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Abstract
Human immunodeficiency virus type 1 (HIV-1), the pathogen of acquired immunodeficiency
syndrome (AIDS), causes ~2 millions death every year and still defies an effective vaccine. HIV-1
infects host cells through envelope protein – mediated virus-cell fusion. The transmembrane
subunit of envelope protein, gp41, is the molecular machinery which facilitates fusion. Its
ectodomain contains several distinguishing functional domains, fusion peptide (FP), N-terminal
heptad repeat (NHR), C-terminal heptad repeat (CHR) and membrane proximal extracellular
region (MPER). During the fusion process, FP inserts into the host cell membrane, and an
extended gp41 prehairpin conformation bridges the viral and cell membranes through MPER and
FP respectively. Subsequent conformational change of the unstable prehairpin results in a coiled-
coil 6-helix bundle (6HB) structure formed between NHR and CHR. The energetics of 6HB
formation drives membrane apposition and fusion. Drugs targeting gp41 functional domains to
prevent 6HB formation inhibit HIV-1 infection. T20 (enfuvirtide, Fuzeon) was approved by the
US FDA in 2003 as the first fusion inhibitor. It is a 36-residue peptide from the gp41 CHR, and it
inhibits 6HB formation by targeting NHR and lipids. Development of new fusion inhibitors,
especially small molecule drugs, is encouraged to overcome the shortcomings of T20 as a peptide
drug. Hydrophobic characteristics and membrane association are critical for gp41 function and
mechanism of action. Research in gp41-membrane interactions, using peptides corresponding to
specific functional domains, or constructs including several interactive domains, are reviewed here
to get a better understanding of gp41 mediated virus-cell fusion that can inform or guide the
design of new HIV-1 fusion inhibitors.

Introduction
Human immunodeficiency virus type 1 (HIV-1) is the pathogen of acquired
immunodeficiency syndrome (AIDS), which has caused ~60 million infections and ~25
million deaths worldwide since the disease was first identified in the early 1980s [1–3].
Currently, ~33 million people live with HIV-1/AIDS with another 2 million new infections
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added yearly, resulting in more than 2 million deaths every year. In the absence of an
efficient vaccine in the foreseeable future, antiretroviral therapy (ART), which uses
synthetic drugs to prevent the development of AIDS, is the only effective way to treat
persons infected with HIV-1 [4]. Currently ~30 antiretroviral drugs are in use for treatment
of HIV/AIDS patients, including nucleotide reverse transcriptase inhibitors (NRTI) [5, 6],
non-nucleotide reverse transcriptase inhibitors (NNRTI) [7], protease inhibitors (PI) [8, 9],
entry/fusion inhibitors [10, 11], and integrase inhibitors [12].

The main challenge to ART is the superior plasticity of the HIV-1 genome and amino acid
sequences and the resulting drug resistance which is usually observed at the clinical trial
stage and can develop rapidly in patients treated with single drug. The introduction of highly
active antiretroviral therapy (HAART), also name cocktail therapy in 1990s [13–15],
fundamentally changed the nature of HIV-1/AIDS treatment. Under the HAART regimen,
drugs from at least two different classes were recommended. Essentially, it is very hard for
viruses to develop resistance against drugs used simultaneously against different targets. As
a result, HAART could effectively prevent the development of full-blown AIDS in HIV-1
infected patients under proper treatment and with good patient adherence. Now, persons
infected with HIV-1 in the developed world have an expected lifespan close to that of
healthy individuals [4]. Because HIV-1 infection is a permanent infection, drug resistance to
most available drugs is always possible [16]. Consequently, there is a constant requirement
for new drugs, especially new classes of drugs targeting previously unexploited targets. The
side effects of the currently used drugs and the high cost of currently available HAART
regimens (~10,000 USD/year/patient) also encourage drug developers to provide less toxic
and cheaper antiretroviral drugs [17, 18].

HIV-1 uses a class I fusion protein to enter and infect host cells [19–21]. The fusion
machinery HIV-1 envelope protein (ENV) is a complex of non-covalently associated 120
and 41 kilo-Dalton (kD) glycoproteins (gp120 and gp41, respectively). The complex forms a
trimer on the HIV surface, with the trimerized metastable gp41 transmembrane subunit
sequestered by three gp120 surface subunits. The fusion process is initiated by the binding
of HIV-1 gp120 to the primary receptor, CD4, and a co-receptor, CCR5 or CXC4 on the
target cell. Receptor and co-receptor binding guides the HIV-1 virion close to the target cell.
Receptor binding also causes large conformational changes of gp120, resulting in
dissociation of the gp120/gp41 complex and subsequent release of metastable gp41,
initiating virus-cell fusion by gp41 ectodomain. Gp41 ectodomain contains several
distinguishing functional domains, including fusion peptide (FP), N-terminal heptad repeat
(NHR), C-terminal heptad repeat (CHR), and membrane proximal extracellular region
(MPER) (Figure 1). In the fusion process, FP first inserts into the target cell membrane to
form an extended prehairpin conformation with the C-terminal MPER rooted in the viral
membrane; thus gp41 bridges the viral and target cell membranes (Figure 1). The pre-fusion
structure undergoes further conformational change with the CHR folding back along the
NHR to form a coiled-coil six-helix bundle (6HB) structure. The energetics of 6HB
formation drives the apposition of viral and host cell membranes and results in fusion.
Fusion inhibitors, targeting gp41 functional domains to prevent the 6HB formation and
terminate the HIV-1-cell fusion process, can be used as drugs to prevent HIV-1 infection.

Peptides derived from gp41 NHR or CHR sequences inhibit HIV-1 infection by interaction
with their counterparts in gp41 [22, 23]. The first reported peptide fusion inhibitor was
DP107 (16, gp41553–590), an NHR peptide [24], followed by more potent CHR peptides
SJ2176 (26, gp41630–659) [25, 26], and DP178 (29, gp41638–673) [27, 28]. In 1997, the X-ray
structure of HIV-1 gp41 fusion core was resolved showing a 6HB consisting of three NHRs
that form the inner core and three CHRs that are associated with the NHRs in anti-parallel
fashion [29–31]. Based on the 6HB core structure, the mechanism of action for this new
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class of anti-HIV drugs was proposed: by forming unproductive 6HB, the viral-cell fusion
process is inhibited, thus preventing HIV-1 infection. The crystallographic structure also
showed that the NHR inner core has a deep pocket which interacts critically with CHR, and
can therefore be a target for small molecule fusion inhibitors [32].

DP178 (29), later named T20 (29) (brand name: Fuzeon, generic name: enfuvirtide), was
approved by the U.S. FDA in 2003 as the first fusion inhibitor [10, 11, 33]. Fusion inhibitors
interfere with virus-cell membrane fusion and prevent the virus from infecting the target
cells, an earlier HIV-1 life cycle process than NRTI/NNRTI and PI. Thus they are
considered more effective in preventing and stopping HIV-1 infections. Also, since new
targets are exploited, this class of ART is more effective against HIV-1 strains in NRTI/
NNRTI - and PI- experienced patients [23, 34].

T20 (29) is the only currently approved drug targeting gp41; the high cost and
inconvenience of twice daily injection of the peptide drug prevents it from being considered
as a regular ART drug [34]. Development of new drugs targeting gp41 that overcome the
limitation of T20 (29) is of significant importance. NHR and CHR are still the most
intensively investigated targets in gp41 [3, 35–58]. Other less exploited functional domains,
such as FP [59], MPER [60], and a loop region between NHR and CHR [61], are also
potential targets for fusion inhibitors.

As a membrane interacting protein, hydrophobicity and hydrophobic interactions of gp41
are critical for its function. FP and MPER have a direct interaction with virus or cell
membrane; the membrane properties also have profound effects on the fusion processes
involving the HIV-1 gp41 ectodomain and beyond. Understand these interactions may
provide new insight towards fully understanding the mechanism of virus-cell fusion. Also
the gp41 membrane interaction may provide new targets for HIV fusion inhibitor design.
For this purpose, we review the recent developments in gp41-membrane interactions.

1. Methods used for characterization of gp41-membrane interactions
HIV-1 gp41-membrane interactions have been extensively studies by using model peptides
from HIV-1 gp41 as well as biomembranes or their mimetics of various types, and their
interactions were characterized by different biochemical and biophysical methods. An
overview of methods used for gp41 – membrane interaction is depicted in Figure 2, and a
detailed description of the different methods is presented below. Abbreviations for
techniques, lipids, and peptide domains are delineated in full in the Abbreviations section at
the end of this review.

1.1 Peptides and membrane mimetics used for gp41-membrane interaction
The peptides used for gp41-membrane interaction studies include model peptides
corresponding to a specific HIV-1 gp41 functional domain, well characterized peptide
fusion inhibitors, lipopeptides [55, 62–64], and gp41 constructs containing several
interactive functional domains up to full length gp41 ectodomain (Tables 1 – 5). Liposomes
of various lipid compositions have been prepared to mimic the viral or cellular membrane
for studying lipid interaction with gp41 peptides. Liposomes can be constructed bearing
different net charge by adding charged lipids. Membrane fluidity can be modulated by
altering the gel to liquid crystalline phase transition temperature using different percentages
of cholesterol or lipids of different chain lengths.

1.2 Peptide-liposome binding assays
Peptide-liposome interactions can be quantified by their binding affinity in the form of
association or dissociation constants, and the partition coefficient of peptide between
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solution and liposome. The binding affinity can be determined directly by using isothermal
titration calorimetry (ITC) or surface plasma resonance (SPR) without using a probe [65,
66], although the measurements require expertise in sample preparation and data analysis.
Fluorescence measurement provides a fast way to quantify peptide-liposome binding. The
intrinsic tryptophan fluorescence of most proteins and peptides (excitation at 280 nm,
emission at 330–355nm) is sensitive to liposome membrane binding through the change in
the hydrophobic environment of the tryptophan indole ring. This effect results in
fluorescence intensity enhancement, fluorescence life time change, and a shift of the
emission peak from ~350 nm when fully exposed in solution to shorter wavelengths (blue
shift). Through monitoring the fluorescence property changes of a fixed concentration of
peptide with different concentrations of liposomes, a binding isotherm can be obtained, from
which the association or dissociation constants between peptides and liposomes, and the
partition coefficient of peptide between solution and the liposome, can be calculated [67–
69].

Most fusion peptides lack a tryptophan residue which can be engineered into the peptide
sequence used for binding studies [67]. Another choice is to use fluorescently labeled
peptide such as 4-fluoro-7- nitrobenz-2-oxa-1,3-diazole (NBD) labeled peptide. In buffer,
NBD-labeled peptides exhibited emission spectra similar to the NBD moiety dissolved in
water with low intensity and an emission peak at ~549 nm; in membrane environment, the
fluorescence intensity increased by ~10-fold concomitant with a blue shift with an emission
peak at ~520 nm [70, 71].

Other methods, such as using fluorescein-phosphatidylethanolamine (FPE) as probe [72–
74], or Förster resonance energy-transfer (FRET) between tryptophan of the proteins or
peptides and a N-(5-dimethylamino naphthalene-1-sulfonyl)-sn-glycero-3-
phosphoethanolamine (DNS-PE) probe included in the liposome, were also reported to study
peptide liposome binding [71].

1.3 Lipid mixing and fusion assays
Lipid mixing is the first step of the liposome fusion process. The potency of peptide -
induced lipid mixing is assumed to be correlated to its fusogenic activity. FRET between
NBD and rhodamine (Rho) fluorescence dye has been widely used for a lipid mixing assay.
Liposomes were pre-labeled with NBD-dioleoylphosphatidylethanolamine (PE) or Rho-PE,
and the two differently labeled liposomes were co-incubated with peptides. When lipid
mixing occurred, FRET was detected between Rho-PE and NBD-PE in the merged
liposome. For both lipid mixing and leakage assays, liposomes in 2% Triton X-100 were
usually used as a control for complete membrane fusion and leakage [68–70, 72–80].

A self quenching lipid soluble fluorescence probe, octadecyl rhodamine chloride B (R18,
excitation at 560 nm, emission at 590 nm), was also used for a lipid mixing assay [81].
Labeled liposomes were prepared by incorporating R18 in dry lipid film at a concentration
5% of the total lipid weight. Labeled and unlabeled liposomes were mixed at a weight ratio
1:4, respectively. Fluorescence intensity enhancement resulting from the dilution of R18 in
liposomes indicated lipid mixing.

1.4 Lipid leakage and content mixing assays
Lipid content leakage can be monitored using de-quenching of fluorescence probe enclosed
in the liposome. Self quenching of high concentrations of carboxyfluorescein (CF) occurred
with liposome inclusion, and was reversed upon leakage of CF from the liposomes, resulting
in an increased fluorescence intensity indicating the extent of lipid leakage [74, 77]. FRET
quenched fluorescence dyes pairs were also used, such as 8-Aminonaphthalene-1,3,6-
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trisulfonic acid sodium salt (ANTS)/p-xylyl enebis[pyridinium] bromide (DPX) [68, 80, 82],
and 8-hydroxypyrene- 1,3,6-trisulfonic acid (HPTS)/DPX [81, 83].

