuzeon prevents aggregation of
several ENV trimers needed to enlarge the fusion pore. Therefore,
binding to the high affinity site is associated with transition from the
lipid mixing state to the content mixing state. This conclusion was
further supported by a study demonstrating that the peptide inhibits
the late steps of membrane fusion after the lipid mixing stage [67].
The claim that Fuzeon has more than one binding site on gp41 was
also demonstrated by blocking its inhibitory activity by peptides
derived from the TMD of gp41. The TMD is thought to be a possible
second site in gp41 for Fuzeon binding [68].

5.3. Targeting the cell membrane

It has been demonstrated that the forces governing protein–
protein interactions in a membrane environment are different from
those in a solution environment. Specifically, the constraints involving
specific recognition based on chirality are not necessarily applicable
[22,69]. Based on this knowledge, Fuzeon variants with substitutions
to D-amino acids in either their N- or C-termini were designed [70]. It
was shown that substitution in the N-terminal region of the peptide
severely decreased the ability of the variant to inhibit fusion, while
such substitution in the C-terminus did not. This demonstrated the
involvement of the C-terminal region in membrane binding. Addition-
ally, monitoring the changes in membrane dipole potential demon-
strated an interaction of Fuzeon with erythrocyte and lymphocyte
membranes [71].

Strong evidence for the membrane binding ability of the peptide
was provided in a study published in 2007 [72]. Therein, the entire C-
terminal region of the peptide was truncated leading to loss of
activity. Strikingly however, replacement of the truncated amino acids
with a fatty acid resulted in the recovery of the activity. The activity of
the conjugated peptide correlated to the fatty acid carbon chain
length, to its concentration on cells, and to the directionality of fatty
acid conjugation (N- or C-terminus). The studies involving fatty
acid conjugation to Fuzeon variants [72,73] demonstrated that the
nC-terminal region of the peptide functions also as an anchor to the
cell membrane enabling its N-terminus to inhibit fusion by interacting
with the endogenous NHR coiled-coil.

5.4. Targeting the gp120 co-receptor binding sequence

The involvement of gp120 in the susceptibility to Fuzeon is
supported by several lines of evidence. A reduced susceptibility to the
peptide was demonstrated by chimeric viruses containing a CCR5 V3
loop compared with the CXCR4 parent strains [74,75]. The authors
speculated that a reasonable explanation to these results would be
that the affinity of gp120 to the co-receptor governs the length of time
in which the C-inhibitory peptides can bind their NHR targets. Indeed,
later on, it was revealed that the sensitivity to Fuzeon and a co-
receptor antagonist is modulated by two determinants: the affinity of
the gp120 co-receptor interaction, and the availability or expression
level of the co-receptor [65]. These in turn correlated to the fusion
kinetics. These results confirmed previous speculation that co-
receptor affinity and expression level modulate the kinetic window
in which the ENV is sensitive to Fuzeon. Additionally, in 2004 it was
observed that in some HIV-1 patients prior to peptide treatment,
resistant strains emerged. These strains did not contain anymutations
in the NHR in contrast to a number of substitutions in the CHR and
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MPER [76]. It was established that the inhibitory capability of the
peptide does not merely depend on the CHR affinity to the NHR but
rather involves other thermodynamic determinants. The authors
hypothesized that the resistance mechanism of these virus strains
depends on reducing the pre-hairpin conformation time window.
They suggested a model in which sequences from both gp120 (co-
receptor binding regions) and gp41 modulate the kinetics of six helix
bundle formation thereby shortening the time in which the CHR-
peptides can interact with their NHR targets. Fuzeon was able to block
the interaction of gp120–CD4 complexes with the CXCR4 co-receptor
[77] and peptides derived from the co-receptor binding site in gp120
competitively inhibited the activity of Fuzeon [68,78]. These results
help to explain the increased sensitivity of CXCR4-specific HIV-1
isolates to Fuzeon and propose the co-receptor binding site in gp120
as a target for the peptide during viral entry.

5.5. Targeting the N-terminus of gp41

The C-terminus of Fuzeon overlaps with the hydrophobic MPER
which contains the epitope for the 2F5 monoclonal antibody. A crystal
structure of the monoclonal antibody 2F5 bound to its corresponding
epitope demonstrated that this binding is based on electrostatic
interactions creating an elongated structure [52]. This type of
interaction produces a highly unbound hydrophobic face of the
epitope. The authors suggested that this hydrophobic face is occluded
by other hydrophobic gp41 regions. Later, several studies provided
evidence that the interaction between FP or its proximal region and
the MPER domains of gp41 increased the efficacy of 2F5 binding to its
MPER epitope [24,32]. These observations suggest the N-terminus of
gp41 as a potential target for Fuzeon during viral entry. Fuzeon may
prevent the self-interaction of the N-terminus of gp41 in the early
fusion steps while gp41 is extended; alternatively, it may block the
interaction of the MPERwith the N-terminus of gp41 in the late fusion
steps.

