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ABSTRACT: Fusion of the human immunodeficiency virus (HIV) with
target cells is mediated by the gp41 subunit of the envelope protein. Mutation
and deletion studies within the transmembrane domain (TMD) of intact gp41
influenced its fusion activity. In addition, current models suggest that the
TMD is in proximity with the fusion peptide (FP) at the late fusion stages, but
there are no direct experimental data to support this hypothesis. Here, we
investigated the TMD focusing on two regions: the N-terminal containing the
GxxxG motif and the C-terminal containing the GLRI motif, which is
conserved among the TMDs of HIV and the T-cell receptor. Studies utilizing
the ToxR expression system combined with synthetic peptides and their
fluorescent analogues derived from TMD revealed that the GxxxG motif is important for TMD self-association, whereas the C-
terminal region is for its heteroassociation with FP. Functionally, all three TMD peptides induced lipid mixing that was enhanced
significantly upon mixing with FP. Furthermore, the TMD peptides inhibited virus−cell fusion apparently through their
interaction with their endogenous counterparts. Notably, the R2E mutant (in the GLRI) was significantly less potent than the
two others. Overall, our findings provide experimental evidence that HIV-1 TMD contributes to membrane assembly and
function of the HIV-1 envelope. Owing to similarities between functional domains within viruses, these findings suggest that the
TMDs and FPs may contribute similarly in other viruses as well.

The infection of a cell by HIV is a well-coordinated event.
This process is performed by the envelope glycoprotein

(Env-gp160), a type-I integral membrane protein, which is
expressed on the surface of the virus and functions as a
trimer.1−4 Gp160 is composed of noncovalently attached gp120
and gp41 subunits. Gp120 recognizes CD4 and other
coreceptors that together initiate an activated state leading to
conformational changes. These result in the exposure of gp41,
the key component responsible for the virus−cell fusion
process,1,5−7 schematically presented in Figure 1. The
ectodomain of gp41 is composed of an N-terminal fusion
peptide (FP), a fusion peptide proximal region (FPPR), N- and
C-terminal heptad repeats (NHR and CHR, respectively) that
are separated by a loop, a membrane proximal region (MPER),
and the transmembrane domain (TMD).3,5,8,9

The current knowledge regarding the various states of gp41
during the fusion process has been obtained mainly by high-
resolution structures, as well as studies using peptide inhibitors
and conformation-specific antibodies.2,10−13 Accumulating data
suggest that there are at least three main gp41 conformations
during the fusion process: the first is the native nonfusogenic
state, the second is the prehairpin conformation (PHI) or

prefusion step, and the third is the post-fusion step (hairpin
conformation) also termed the six-helix bundle (SHB).5,13−19

Although the participation of FP during the PHI and SHB
states has been widely studied, only a few studies focused on
the involvement of the TMD in the fusion process.
Furthermore, recent studies have suggested that FP and
TMD are in proximity during viral fusion.20−22 These studies
showed that the monoclonal antibody 2F5 binds ideally to its
epitope, the MPER, upon its interaction with the sequence
downstream of the FP, the FPRR.21 In addition, both FP and
TMD bind the T-cell receptor (TCR) transmembrane complex
leading to the inactivation of T cells.23,24 All together, these
suggest a possible interaction between FP and TMD.
Transmembrane domains (TMDs) of many membrane

proteins have been shown to contribute to the assembly of
the parental proteins. These interactions are mediated by
various motifs.25−31 Among them, the GxxxG motif is the most
studied one,27,32 and it is also located in the gp41 TMD.13,33,34
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Mutational studies within the TMD in the intact gp41, as well
as its complete replacement, revealed that the GxxxG motif
contributes to the fusion process.35−37 However, the direct
participation of the TMD in the membrane fusion process and
its interaction with FP have not been reported. HIV-1 TMD
contains, in addition, the GLRI motif, which plays an important
role in viral-induced T-cell immuno-modulation.24 However,
the role of these motifs during virus−cell fusion is not yet clear.
Furthermore, a recent study showed that mutating the Arg
residue within the intact protein did not affect the expression or
location of Env but, rather, affected its fusion activity.38

Synthetic peptides corresponding to regions within gp41
serve as a powerful tool to explore the dynamic mechanism
underlying gp41-induced membrane fusion.14,15,18,39,40 As a
general trend, mutations within the entire envelope protein that
reduced its fusogenic activity also reduced the ability of the
corresponding synthetic peptides to induce lipid mixing of
model membranes.41

In this study, we characterized the TMD for its ability to
homoassemble within the membrane milieu and to hetero-
assemble with FP via distinct regions. We also determined its
ability to induce lipid mixing alone and in combination with FP.
Finally, we studied the ability of the peptides to interfere with
the native virus−cell fusion process. Besides advancing our
understanding of the mechanism underlying virus−cell fusion,
this study strengthens FP as a potential entry inhibitor9,42 and

suggests TMD as a new one too. Previous studies have shown
that the TMD and FP in influenza virus functionally associate
during the entry steps.43 Owing to structural and functional
similarities between enveloped viruses including subunit
composition, the presence of heptad repeats, and the function
of the different subunits (FP, TMD, and cytoplasmatic tail), our
findings suggest that the TMDs and FPs of other viruses may
contribute in a similar manner as well.