1.5 Lipid aggregation assays
Lipid mixing and fusion also cause aggregation of liposomes or change the morphology of
the liposome membrane. Lipid aggregation can result in cloudiness of the solution, changing
the light scattering property of the solution, which can be characterized by dynamic light
scattering (DLS). A straightforward method based on absorbance changes at 405 nm was
also used for characterizing the lipid aggregations [74, 77, 84]. Electron microscopy (EM)
has been used to characterize the morphologic changes of the liposome induced by peptide
interactions [69, 75, 79, 84].

1.6 Lipid membrane property changes
Peptide-liposome interaction not only changes the size or morphology, but also changes
other properties of liposome membranes. Characterization of these property changes can
shed light on the mechanism of peptide-liposome interactions to elucidate their role in gp41
mediated virus-cell fusion. Infrared (IR) and fluorescence methods used to characterize the
liposome membrane properties are listed:

Lipid Hydration—The IR carbonyl band of biomembrane mimetics has two main
components: carbonyl groups that do not form hydrogen bonds with water and carbonyls
hydrogen bonded to water molecules (hydrated carbonyls) [72, 73]. IR can be used to
monitor and characterize the lipid hydration properties in the membrane upon peptide
binding. IR 1739–1744 cm−1 absorbance is assigned to the stretching vibration of the
dehydrated phospholipid carbonyls, 1720–1730 cm−1 is assignable to phospholipid
carbonyls which are hydrogen bonded to water molecules, and ~1710 cm−1 corresponds to
bihydrated carbonyl groups.

Lipid order—The effect of the peptides on the acyl chain order of membrane lipids can be
estimated by comparing the CH2-stretching dichroic ratio of pure multilayers alone with that
obtained for identical multilayers with membrane-bound peptide by monitoring the
symmetric (vsym ~2850–53 cm−1) and antisymmetric (vantisym ~2920–23 cm−1) vibrations of
the lipid methylene C–H bond in attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) [68, 85].

Other methods have included using 1,6-diphenyl-1,3,5-hexatrienepropionic acid (PA-DPH)
and 1-(4-trimethyl ammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH) fluorescence
anisotropy to monitor membrane organization dynamics [74], or 1-(3-sulfonatopropyl)-4-[α-
[2-(di-n-octylamino)-6-naphthyl]vinyl]pyridinium betaine (di-8-ANEPPS) to probe
membrane dipole potential changes [72], and measurements of peptide - induced membrane
surface tension changes [77]. Solid state 2D nuclear magnetic resonance (NMR) has been
used to obtain site specific order parameters for individual amino acid residues and lipid
methylene groups enabling analysis of dynamics at different depths in the membrane [86].

1.7 Peptide-liposome interaction using living biomembrane
Peptide - living membrane interaction can provide direct evidence of the potency of peptides
involved in the viral-cell fusion process. The simplest peptide-membrane assay is a
hemolysis assay using human red blood cells (hRBC) to assess the potency of peptides to
destabilize the cell membrane [63, 87]. Fresh hRBCs were rinsed with phosphate-buffered
saline (PBS), followed by centrifugation and resuspension in PBS. Peptides of various
concentrations dissolved in PBS were added to the stock hRBC in PBS. The resulting
suspension was incubated and the samples were then centrifuged. The release of hemoglobin
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was monitored by measuring the absorbance of the supernatant at 540 nm. Controls for zero
hemolysis (blank) and 100% hemolysis consisted of hRBCs suspended in PBS and PBS with
1% Triton, respectively [63, 87]. A common peptide induced content mixing assay with
hRBC uses a self-quenching R18 fluorescence dye, monitoring the fluorescence change
upon addition of peptides using excitation and emission wavelengths at 556 and 590 nm,
respectively [88].

Lipid mixing and content mixing of living effector and target cells can be measured in a
real-time fashion using fluorescence microsopy, confocal microscopy, or flow cytometry.
For lipid mixing, 1,10-dioctadecyl-3,3,30,30-tetramethylindo carbocyanine perchlorate (DiI)
labeled target cells (red) were cocultured with 3,30-dioctadecyl oxacarbocyanine perchlorate
(DiO) labeled effector cells (green); lipid dye mixing was monitored in real-time using
fluorescence microscopy. For content mixing, calcein AM (green) labeled effector were
cocultured with ((4-chloromethyl)benzoyl)amino)) tetramethylrhodamin (CMTMR, red)
labeled target cells, and dye redistribution was monitored in real time with a fluorescence
microscope coupled to a CCD camera [89]. In a confocal microscopy and flow cytometry
lipid mixing assay, effector cells labeled with DiO and target cells labeled with DiI were
cocultured for 2 h at 37°C, fixed with 4% paraformaldehyde and analyzed on a Bio-Rad
MRC1024 microscope for confocal microscopy or on an Epics XL flow cytometer for flow
cytometry analysis [90].

1.8 Peptide interaction and aggregation assays
The oligomeric state of peptides can be characterized using intrinsic tryptophan fluorescence
which is sensitive to the polarity of the environment [91]. Self quenching of the Rho
fluorescence was used to detect oligomerization of Rho-N36 (15) molecules, by the
concomitant close association of Rho groups [71]. Rho fluorescence is affected only weakly
by the dielectric constant of its environment. Membrane-induced conformational changes
that move the N-termini of gp41 trimers away from each other can therefore be studied by
fluorescence spectroscopy [91]. Other methods that have been used to characterize peptide
aggregation include SDS PAGE, [92] or the probe thioflavin which associates rapidly with
aggregated peptides, giving rise to a new excitation maximum at 450 nm and a enhanced
emission at 482 nm [74].

The conformational change and solvent accessibility of peptide or protein in the liposome
has been monitored by electron paramagnetic resonance (EPR) relaxation rates using an
external paramagnetic probe to assess the orientation and depth of immersion of selectively
spin labeled residues. [93] Protease (Proteinase-K or trypsin) digest of Rho or NBD labeled
peptide or protein has also been applied, in which increasing fluorescence intensity occurs
with hydrolysis of the protein or peptide, reflecting conformational changes or the position
of insertion in the liposome membrane [70, 75, 88].

The association of the peptides in their membrane-bound state was monitored by measuring
NBD-Peptide/Rho-Peptide FRET. Random distribution was calculated assuming a Forster
radius R0 of 51Å for the NBD/Rho donor-acceptor pair. A significantly higher level of
energy transfer between peptide pairs than those expected for randomly distributed donors
and acceptors indicated peptide binding [70, 71, 94].

1.9 Structural characterization of gp41-membrane interactions
Atomic resolution structure of biomacromolecules provides critical information for
understanding the biologic processes. Although multiple crystallographic structures of gp41
6HB have been solved, as well as several MPER crystallographic structures in complex with
antibodies, which may induce structural changes (see Gach et al in this issue) [29–31, 95], a
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complete picture of gp41 in its multiple conformational states in still lacking. In HIV-1-cell
fusion, gp41 structural changes, especially secondary structure changes, are highly
correlated to the function of different gp41 domains, providing a key to understand the role
played by gp41. Peptide and protein structure in solution and bound with membrane can be
characterized by NMR, circular dichroism (CD), or IR.

NMR—NMR can be used to determine structure of biomacromolecules, and is particularly
useful for investigating dynamics and intermolecular interactions. Short range NOE’s and J-
coupling, long range dipolar coupling and paramagnetic effects, chemical shift mapping and
heteronuclear NOE’s and relaxation rates are utilized in conjunction with computational
tools to arrive at molecular structure and dynamics. Both NMR and EPR can play a unique
role in the study of protein – lipid interactions and peptide orientation in a bilayer [93, 96,
97]. Up to now, most NMR studies of gp41 have involved short peptides interacting with
membrane mimetic solvents or liposomes [98–101], or peptides and small molecules
interacting with the hydrophobic pocket on the surface of the gp41 coiled coil [102–105],
although NMR has also provided the structure of the longest intact segment of extracellular
gp41, which included the NHR and CHR helices and the loop region of SIV gp41 [106]. [93,
96, 97]

CD—CD measurement provides a simple way to monitor macromolecular secondary
structure changes and has been widely used to characterize HIV-1 gp41 interactions.
Secondary structure elements, mainly α-helix, β-sheet, β-turn, 310-helix, can be deduced
from wavelength dependent CD spectra. The percentage of secondary structure can be
calculated semi-empirically using a computer program based on established data from well-
characterized proteins and peptides of known concentration. α-helix, which plays a critical
role in HIV-1 gp41 mediated virus-cell fusion, is characterized by negative peaks at ~208
and 222 nm. The molar ellipticity [θ]222 = −33000 deg cm2 dmol−1 is typically considered
to correspond to 100% helicity, from which the percentage of α-helical structure can be
obtained from a normalized CD spectrum[78]; Other [θ]222 values for 100% helix, such as
−36000 deg.cm2.dmol−1 [22, 107], –30,700 deg.cm2.dmol−1 [108], −40000 × [1-(2.5/n)]
where n is the number of peptide bonds, were also used by different groups. For tryptophan
rich sequences, the 208/222 nm double minima may switch to 211/217 nm, accompanied by
a minor positive band around 230 nm attributed to tryptophan residues whose indole
chromophore is known to contribute significant ellipticity in the far-UV CD spectrum of
helical peptides or proteins [109].

IR—IR, especially Fourier Transform IR (FTIR) or ATR-FTIR, provides a useful way to
monitor protein and peptide secondary structure changes upon interaction with liposomes.
The bands between 1600 and 1700 cm−1 are due to the peptide amide group vibration and
are sensitive to secondary structure changes. Disordered and α-helical structures were
characterized by a band between 1650 and 1660 cm−1 [77] [70]; 310-helix at ~1676 cm−1

[85]; β-aggregates at ~1625 cm−1 [91]; antiparallel β-sheets with a sharp band ~1630 cm−1

[70] and a less intense band near 1690 cm−1 [77]; extended β-strands with strong
intermolecular interactions with an intense band of 1621 cm−1 and a less intense band of
1687 cm−1 [77]. IR spectra can be deconvoluted using software such as PEAKFIT (Jandel
Scientific, San Rafael, CA), providing sub-peak intensities for calculating the secondary
structure components by comparison with accepted literature values.[94] The peaks
corresponding to random coil and α-helix partly overlap, but random coils undergo H/D
exchange at higher rates than α-helices. Thus, hydration with D2O vapor can improve
distinction between the two components [94]. Generally, the secondary structure
components determined from CD and IR results are comparable if measured under the same
conditions, though discrepancies have been observed in some cases [110].
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IR is less compromised by interference from light scattering of aggregated peptides and
liposomes than CD [85], so is preferentially used in studying peptide-liposome interactions,
especially of the FP and MPER peptides [110]. The IR time scale is faster than NMR, so that
different conformational states rather than a time-average over these states can be
determined from the IR spectra [73, 85, 111].

2. Effects of membrane composition and physicochemical properties on
HIV-1-cell fusion

Membrane composition and chemical and physical properties play an important role in
HIV-1-cell fusion. Studying the effects of chemical and physical modification of virus or
cell membranes on virus-cell fusion may provide useful clues for understanding the
mechanism of HIV-1-cell fusion.

Cholesterol lipids rafts and HIV infection
Lipid rafts formed by cholesterol are important for HIV-1 virions released from the target
cells and for ENV protein insertion and binding. The effect of cholesterol lipid rafts on
HIV-1 infectivity was studied using cholesterol sequestering reagent 2-hydoxypropyl-β-
cyclodextrin (2OH-β-CD). Removal of cholesterol from the membrane of HIV-infected cells
by 2OH-β-CD dramatically reduced virus release; virions released from cholesterol-depleted
cells were minimally infectious. Exposure of infectious HIV particles to 2OH-β-CD resulted
in a dose-dependent inactivation of the virus. In both cases, the effect was attributable to loss
of cholesterol and could be reversed by replenishing cholesterol. 2OH-β-CD-treated, non-
infectious HIV retained its ability to bind cells. Western blot, p24 ELISA, and reverse
transcription assays indicated that virions remained intact after treatment with 2OH-β-CD at
concentrations that abolished infectivity. Electron microscopy revealed that the treated HIV
had morphology very similar to that of untreated virus. R18 fluorescence dequenching
studies showed that the treated HIV did not fuse to the membrane of susceptible cells;
dequenching was restored by replenishing virion-associated cholesterol. The results
indicated that cholesterol in HIV particles was strictly required for fusion and infectivity.
These observations suggested 2OH-β-CD could be an candidate for use as a chemical barrier
for AIDS prophylaxis [112].