6. HIV-1 fusion inhibitors are important candidates in AIDS therapy

Fuzeon was approved as a drug by the food and drug administra-
tion (FDA) in March 2003 [79]. It created a new therapeutic category
of anti HIV-1 drugs: entry inhibitors [80]. It shows good antiviral
potency and long-term safety in clinical use. However, it must be
subcutaneously injected twice a day, which is highly inconvenient.
The virus exhibited wide ranging susceptibilities to Fuzeon, and the
compound has a relatively low genetic barrier for resistance.
Therefore, it should only be applied as part of a combinatorial drug
application with others antiretroviral agents [81].

Recent progress in the field of HIV therapy has led to alternative
entry inhibitor compounds that are generally divided into three
classes: (i) attachment inhibitors, (ii) co-receptor binding inhibitors,
and (iii) fusion inhibitors. Many of these inhibitors are at different
stages in clinical trials [82]. Until now, fusion inhibitors have been the
most successful and promising class of HIV entry inhibitors. For
several compounds, the identified targets are regions within the
ectodomain of gp41. In addition to the first generation fusion
inhibitor, Fuzeon, a rational peptide design approach has led to
other attractive peptides. The second generation fusion inhibitor T-
1249was designed from the CHR region. It is more potent than Fuzeon
and preserves its potency to Fuzeon resistant strains [83]. Recently, a
series of more potent third generation fusion inhibitors were
designed. These include T-2635, which has an improved helical
structure that increases stability and activity against both wild type
HIV-1 and fusion inhibitor resistant variants [84,85]. A natural HIV-1
inhibitor, designated as VIRIP, was recently discovered. This is a 20-
residue peptide which targets gp41 fusion peptide. The peptide is
potent against a wide variety of HIV-1 strains including those resistant
to current antiretroviral drugs [86]. Clinical trials with VIRIP provides
a proof of concept that fusion peptide inhibitors suppress viral
infection in human patients, and offer prospects for the development
of a new class of drugs that prevent the virus from anchoring to and
infecting host cells [87].

7. Conclusions and prospects

Three decades have passed since the discovery of AIDS and still it is
amajor concern for public health. Its causing agent, the HIV retrovirus,
was detected and was extensively studied throughout the years to
seek how it spreads the disease. In order to start an infection cycle, the
virus delivers its genetic material into the host cell by merging both
viral and host cell membranes into one. This step is orchestrated by
the trimeric HIV ENV similarly to many other viruses. Its peripheral
subunit, gp120, mediates host tropism, while its transmembrane
subunit, gp41, mediates the actual membrane fusion. Compounds that
interfere with membrane fusion induced by viruses are important to
reveal themechanism of this process, and to develop drugs that would
inhibit it. The discovery of gp41 derived peptide, Fuzeon, led to a
successful achievement of these two goals. Fuzeon was synthesized
from the C-terminal part of the ectodomain gp41. It was the first
peptide that showed very potent inhibition of HIV infection and
created a new therapeutic category of anti HIV-1 drugs: entry
inhibitors. Initially, it was believed that the sole inhibitionmechanism
of the peptide is targeting the NHR region of gp41 during the
formation of the pre-hairpin conformation. This would subsequently
prevent the formation of the hairpin conformation leading to
inhibition of membrane fusion. Only recently, accumulating evidence
suggest a multifaceted nature for Fuzeon in inhibiting HIV infection.

In this review we provided a comprehensive summary of the
different modes of action of Fuzeon, suggesting multiple targets on
the viral ENV because of its unique sequence (Fig. 3). The peptide's
sequence is comprised of two regions in gp41 (CHR and MPER) that
are important to its fusogenicity. Early on, it targets the gp120 co-
receptor binding sequence, blocking the interaction of gp120–CD4
complexes with the CXCR4 co-receptor. Later, it targets the NHR in
gp41 pre-hairpin conformation thus preventing the conversion into
the hairpin conformation. Lastly, it has an additional inhibitory mode
of action involving its C-terminal region and membrane binding. This
alternative mode of action might involve interfering with the
assembly of gp41 trimers (by binding the MPER region), thus
preventing fusion pore expansion to arrest the fusion process.