■ EXPERIMENTAL PROCEDURES

Construction of the ToxR Chimeras. A NheI-BamHI
TM-DNA cassette encoding 16 residues of the gp41 WT
transmembrane domain (686I V G G L V G L R I V F A V L
S701) was inserted between the ToxR transcription activator and
the E. coli maltose binding protein (MalE) within the ToxR-
MalE plasmid. The R2E and GGG constructs contained the
WT sequence, with Arg at position 694 mutated to a glutamic
acid and the LVG sequence changed to GLV at position 691−
693, respectively (Table 1). The sequence of all the constructs
was confirmed by DNA sequencing.

Peptide Synthesis and Purification. Peptides were
synthesized by the F-moc solid-phase method on a Rink
amide MBHA resin. A lipophilic acid was attached to the N-
terminus of a resin-bound peptide using standard F-moc
chemistry. Briefly, after removal of the F-moc group from the
N-terminus of the peptide with a solution of 20% piperidine in
dimethylformamide (DMF), the fatty acid (10 equiv, 1 M in
DMF) was coupled to the resin under similar conditions used
for the coupling of an amino acid. The peptides were cleaved
from the resin by trifluoroacetic acid (TFA) and were purified
by RP-HPLC on a C2 reverse phase Bio-Rad semipreparative
column (250 × 10 mm, 300-Å pore size, 5-μm particle size).
The purified peptides were shown to be homogeneous (>95%)
by analytical HPLC. The peptides’ compositions were
confirmed by electrospray mass-spectrometry. A single lysine
residue was added to the C-termini of the peptides to confer
water solubility to the hydrophobic TM domains. It was
previously shown that hydrophobic peptides conjugated to
lysine tags were correctly oligomerized and inserted into the
membrane.44−46

In Vivo Detection of Homo- and Heteroassociation of
TMDs within the Membrane. The ToxR transcription
activator can be used successfully to assess weak protein−
protein interactions within the E. coli membrane. A DNA
cassette encoding the gp41 TMD was grafted between the
ToxR transcription activator and the maltose binding protein in
the ToxR-MalE plasmid (named ToxR-TM-MalE). The
plasmid was then transformed into E. coli FHK12 cells that
contain β-galactosidase, under the control of a ctx promoter.
Association of the TMDs, in this system, results in association

Figure 1. Schematic presentation of the gp41-induced fusion process.
(A) The gp120 subunit of gp160 recognizes its corresponding receptor
CD4 together with additional coreceptors. This recognition leads to
the separation of the noncovalently linked gp41 and the exposure of
the fusion peptide. (B) The fusion peptide is inserted into the target
cell membrane, and the gp41 trimmer is reinforced. At this stage, the
structure is thought to be in an extended state. (C) After additional
conformational changes, a six-helix bundle is formed through
interactions of the NHR and CHR, and the two membranes are
forced to be in proximity. Additional steps lead to full membrane
mixing, resulting eventually in content mixing between the effector and
target cells.

Table 1. List of Peptides and TM Sequences Utilized in This Studya

construct/peptide name sequence property

WT 686I V G G L V G L R I V F A V L S701 wild-type sequence

GGG I V G G G L V L R I V F A V L S GxxxG motif abolished
R2E I V G G L V G L E I V F A V L S charge exchange
FP AVGIGALFLGFLGAAGSTMGARSAMTLTVQRQL wild-type sequence
Tar1 K K K M V L G V F A L L S L I S G S L K K aspartate receptor TMD1
GpA I T L I I F G V M A G V I G T I L partial TMD of GpA

aAmino acids are numbered according to their position in the WT protein (HXB2). Mutations in the gp41 TM domain are bold and underlined. A
single Lys residue was added to the N terminus of all the peptides to enhance solubility.
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and activation of the ToxR transcription activator, which then
becomes active and can bind the ctx promoter.47 The amount
of homoassociation was quantified by measuring the activity of
the β-galactosidase reporter gene and by normalizing it to the
cell content (OD590) (Miller units). The β-galactosidase activity
levels expressed by the GpA TMD sequence were referred to as
100% association. The transformed cells were grown in the
presence of chloramphenicol for 18 h at 37 °C. β-Galactosidase
activities were quantified in crude cell lysates after adding ο-
nitrophenylgalactosidase and monitoring the reaction at 405
nm for 20 min, at intervals of 30 s at 28 °C with a Molecular
Devices kinetic reader.47,48 Specific β-galactosidase activities
were computed from the Vmax of the reaction. In order to
calculate the percentage of association of each construct, we
measured the β-galactosidase activity levels and divided them
by the activity of GpA.
Heteroassociation was detected using ToxR-TM-MalE-

expressing bacteria (WT sequence) grown in the absence or
presence of exogenous peptides. Inhibition was calculated as
follows:

= −
−

−
I

A A

A A
1

peptide baseline

max baseline (1)

where I represents the inhibitory ability of the peptide, Apeptide is
the activity of ToxR-TM-MalE in the presence of a peptide,
Amax is the maximal activity of ToxR-TM-MalE without the
peptide, and Abaseline is the baseline activity of the monomer A15
plasmid.47