Membrane fluidity and HIV-1 infection
Correlation between HIV-1 infectivity and membrane fluidity was observed by treatment of
fluidity modulators such as increasing temperature or adding xylocaine to intact cells and
viruses. The fluidity was measured by a 5-DXSA probe. Higher fluidity correlated to a
higher rate of infection. Fluidity of both the plasma membrane and viral envelope was
required to form the fusion-pore and to complete the entry of HIV-1. The lipid-bilayer
envelope of HIV-1 is highly ordered and rigid, compared with the plasma membrane from
which the respective virus was derived, due to high concentrations of cholesterol. These
observations suggest that HIV-1 buds exclusively from the cholesterol-rich part or so-called
“raft” of the plasma membrane [113].

Dipole potential and hydration/fluidity of membrane on fusogenicity of FP
The dipole potential and hydration/fluidity of membrane effect on the fusogenic and
secondary structure of FP was studied by FP23 (3) interaction with PC/PE (1:1) membranes
containing different content of cholesterol (Ch) or 6-ketocholestanol (KC) [72]. Both Ch and
KC increased the dipole potential of PC/PE membrane. Ch increased the hydration of
membrane and reduced the membrane fluidity, while KC reduced the membrane hydration
and increased the membrane fluidity. Increasing membrane dipole potential enhances the
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binding potency of FP with liposome. The Kd changed from ~10 μM in PC/PE LUV to
~5μM when the PC/PE LUV containing 30% KC or 40% Ch [72]. 50 mol % Ch and 15 mol
% KC caused a similar increase in the magnitude of the dipole potential of PC/PE
membranes. Ch up to 50% does not significantly affect the conversion of FP23 (3) or FP23-
H (3h) into β-sheet; in contrast, the conformational transformation was clearly enhanced by
the presence of 15 mol % KC. The results suggested that the formation of more fusogenic β-
structures was due to an increase in membrane fluidity/hydration, rather than to the variation
of the dipole potential [72].

The above observations highlight that cholesterol, which plays an important role in virus-
cell fusion processes through modulating the physiochemical properties of the
biomembrane, is key to understanding the gp41-membrane interaction and can be a target
for fusion inhibitor design. Further details of the role that cholesterol plays in gp41 –
membrane interactions are presented in Section 3.

3. HIV-1 gp41-membrane interactions
Gp41-membrane interactions have been extensively studied using model membranes and
peptides by the established methods. Below we summarize studies of various gp41 segments
and interacting functional domains in the context of a membrane or lipid environment. The
results provide insight into domain function in the virus-cell fusion process. We also present
a general discussion on the implication for fusion inhibitors design. A detailed description of
small molecule fusion inhibitors is presented in another chapter in this issue by Gochin and
Zhou, and is not included here.

3.1 Fusion peptides
FP is located at the N-terminus of HIV-1 gp41. Fusion peptide sequences that have been
studied are listed in Table 1. The first 12 amino acid residues FP12 (1, gp41512–523) form the
minimal sequence to maintain fusion activity [81]. FP16 (2, gp41512–527) contains
exclusively flexible and hydrophobic amino acid residues and is considered the core
sequence that facilitates insertion into the cell membrane during HIV-1-cell fusion. An 18-
residue sequence immediately following FP16 (2) containing polar amino acid residues also
plays a significant role in FP interaction with the membrane, and is considered part of the FP
sequence. Thus studies of the FP domain have included FP23 (3, gp41512–534), FP33 (5,
gp41512–544) and FP34 (6, gp41512–545). The NHR sequence begins at gp41546.

3.1.1 Fusion peptide constructs
FP12(1): In silico analysis predicted that FP12 (1) should be the minimal FP for membrane
destabilization [81]. Based on lipid-mixing and leakage assays using large unilamellar
vesicles (LUVs) mimicking the composition of T-cell membrane (1,2-dioleoyl -sn-
glycero-3-phosphocholine (DOPC)/cholesterol (Ch)/1,2-dioleoyl -sn-glycerol-3-
phosphoethanolamine (DOPE)/1,2-dioleoylphosphatidylglycerol (DOPG)/sphingomyelin
(SM) at 34:33:16:10:7 mol ratio), Charloteaux showed that FP12 (1) had the same fusion
activity as FP23 (3). 9- and 10-residue peptides did not induce significant fusion; 11 residue
long peptide was approximately half as potent as the longer peptides [81].

FP23(3): FP23(3) contains the 16 residue hydrophobic and flexible FP core with an
additional 7 polar residues, and is the most widely used model for FP, perhaps due to its
easier handling compared to the exclusively hydrophobic FP16 (2) core. A large number of
lipid mixing, leakage, lipid binding and structural assays have been conducted with variants
of FP23 (3). In general it was found that FP23 (3) could accommodate mutations such as
terminal modification and introduction of a tryptophan residue for fluorescence studies, in
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some cases with minor effects on kinetics of association with lipids. Lipid structure and
composition had a much greater effect on observed binding and structure. These results are
discussed in more detail below.

FP33(5): FP33 (5) contains the full length FP sequence. It includes both FP23 and the
fusion peptide proximal region (FPPR). FP33 (5) has similar fusogenic activity to FP23 (3)
and FP16 (2), while including FPPR made it more soluble and easier to handle. Studies
show that FP33 preferentially partitions into more ordered regions of the membrane,
forming β-sheet structures in bilayers and large vesicles.

3.1.2 FP – liposome interactions—FP23 (3) and its Arg to Ala mutant HIVAla (3e)
have an effect on negatively charged (1-palmitoyl-2-oleoylphosphatidyl glycerol (POPG)
and 1-palmitoyl-2-oleoyl phosphatidylserine (POPS)) LUV and SUV but not on neutral
(POPC) liposomes, as tested by lipid mixing assay, leakage assay, light scattering at 400 nm,
and a surface tension measurement. FP23 (3) was somewhat more potent than HIVAla (3e),
possibly because of an electrostatic interaction between the positively charged Arg side
chain and the negatively charged vesicles [77]. A lipid mixing assay with DOPC:DOPE:Ch
1:1:1 LUV indicated that a Pro residue at the N-terminus had no adverse effect on the fusion
activity of FP23 [76]. Terminal modification had an effect on kinetics of the FP-membrane
interaction. FP23-H (3h) with a free N-terminus displayed relatively slow kinetics of
interaction with liposome, compared with FP23 (3) and FP16 (2), which are acetylated at the
N-terminus. This was demonstrated by peptide-membrane binding, peptide induced lipid
mixing and fusion, lipid content leakage of phosphatidylcholine (PC)/PE liposome, and
peptide secondary structure changes upon interaction with liposome, measured by FTIR. All
three peptides displayed similar binding affinity (Kd ~ 10 μM) to liposomes, and the final
extent of lipid mixing and leakage caused by the three peptides were the same [73].

Tryptophan fluorescence showed that FP-W8 (3c) inserted into sodium dodecyl sulfate
(SDS) micelles and 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)/1,2-
dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS) vesicles. The larger blue shift (30nm)
indicated a deeper insertion than the fusion peptide of influenza virus hemagglutinin
(~20nm). The binding result was consistent with a decreased molecular mobility τr of 12-
and 5- doxyl-stearic acid (DXSA)-labeled FP (3) in micelles, calculated from EPR
experiments [67].

FP33 (5) showed self-association in PC/phosphatidyl serine (PS) vesicles. FP33 (5) and an
all D-amino acid sequence FP33-D (5c) had similar potency and kinetics of inducing lipid
mixing of POPG vesicles and were located at equivalent hydrophobic environments in the
POPG vesicle membrane measured by fluorescence using NBD-labeled peptides. FP33 (5)
was accessible to complete proteolysis in its membrane-bound state. The lipid samples were
well ordered and both FP33 (5) and FP33-D (5c) induced similar small changes in the
ordering of the lipid acyl chains, suggesting similar peptide orientation and penetration into
the membrane [70]. Similar results were obtained with FP33 (5) and another partially D-
amino acid substituted peptide IFFA (5b) in PC:Ch:Rho-PE (10:1:0.001) giant unilamellar
vesicles (GUVs) [94].

Fluorescence microscopy showed NBD-FP33 (5) and IFFA (5b) partitioned preferentially
into ordered regions of SM:PC:Ch:Rho-PE (1:1:1:0.001) GUVs, suggesting an intrinsic
affinity of the peptides for SM/Ch microdomains. The free energy of peptide association
with SUV was measured by FRET between Rho-labeled free peptide and NBD-labeled
liposome bound peptide, with −9.3 kcal/mol for FP33 (5) and −8.3 kcal/mol for IFFA (5b)
[94]. In PC:Ch:Rho-PE (10:1:0.001) GUVs, where no microdomains were present, a
uniform binding pattern for IFFA (5b) was observed. However, the time to reach maximal
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intensity was about four times longer than that observed for SM:PC:Ch GUVs. Confocal
fluorescence microscopy showed that both FP33 (5) and IFFA (5b) demonstrated high
affinity toward T cells using NBD-labeled peptide as probe. The peptides were located at the
plasma membrane and formed patches of high intensity, suggesting both FP33 (5) and FP33
IFFA (5b) preferentially bind to certain domains on the surface of T cells. Z axis scanning
indicated no membrane penetration by the peptides, with no peptide found in any other
membrane compartment in the cells [94]. Microscopy using Rho-labeled peptide showed
that FP33 (5) and FP33V2E (5a) co-localized with T-cell receptor (TCR) and CD4 molecules
in the T cell membrane and inhibited T cell activation in vitro and in vivo, suggesting a role
for FP in the down regulation of HIV-specific immunity. [114] The same method was used
to show that FP binding with TCR involved the α-helical transmembrane domain (TMD) of
the TCR α chain (CP (136) or TCRαTMD(137)) [115].

3.1.3 FP structural studies—FP’s appear to display considerable structural plasticity
from monomeric α-helical to oligomeric β-sheet conformations [73, 111], depending on
sample conditions such as the selection and charge of membrane-mimetic environment, the
peptide sequence and the ratio of peptide: lipid, as well as sample preparation methods
[116]. FP16 (2) and FP23 (3) formed both α-helical and β-sheet conformations [117–120];
longer constructs (70-residue peptide) displayed only a highly fusogenic β-sheet structure
[111]. FTIR showed a mixture of random coil, α-helix and aggregated β-structure for FP23
(3) and FP23-H (3h) dissolved in buffer. The presence of PC/PE model membranes favored
transformation into β-sheet aggregates [73]. In other studies, higher loading of FP23 (3)
favored the oligomeric β-sheet; lower loading favored monomeric α-helix [121, 122]. IR
studies of the longer segment FP33 (5) concluded that the first 16 residues were in a
predominantly β-strand conformation in 1:1:1 DOPE:DOPC:Ch [123]. Similarly, FP33 (5)
and IFFA (5b) displayed 78 and 70% β-sheet secondary structure respectively in PC:Ch
multilayers, adopting either parallel or antiparallel β-sheet structures [94].

1D solid state CP/MAS spectra were conducted in large unilamellar POPC/POPE,/DMPS/
Ch vesicles on FP23 (3) labeled at different carbonyl positions [116]. 13C chemical shifts
were indicative of non-helical structure, and sharp resonances observed up until Ala-14
indicated well-ordered structure for the N-terminal segment. 2D exchange spectroscopy on
doubly carbonyl labeled peptides confirmed β-strand structure, possibly through formation
of hairpins or oligomers [124]. This structure may be difficult for a small micelle to
accommodate, suggesting that observed FP secondary structure differences may be due to
the choice of membrane mimetic. Spectra were sensitive to lipid composition and peptide-
lipid ratio. A detailed follow-up study in lipid and Ch mixtures resembling the membrane of
HIV susceptible host cells were consistent with antiparallel β-strand structure possibly
arising from an aggregate of two trimers [125]. The structural plasticity observed under
different conditions may be a reflection of the role of gp41 in rearranging lipid structure
during fusion. [126] There is an emerging general consensus that membrane curvature and
FP-lipid ratios affect conformation and oligomeric state of FP.[120] β-sheet structure
appears to predominate at higher FP concentrations and lower membrane curvatures,
explaining the observation of α-helical structure in small micelles and β-sheet structure in
large unilamellar vesicles and bilayers [127].

NMR studies of the structure and dynamics of FP23-G3K5 (3a) in dodecylphosphocholine
(DPC) micelles confirmed the α-helical content in this system [117]. FP23-G3K5 contained a
charged C-terminus in order to maintain solubility and dispersion of the peptides in solution
for binding to the micelles. Strong helical propensity was found between Ile4 – Leu12, and a
disordered structure from Ala15–Ser23. 60% helical content was observed by CD, in
agreement with the NMR results. CD studies in POPC and POPG (4:1) indicated 70%
helical content. The authors reconciled their results with reports suggesting that FP forms β-
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structures in lipid bilayers by performing IR studies of their construct bound to planar
supported bilayers, and found predominantly α-helix and random-coil structures with
gradually increasing β content as the protein concentration was increased. The authors
further concluded that the α-helical form could promote fusion in their system, while the β-
sheet form could not.