Fuzeon was approved by the FDA in 2003 for AIDS patients and
was considered a promising drug, but resistant strains quickly
emerged. Today there are alternative compounds that are at different
stages in clinical trials. Besides its important clinical contribution, the
discovery of this peptide heralded a new era of thinking within the
field of membrane proteins. The use of peptidic fragments from a
membrane protein that interfere with its function is now an emerging
and promising approach for understanding protein structure and
function.

Acknowledgments

We thank Winfried Weissenhorn for supplying the recent 3D
structure of gp41. Yechiel Shai has The Harold S. and Harriet B. Brady
Professorial Chair in Cancer Research. This studywas supported by the
Israel Science Foundation.

References

[1] V. Quagliarello, The Acquired Immunodeficiency Syndrome: current status, Yale J.
Biol. Med. 55 (1982) 443–452.

[2] O.A. Strand, Acquired immunodeficiency syndrome (AIDS) in homosexual men—a
new public health concern, NIPH Ann. 5 (1982) 41–49.

[3] F. Barre-Sinoussi, J.C. Chermann, F. Rey, M.T. Nugeyre, S. Chamaret, J. Gruest, C.
Dauguet, C. Axler-Blin, F. Vezinet-Brun, C. Rouzioux, W. Rozenbaum, L.



2357A. Ashkenazi et al. / Biochimica et Biophysica Acta 1808 (2011) 2352–2358
Montagnier, Isolation of a T-lymphotropic retrovirus from a patient at risk for
acquired immune deficiency syndrome (AIDS), Science 220 (1983) 868–871.

[4] J.C. Chermann, F. Barre-Sinoussi, C. Dauguet, F. Brun-Vezinet, C. Rouzioux, W.
Rozenbaum, L. Montagnier, Isolation of a new retrovirus in a patient at risk for
acquired immunodeficiency syndrome, Antibiot. Chemother. 32 (1983) 48–53.

[5] R.C. Gallo, P.S. Sarin, E.P. Gelmann, M. Robert-Guroff, E. Richardson, V.S.
Kalyanaraman, D. Mann, G.D. Sidhu, R.E. Stahl, S. Zolla-Pazner, J. Leibowitch, M.
Popovic, Isolation of human T-cell leukemia virus in acquired immune deficiency
syndrome (AIDS), Science 220 (1983) 865–867.

[6] E. Acheampong, M. Rosario-Otero, R. Dornburg, R.J. Pomerantz, Replication of
lentiviruses, Front. Biosci. 8 (2003) s156–s174.

[7] E.A. Berger, P.M. Murphy, J.M. Farber, Chemokine receptors as HIV-1 coreceptors:
roles in viral entry, tropism, and disease, Annu. Rev. Immunol. 17 (1999) 657–700.

[8] R.A. Weiss, HIV receptors and cellular tropism, IUBMB Life 53 (2002) 201–205.
[9] A.C. Bailey, M. Fisher, Current use of antiretroviral treatment, Br. Med. Bull. 87

(2008) 175–192.
[10] D.E. Vance, Aging with HIV: clinical considerations for an emerging population,

Am. J. Nurs. 110 (2010) 42–47 quiz 48–49.
[11] Y. Pommier, A.A. Johnson, C. Marchand, Integrase inhibitors to treat HIV/AIDS, Nat.

Rev. Drug Discov. 4 (2005) 236–248.
[12] A. Basavapathruni, K.S. Anderson, Reverse transcription of the HIV-1 pandemic,

FASEB J. 21 (2007) 3795–3808.
[13] W. Weissenhorn, A. Dessen, L.J. Calder, S.C. Harrison, J.J. Skehel, D.C. Wiley,

Structural basis for membrane fusion by enveloped viruses, Mol. Membr. Biol. 16
(1999) 3–9.

[14] S.G. Peisajovich, Y. Shai, New insights into the mechanism of virus-induced
membrane fusion, Trends Biochem. Sci. 27 (2002) 183–190.

[15] R. Blumenthal, M.J. Clague, S.R. Durell, R.M. Epand, Membrane fusion, Chem. Rev.
103 (2003) 53–69.

[16] L.V. Chernomordik, M.M. Kozlov, Protein-lipid interplay in fusion and fission of
biological membranes, Annu. Rev. Biochem. 72 (2003) 175–207.