Expression Levels of ToxR-TM-MalE Chimeric Protein.
We performed Western blot analysis in order to determine
whether changes in the sequence of the TM domain affected
the expression levels of the chimera proteins. Specifically,
aliquots of 10 μL of FHK12 cells, each with a different plasmid
or in the presence of a different peptide, were mixed with a
sample buffer, boiled for 5 min, subjected to 12% SDS−PAGE,
and then transferred to nitrocellulose. The primary antibody
used was anti-Maltose binding protein. The Phototope-HRP
Western Blot Detection System from Cell Signaling Technol-
ogy was used for detection. The presence of MBP in the
periplasm was confirmed by growth on minimal maltose media.
Fluorescent Labeling of the Peptides. The F-moc

protecting group was removed from the N-terminus of the
resin-bound peptides by incubation with piperidine for 12 min,
whereas all the other reactive amine groups of the attached
peptides were kept protected. The resin-bound peptides were
washed twice with dimethylformamide (DMF) and then
treated with rhodamine (Rho), in anhydrous DMF containing
2% N,N-diisopropylethylamine (DIEA), leading to the
formation of a resin-bound N-Rho-peptide. After 24 h, the
resin was washed thoroughly with DMF and then with
methylene chloride (DCM). The labeled peptides were cleaved
from the resin and purified as described previously. The same
procedure was performed to label the peptides with 4-fluoro-5-
nitrobenzoxadiazole (NBD).
Preparation of Large Unilamellar Vesicles (LUV). Thin

films of PC (L-α-phosphatidylcholine, dipalmitoyl (C16:0),
Sigma chemical STL, MO, USA) and cholesterol (Sigma
chemical STL, MO, USA) mixed at a molar ratio of 9:1,
respectively, were generated by dissolving the lipids in a 2:1 (v/
v) mixture of CHCL3/MeOH, and then dried under a stream
of nitrogen gas while they were rotated. Two populations of
films were generated: (1) a PC:Chol mixture as described

above, termed “unlabeled,” and (2) the same lipid mixture
containing a 0.6% molar of NBD-PC and Rho-PC each, termed
“labeled”. The films were sealed with argon gas to prevent
oxidation of the lipids and then stored at −20 °C. Before the
experiment, the films were suspended in PBS buffer and
vortexed for 1 min. The lipid suspension underwent five cycles
of freezing−thawing followed by extrusion through polycar-
bonate membranes with 1-μm and 0.1-μm diameter pores 21
times to create large unilamellar vesicles.

Membrane Binding Assay. The fluorescence of NBD is
sensitive to its environment.49,50 The fluorescence quantum
yield is low in solutions and high in the membrane-bound state.
This allows monitoring the binding of NBD-labeled peptides to
membranes. The degree of peptide association with PC:cho-
lesterol LUVs dissolved in PBS, was measured by adding
increasing amounts of vesicles to 0.2 μM NBD-labeled peptides
(400 μL of PBS and 1% dimethylsulfoxide (DMSO)) under
constant mixing. The fluorescence intensity was measured as a
function of the lipid/peptide molar ratio, with excitation set at
465 nm (10-nm slit) and emission set at 530 nm (10-nm slit).
The system reached binding equilibrium (Fmax) at a certain
lipid/peptide ratio, and therefore, the affinity constant could be
calculated from the relationship between the equilibrium level
of NBD-labeled peptide emission and the lipid concentration,
using a steady-state affinity model. The affinity constants were
thus determined by nonlinear least-squares (NLLSQ) analysis.
The NLLSQ fitting was done using the following equation:

= · · + ·Y x K X F K X( ) /(1 )a max a (2)

where X is the lipid concentration, Fmax is the maximal
difference in the emission of NBD-labeled peptide before and
after the addition of the lipids (it represents the maximum lipid
peptide bound or the equilibrium-binding response), and Ka is
the affinity constant, in M−1.
Kd was extrapolated from the Ka values according to the

following equation:

=K K1/d a (3)

Measurements of Fluorescence Energy Transfer
(FRET). The FRET experiments were performed by using
NBD and Rho-labeled peptides as fluorescence donor and
acceptor, respectively. The wavelength of the maximal emission
of NBD is at 525−530 nm (when it is in a hydrophobic
environment). This wavelength overlaps with the excitation
wavelength of Rho. Therefore, when NBD and Rho are in close
proximity, excitation of NBD at 467 nm results in a decrease in
the maximal emission of NBD at ∼528 nm, and an increase in
the maximal emission of Rho at ∼580 nm. Fluorescence spectra
were obtained at room temperature, with excitation set at 467
nm (10-nm slit) and emission scan at 500−600 nm (10-nm
slit). In a typical experiment, a NBD-labeled peptide (stock
solution in DMSO) was first added to a dispersion of a 400 μL
solution of PC LUV dissolved in PBS (100 μM, final peptide
concentration 0.4 μM, and a maximum of 0.25% (v/v)
DMSO). This was followed by the addition of a Rho-labeled
peptide in several sequential doses ranging from 0.0125 μM to
0.2 μM (stock solution in DMSO). Fluorescence spectra were
obtained before and after the addition of the Rho-labeled
peptide. The efficiency of energy transfer (E) was determined
by measuring the decrease in the quantum yield of the donor,
as a result of the energy transfer to the acceptor. E was
determined experimentally from the ratio of the fluorescence
intensities of the donor in the presence (Ida) and the absence
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(Id) of the acceptor, at the wavelength of the donor’s maximal
emission (530 nm). The percentage of transfer efficiency (E) is
given by the following equation:

= − ×E I I(%) (1 / ) 100da d (4)

Subtracting the signal produced by the acceptor-labeled
analogue alone corrected the contribution of the emission of
the acceptor as a result of direct excitation. The contribution of
buffer and vesicles was subtracted from all measurements.
Peptide-Induced Lipid Mixing. All fluorescence measure-

ments were performed on a Cary-Eclipse fluorescence
spectrophotometer (Agilent technologies, Santa Clara, CA,
USA) at 25 °C. The extent of lipid mixing of LUV induced by a
peptide was measured using a fluorescence-probe dilution
assay.51 In this assay, vesicles labeled with a combination of
fluorescence energy transfer donor (NBD) and acceptor
(rhodamine) lipid probes, respectively, are mixed with
unlabeled vesicles. FRET is detected as increased rhodamine
emission at 585 nm and decreased NBD emission at 530 nm as
a result of NBD excitation at 470 nm. This is because the
average spatial separation of the probes is increased upon fusion
of labeled membranes with unlabeled membranes. To measure
the capacity of the peptides to induce lipid mixing, PC:Chol
LUVs containing 0.6 molar % each of NBD-PE and Rho-PE
were prepared in PBS as described above. A 1:9 mixture of
labeled and unlabeled vesicles (100 μM total phospholipid
concentration) was suspended in 400 μL of PBS, and a small
volume of a peptide in stock solution of DMSO was added. The
increase in NBD fluorescence at 530 nm (10-nm slit) was
monitored, with the excitation set at 467 nm (10-nm slit). The
fluorescence intensity before the addition of the peptide was
referred to as 0% lipid mixing, and the fluorescence intensity
upon addition of reduced Triton X-100 (0.05% (v/v)) was
referred to as 100% lipid mixing.
Fluorescence Measurements of Rho-Labeled Peptides

Treated with Proteinase K. Fluorescence experiments were
performed by using Rho-labeled peptides. Fluorescence kinetics
were obtained at room temperature, with excitation set at 530
nm (5 nm slit) and emission set at 580 nm (5 nm slits). A Rho-
labeled TMD peptide was first added alone from a stock
solution in DMSO (final concentration 1 μM and a maximum
of 0.025% (v/v) DMSO) to a dispersion of PC:Chol LUVs
(100 μM) in PBS, followed by the addition of proteinase K (24
μg, from T. album, Sigma-Aldrich, St Louis, MO, USA). In a
second experiment, a Rho-labeled TMD peptide was added to
the vesicles together with unlabeled FP 1−33 (4 μM), then left
for 5 min to equilibrate. Enzyme was then added to allow
cleavage of the peptide and the release of labeled short
fragments to the solution.
Virus Infectivity Assay. Fully infectious HIV-1 HXBc2

concentrated virus stock was a kind gift from the AIDS Vaccine
Program, SAIC. The infectivity of HIV-1 HXBc2 was
determined using the TZM-bl cell line as a reporter. Cells
were added (2 × 104 cells/well) to a 96-well clear-bottomed
microtiter plate with 10% serum supplemented DMEM. Plates
were incubated at 37 °C for 18−24 h to allow the cells to
adhere. The media were then aspirated from each well and
replaced with serum-free DMEM containing 40 μg/mL DEAE-
dextran. Stock dilutions of each peptide were prepared in
DMSO so that each final concentration was achieved with 1%
dilution. Upon addition of the peptides, the virus was added to
the cells diluted in serum-free DMEM and containing 40 μg/
mL DEAE-dextran. The plate was then incubated at 37 °C for

18 h to allow the infection to occur. Luciferase (Luc) activity
was analyzed using the Steady-Glo Luciferase assay kit
(Promega, Madison, WI). The Luc gene is under the
transcriptional control of the LTR promoter. Therefore, Luc
is expressed in the target cells only upon infection. Inhibition
was calculated as Luc expression levels of infected cells in the
presence of the indicated peptides divided by the expression
levels in the absence of the peptide (taken as 100% infection).