3.1.4 Inhibition of FP—FP – induced lipid mixing and fusion, as well liposome content
leakage, could be inhibited by D-amino acid hexapeptides, which are promising for
inhibition of HIV-1 gp41 mediated virus-cell fusion (See Huarte et al in this issue). Ac-
GQIDEV-NH2 and Ac-GQIDQV-NH2 inhibited fusion in a dose-dependent manner
showing apparent IC50 values of ~20 μM and 150 μM, respectively [82], indicating that FP
is a target for fusion inhibitors and that an FP – model membrane interaction assay has the
potential to be useful for detecting fusion inhibitors.

FP23 (3) can also interact with human serum albumin (HSA) and the interaction induced α-
helix secondary structure as evidence by CD difference spectra [87]. HSA/FP23 (3)
interaction blocked FP23 (3)-induced hemolysis of human red blood cells (hRBC) in a dose-
dependent manner with EC50 = 1μM (concentration that reduced FP23-induced hemolysis
by 50%). Thus FP23 (3) caused only minimal hemolysis of hRBC at HSA concentrations
greater than 10 μM, and the inhibitory activity of HSA was maintained for ~24 hours,
suggesting strong, irreversible binding to FP [87].

3.1.5 Summary of FP biophysical and biochemical studies—The studies reviewed
indicate that the fusion peptide contains a hydrophobic 12-residue N-terminus which is the
minimum required sequence for conferring fusogenicity. The 33-residue full-length FP has
been more commonly studied, due to the inclusion of a hydrophilic domain that promotes
easier handling. Some studies suggested that the FP had a higher affinity for cholesterol-rich
regions of membranes. Controversy has arisen over the likely structure of FP in its
membrane bound state, although most recent studies suggest it forms β-sheet structure. The
fusogenic activity of FP can be inhibited by short D-peptides and HSA, indicating FP can be
a target for fusion inhibitors.

3.2 NHR peptides
NHR/CHR is the functional core of the gp41 machinery; interaction between NHR and CHR
to fold into antiparallel 6HB provides energy to juxtapose viral and cellular membranes and
finally results in virus-cell fusion. 6HB formation is an important target for HIV-1 fusion
inhibitor design. The behavior of model NHR peptides, CHR peptides or 6HB in membranes
can provide useful information for understanding the HIV-1 gp41 mediated virus-cell fusion
process and be useful for fusion inhibitor design. NHR is usually considered the target in
fusion inhibitor design, since it forms a distinct subdomain in the interior of the 6HB and is
the receptor for highly inhibitory C-peptides. Some engineered NHR domains have shown
high activity against HIV-1 ENV mediated virus-cell fusion; none have entered into clinical
trials to date. The sequences of gp41 NHR peptides are listed in Table 2.

3.2.1 NHR constructs—The most extensively studied NHR peptide is N36 (15,
gp41546–581); it forms a 6HB with CHR peptide C34 (23, gp41628–661) in the
crystallographic structure. It has been studied along with fatty acid conjugated N36 (15) in
association with lipids. A coiled-coil lipopeptide of SIV N36 (SN36 (15d)) was also
constructed and used as a model for a potential fusion inhibitor assay. Other NHR peptides
include DP107, the first peptide fusion inhibitor, and N54 (9, gp41528–581), pFP23 (11,
gp41540–562) and pFP15 (14, gp41544–558). Studies of the interaction between NHR peptides
and liposomes are presented below.
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3.2.2 NHR – liposome interactions
N36 (15): N36 (15) is the most extensively characterized gp41 NHR model peptide. It forms
a stable and well characterized 6HB with a CHR partner C34 (23, gp41628–661) as evidenced
by crystallographic structure and other methods [29, 128, 129]. It bound zwitterionic PC:Ch
(9:1) mimicking the outer leaflet and negatively charged PC:PS:Ch (4.5:4.5:1)
phospholipids mimicking the inner leaflet of target cells with similar affinity. The mutant
peptide N36I62D (15c), although non-fusogenic, shared a similar partition coefficient in
zwitterionic membranes as the wild-type ((1.1±0.1)×104), and it bound slightly less tightly
with negatively charged lipids ((0.7±0.1)×104). Transmission electron microscopy showed
that N36 (15) caused notable PC:PS:Ch vesicle enlargement compared to the untreated
control image (p<0.0007), whereas N36I62D (15c) did not affect the mean vesicle diameter
significantly. The N36(15)/C34(23) core, which is protease-resistant in solution, was
destabilized in electronegative liposomes but not in zwitterionic membranes. It dissociated
rapidly upon binding to membrane as measured by rhodamine fluorescence. The secondary
structure of N36 (15) was shifted from a predominantly α-helical conformation in
zwitterionic membranes (29% β-sheet) to 84% β-sheet in negatively charged membranes
mimicking the inner-leaflet. N36I62D (15c) demonstrated a 32% to 70% β-sheet secondary
shift under the same conditions [75].

Another study showed that N36 (15) bound tightly with both PC and PC/PS (1:1) LUV with
surface partition coefficients 1×105 M−1 and 3.3×104 M−1 respectively [71]; C34 (23)
displayed ~10 fold reduced binding compared to N36 (15), with surface partition
coefficients of 5×103 M−1 and 3×103 M−1 to PC and PC/PS respectively. No interaction was
observed between NBD-N36 (15) and Rho-C34 (23) after NBD-N36 (15) was already
bound to the membrane. In 1:1 PC/PS SUV, the experimental CD spectrum of N36 (15)/C34
(23) mixture was only marginally different from the theoretical non-interacting spectrum,
suggesting that most N36(15)/C34(23) complexes had dissociated. Similar results were
observed using N51 (12, gp41540–590) and C34 (23). Rho fluorescence indicated that the
N36 (15) oligomer, as well as N36 (15)/C34 (23) complex, dissociated upon binding to SUV
membranes [71].

Fatty acid conjugated N36 (15) or N54 (9): To have a better understanding of the role of
hydrophobic FP in gp41 – mediated virus-cell fusion, N36 (15) and N54 (9), a peptide
including NHR and a polar region between FP core and NHR, were modified at the N-
terminus with long chain fatty acids as a substitute for the FP, and the effects on membrane
interactions were tested [69]. N36 (15) was unable to induce PC LUV lipid mixing, C10-N36
(15a) and C16-N36 (15b) were active at 0.07 peptide:lipid ratio; and C16-N54 (9b) had
significantly increased fusogenic activity compared with N54 (9). The importance of the
amino acid sequence of the gp41 peptides was confirmed using GCN4 and C16-GCN4
control peptides, which showed no activity. Atomic Force Microscopy (AFM) showed N54
(9) did not induce distinctive pores but had a global effect on PC LUV membrane
morphology. In contrast, C10–N36 (15a) created nanoholes in the phospholipid surface in a
slow kinetic phase. Both unmodified and fatty-acid modified N36 peptides had similar
surface partition coefficients in the range (1.1–1.7)×104 M−1, as measured using tryptophan
fluorescence binding. The secondary structure of the lipopeptides was similar to N36 (15) in
PC micelles with ~70% α-helix content as determined by ATR-FTIR, or by CD using [θ]222
of −37,000 deg. cm2 dmol−1 for 100% α-helix [69]. These results suggested that N36
binding with the biomembrane was not enough to elicit its fusogenic activity, which
required inclusion of hydrophobic FP or fatty acid, although the specific amino acid
sequence of NHR was necessary to facilitate this activity. The role of the NHR in interacting
with biomembrane in the presence of FP will be discussed in section 3.6.
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DP107 (16): DP107 (16) was the first identified peptide HIV-1 fusion inhibitor. It contains a
C-terminal segment of the NHR, including part of the loop region [24]. EPR measurements
indicated that the peptide bound parallel to POPC/POPG (9:1) LUV membrane surface, at
the water-membrane interface. DP107 (16) in its liposome bound state was a monomer, in
contrast to a tetramer in solution as measured by analytical ultracentrifuge and EPR. When
Asp, Pro, or Ser was substituted for Ile at the core “a” position of the heptad repeat in the
middle of the peptide, the coiled coil was destabilized and showed reduced membrane-
binding affinity. These results suggested two functions for the heptad repeat of gp41 after
CD4 binding: to form an extended coiled coil, and to provide a hydrophobic face that binds
to the host-cell membrane, bringing the viral and cellular membranes closer and facilitating
fusion [130].

pFP23 (11) and pFP15 (14): pFP23 (11), a peptide overlapping the sequence of FP and
NHR; and pFP15 (14), containing the N-terminal part of NHR, were synthesized and studied
with model membranes [74]. Both peptides showed aggregation in solution. Addition of
liposomes reduced the aggregation, as evidenced by CD and FTIR, as well as a thioflavin T
assay; in SDS micelles, aggregation of pFP15 (14) was reduced by ~ 75%, and aggregation
of pFP23 (11) completely disappeared. Both peptides bound tightly to negatively charged
phospholipids egg L-R-phosphatidylcholine (EPC): bovine brain L-R-phosphatidylserine
(BPS):Ch (5:4:1) and a complex membrane mimicking the lymphocyte plasma membrane
EPC: egg transesterified L-R-phosphatidylethanolamine (TPE):SM: bovine brain L-R-
phosphatidylinositol (BPI):BPS: egg L-R-phosphatidic acid (EPA):Ch
(46.4:21.2:8.8:4.4:9.3:0.81:9.1). The peptides had very little or no effect on EPC/Ch and
EPC/SM/Ch membranes, as measured using an FPE membrane binding assay. The peptide
induced liposome aggregation was correlated to binding activity, with more liposome
aggregation observed in negatively charged membranes. pFP23 (11) was capable of binding
to membranes to a greater extent than pFP15 (14), inducing a higher extent of liposome
aggregation. pFP15 (14) induced significant lipid mixing and content leakage in negatively
charged phospholipids; the activity was completely abolished in zwitterionic lipids. pFP23
(11) was unable to induce lipid mixing in either negatively charged or zwitterionic
membrane; it induced content leakage only on negatively charged lipids. Both peptides
reduced the mobility of the phospholipid acyl chains above but not below the Tm as
measured by fluorescence anisotropy assay using PA-DPH and DPH probe. The anisotropy
was larger with negatively charged membrane than with zwitterionic membrane. The effect
on membrane fluidity suggested that both pFP23 (11) and pFP15 (14) should be located at
the lipid-water interface [74]. The authors concluded that the N-terminal part of the NHR
domain could be working synergistically with other membrane-active regions of the gp41
glycoprotein to boost the fusion process. This region of the NHR domain could be stabilized
in an extended conformation by its interaction with negatively charged phospholipid
headgroups, prior to 6HB formation.

3.2.3 Coiled-Coil Lipopeptides as a target for a fusion inhibitor assay—A
coiled-coil lipopeptide of SN36 (15d) was constructed to mimic the gp41 prehairpin and to
test its potential application in a fusion inhibitor assay [110]. The assay was based on
covalently attached lipid anchor 1,2-dioleoyl-sn-glycero-3- phosphoethanol amine-N-[4-(p-
maleimidomethyl) cyclohexanecarboxamide] (MCC-POPE), which was substituted for FP,
to drive SN36 (15d) into the desired coiled-coil conformation on a solid-supported model
POPC membrane. Formation of the DOPC/MCC-DOPE-SN36 (9:1) conjugate was
monitored by CD, FTIR, ellipsometry and AFM. SN36 (15d) in solution adopted a
predominantly random-coil conformation. CD and FTIR spectroscopy strongly supported
the formation of coiled-coil structures when SN36 (15d) was anchored to the bilayer. In situ
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AFM showed a ribbon-like structure of SN36 (15d) assemblies within a POPC bilayer upon
coupling on mica [110].

Binding of antagonists to this prehairpin mimetic is thought to model the natural formation
of a trimer-of-hairpin conformation. Addition of T20 (29) changed the ribbon-like MCC-
DOPE-SN36 (15d) assemblies, forming a homogeneous coverage of peptide aggregates over
the bilayer surface as evidenced by AFM. After heating the sample to 65°C for 20 min and
rinsing with buffer, the characteristic ribbon structure of the SN36 (15d) assemblies re-
emerged and the additional peptide domains, which resulted from addition of T20 (29),
disappeared. A binding constant of 0.058 μM−1 for T20 (29)/SN36 (15d) was observed,
corresponding to a half-maximal binding at 17 μM. Control experiments using pure DOPC
bilayers without SN36 (15d) did not show any inhibitor adsorption on solid-supported
membranes, suggesting T20 (29) bound specifically and partially reversibly to the prehairpin
mimetic. It was possible to repeat these steps several times without losing the binding ability
of the SN36 (15d) coiled-coil receptors, suggesting potential application of the lipopeptide
prehairpin construct for a fusion inhibitor assay [110].