[17] P.M. Colman, M.C. Lawrence, The structural biology of type I viral membrane
fusion, Nat. Rev. Mol. Cell Biol. 4 (2003) 309–319.

[18] P. Zhu, J. Liu, J. Bess Jr., E. Chertova, J.D. Lifson, H. Grise, G.A. Ofek, K.A. Taylor, K.H.
Roux, Distribution and three-dimensional structure of AIDS virus envelope spikes,
Nature 441 (2006) 847–852.

[19] D.C. Chan, P.S. Kim, HIV entry and its inhibition, Cell 93 (1998) 681–684.
[20] C.C. LaBranche, G. Galasso, J.P. Moore, D.P. Bolognesi, M.S. Hirsch, S.M. Hammer,

HIV fusion and its inhibition, Antivir. Res. 50 (2001) 95–115.
[21] A. Finzi, S.H. Xiang, B. Pacheco, L. Wang, J. Haight, A. Kassa, B. Danek, M. Pancera,

P.D. Kwong, J. Sodroski, Topological layers in the HIV-1 gp120 inner domain
regulate gp41 interaction and CD4-triggered conformational transitions, Mol. Cell
37 (2010) 656–667.

[22] D. Gerber, M. Pritsker, S. Gunther-Ausborn, B. Johnson, R. Blumenthal, Y. Shai,
Inhibition of HIV-1 envelope glycoprotein-mediated cell fusion by a DL-amino
acid-containing fusion peptide: possible recognition of the fusion complex, J. Biol.
Chem. 279 (2004) 48224–48230.

[23] R.M. Epand, Fusion peptides and the mechanism of viral fusion, Biochim. Biophys.
Acta 1614 (2003) 116–121.

[24] U. Fiebig, M. Schmolke, M. Eschricht, R. Kurth, J. Denner, Mode of interaction
between the HIV-1-neutralizing monoclonal antibody 2F5 and its epitope, AIDS
23 (2009) 887–895.

[25] D.M. Eckert, P.S. Kim, Design of potent inhibitors of HIV-1 entry from the gp41 N-
peptide region, Proc. Natl Acad. Sci. USA 98 (2001) 11187–11192.

[26] Y. Wexler-Cohen, Y. Shai, Membrane-anchored HIV-1 N-heptad repeat peptides
are highly potent cell fusion inhibitors via an altered mode of action, PLoS Pathog.
5 (2009) e1000509.

[27] Y. Wexler-Cohen, A. Ashkenazi, M. Viard, R. Blumenthal, Y. Shai, Virus–cell and
cell–cell fusion mediated by the HIV-1 envelope glycoprotein is inhibited by short
gp41 N-terminal membrane-anchored peptides lacking the critical pocket
domain, FASEB J. 24 (2010) 4196–4202.

[28] A.K. Bellamy-McIntyre, S. Bar, L. Ludlow, H.E. Drummer, P. Poumbourios, Role for
the disulfide-bonded region of human immunodeficiency virus type 1 gp41 in
receptor-triggered activation of membrane fusion function, Biochem. Biophys.
Res. Commun. 394 (2010) 904–908.

[29] A. Ashkenazi, M. Viard, Y. Wexler-Cohen, R. Blumenthal, Y. Shai, Viral envelope
protein folding and membrane hemifusion are enhanced by the conserved loop
region of HIV-1 gp41, FASEB J. 25 (2011) 2156–2166.

[30] Z. Qi, W. Shi, N. Xue, C. Pan, W. Jing, K. Liu, S. Jiang, Rationally designed anti-HIV
peptides containing multifunctional domains as molecule probes for studying the
mechanisms of action of the first and second generation HIV fusion inhibitors, J.
Biol. Chem. 283 (2008) 30376–30384.

[31] S. Liu, W. Jing, B. Cheung, H. Lu, J. Sun, X. Yan, J. Niu, J. Farmar, S. Wu, S. Jiang,
HIV gp41 C-terminal heptad repeat contains multifunctional domains. Relation
to mechanisms of action of anti-HIV peptides, J. Biol. Chem. 282 (2007)
9612–9620.

[32] M. Lorizate, I. de la Arada, N. Huarte, S. Sanchez-Martinez, B.G. de la Torre, D.
Andreu, J.L. Arrondo, J.L. Nieva, Structural analysis and assembly of the HIV-1
Gp41 amino-terminal fusion peptide and the pretransmembrane amphipathic-at-
interface sequence, Biochemistry 45 (2006) 14337–14346.