■ RESULTS
GxxxG Motif Is Important for Self-Assembly of the

gp41 TMD and Not for Association with FP. Synthetic
peptides and their corresponding ToxR constructs were
prepared to include regions derived from gp41 TMD. This
sequence contains the two motifs of interest: the GxxxG and
the GLRI motifs. Mutations were done to disrupt each motif
separately (Table 1). In order to investigate whether the TMD,
and specifically its GxxxG motif, contributes to the self-
assembly of gp41 and to the heteroassociation with FP, we
utilized the ToxR assay.47 The ToxR system is composed of
three different components, the MalE recognition of maltose,
the TMD of interest, and a functional ToxR transcription factor
that operates as a dimer. Dimerization of the ToxR is triggered
by the interactions of the selected TMDs, and when an
association occurs, the LacZ gene is specifically transcribed.
This method is used to assess the degree of association of a
given transmembrane sequence. Utilizing the ToxR system, we
measured the extent of association of the three constructs listed
in Table 1. Note that substitution of Gly or Arg within the gp41
TMD to Ile leads to impaired self-assembly in a TOXCAT
assay.52 In addition, recent molecular dynamic simulations
revealed that the GxxxG motif can stabilize not only dimers but
also trimers.52 All assays were performed in comparison to
glycophorin A (GpA) TMD, which is well known for its ability
to form homo dimers, as well as a TMD sequence of A15 (15
Ala residues), which served as a negative control.53−56 The data
revealed that eliminating the GxxxG motif abolishes the ability
of the TMD to self-associate within the membrane (Figure 2A,
GGG construct). Interestingly, mutating Arg to Glu within the
GLRI motif, thus introducing a negative charge to the
sequence, significantly improved the ability of the mutant to
self-associate (Figure 2A, R2E construct). The finding that the
presence of Glu elevates the level of association within the
membrane has been documented for other TMDs such as the
aspartate and ErbB receptors.57−60 The expression levels of the
constructs were measured to ensure that the differences are not
related to changes in the expression of the constructs (Figure
2B). To further evaluate the ability of FP to associate with
TMD, we performed competition assays between the TMD
sequences and exogenously added synthetic FP peptide (Figure
2C). In this assay, the association between the added peptide
and the TMD within the ToxR leads to decreased LacZ
transcription due to interference with the association within the
membrane. Note that we did not assay the ability of FP and the
GGG construct to associate owing to the very low initial level
of self-assembly of GGG (Figure 2A). The data reveal that both
the WT and R2E TMDs associate with FP. In contrast, when
FP was added to a GpA TMD plasmid, no decrease in LacZ
was observed, supporting a specific association between FP and
the TMDs (Figure 2C). The observed association between FP
and the R2E mutant may be due to the presence of the GxxxG
motif in both peptides or the presence of a Arg residue within
the FP sequence.
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Gp41 TMD Interacts with gp41 FP Independently of
the GxxxG Motif. To further verify that FP and TMD
associate with each other, we performed a fluorescence
resonance energy transfer (FRET) assay between NBD-FP
(1−33) (fluorescence donor) and Rho-TMD (fluorescent
acceptor) when bound to PC:Chol LUVs. The wavelength of
the maximal emission energy of NBD when it is in a
hydrophobic environment is 525−530 nm, and it overlaps
with the excitation spectra of Rho. The FRET method is based
on the close association of two moieties (R0 = 51 Å), thus
allowing energy to transfer from one to the other. The emission
maxima of Rho is detected at 575−580 nm (the emission
spectra of the different peptides alone are presented in
Supporting Information, Figure S1). The FRET data revealed
a significant association between FP (1−33) and the different
analogues of the TMD (Figure 3A−C and Figure S2,
Supporting Information), with a direct correlation to their
ability to self-assemble. This is evident by the decrease in

emission intensity detected at 525−530 nm. A control peptide,
the TMD of the Tar receptor, exhibited significantly lower
FRET with FP (Figure 3D). Importantly, the interaction
between FP and TMD does not depend on the GxxxG motif.
Note that the lack of increased signal at 580 nm observed for
the R2E mutant is possibly due to the strong self-association of
this peptide which in this case can lead to a quenching effect.
This falls in line with the results seen for WT and GGG, and in

Figure 2. GxxxG motif is critical for the ability of the TMD to
homodimerize. (A) Cells expressing a ToxR-MalE chimera with the
TMD sequences were examined for lacZ activity (normalized relative
to the GpA sequence activity). All values are the average of at least
three independent assays. Error bars represent the standard deviation.
The exact sequences are indicated in Table 1. Statistical significance
was calculated by a Student's t test (P values, * ≤0.01 and ** ≤0.001.)
(B) Comparison of the ToxR-TM-MalE chimera proteins’ expression
levels (70 kDa). Samples of FHK12 cells containing the different
sequences of gp41 TMD within the ToxR-MalE chimera protein were
lysed in sodium dodecyl sulfate−sample buffer, separated on 12%
SDS−PAGE, and then immunoblotted using anti-MBP antibody (New
England Biolabs). Sizes are indicated in kDa on the right. (C) Bacteria
expressing the indicated constructs were grown alone (white boxes) or
in the presence of 10 μM FP (1−33) (black boxes). The LacZ
expression levels were evaluated, and the values were compared to the
expression of LacZ in the absence of the exogenous peptide.