3.2.4 Summary of NHR biophysical and biochemical studies—The literature
reviewed here indicates that NHR peptides form highly α-helical structures, which interact
strongly with their CHR-peptide counterparts. There is evidence that the NHR/CHR
association is weakened in a membrane-mimetic environment, although this may depend on
the presence and composition of the loop region (see Sections 3.5 and 3.6). The typical
construct representing the NHR is N36 (15), which binds to liposomes, losing some of its α-
helical character, but it does not induce fusion. Addition of part of the FP or a lipophilic
group at the N-terminus rescued the fusogenicity, indicating the gp41 environment has a
profound effect on NHR function; a coiled coil lipopeptide including NHR and lipid
membrane mimetic may be a more suitable model for assessing the potency of fusion
inhibitors targeting gp41 NHR.

3.3 CHR peptides and peptide fusion inhibitors
Most of the highly potent HIV-1 fusion inhibitors are C-peptides. These include T20, an
approved fusion inhibitor drug for clinical use, and T1249 and sifuvirtide, potent peptide
fusion inhibitors in clinical trials. The sequences of CHR peptides are listed in Table 3.

3.3.1 CHR fusion inhibitor – liposome interactions
T20 (29): T20 (29) is the first FDA approved HIV-1 fusion inhibitor [28, 33, 34, 131]. It
contains the C-terminal CHR sequence and a hydrophobic tail extending ~10 residues into
the MPER which is considered to play an important role in binding with lipids and
contributing to its high activity. [63] To investigate the function of the T20 (29) hydrophobic
tail, a truncated T20 (29) construct, DP (28, gp41638–662), and its C-terminal fatty acid
conjugates were prepared and tested for antiretroviral activity and membrane binding
potency. DP (28) is ~5000 fold less active than T20 (29), while the activity of DP-C16 (28b)
was almost restored to that of T20 (29), as assessed by a cell-cell fusion assay. The
hydrophobic tail contributed activity which could be replaced by a long chain lipid. A flow
cytometry assay using NBD-labeled peptides showed T20 (29) and DP-C16 (28b) have a
similar binding profile to cell membrane, and that binding was increased proportionately
with the size of the lipid chain. The results also showed that none of the peptides T20 (29),
DP-C12 (28a), DP-C16 (28b) were hemolytic to red blood cells at up to 50 μM concentration
[63].

Shai et al also studied the interaction of SIV T20 (29a) and various mutants and conjugates
of the C-terminal hydrophobic residues with PC/SM/PE/Ch (4.5:4.5:1:1) SUV by SPR and
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fluorescence spectroscopy. Tryptophan fluorescence showed that T20 (29), octyl-T20 (29),
and T20-octyl (29) have similar oligomeric states in PBS. The SPR results showed similar
binding affinity to the membrane for all peptides despite their different fusion inhibitory
activities, suggesting that biological activity differences were not simply the result of higher
peptide concentrations in the proximity of the membrane. The C-terminal fatty acid labeled
SIV T20 (29a) peptides had a much higher antiretroviral potency than N-terminal labeled
peptides suggested the existence of a pre-hairpin intermediate in which the CHR must insert
into the membrane with a certain orientation [66].

To identify the lipid binding sequence of gp41 CHR, Liu et al evaluated a series of 36 amino
acid CHR peptides spanning residues 623 to 678, designated CHR1 (19, gp41623–658), C36
(24, gp41628–663), CHR3 (27, gp41633–668), T20 (29), and CHR5 (30, gp41643–678) from the
N to the C-terminus. A significant blue shift of the fluorescence spectra was observed for C-
terminal peptides T20 (29) (354 to 340 nm) and CHR5 (30) (348 to 339 nm) and the most
N-terminal peptide CHR1 (19) (355 to 345 nm) in the presence of POPC LUVs. C36 (24)
and CHR3 (27) showed no blue shift under the same conditions. The binding constant to
POPC LUVs was 1.66 ×105 M−1 for CHR-5 and 5.41 × 104 M−1 for T20 (29) measured by
ITC. The other peptides bound too weakly with POPC LUVs for binding constants to be
determined [65]. These observations indicated that both the specific interaction with NHR
and the hydrophobic interaction with lipid membrane were critical for T20’s antiretroviral
activity.

T1249 (22): T1249 (22) is a secondary generation peptide HIV-1 fusion inhibitor developed
by Trimeris. The 39-residue peptide fusion inhibitor was designed to contain the critical
amino acid sequence that interacts with both NHR and the lipid membrane [132–138].
T1249 (22) and a 20-residue gp41 peptide CTP (33, gp41660–679) containing the T1249 (22)
hydrophobic C-terminus with 6 residues expanded into the MPER of gp41 were included in
the studies for comparison. T1249 (22) is essentially in a random coil conformation in the
liposome, although a small α-helix contribution is present. Both peptides partitioned
extensively into liquid-crystalline POPC and were located at the interface of the membrane,
as evidenced by 5NS and 16NS quenching. When other lipid compositions were used
(DPPC, POPG/POPC, and POPC/Ch) partition decreased, the most severe effect being the
presence of Ch, which resulted an apparently kp close to 0. After a detailed analysis of the
previous literature, the authors suggested that the low partition coefficient of T1249 (22)
apparently observed in Ch-rich membrane may be an artifact of the fluorescence
measurement. A decrease in fluorescence intensity upon peptide insertion into these
liposomes may preclude the use of fluorescence intensity to measure binding. New partition
experiments and fluorescence resonance energy transfer analysis showed that T1249 (22)
adsorbed to Ch-rich membranes, although a broad range of partition coefficients (kp ~ 0.4 to
4.6 × 103 M−1) was obtained with different methods [139]. The authors concluded that the
improved clinical efficacy of T1249 (22) relative to T20 (29) may be related to its larger
partition coefficient and ability to adsorb to rigid lipidic areas on the cell surface where most
receptors are inserted, thus increasing the local concentration of the inhibitor peptide at the
fusion site [139].

Sifuvirtide (21): Sifuvirtide (21) is another 36-residue new generation peptide HIV-1 fusion
inhibitor derived from gp41 CHR sequences [50, 58, 140–145]. It showed high activity
against T20 (29) resistant HIV-1 strains and a longer in vivo half-life than T20 (29). Phase
IIb clinical trials have been completed. Sifuvirtide (21) was studied in aqueous solution and
interacting with LUV using fluorescence spectroscopy techniques (both steady-state and
time-resolved) [146, 147]. Sifuvirtide (21) showed no significant aggregation in aqueous
solution below 60 μM; a fluorescence assay suggested aggregation at higher concentration,
although aggregates were undetectable by DLS. No significant interaction was observed
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between the peptide and the liposome, either with zwitterionic fluid lipid membranes
(liquid-disordered phase), or with Ch-rich membranes (liquid-ordered phase), by using
POPC, POPC:Ch (2:1), POPC:PSM:Ch (1:1:1), SM/ceramide and DPPC:Ch (2:1) vesicles
[146, 147]. However, significant partitioning was observed with the positively charged lipid
models POPC:EPOPC (1:1) in fluid phase. Adsorption of the peptide at the surface of gel-
phase DPPC membranes was observed by tryptophan fluorescence measurements and was
further confirmed by FRET experiments. These results indicated that the peptide targeted
more rigid gel phase domains, and increased fluidity reduced this interaction. The larger
affinity and selectivity of sifuvirtide (21) toward more rigid areas of the membranes, where
most receptors are found, or to viral membrane, may help explain its improved clinical
efficacy - by providing a local increased concentration of the peptide at the fusion site.
Fluorescence quenching experiments using 5NS and 16NS probes showed sifuvirtide (21)
was preferentially located near the lipid bilayer interface. The superficial interaction of the
peptide with gel-phase membranes was further confirmed by using tPnA, a fluorescent
tetraene fatty acid which preferentially partitions into gel-phase membranes and which has
been commonly used as a probe in phase-transition studies. The results showed that the
interaction of the peptide did not lead to a significant perturbation of membrane fluidity
[146]. Ionic strength dependence of the partition coefficient of sifuvirtide (21) with PC
membranes also suggested superficial binding between the peptide and the liposome [147].
The effects of sifuvirtide (21) on the lipid membranes’ structural properties were further
evaluated using dipole-potential membrane probes, zeta-potential, DLS and AFM
measurements. The results showed that sifuvirtide (21) did not cause a noticeable effect on
lipid bilayer structure, except for membranes composed of cationic phospholipids [147].

3.3.2 Summary of CHR biophysical and biochemical studies—A myriad of CHR
peptides have been constructed, and excellently reviewed previously [40, 148]. CHR peptide
– biomembrane interactions appear to enhance the inhibitory activity, i.e. CHR peptides
more prone to partition into membranes are more active as fusion inhibitors. This is an
important feature that should be built into future fusion inhibitor design.

3.4 MPER peptides
The Membrane Proximal Extracellular Region (MPER) is located at the C-terminal end of
the HIV-1 gp41 ectodomain, directly followed by the transmembrane domain. In the HIV-1
gp41 prehairpin structure, the MPER and FP are the functional links by which the gp41
prehairpin bridges viral and target cell membranes. Therefore, MPER has also been
considered the counterpart of FP, and has been called the internal fusion peptide (IFP).

3.4.1 MPER constructs—MPER studies have involved sequences of just five residues at
the C-terminus up to the full-length sequence MP22 (40, gp41662–683), which contains the
epitopes for neutralizing antibodies 2F5 and 4E10. The amino acid sequence of MPER
peptides is listed in Table 4. The five-residue C-terminus LWYIK is called the cholesterol
recognition amino acid consensus (CRAC) sequence, which promotes binding to
cholesterol-rich domains in membranes. The tryptophan-rich MP19 sequence is required for
induction of fusion. Structural studies have mainly been conducted on MP22 (40) in the
absence or presence of liposomes and/or antibodies.

3.4.2 MPER – lipid interactions
LWYIK (37, gp41679–683): The 5-residue peptide at the C-terminal end of the gp41
ectodomain LWYIK (37) was considered to play an important role in sequestering gp41 into
Ch-rich domains in the membrane. [149, 150]. It contains the CRAC sequence motif L/V-
(X)1–5-Y-(X)1–5-K/R, where X can be any amino acid residue, for eliciting cholesterol
sequestration. DSC was used to assess the extent to which the peptide caused phase
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separation of 1-stearoyl-2-oleoyl phosphatidylcholine (SOPC)/Ch membrane. Two criteria
were used to identify phase separation of Ch-rich domains: 1) Formation of a Ch-rich
domain has to be accompanied by depletion of Ch from another region of the membrane,
resulting in increased enthalpy of the chain melting transition of the Ch-depleted region; 2)
Beyond its solubility limit in the Ch-rich domain, Ch will associate to form crystallites.
LWYIK (37) effectively sequestered Ch in SOPC/Ch membrane, as evidenced by a marked
increase in the enthalpy of the chain melting transition of SOPC [150]. A variety of single
and double amino acid substitutions of LWYIK were tested in order to identify the critical
residues. Ala, Val and Ile substitutions of Leu resulted in peptides with reduced potential to
sequester Ch, in the order Leu > Ala, Val > Ile [149]. Double mutants of LWYIK at Trp and
Ile indicated that the most flexible peptide LGYGK had the greatest effect on Ch
redistribution in membranes [150]. The corresponding mutation in gp41 resulted in a protein
retaining 72% of the fusion activity of the wild-type protein. However, the CRAC Leu to Ile
mutant retained similar fusogenicity [150]. These results confirmed that the CRAC motif is
not the sole critical factor for the cholesterol recognition function of LWYIK. The authors
showed that LASWIK (36), the corresponding HIV-2 and SIV peptide, which does not
fulfill the CRAC motif criteria, showed potency to sequester Ch in between that of LWYIK
and MP19 (38, gp41665–683), the latter containing almost the full length MPER
sequence [150].

3.4.3 MPER structure and membrane orientation
MP22(40. Gp41662–683): MP22 (40) is important as the antigenic determinant of broadly
neutralizing antibodies (BNAb’s) 4E10, 2F5, Z13E1 [100, 109]. Structural studies with
antibodies have been described in detail in this issue by Gach and colleagues. The MPER
was found to be insoluble with poor quality NMR spectra in SDS micelles, but gave
excellent spectra in DPC micelles, an indication of a preference for a zwitterionic
membrane-like environment [100]. A strongly helical amphipathic structure was observed.