[33] V. Buzon, G. Natrajan, D. Schibli, F. Campelo, M.M. Kozlov, W. Weissenhorn,
Crystal structure of HIV-1 gp41 including both fusion peptide and membrane
proximal external regions, PLoS Pathog. 6 (2010) e1000880.

[34] L. Yue, L. Shang, E. Hunter, Truncation of themembrane-spanning domain of human
immunodeficiency virus type 1 envelope glycoprotein defines elements required for
fusion, incorporation, and infectivity, J. Virol. 83 (2009) 11588–11598.
[35] S. Wyss, A.S. Dimitrov, F. Baribaud, T.G. Edwards, R. Blumenthal, J.A. Hoxie,
Regulation of human immunodeficiency virus type 1 envelope glycoprotein
fusion by a membrane-interactive domain in the gp41 cytoplasmic tail, J. Virol. 79
(2005) 12231–12241.

[36] D.M. Eckert, P.S. Kim, Mechanisms of viral membrane fusion and its inhibition,
Annu. Rev. Biochem. 70 (2001) 777–810.

[37] M.P. Chien, S. Jiang, D.K. Chang, The function of coreceptor as a basis for the kinetic
dissection of HIV type 1 envelope protein-mediated cell fusion, FASEB J. 22 (2008)
1179–1192.

[38] R.A. Furuta, C.T. Wild, Y. Weng, C.D. Weiss, Capture of an early fusion-active
conformation of HIV-1 gp41, Nat. Struct. Biol. 5 (1998) 276–279.

[39] K. Salzwedel, E.A. Berger, Cooperative subunit interactions within the oligomeric
envelope glycoprotein of HIV-1: functional complementation of specific defects in
gp120 and gp41, Proc. Natl Acad. Sci. USA 97 (2000) 12794–12799.

[40] K. Sackett, Y. Shai, How structure correlates to function for membrane associated
HIV-1 gp41 constructs corresponding to the N-terminal half of the ectodomain, J.
Mol. Biol. 333 (2003) 47–58.

[41] G.B. Melikyan, M. Egelhofer, D. von Laer, Membrane-anchored inhibitory peptides
capture human immunodeficiency virus type 1 gp41 conformations that engage
the target membrane prior to fusion, J. Virol. 80 (2006) 3249–3258.

[42] D.C. Chan, D. Fass, J.M. Berger, P.S. Kim, Core structure of gp41 from the HIV
envelope glycoprotein, Cell 89 (1997) 263–273.

[43] W. Weissenhorn, A. Dessen, S.C. Harrison, J.J. Skehel, D.C. Wiley, Atomic structure
of the ectodomain from HIV-1 gp41, Nature 387 (1997) 426–430.

[44] I. Munoz-Barroso, S. Durell, K. Sakaguchi, E. Appella, R. Blumenthal, Dilation of the
human immunodeficiency virus-1 envelope glycoprotein fusion pore revealed by
the inhibitory action of a synthetic peptide from gp41, J. Cell Biol. 140 (1998)
315–323.

[45] E.L. Delwart, G. Mosialos, T. Gilmore, Retroviral envelope glycoproteins contain a
“leucine zipper”-like repeat, AIDS Res. Hum. Retroviruses 6 (1990) 703–706.

[46] C. Wild, T. Oas, C. McDanal, D. Bolognesi, T. Matthews, A synthetic peptide
inhibitor of human immunodeficiency virus replication: correlation between
solution structure and viral inhibition, Proc. Natl Acad. Sci. USA 89 (1992)
10537–10541.

[47] S. Jiang, K. Lin, N. Strick, A.R. Neurath, HIV-1 inhibition by a peptide, Nature 365
(1993) 113.

[48] S. Jiang, K. Lin, N. Strick, A.R. Neurath, Inhibition of HIV-1 infection by a fusion
domain binding peptide from the HIV-1 envelope glycoprotein GP41, Biochem.
Biophys. Res. Commun. 195 (1993) 533–538.

[49] C.T. Wild, D.C. Shugars, T.K. Greenwell, C.B. McDanal, T.J. Matthews, Peptides
corresponding to a predictive alpha-helical domain of human immunodeficiency
virus type 1 gp41 are potent inhibitors of virus infection, Proc. Natl Acad. Sci. USA
91 (1994) 9770–9774.

[50] J.M. Kilby, S. Hopkins, T.M. Venetta, B. DiMassimo, G.A. Cloud, J.Y. Lee, L. Alldredge,
E. Hunter, D. Lambert, D. Bolognesi, T. Matthews, M.R. Johnson, M.A. Nowak, G.M.
Shaw, M.S. Saag, Potent suppression of HIV-1 replication in humans by T-20, a
peptide inhibitor of gp41-mediated virus entry, Nat. Med. 4 (1998) 1302–1307.