Figure 3. Fluorescence energy transfer (FRET) measurements
between gp41 TMD and gp41 FP. Fluorescence spectra were obtained
at room temperature, with excitation set at 467 nm (5-nm slit) and an
emission scan at 500−600 nm (10-nm slits). NBD-labeled FP peptide
was added first from a stock solution in DMSO (final concentration
0.4 μM and a maximum of 0.25% (v/v) DMSO) to a dispersion of
PC:Chol LUV (100 μM) in PBS. This was followed by the addition of
the following: A, Rho-labeled gp41 TMD-WT peptide; B, Rho-labeled
gp41 TMD-GGG; and C, Rho-labeled gp41 TMD-R2E, all in
sequential doses ranging from 0.0125 μM to 0.2 μM (stock in
DMSO), generating a ratio of 1:32, 1:16, 1:8, 1:4, and 1:2 Rho-NBD
presented from top to bottom. In all graphs, the upper spectrum
represents the emission of the NBD-labeled peptide alone.
Fluorescence spectra were obtained before and after the addition of
the Rho-labeled peptide. The fluorescence values were corrected by
subtracting the corresponding blank (buffer with the same vesicle
concentration alone). (D) An acceptor control peptide, Rho-TAR1-
TM, was tested with NBD-FP to demonstrate the specificity of the
energy transfer.
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both, there is a correlation between the level of self-association
and the increase at 580 nm. The WT peptide which showed
intermediate levels of self-association showed median levels of
increase. In order to verify that the associations detected are
through membrane-bound peptides and not via aggregation in
the solution, we established titration curves (Supporting
Information, Figure S3) for all three TMD peptides (for FP
titration curves see ref 61). The extrapolated Kd values for each
peptide are as follows: WT, (2.7 ± 1.2) × 10−5 M−1; R2E, (2.4
± 1.1) × 10−5 M−1; and GGG, (1.6 ± 0.6) × 10−5 M−1. These
data revealed that at a peptide/lipid ratio of 1:8000 (the initial
ratio used in the FRET assay) all the peptides added are
associated with the LUVs.
Binding of FP to gp41 TMD Protects It from Rapid

Enzymatic Degradation. To determine whether the
association of FP and TMD can lead to their reorganization
when bound to membranes, we used an enzymatic degradation
assay. For this purpose, we added Rho-labeled TMD (Rho-
TMD) to a solution of LUVs and measured the fluorescence at
580 nm. We then added proteinase K and monitored the
kinetics of peptide degradation, indicated by an increase in the
Rho fluorescence. Figure 4A shows a rapid increase in the

fluorescence above the initial level after the addition of
proteinase K. The addition of FP to Rho-TMD prior to the
addition of proteinase K resulted in slower kinetics of cleavage
to a level significantly below the initial fluorescence (Figure 4A,
dashed line). This suggests that the association of FP and TMD
results in a protecting effect from the cleavage by the enzyme
owing to a change in the location/organization of the TMD
peptide within the membrane bilayers. We used as a negative
control Rho-labeled LL37, a well-studied membrane-bound
antimicrobial peptide. Figure 4B shows that the addition of FP
to LL37 did not alter the kinetics of degradation or the overall
intensity of the freed Rho.

Lipid Mixing Induced by gp41 TMD and Its Mutants Is
Enhanced by FP. Previous mutation/deletion studies with
intact gp41 indicated a role for the TMD in membrane
fusion.37,62−64 However, it is not clear whether these mutations
affected the ability of this region to participate in the actual
fusion event or other processes such as proper assembly within
the membrane. To address this question, we performed lipid
mixing assays with the TMD peptides using PC:Chol LUVs.
The lipid mixing activities of the TMD and its mutants alone
are shown in Figure 5 (white bars). In addition, negative-
staining electron microscopy was used to visualize membrane
fusion (data not shown). Overall, the data revealed that the
TMD and its two mutants have similar and significant dose-
dependent lipid mixing activity when applied alone. In order to
verify that the effects observed are specific to gp41 TMD
peptides, we used the TAR1 TMD peptide as a negative
control.65 The lipid mixing activity of Tar-1 was less than 1%
and therefore is not shown in Figure 5.
FP can also induce membrane fusion when applied alone.66,67

Here, we showed that it binds the TMD within the membrane
milieu (Figure 3). It was therefore interesting to examine
whether a mixture of FP and TMD can enhance their lipid
mixing ability. To this end, we performed a lipid mixing assay in
which we used FP and TMD either alone or in combinations.
In these experiments, cooperation between the peptides was
determined when the lipid mixing of the mixture was higher
than the calculated sum of each peptide when used alone. The
data are summarized in Figure 5 top, middle, and bottom
panels for the WT-TMD, GGG, and R2E mutants, respectively.
The data clearly indicate that in the lower peptide/lipid molar
ratios, the lipid mixing activity significantly increased upon
combining the FP and TMD peptides. This is in agreement
with the ability of FP to associate with the three TMDs (Figure
3).

TMD and FP Peptides Inhibit HIV-1 Virus−Cell Fusion.
In light of the association observed between the FP and TMD
peptides and their effect on the direct lipid mixing process of
phospholipid membranes, we investigated their effect on the
fusion between intact HIV-1 virions and target cells. These
target cells contain luciferase expression plasmids that are
inducible by viral transcription factors. Therefore, only infected
cells express luciferase. The data, shown in Figure 6, revealed
that all four peptides, namely, FP, WT, R2E, and GGG, are
inhibitors to some extent and that FP is the most active one.
Thus, the TMD peptide can directly influence the in vitro
fusion induced by intact HIV-1 virus. Similarly to other
peptides derived from gp41, it is reasonable to assume that the
exogenous FP and TMD peptides interfere with the proper
assembly of the endogenous FP and TMDs within the intact
virus, by associating with their counterparts.