In aqueous solution, the 2F5 epitope which comprises the more soluble N-terminal region of
MPER was found to form a 310-helix [99]. NMR solution studies of the full length MPER in
DPC micelles revealed an “L”-shaped strongly amphiphilic helix–hinge–helix structure with
a membrane binding face containing the 4th or the 5th Trp residues as well as the critical
Phe673 residue [93]. The degree to which the peptide was immersed in POPC/POPG
liposomes was studied using ESR on peptides spin labeled at selected sites. Differential
relaxation rates in the absence or presence of a relaxation reagent revealed the solvent
accessibility/depth of immersion of each residue. A periodicity of 4 residues supported the
existence of helical peptide lying on the membrane surface with its hydrophobic face
embedded into the lipid membrane, and with a distinct break in the periodicity at the hinge
region. Significant changes in immersion depths and amide chemical shifts occurred in the
presence of 4E10. The system was in fast exchange, and cross saturation experiments were
used to show that the C-terminal segment 671–683 interacted with the antibody, in
agreement with the crystal structure. Phe673 swung from the lipid interior into the antibody
binding pocket. The authors constructed a model in which 4E10 extracts its epitope from the
lipid membrane. It appears that the ability of the antibody to induce a structural
rearrangement, rather than just its affinity, is a key determinant of neutralization potency.
Immersion depths and amide chemical shift changes were also studied for MPER
interactions with 2F5 and Z13E1, indicating that 2F5 extracts the residues N-terminal to the
hinge, while Z13E1 freezes the MPER in its hinge conformation [151].

3.4.4 Summary of MPER biophysical and biochemical studies—As the
counterpart of FP, MPER peptides show similar hydrophobic character and are sequestered
into cholesterol rich areas of membranes. MPER peptides adopt helical structure in a
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biomembrane environment. MPER harbors epitopes of some BNAbs, so it is an important
target for vaccine design; the high conserved antibody epitopes in MPER may also be a
target for fusion inhibitors.

3.5 Loop Region and Intracellular Tail
A ~30-residue HIV-1 gp41 sequence between NHR and CHR is unstructured and was
designated the loop region. It contains two cysteines that can form a disulfide bridge; and is
an immunodominant domain of gp41. The loop region functions both as a linker between
NHR and CHR of gp41 and as a molecular recognition element during the fusion process,
and it can be a target for fusion inhibitors [61]. Another less exploited part of gp41 is its
cytoplastic tail. It contains about half of the gp41 sequence, much longer than the
cytoplasmic domain of other viral envelope proteins, and plays a role in regulating the
function of gp41. Peptide sequences studied that correspond to these domains are included
in Table 5.

3.5.1 Loop peptides
Loop-1 (17, gp41579–601): The highly conserved sequence gp41 Loop-1 (17) is a major
immunodominant region, recognized by antibodies from approximately 98% of AIDS
patients; it also contributes to the fusion inhibitory activity of DP107 (16) [24, 152]. The
interaction of gp41 Loop-1 (17) in its disulfide chain linked dimeric form and in its reduced
monomeric form were studied by different fluorescence methods including energy
migration, red edge excitation shift (REES), fluorescence lifetime, fluorescence quenching
using 5NS or 16NS lipophilic probes, fluorescence intensity and spectral shifts (blue shift).
The monomeric form incorporated in the membrane model systems POPC/DMPG (80:20),
and pure DMPG LUV and SUV, with the tryptophan residue located in a shallow position
near the interface. The dimeric form (17), however, didn’t interact with these vesicles. The
results suggested a “two step” model for the gp41 fusion mechanism similar to the one
proposed for influenza virus hemagglutinin [152]. After dissociation from gp120 upon CD4
and co-receptor binding, gp41 undergoes several conformational changes, including
oligomerization, formation of the coiled-coil domain (6HB), and “projection” of the fusion
domain toward the target cell. The insertion of the fusion peptide in the target membrane
might lead to a second conformational change, with the dissociation of the gp41 oligomer.
The coiled-coil precursor region of each gp41 monomer is inserted in the target cell bilayer
interface, bringing the two membranes together and contributing to the formation of the
fusion pore [152].

Loop-2 (18, gp41579–613): A peptide containing part of the gp41 NHR and loop sequence
Loop-2 (18) was designed and its interaction with negatively charged liposomes was
studied.[80] Loop-2 (18) bound tightly to negatively charged phospholipid-containing model
membranes (EPA, EPG, BPS), based on anisotropy values of the tryptophan fluorescence.
The peptide had almost no effect on content leakage of zwitterionic EPC liposomes, but
significant leakage was observed for LUVs composed of negatively charged phospholipids.
Similar results were obtained in lipid mixing assays and aggregation assays based on light
scattering. The destabilization and fusion activity of Loop-2 (18) towards negatively charged
model membranes suggested an essential role of the loop domain in the membrane fusion
process induced by gp41 [80].

W596L/W610F mutations in the loop region: The effect of mutation of tryptophan
residues in the loop region on cell-cell fusion was studied using confocal microscopy and
flow cytometry technologies. W596L and W610F mutations retained wild type levels of
gp120-anchoring ability in a virion context but abolished virus entry functions of gp41,
based on the following observations using living cells: 1) Confocal microscopy with DiO-
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labeled 293T effector cells transfected with Env-expression vectors, and DiI-labeled 293T
target cells co-transfected with pcDNA.T4 and pc.FUSIN showed W596L and W610F
mutations almost completely abolished the entry activity of HIV-1 Env; 2) Flow cytometry
lipid mixing assay using Env-expressing HeLa effector cells and HeLa-P4 target cells
showed Env glycoproteins bearing W596L/W610F mutations were unable to mediate lipid
mixing [90].

3.5.2 Intracellular domain A (52, gp41828–848)—Highly amphipathic positively
charged cytolytic peptide from the carboxy terminal end of gp41 was studied in negatively
charged unilamellar lipid vesicles by solid state NMR and in SDS micelles by solution state
NMR [86]. In solid state, both peptide and lipid signals were studied. Quadrupole splitting
of perdeuterated isoleucines were consistent with penetration of the N-terminus into the
hydrophobic core of the bilayer and with the C-terminus lying at the water-lipid interface.
Lipid chain order decreased towards the center of the bilayer. Partial helical conformation
was obtained for the N-terminal segment in SDS micelles. The changes in lipid order
profiles determined by NMR suggested that membrane curvature stress is the driving force
for peptide translocation and pore formation.

3.5.3 Summary of Loop and CT peptide biophysical and biochemical studies—
The loop area, connecting the N-terminal and C-terminal halves of the gp41 ectodomain, is
usually not considered a functional domain in HIV-1 gp41 mediated virus-cell fusion; the
CT, containing ~ half the length of the HIV-1 gp41 sequence, is assumed to regulate gp41
function, while its actual role in gp41 mediated virus-cell fusion is not yet clear. The
interactions between the loop area or CT and biomembrane indicate that these less exploited
parts of gp41 may play a role in gp41 – membrane interaction; detailed study of these
interactions may provide new insight into understanding the mechanism of gp41 mediated
virus-cell fusion and uncover clues for fusion inhibitor design. In addition, recent small
molecule inhibitor development has targeted the loop region as a possible site for inhibition
(see review in this issue by Gochin and Zhou).

3.6 Constructs containing multiple interactive gp41 functional domains
Cooperative association between different gp41 domains plays an important role in HIV-1
gp41 mediated virus-cell fusion, and it has been assessed in studies using constructs
containing multiple gp41 functional domains. These studies of gp41-membrane interaction
using multiple-functional-domain constructs may provide insight into understanding this
cooperation. Multi-domain constructs are listed in Table 5.

3.6.1 MPER – FP – membrane interactions
FP23 (3) - MP20 (39) interaction: MP20 (39) is considered a counterpart of FP.
Tryptophan fluorescence intensity of MP20 (39) and FP23-8W (3c) in solution decreased
with time, suggesting self-aggregation. Both peptides penetrated into DOPC-DOPE-Ch
LUV with an intensity enhancement and blue shift of tryptophan fluorescence. The apparent
mole fraction partition coefficients (Kp) were 7.3 ×105 for MP20 (39) and 3.0×104 for
FP23-8W (3c). MP20 (39) was >10 times more efficient than FP23-W8 (3c) in inducing
DOPC/DOPE/CH LUV lipid mixing and fusion, and lipid content leakage, perhaps
attributed to its tighter binding with the membrane. After correcting for the difference in
bound peptide, membrane-associated FP23-8W (3c) was as effective as MP20 (39) at
perturbing liposome membranes. The existence of MP20-FP23 interactions was confirmed
by detecting changes of MP20 (39) tryptophan fluorescence in the presence of the non-
fluorescent FP23 (2). This interaction lacked a correlation to fusogenic activity with lipid
membranes. A mixture of MP20 (39) and FP23-8W (3c) was not more active than MP20
(39) alone [68].
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FP16 (2) - AISb: Increasing concentrations of FP16 (2) effectively permeabilized liposomes
and induced merging of POPG LUV bilayers in the presence of Ca2+. In comparison, an
amphipathic-at-interface sequence (AIS) AISb (31, gp41656–671), a conserved aromatic-rich
membrane proximal region which includes the MPER-2F5 (32, gp41659–671)
immunodominant sequence, did not induce a significant release of the aqueous contents of
liposomes, and it was unable to induce vesicle fusion. The capacity of FP16 (2) to induce
permeabilization was diminished and its fusogenic effect was completely abolished in a
hybrid peptide FP16-AISb (51). Thus, the FP16 (2) –AISb (31) interactions appear to reduce
the capacity of FP (2) to perturb membranes. CD and IR spectroscopy showed the existence
of a stable FP-AIS complex with a specific β-turn- and β-sheet-rich secondary structure [83].
The interactions between FP and MPER suggest these fusogenic segments of gp41 may
engage in crosstalk during gp41 mediated virus-cell fusion, but the exact role of the
interaction still requires clarification.

3.6.2 N70 (8) and its components—N70 (8, gp41512–581) contains the N-terminal 70
residues of gp41, including two functional domains FP and NHR. The interaction between
membrane and N70 (8), as well as various mutations and composite parts, were studied and
compared. N70 (8) mutations in the NHR (N70I62D) (8c), FP (N70F11G) (8b), as well as an
N70 construct engineered to disrupt secondary structure in a region between the FP and
NHR regions (N70GG) (8d) were designed. The three mutations retained 35–60% of wild-
type fusogenic activity toward PC LUV. The mutations had the same effect on LUV’s
mimicking the target membrane (38% SM, 34% PC, 14% PE, 10% Ch, and 3% negatively
charged PS). The I62D mutant was lethal in vivo while the F11G mutant retained low cell-
cell fusion activity (10%). The relative α-helical content of each peptide decreased as
follows: N70F11G (8b) > N70 (8) > N70GG (8d) > N70I62D (8c) as measured by CD and
FTIR spectra. 22~30% β-aggregates were also observed for the mutant peptides. All
peptides were predominantly monomeric in SDS PAGE, with a significant population of
dimer and higher order oligomers in N70 (8), N70F11G (8b) and N70GG (8d). [92].

The cooperativity between FP and NHR in membrane destabilization was studied by
investigating the fusogenic properties of N70 (8) and component FP and NHR peptides [75,
84]. PC LUV is difficult to fuse and represents a highly stringent test of membrane
fusogenic function; inclusion of PE or negatively charged lipids creates vesicles more facile
to fusion. FP23 (3) was unable to fuse PC vesicles; FP33 (5) and FP33M24C (5d), bearing
the mutation for facilitating the synthesis of longer peptide N70 (8) using native chemical
ligation, were equally able to mix membranes of PC LUV; N47 (10a, gp41534–580) had
similar fusogenicity to FP33 (5). The continuous FP/NHR composite N70 (8) was 10 fold
more fusogenic than N47 (10a), either alone or in a mixture with FP23 (3), demonstrating a
synergy between the FP and NHR domains in mediating membrane fusion. The direct
contribution of NHR to fusogenic activity was also confirmed by N70I62D (8c), which had
dramatically reduced fusogenicity. The similar partition coefficient with PC LUV (~104

M−1) of N70 (8) and N70I62D (8d) does not explain their different fusogenic potencies.
Negative stain electron microscopy showed N70 (8) caused a substantial increase in vesicle
size of PC LUV while FP23 (2) induced no change, confirming that the lipid mixing induced
by N70 (8) is a result of membrane fusion [84].

Another study showed that N36 (15) has significant fusogenic activity, similar to FP34 (6)
[75]. Its activity was phospholipid-dependent; decreasing the relative amount of PS to 5%
reduced the peptide’s activity significantly and fusogenic capabilities were completely lost
in a zwitterionic environment. N70 (8a) was ~4 times more fusogenic than its deconstructed
components (FP34 (6) and N36 (15)). N36I62D (15c), known to be lethal in vivo and to
disrupt the helical structure in NHR fragments, caused a substantial loss of function. CHR-
derived fusion inhibitors C34 (23) reduced the fusogenic activity of N-terminal peptides in a
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dose-dependent manner. Real-time AFM experiments showed that 6 μM FP34 (6) induced a
homogeneous distribution of ~5 nm deep holes in electronegative PC:PS:Ch (4.5:4.5:1)
LUV with a diameter of ~200 nm, while not affecting the global shape of the bilayer
surface; N36 (15) did not induce distinctive pores, but rather had a global effect on the
membrane morphology [75].