[51] D.C. Chan, C.T. Chutkowski, P.S. Kim, Evidence that a prominent cavity in the
coiled coil of HIV type 1 gp41 is an attractive drug target, Proc. Natl Acad. Sci. USA
95 (1998) 15613–15617.

[52] G. Ofek, M. Tang, A. Sambor, H. Katinger, J.R. Mascola, R. Wyatt, P.D. Kwong,
Structure and mechanistic analysis of the anti-human immunodeficiency virus
type 1 antibody 2F5 in complex with its gp41 epitope, J. Virol. 78 (2004)
10724–10737.

[53] S. Zolla-Pazner, Identifying epitopes of HIV-1 that induce protective antibodies,
Nat. Rev. Immunol. 4 (2004) 199–210.

[54] Z. Biron, S. Khare, S.R. Quadt, Y. Hayek, F. Naider, J. Anglister, The 2F5 epitope is
helical in the HIV-1 entry inhibitor T-20, Biochemistry 44 (2005) 13602–13611.

[55] K. Salzwedel, J.T. West, E. Hunter, A conserved tryptophan-rich motif in the
membrane-proximal region of the human immunodeficiency virus type 1 gp41
ectodomain is important for Env-mediated fusion and virus infectivity, J. Virol. 73
(1999) 2469–2480.

[56] A. Saez-Cirion, J.L. Arrondo, M.J. Gomara, M. Lorizate, I. Iloro, G. Melikyan, J.L.
Nieva, Structural and functional roles of HIV-1 gp41 pretransmembrane sequence
segmentation, Biophys. J. 85 (2003) 3769–3780.

[57] G. Zanetti, J.A. Briggs, K. Grunewald, Q.J. Sattentau, S.D. Fuller, Cryo-electron
tomographic structure of an immunodeficiency virus envelope complex in situ,
PLoS Pathog. 2 (2006).

[58] M.K. Lawless, S. Barney, K.I. Guthrie, T.B. Bucy, S.R. Petteway Jr., G. Merutka, HIV-1
membrane fusion mechanism: structural studies of the interactions between
biologically-active peptides from gp41, Biochemistry 35 (1996) 13697–13708.

[59] L.T. Rimsky, D.C. Shugars, T.J. Matthews, Determinants of human immunodefi-
ciency virus type 1 resistance to gp41-derived inhibitory peptides, J. Virol. 72
(1998) 986–993.

[60] X. Wei, J.M. Decker, H. Liu, Z. Zhang, R.B. Arani, J.M. Kilby, M.S. Saag, X. Wu, G.M.
Shaw, J.C. Kappes, Emergence of resistant human immunodeficiency virus type 1
in patients receiving fusion inhibitor (T-20) monotherapy, Antimicrob. Agents
Chemother. 46 (2002) 1896–1905.

[61] V.D. Trivedi, S.F. Cheng, C.W.Wu, R. Karthikeyan, C.J. Chen, D.K. Chang, The LLSGIV
stretch of the N-terminal region of HIV-1 gp41 is critical for binding to a model
peptide, T20, Protein Eng. 16 (2003) 311–317.

[62] M. Mink, S.M. Mosier, S. Janumpalli, D. Davison, L. Jin, T. Melby, P. Sista, J. Erickson,
D. Lambert, S.A. Stanfield-Oakley, M. Salgo, N. Cammack, T. Matthews, M.L.
Greenberg, Impact of human immunodeficiency virus type 1 gp41 amino acid
substitutions selected during enfuvirtide treatment on gp41 binding and antiviral
potency of enfuvirtide in vitro, J. Virol. 79 (2005) 12447–12454.



2358 A. Ashkenazi et al. / Biochimica et Biophysica Acta 1808 (2011) 2352–2358
[63] D. Eggink, J.P. Langedijk, A.M. Bonvin, Y. Deng, M. Lu, B. Berkhout, R.W. Sanders,
Detailed mechanistic insights into HIV-1 sensitivity to three generations of fusion
inhibitors, J. Biol. Chem. 284 (2009) 26941–26950.

[64] N.R. Kilgore, K. Salzwedel, M. Reddick, G.P. Allaway, C.T. Wild, Direct evidence that
C-peptide inhibitors of human immunodeficiency virus type 1 entry bind to the
gp41 N-helical domain in receptor-activated viral envelope, J. Virol. 77 (2003)
7669–7672.