Figure 4. Association of WT-TMD with FP (1−33) leads to a shift in
its localization/organization on model membranes. Rho-labeled WT-
TMD (A) peptide and LL37 (B) were added to a solution of 100 μM
LUVs and allowed to assemble. The emission observed decreased with
time as a result of quenching. After the signal stabilized, proteinase K
was added (2.4 μg), without or after the addition of FP 1−33 (solid
and dashed lines, respectively). The signal increase upon treatment
with the proteinase originates from the dissociation of oligomerized
Rho-TMD after enzymatic degradation. In the absence of FP in the
system, a rapid cleavage was detected compared to the rate of
degradation in the presence of FP. As a control, no difference in the
rate of degradation of Rho-LL-37 was observed with or without the
presence of FP.
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Exogenous TMDs Destabilize the Association of WT
TMD Independent of the GxxxG Motif. The ability of the
TMD peptides to inhibit virus−cell fusion could be due to their
interaction with FP and/or with the endogenous TMD
segment. In order to assess the ability of the peptides to
associate with endogenous TMD within native membranes, we
performed competition experiments with exogenously added
synthetic TMD peptides using the ToxR-TM-MalE (WT)
construct. The data revealed that both WT and its mutated
peptides were able to associate with the WT construct (Figure
7). Note that the GGG mutant could heteroassociate with the
WT TMD, even though it could not homoassociate under

similar experimental conditions owing to the absence of the
GxxxG dimerization motif (Figure 2).

■ DISCUSSION

This study reports several important findings regarding the
possible functional contribution of the TMD to the fusion
process: (i) the TMD self-associates in the membrane via the
GxxxG motif and heteroassociates with FP via the C-terminal
TMD containing the GLRI motif; (ii) peptides derived from
TMD induce lipid mixing; (iii) TMD peptides inhibit native
virus−cell fusion; and (iv) heteroassociation between FP and
TMD leads to enhanced lipid mixing. These findings will be

Figure 5. gp41 TMD and FP cooperate in lipid mixing. Dose-dependent lipid mixing of PC:Chol (9:1) LUV induced by the various TMD peptides
alone and together with gp41 FP. Protein aliquots were added to 100 μM LUV containing 10% prelabeled LUV with 0.6 mol % NBD-PC and Rho-
PC in PBS buffer. Increase of NBD fluorescence intensity was measured up to 5 min after the addition of the peptides. The reference (100% lipid
mixing) was the fluorescent signal obtained after the addition of 0.5% Triton to the LUV solution. The percentage of lipid mixing for each TMD
alone was plotted for three peptide/lipid molar ratios (0.025, 0.05, and 0.1) and are shown in the corresponding panels. Then FP was examined for
its cooperative function together with the three TMD peptides. For each TMD peptide, starting from left to right is the activity of each TMD peptide
alone, FP alone, a theoretical sum of both, and the experimental result of the combination (see designations embedded within the figure). As a
negative control, we measured the signal change induced by the addition of DMSO alone and the TAR1 TMD peptide; both had no effect on the
fluorescent signal. Statistical significance was calculated by Student's t test (n = 3, *p < 0.05).
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discussed with respect to the contribution of the TMD to the
membrane fusion event.
TMD Self-Assembly. Many studies have demonstrated the

significance of the association between transmembrane
domains of various membrane proteins for their func-
tion.27,29,32,33,43,55,68 This assembly is driven by several motifs,
among which GxxxG is the most studied one. Current data
suggest a role for the GxxxG motif in virus replication, proper
intracellular trafficking, self-assembly, and fusion kinetics, but
no direct correlation has been reported between gp41 TMD
self/heteroassociation and its fusion activity.38,52,69,70 Here, we
show that the GxxxG motif of TMD is crucial for it is self-
assembly (Figure 1A, GGG). Nevertheless, mutation of Arg at
position 694 to Glu significantly enhanced the self-association
of the TMD (Figure 1A R2E). This is in line with studies
showing that a Glu within TMDs enhances their assem-
bly.58,65,71,72 However, a GxxxG mutated TMD peptide can
heteroassociate with the WT TMD (Figure 7).
TMD Heteroassociation. The TMD of gp41 is highly

conserved among HIV-1 strains, and the Arg within the TMD
is highly conserved even among HIV-2 strains.73 The