3.6.3 C56 (41, gp41628–683) and its fragments—C56 (41) contains the sequence of
MP20 (39, gp41664–683) and a CHR sequence C34 (23) with an additional two residues. C56
(41) and MP20 (39) preferentially destabilized Ch-rich LUV mimicking the virion surface
(PC:SM:Ch at 1:1:1), whereas the N-terminal counterparts N70 (8) and FP33 (5d)
preferentially fused vesicles that were either Ch-free (PC LUV) or contained 10% Ch
mimicking the outer leaflet of blood cells (SM:PC:PE:Ch:PS in a ratio of 11:10:4:3:1) [85].
NHR appears to play a direct role in the fusogenic properties of the N-terminus, while CHR
plays an indirect role, by stabilizing the IFP that is primarily responsible for membrane
destabilization induced by the C-terminal subdomain. This correlated with the findings that
the IFP effectively partitioned into and self-assembled in membranes, whereas the CHR
(C34 (23)) bound poorly to membranes. Acting alone, both C56 (41) and N70 (8) perturbed
PC LUV, and in combination they acted additively to induce lipid mixing of PC LUV [85].

The structure of fusogenic peptides has been shown to be important for their ability to
promote fusion. C56 (41) was more effective than MP20 (39) in inducing lipid mixing of
both PC and PC: SM:Ch (1:1:1) LUV. Lysophosphatidylcholine (LPC) at micellar
concentrations (1% w/v) was chosen for peptide secondary structure measurements to avoid
light scattering caused by liposomes. CD data demonstrated that the α-helical content of C56
(41) was significantly higher than that of MP20 (39). FTIR showed that MP20 (39) and C56
(41) were predominantly α-helical (~55%) while C34 (23) was largely unstructured in
deuterated membranes, indicating that helical structure was induced in the CHR when
conjugated to the largely helical MP20, known as IFP. FTIR data revealed that C34 (23),
MP20 (39) and C56 (41) disrupted the acyl chain order of 1:1:1 PC:SM:Ch membranes to a
similar degree, suggesting the differential lipid-mixing ability of C56 (41) and MP20 (39)
was not a function of their ability to disrupt the order of the membranes. These findings
suggest that the IFP, stabilized in the context of C56 (41), is primarily responsible for the
membrane fusion function of the C-terminal subdomain [85]. Cooperative stabilization of
the CHR by MP20 (39) could simultaneously enhance the ability of the CHR to interact with
the coiled-coil NHR regions to facilitate hairpin formation. The same is true of the N-
terminal subdomain. FP33(5) was ineffective, while N70 (8, gp41512–581), a peptide
construct including FP33 (5) and NHR, disrupted PC multilayers.

3.6.4 gp41 ectodomain
N70-CHR constructs: A gp41 construct contains N70 (8) and C39 (25, gp41628–666) linked
by a 6-residue flexible amino acid linker N70(L6)C39 (47) was designed and designated FP-
hairpin, and was used to study gp41-liposome interactions using PC:PG:Ch (8:2:5)
(mimicking HIV-1 and host cell membrane) or PC:PG (4:1) [126]. Lipid mixing activity
increased in the order N70(L6)C39 (45) < FP34 (6) < N70 (8a). Both β-sheet and α-helical
membrane-associated structure was observed. FP34 (6) had the greatest β-sheet population
which increased with protein loading. β-sheet population was positively correlated with
membrane Ch content for FP34 (6) and N70 (8a), while for N70(L6)C39 (45), β-sheet and
α-helical populations were approximately independent of Ch content. This suggested that β-
sheet FP conformation is more fusogenic than the α-helical conformation. NHR coiled-coil
and NHR-CHR 6HB regions retained helical structure following membrane association
[126].
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Another study showed N70 (8) had significant α-helical content in buffer and detergent at
37°C measured by CD. N70 (8) had a Tm ~45°C in buffer and higher stability and α-helical
content in detergent. Extremely rapid lipid mixing of POPC:POPG:Ch vesicles was
observed for N70 (8) that had been initially dissolved in either buffer or detergent.
Dissolving FP34 (6) in detergent accelerated it potency to induce lipid mixing. N47(L6)C39
(44) containing NHR and CHR without the FP sequence was 100% α-helical in buffer and
detergent with Tm ~ 100°C; it induced neither aggregation nor lipid mixing between these
vesicles. Approximately 20 residues of N70(L6)C39 (45) and N70 (8) were non-helical in
buffer; in detergent both constructs had fewer non-helical residues. The correlation of
membrane fusion function with prehairpin conformation of the studied constructs suggested
that one of the roles of the final hairpin conformation is to sequester membrane-perturbing
gp41 regions, reducing the membrane disruption induced earlier by the prehairpin structure
[78].

Recgp41 (47 gp41538–665) and (48 gp41540–682): Recgp41 (47) is a recombinant gp41
construct including NHR, CHR and an intact loop area, and 540–682 (48) is a recombinant
gp41 ectodomain lacking the fusion peptide. Both gp41 constructs bound to membranes,
consequently undergoing a major conformational change. The interactions were similar with
both negatively charged PS/PC/Ch/DNS-PE (8:8:2:1, w/w) and zwitterionic PC/Ch/DNS-PE
(16:2:1, w/w) SUV, indicating that non-electrostatic forces were involved in the gp41-
membrane interactions. Trypsin digest of recgp41 in aqueous buffer resulted in a protease-
resistant core consisting of two tryptic fragments: N62 (13, gp41540–601) and C52 (20,
gp41624–675); digestion was complete when recgp41 (47) was fully bound to phospholipid
vesicles. Combined with the C34 (23)/N36 (15) interaction, which showed decomposition of
the 6HB structure upon membrane binding, these results suggested that, after the prehairpin
conformation was formed, membrane binding induced opening of the gp41 core complex
[71].

Ectodomain (46, gp41512–584), E-core (49, gp41546–584), Core (47): E. coli expressed
recombinant HIV-1 gp41 ectodomains were constructed, including ectodomain (46), e-core
(49) and core (47). All the three proteins folded into a stable coiled-coil core in aqueous
solution and retained a stable helical fold with reduced coiled-coil characteristics in a
zwitterionic and negatively charged membrane mimetic environment as measured by CD. In
contrast to an extended exposed N-terminal domain, the folded gp41 ectodomain (46) did
not induce lipid mixing of zwitterionic membranes while strongly disrupting and inducing
lipid mixing of negatively charged PC/PS LUV. It was ~100-fold more effective against
negatively charged lipids than FP23 (3) and 10-fold more effective than N70 (8). The
kinetics of membrane fusion revealed that all three proteins acted immediately after addition
to the liposome solution. Real-Time AFM showed nanoscale holes in negatively charged
membranes PC:PS (3:2) induced by the gp41 ectodomain (46) and its mutants. The results
supported a model in which one of the roles of gp41 folding into the 6HB conformation was
to slow down membrane disruption effects induced by early exposed gp41. However, it
could further affect membrane morphology once exposed to negatively charged membranes
during later stages [79].

SIVmac239 e-gp41 (50, SIV gp4127–149): To test whether covalently linking the NHR and
CHR segments via the immunodominant loop affected the conformational change, a
SIVmac239 gp41 ectodomain 27–149 named e-gp41 (50) was designed. SPR, tryptophan
and rhodamine fluorescence, ATR-FTIR spectroscopy, and DSC results suggested that the
presence of the loop stabilized the trimeric helical hairpin both when e-gp41 (50) was in
aqueous solution and when it was bound to the membrane surface of egg-PC or DOPC SUV
or LUV. The protein-liposome association constant (KA) was 4.33×105 M−1 and the
corresponding ΔG was −10.1 kcal/mol. SIV e-gp41 (50) had a monomer-trimer association
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constant Ka of 3×1011M−1, so >90% monomer and trimer were presented at 0.2 μM and 5
μM concentration respectively, which were selected for testing. Binding with PC SUV did
not result in dissociation of e-gp41 (50) trimers to a significant extent as monitored by
tryptophan fluorescence, and by using rhodamine fluorescence change following trypsin
digest. Tm of e-gp41 (50) was independent of lipids added as measured by DSC, with a small
secondary structure shift from 76±6% helix in buffer to 68±1% helix in lipids as measured
by ART-IR. The authors concluded that the immunodominant loop stabilizes gp41 helical
hairpin conformation. [91].

3.6.5 Summary of membrane interaction of gp41 constructs containing multi-
functional domains—The above observations show that there is cooperativity between
different functional domains in gp41 – membrane interactions. Some dual domains, such as
FP/NHR and CHR/MPER, were synergistic; others, such as ectodomain constructs
containing both N-terminal and C-terminal part of gp41, were antagonistic; there are also
interactions, such as between FP and MPER, with unclear function. Fully understanding
how different gp41 functional domains work in concert to regulate gp41 mediated virus-cell
fusion processes may be helpful for fusion inhibitor design.

Conclusion and perspectives on gp41 fusion inhibitor development
In this review, we have attempted to convey key aspects of the literature covering the effect
of lipids on gp41 domain structure and interactions. Most of the studies have involved
biological and biophysical assays on isolated domains. We have elected to present findings
from multiple different studies, even though discrepancies were sometimes found between
different observations, and controversies also occurred. Inevitably, studies involved subtle or
significant variations in experimental setup, lipid composition, sample preparation or
biophysical technique used. A systematic study of gp41-membrane interactions using strict
controls may provide a useful way to consolidate our understanding of the mechanism of
gp41 mediated virus-cell fusion.

It is clear that all gp41 functional domains show binding to certain lipids. The binding is
enhanced when negatively charged lipids or cholesterol are included in the liposomes. FP
and MPER are the main fusogenic functional domains of gp41; NHR or CHR can
significantly enhance the fusogenic activity of FP and MPER, respectively, when they are
covalent linked; lipid conjugation can rescue or improve the membrane binding and
fusogenic activity of NHR and CHR. A summary of gp41 domain – membrane interactions
is presented in Table 7. Secondary structure and stability changes of gp41 functional
domains are associated with lipid membrane interaction; generally, β-structure is induced for
FP, helix structure is induced for MPER, and dissociation or destabilization are observed for
NHR, CHR or the combined ectodomain.

Lipid interacting domains as models or targets for fusion inhibitor design
The crystal structure of gp41 NHR/CHR 6HB verified that gp41 was a suitable target for
fusion inhibitor design, but the membrane context was not considered. The hydrophobic
gp41-membrane interaction provides an additional dimension towards fully understanding
the mechanism of HIV-1 cell fusion and inhibition. The importance of hydrophobic
interactions in HIV-1 fusion inhibitor design were highlighted by design of a lipopeptide
which contained a CHR peptide and a cholesterol tail, showing improved antiretroviral
profile compare with available fusion inhibitors [55]. We also observed that certain
surfactants containing a charged polar head group and a simple fatty acid chain could reach
low micromolar fusion inhibitory activity, close to the most potent small molecule fusion
inhibitors designed recently [153]. These observations suggest that understanding the
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hydrophobicity of gp41 interactions is key to designing and improving the fusion inhibitors
that target 6HB.

Beyond the 6HB, more hydrophobic parts of gp41, especially FP and MPER, are also
potential targets for new fusion inhibitor design, notwithstanding their importance in vaccine
design. Less exploited parts of gp41 such as the loop region and CT, also play important
roles in gp41 – membrane interaction. Peptides from specific gp41 functional domains
showed various interactions with membrane and membrane mimetics. FP and MPER, the
gp41 sequences that function by inserting into the target cellular and viral membranes,
showed preferential interaction with negatively charged liposomes, a property of both viral
and cell membranes. The CHR peptides showed a preference for binding to rigid membranes
or lipid rafts where the cellular receptors and co-receptors used by HIV-1 envelope protein
for entry are located.