[65] J.D. Reeves, S.A. Gallo, N. Ahmad, J.L. Miamidian, P.E. Harvey, M. Sharron, S.
Pohlmann, J.N. Sfakianos, C.A. Derdeyn, R. Blumenthal, E. Hunter, R.W. Doms,
Sensitivity of HIV-1 to entry inhibitors correlates with envelope/coreceptor
affinity, receptor density, and fusion kinetics, Proc. Natl Acad. Sci. USA 99 (2002)
16249–16254.

[66] Y. Kliger, S.A. Gallo, S.G. Peisajovich, I. Munoz-Barroso, S. Avkin, R. Blumenthal, Y.
Shai, Mode of action of an antiviral peptide from HIV-1. Inhibition at a post-lipid
mixing stage, J. Biol. Chem. 276 (2001) 1391–1397.

[67] S. Bar, M. Alizon, Role of the ectodomain of the gp41 transmembrane envelope
protein of human immunodeficiency virus type 1 in late steps of the membrane
fusion process, J. Virol. 78 (2004) 811–820.

[68] S. Liu, H. Lu, J. Niu, Y. Xu, S. Wu, S. Jiang, Different from the HIV fusion inhibitor
C34, the anti-HIV drug fuzeon (T-20) inhibits HIV-1 entry by targeting multiple
sites in gp41 and gp120, J. Biol. Chem. 280 (2005) 11259–11273.

[69] N. Sal-Man, D. Gerber, Y. Shai, Hetero-assembly between all-L- and all-D-amino
acid transmembrane domains: forces involved and implication for inactivation of
membrane proteins, J. Mol. Biol. 344 (2004) 855–864.

[70] Y. Wexler-Cohen, B.T. Johnson, A. Puri, R. Blumenthal, Y. Shai, Structurally altered
peptides reveal an important role for N-terminal heptad repeat binding and stability
in the inhibitory actionofHIV-1peptideDP178, J. Biol. Chem. 281 (2006)9005–9010.

[71] P.M. Matos, M.A. Castanho, N.C. Santos, HIV-1 fusion inhibitor peptides
enfuvirtide and T-1249 interact with erythrocyte and lymphocyte membranes,
PLoS One 5 (2010) e9830.

[72] Y. Wexler-Cohen, Y. Shai, Demonstrating the C-terminal boundary of the HIV 1
fusion conformation in a dynamic ongoing fusion process and implication for
fusion inhibition, FASEB J. 21 (2007) 3677–3684.

[73] S.G. Peisajovich, S.A. Gallo, R. Blumenthal, Y. Shai, C-terminal octylation rescues an
inactive T20 mutant - Implications for the mechanism of HIV/simian immunode-
ficiency virus-induced membrane fusion, J. Biol. Chem. 278 (2003) 21012–21017.

[74] C.A. Derdeyn, J.M. Decker, J.N. Sfakianos, X. Wu, W.A. O'Brien, L. Ratner, J.C.
Kappes, G.M. Shaw, E. Hunter, Sensitivity of human immunodeficiency virus type
1 to the fusion inhibitor T-20 is modulated by coreceptor specificity defined by the
V3 loop of gp120, J. Virol. 74 (2000) 8358–8367.

[75] C.A. Derdeyn, J.M. Decker, J.N. Sfakianos, Z. Zhang, W.A. O'Brien, L. Ratner, G.M.
Shaw, E. Hunter, Sensitivity of human immunodeficiency virus type 1 to fusion
inhibitors targeted to the gp41 first heptad repeat involves distinct regions of
gp41 and is consistently modulated by gp120 interactions with the coreceptor, J.
Virol. 75 (2001) 8605–8614.
[76] M.L. Heil, J.M. Decker, J.N. Sfakianos, G.M. Shaw, E. Hunter, C.A. Derdeyn,
Determinants of human immunodeficiency virus type 1 baseline susceptibility to
the fusion inhibitors enfuvirtide and T-649 reside outside the peptide interaction
site, J. Virol. 78 (2004) 7582–7589.

[77] W. Yuan, S. Craig, Z. Si, M. Farzan, J. Sodroski, CD4-induced T-20 binding to human
immunodeficiency virus type 1 gp120 blocks interaction with the CXCR4
coreceptor, J. Virol. 78 (2004) 5448–5457.

[78] S.M. Alam, C.A. Paleos, H.X. Liao, R. Scearce, J. Robinson, B.F. Haynes, An inducible
HIV type 1 gp41 HR-2 peptide-binding site on HIV type 1 envelope gp120, AIDS
Res. Hum. Retroviruses 20 (2004) 836–845.

[79] D. Robertson, US FDA approves new class of HIV therapeutics, Nat. Biotechnol. 21
(2003) 470–471.

[80] M.J. Root, H.K. Steger, HIV-1 gp41 as a target for viral entry inhibition, Curr. Pharm.
Des. 10 (2004) 1805–1825.

[81] K. Qian, S.L. Morris-Natschke, K.H. Lee, HIV entry inhibitors and their potential in
HIV therapy, Med. Res. Rev. 29 (2009) 369–393.

[82] J.C. Tilton, R.W. Doms, Entry inhibitors in the treatment of HIV-1 infection, Antivir.
Res. 85 (2010) 91–100.

[83] J.P. Lalezari, N.C. Bellos, K. Sathasivam, G.J. Richmond, C.J. Cohen, R.A. Myers Jr.,
D.H. Henry, C. Raskino, T. Melby, H. Murchison, Y. Zhang, R. Spence, M.L.
Greenberg, R.A. Demasi, G.D. Miralles, T-1249 retains potent antiretroviral activity
in patients who had experienced virological failure while on an enfuvirtide-
containing treatment regimen, J. Infect. Dis. 191 (2005) 1155–1163.

[84] J.J. Dwyer, K.L. Wilson, D.K. Davison, S.A. Freel, J.E. Seedorff, S.A. Wring, N.A.
Tvermoes, T.J. Matthews, M.L. Greenberg, M.K. Delmedico, Design of helical,
oligomeric HIV-1 fusion inhibitor peptides with potent activity against enfuvir-
tide-resistant virus, Proc. Natl Acad. Sci. USA 104 (2007) 12772–12777.

[85] Y. He, Y. Xiao, H. Song, Q. Liang, D. Ju, X. Chen, H. Lu, W. Jing, S. Jiang, L. Zhang,
Design and evaluation of sifuvirtide, a novel HIV-1 fusion inhibitor, J. Biol. Chem.
283 (2008) 11126–11134.

[86] J. Munch, L. Standker, K. Adermann, A. Schulz, M. Schindler, R. Chinnadurai, S.
Pohlmann, C. Chaipan, T. Biet, T. Peters, B. Meyer, D. Wilhelm, H. Lu, W. Jing, S.
Jiang, W.G. Forssmann, F. Kirchhoff, Discovery and optimization of a natural HIV-1
entry inhibitor targeting the gp41 fusion peptide, Cell 129 (2007) 263–275.

[87] W.G. Forssmann, Y.H. The, M. Stoll, K. Adermann, U. Albrecht, K. Barlos, A.
Busmann, A. Canales-Mayordomo, G. Gimenez-Gallego, J. Hirsch, J. Jimenez-
Barbero, D. Meyer-Olson, J. Munch, J. Perez-Castells, L. Standker, F. Kirchhoff, R.E.
Schmidt, Short-term monotherapy in HIV-infected patients with a virus entry
inhibitor against the gp41 fusion peptide, Sci. Transl. Med. 2 (2010) 63re63.

[88] J.M. White, Membrane fusion, Science 258 (1992) 917–924.
[89] M. Lu, S.C. Blacklow, P.S. Kim, A trimeric structural domain of the HIV-1

transmembrane glycoprotein, Nat. Struct. Biol. 2 (1995) 1075–1082.
[90] Y. Okumura, M. Yano, M. Murakami, S. Mori, T. Towatari, H. Kido, The extracellular

processing of HIV-1 envelope glycoprotein gp160 by human plasmin, FEBS Lett.
442 (1999) 39–42.


	Multifaceted action of Fuzeon as virus–cell membrane fusion inhibitor
	1. Introduction
	2. HIV entry into target cells
	3. The discovery of Fuzeon
	4. Fuzeon comprises a unique sequence location
	4.1. The CHR region
	4.2. The MPER

	5. The molecular targets and inhibition mechanism of Fuzeon
	5.1. Targeting the NHR region of gp41 and acquiring viral resistance
	5.2. Targeting other regions in gp41
	5.3. Targeting the cell membrane
	5.4. Targeting the gp120 co-receptor binding sequence
	5.5. Targeting the N-terminus of gp41

	6. HIV-1 fusion inhibitors are important candidates in AIDS therapy
	7. Conclusions and prospects
	Acknowledgments
	References