The importance of gp41-membrane interaction outside of the 6HB sequence is evident from
several inhibition studies. VIRIP [59] and short D-peptides [82] inhibit HIV-1 replication by
targeting FP of gp41. FP-68742, a low molecular-weight entry inhibitor, can induce drug
resistant HIV-1 mutations at both FP and the loop area [61]. Amphotericin B methyl ester
(AME), a cholesterol binding compound that blocks HIV-1 entry, induced a drug resistant
HIV-1 strain by deleting the CT part of gp41 [154–156]. A recently reported
crystallographic structure showed that a cavity in MPER may be a binding site for small
molecular-weight fusion inhibitors [109]. Systematic study of these areas in the context of
gp41-membrane interactions may shed new light on future fusion inhibitor design.
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Abbreviations

2OH-β-CD 2-hydoxypropyl-β-cyclodextrin

6HB six helix bundle

AFM atomic force microscopy

AIS amphipathic-at-interface sequence

ANTS 8-Aminonaphthalene-1,3,6-trisulfonic acid sodium salt

ATR-FTIR attenuated total reflection Fourier transform infrared spectroscopy

BPI bovine brain L-α-phosphatidylinositol

BPS bovine brain L-α-phosphatidylserine

CD circular dichroism

Ch cholesterol

CF Carboxyfluorescein

CHR C-terminal heptad repeat

CMTMR ((4-chloromethyl)benzoyl)amino)) tetramythyl rhodamine

di-8-ANEPPS 1-(3-sulfonatopropyl)-4-[â-[2-(di-n-octylamino)-6-
naphthyl]vinyl]pyridinium betaine
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CT Cytoplasmic tail

DiI 1,10-diocta decyl-3,3,30,30-tetramethyl indocarbocyanine perchlorate

DiO 3,3′-dioctadecyl oxacarbocyanineperchlorate

DLS dynamic light scattering

DNS-PE N-(5-dimethylaminonaphthalene-1-sulfonyl) -sn-glycero-3-
phosphoethanolamine

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine

DOPC 1,2-dioleoyl -sn-glycero-3-phosphocholine

DOPE 1,2-dioleoyl -sn-glycerol-3-phosphoethanolamine

DOPG 1,2-dioleoylphosphatidylglycerol

DPC dodecylphosphocholine

DPPS 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine

DPX p-xylyl enebis[pyridinium] bromide

DXSA 12-doxyl-stearic acid

EPA egg L-α-phosphatidic acid

EPC egg L-R-phosphatidylcholine

EPR electron paramagnetic resonance

FP fusion peptide

FPE fluorescein-phosphatidylethanolamine

FRET Förster resonance energy-transfer

gp41 41,000-Da transmembrane subunit glycoprotein of HIV-1

HIV-1 human immuno deficiency virus, type 1

HPTS 8-hydroxypyrene- 1,3,6-trisulfonic acid

IFP internal fusion peptide

KC 6-ketocholestanol

LPC lysophosphatidyl choline

LUV large unilamellar vesicles

MCC-DOPE 1,2-dioleoyl -sn-glycerol-3-phosphoethanolamine -N-[4- (pmaleimido
methyl) cyclohexanecarboxamide]

MPER Membrane-proximal external region

NBD 4- fluoro-7- nitrobenz-2-oxa-1,3-diazole

NHR N-terminal heptad repeat

NNRTI Non-Nucleotide Reverse Transcriptase Inhibitor

NRTI Nucleotide Reverse Transcriptase Inhibitor

PA-DPH 1,6-diphenyl-1,3,5-hexatrienepropionic acid

PBS phosphate-buffered saline
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PC phosphatidyl choline

PE dioleoylphosphatidylethanol amine

PI Protease Inhibitor

POPC 1-palmitoyl-2-oleyl-sn- glycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoylphosphatidylglycerol

POPS 1-palmitoyl-2-oleoyl phosphatidylserine

PS phosphatidyl serine

R18 Octadecylrhodamine Chloride B

Rho rhodamine

Rho-PE phosphatidyl-ethanol amine-rhodamine

SM sphingomyelin

SOPC 1-stearoyl-2-oleoyl phosphatidylcholine

TM Transmembrane domain

TMA-DPH 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene

TPE egg trans-esterified L-R-phosphatidylethanolamine
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Figure 1.
HIV-1 gp41 mediated virus-cell fusion and fusion inhibitors. Upper panel: The putative
HIV-1 gp41 pre-fusion structure is an extended conformation with its N-terminal fusion
peptide inserting into target cell, followed sequentially by N-terminal heptad repeat (NHR),
Loop region (Loop), C-terminal heptad repeat (CHR), transmembrane domain (TM) and
cytoplasmic tail (CT), thus bridging the HIV-1 and target cell membrane. NHR and CHR
will automatically fold back to form a low energy stable six-helical bundle (6HB) with NHR
trimer as the inner core and anti-parallel binding of three CHRs. The energy from the 6HB
formation will drive the juxtaposition of the viral and cell membrane and result in viral-cell
fusion. Drugs binding to specific functional domains of gp41 may interfere with the
fusogenic 6HB formation thus inhibiting HIV-1 infection. Solid lines indicate established
fusion inhibitor targets, dashed lines indicate potential fusion inhibitor targets. Lower panel:
cartoon representation of the primary structure of HIV-1 gp41 and the different functional
domains. The sequence number was based on HIV-1HXB2 ENV protein sequence.
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Figure 2.
Methods used to study gp41-membrane interactions. HIV-1 gp41 peptides from different
functional domains, including FP, NHR, CHR, Loop, MPER and CT, as shown in Figure 1,
were studied with biomembranes and their mimetics, including liposomes, micelles, red
blood cells (RBC) and living cells. Property changes incurred by biomembrane - gp41
peptide interactions are shown as icons connected by arrows to the source of the
perturbation. These properties changes were studied by various biochemical and biophysical
methods as indicated.
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Table 1

FP peptide sequences

Name Sequence Literature Name/Ref

FP12 (1) AVGIGALFLGFL [81]

FP16 (2) AVGIGALFLGFLGAAG [73, 81, 83, 115]

FP23 (3) AVGIGALFLGFLGAAGSTMGARS [73, 81, 82, 111, 116, 124, 125], gp41 FP, HIVn [68], FP23H
[72, 73], HIVArg, [77] FP-1, [87],

FP23K3 (3a) AVGIGALFLGFLGAAGSTMGARSKKK FPK3 [83]

FP23A (3b) AVGIGALFLGFLGAAGSTMGAS gp411–23 [76]

FP23W8 (3c) AVGIGALWLGFLGAAGSTMGAS gp411–23W8 [67]

P-FP23A (3d) PAVGIGALFLGFLGAAGSTMGAAS P-gp411–23 [76]

FP23mut (3e) AIGLGAMFLGFLGAAGSTMGAS HIVAla [77]

FP23G3K5 (3f) AVGIGALFLGFLGAAGSTMGARSGGGKKKKK [117]

FP23-H (3h) NH2–AVGIGALFLGFLGAAGSTMGARS [73]

FP30 (4) AVGIGALFLGFLGAAGSTMGARSMTLTVQA [76]

FP33 (5) AVGIGALFLGFLGAAGSTMGARSMTLTVQARQL [70, 84, 85, 94, 114, 115, 123]

FP33V2E (5a) AEGIGALFLGFLGAAGSTMGARSMTLTVQARQL [114]

FP33-IFFA (5b) AVGIGALFLGFLGAAGSTMGARSMTLTVQARQL [94]

dFP33 (5c) AVGIGALFLGFLGAAGSTMGARSMTLTVQARQL [70]

FP33M24C (5d) AVGIGALFLGFLGAAGSTMGARSCTLTVQARQL [84]

FP34 (6) AVGIGALFLGFLGAAGSTMGARSMTLTVQARQLL [75, 126]
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Table 2

NHR peptide sequences

Name Sequence Literature Name/Ref

N54 (9)  STMGARSMTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL FPPR+HR1, 17–70 [69]

C10-N54 (9a) C10–STMGARSMTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [69]

C16-N54 (9b) C16–STMGARSMTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [69]

N47 (10a)   CTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [126], Gp4124–70 [84]

pFP23 (11)     QARLLLSGIVQQQNNLLRAIEAQ [74]

N51 (12)     QARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQ [71]

N62 (13)   QARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQQLLGIWGCSGK [71]

pFP15 (14)    LLSGIVQQQNNLLRA [74]

N36 (15)     SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [71, 75]

C10-N36 (15a)    C10–SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [69]

C16-N36 (15b)    C16–SGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [69]

N36I62D (15c)     SGIVQQQNNLLRAIEAQQHLLQLTVWG KQLQARIL [71, 75]

SN36 (15d)     AGIVQQQQQLLDVVKRQQELLRLTVWGTKNLQTRVT SIV N36 [110]

DP107 (16)      NNLLRAIEAQQHLLQLTVWGIKQLQARILAVERYLKDQ  T21 [130]
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Table 3

CHR peptide sequences

Name Sequence Literature Name/Ref

CHR1 (19) WNHTTWMEWDREINNYTSLIHSLIEESQNQQEKNEQ [65]

C52 (20)  NHTTWMEWDREINNYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWFNI [71]

Sifuvirtide (21)   SWETWEREIENYTRQIYRILEESQEQQDRNERDLLE [146, 147]

T1249 (22)    WQEWEQKI–––––––TALLEQAQ QQEKNE ELQKLDKWASLWEWF [139]

C34 (23)    WMEWDREINNYTSLIHSLIEESQNQQEKNEQELL [71, 75]

C36 (24)    WMEWDREINNYTSLIHSLIEESQNQQEKNEQELLEL [65]

C39 (25)    WMEWDREINNYTSLIHSLIEESQNQQEKNEQELLELDKW [126]

SJ2176 (26)     EWDREINNYTSLIHSLIEESQNQQEKNEQE DP-219 [25, 26]

CHR3 (27)      REINNYTSLIHSLIEESQNQQEKNEQELLELDKWAS [65]

DP (28)        YTSLIHSLIEESQNQQEKNEQELLE [63]

DP–C12 (28a)        YTSLIHSLIEESQNQQEKNEQELLE–C12 [63]

DP–C16 (28b)        YTSLIHSLIEESQNQQEKNEQELLE–C16 [63]

T20 (29)        YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF DP178 [65]

SIV–T20 (29a)        LEENITALLEEAQIQQEKNMYELQKLNSWDVFGNWF [66]

C8–SIV–T20 (29b)       C8–LEENITALLEEAQIQQEKNMYELQKLNSWDVFGNWF [66]

SIV–T20–C8 (29c)        LEENITALLEEAQIQQEKNMYELQKLNSWDVFGNWF–C8 [66]

MutSIV–T20 (29d)        LEENITALLEEAQIQQEKNMYELQKLNSWDVFANAA [66]

Mut–C8–SIV–T20 (29e)       C8–LEENITALLEEAQIQQEKNMYELQKLNSWDVFANAA [66]

Mut–SIV–T20–C8 (29f)        LEENITALLEEAQIQQEKNMYELQKLNSWDVFANAA–C8 [66]

CHR5 (30)         HSLIEESQNQQEKNEQELLELDKWASLWNWFNITNW [65]
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Table 4

MPER peptide sequences

Name Sequence Literature Name/Ref

AISb (31)  NEQELLELDKWASLWN [83]

MPER–2F5 (32)   ELLELDKWASLWN [99]

CTP (33)    LLELDKWASLWNWFDITNWL [139]

LASWIK (36)        LASWIK [157]

MP5 (37)         LWYIK [157] mutations [150]

MP19 (38)       KWASLWNWFNITNWLWYIK (Gp41W) [100, 157]

MP20 (39)      DKWASLWNWFNITNWLWYIK  [85] preTM, HIVc [68]

MP20M (39a)      DKAASLANAFNITNWLWYIK HIVW(1–3)A [68]

MP22 (40)     ELDKWASLWNWFNITNWLWYIK C22 [93, 100, 109]

C56 (41) WMEWDREINNYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWFNITNWLWYIK [85]
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Table 5

Multidomain constructs and others

Name Sequence Literature Name/Ref

Gp411–52 (7) AVGIGALFLGFLGAAGSTMGARSCTLTVQARQLLSGIVQQQNNLLRAIEAQQ [84]

N70 (8) AVGIGALFLGFLGAAGSTMGARSCTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [78, 84, 85, 92]

N70a (8a) AVGIGALFLGFLGAAGSTMGARSMTLTVQARQLLCGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL [75, 126]

N70F11G (8b) AVGIGALFLGGLGAAGSTMGARSCTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL  [92]

N70I62D (8c) AVGIGALFLGFLGAAGSTMGARSCTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWG KQLQARIL [84, 92]

N70GG (8d) AVGIGALFLGFLGAAGSTMGARSCGGTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARIL  [92]

Loop-1 (17)    RILAVERYLKDQQLLGIWGCSGK Gp41 579~601[152]

Loop-2 (18)    RILAVERYLKDQQLLGIWGCSGKLICTTAVPWNAS Gp41579–613 [80]

C56 (41)   WMEWDREINNYTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWFNITNWLWYIK [85]

N47L6C39 (44) N47–SGGRGG–C39 hairpin [78, 126]

N70L6C39 (45) N70–SGGRGG–C39 FP–hairpin [78, 126]

Ectodomain (46) HIV–1 gp41512–684 [79]

core (47) HIV–1 gp41538–665 [71, 79] E. coli recgp41 [71]

recgp41 (48) HIV–1 gp41530–582  [71]

e-core (49) HIV–1 gp41546–584  [79]

SIV e-gp41 (50) SIV–1 gp4127–149  (SIV gp41) [91]

FP16-AISb (51) FP16(2)–Ahx–AISb (31), Ahx was undefined in literature Hyb [83]

Intracell. domain
A (52)

RVIEVVQGASRAIRHIPRRIR [86]

CP (42)  GLRILLLKV Rat TCR [115]

TCRα TMD (43) 251VMGLRILLLKVAGFNLLMTL270 Rat TCR [115]
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