appearance of charged amino acids within the membrane is
relatively rare. Nevertheless, ionic interactions can occur within
membranes and enhance association.65,72 For example,
mutations in the association motif within the TMD of the
Tar receptor, in which a negatively charged amino acid (Glu)
was incorporated, significantly increased the self-association of
the TMD. However, mutations to Arg at the same positions
eliminated the assembly.29,65 It has been suggested that Glu is
not charged in the membrane environment; thus, two glutamic
acids can create interhelical hydrogen bonds that eventually
stabilize the dimeric form.65 All together, this may explain the
observed enhancement of self-assembly reported here for the
R2E mutant and its ability to heteroassociate with the WT
TMD. Its association with FP within the membrane environ-
ment can be driven by hydrogen bonds too or by ionic
interactions (E−R) when studied under other conditions.
Importantly, although the ability of the R2E mutant to
heteroassemble with FP was maintained, its inhibitory function
was decreased significantly, suggesting a role for arginine in the
function of the protein.
HIV-1 is well known for its high rate of mutations. Although

many regions in the viral genome are highly prone to
mutations, each functional protein has highly conserved
regions. Assuming that the main function of gp41 TMD lies
in its contribution to the assembly of gp41, one would expect to
find strains harboring the R2E mutation, thus improving gp41
homoassociation. However, the fact that no such strains have
been reported, together with its conservation among HIV-1 and
HIV-2, indicates that the GLRI motif is otherwise critical. This
motif appears to allow the TMD enough flexibility to exchange
its association partners from self-association to heteroassocia-
tion with FP and/or additional proteins.

Gp41 TMD Induces Lipid Mixing and Associates with
FP. Studies focusing on the contribution of gp41 TMD to the
fusion process were done in the context of the intact
protein.13,34,35,64 These studies showed that the TMD affects
the fusion process. A particular importance was ascribed to the
GxxxG motif. To distinguish between the impact of a mutation
on the proper assembly of gp41 and the effect on its direct
contribution to the fusion process, we synthesized and studied
peptides corresponding to the TMD and its mutants. These
mutations interfered with two motifs: the GxxxG motif and the
GLRI motif (Table 1). Here, lipid mixing assays demonstrated
that TMD directly induces lipid mixing (Figure 5). The finding
that the GGG peptide preserves fusogenic capacity is in line
with studies done with the intact protein showing that mutating
the GxxxG motif influences the kinetics of the fusion process
but does not abolish it.64 In addition, the finding that the GGG
mutant can only marginally self-associate within the membrane
(Figure 2) suggests that TMD assembly is not a prerequisite for
inducing membrane fusion.
To demonstrate the association between TMD and the FP

peptides, we performed in vivo ToxR competition assays in
bacteria and FRET assays in model liposomes (Figures 2C and
3, respectively). These assays showed that there is a significant
association between the peptides in model liposomes, which is
independent of the GxxxG motif (Figure 3B). Note that the
GGG mutant can only slightly self-associate, as detected by the
ToxR assay, whereas the WT and the R2E could self-associate
dramatically. The slight homoassociation of the GGG peptide
can explain the highest increase in the emission of the acceptor
at 580 nm compared with the WT and the R2E mutant, in
which their homoassociation apparently causes quenching of

Figure 6. TMD peptides inhibit virus−cell fusion in a dose-dependent
manner. The various TMD peptides or FP (1−33) were added to a
mixture of TZM-bl cells and HIV viral particles. Designations are
embedded within the figure. Fusion was measured by the expression of
Luciferase in the infected cells. Fusion inhibition was calculated as the
percentage of Luc expressing cells compared to 1% DMSO-treated
cells. The results are the mean of three independent experiments.

Figure 7. TMD peptides heteroassociate with gp41 TMD in cell
membranes. Cells expressing the ToxR-TM-MalE (WT) chimera were
grown in the absence and presence of the TMD peptides, and the
extent of lacZ activity was measured. The association of the exogenous
peptide with the TM of the chimera causes a decrease in lacZ activity
as described in the legend to Figure 3. Statistical significance was
calculated by Student's t test (n = 3, *p values <0.01, ** <0.01).
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the acceptor fluorescence at 580 nm. It is evident from the
ToxR assays that also in intact membranes FP can associate
specifically with the TMD sequences and not with the GpA
TMD sequence (Figure 2C). We also performed titration
assays to verify that the peptides fully adhere to the liposomes
at our assay ratios. Indeed, all three peptides strongly interact
with the liposomes, with Kd values of 10

−5−10−4 M−1.
Recently, we have shown that gp41 FP associates with the

TMD of the α subunit of the T-cell receptor (TCR-α) via the
GLRI motif and that the same motif exists in the TMD of
HIV.23,24,74,75 This supports our findings of the association
between FP and TMD of gp41. The ability of the R2E mutant
TMD peptide to associate with FP, although to a lesser extent,
is possibly due to the contribution of the GxxxG motif, which
was preserved in this peptide, together with the GxxxG motif in
FP (GSTMG). In addition, Glu in the R2E-TMD peptide can
form hydrogen bonds with Arg in FP. Importantly, the
association between FP and all three TMD peptides appears
to be functionally important since it leads to an enhancement of
their ability to induce lipid mixing (Figure 5). Our data further
suggest that the enhanced fusion induced by mixing the two
peptides is accompanied by a change in the location/
organization of TMD upon its association with FP (Figure
4). The proximity between FP and TMD is further supported
by the finding that the monoclonal antibody 2F5 binds to its
target, the gp41 membrane proximal region (MPER), when it is
associated with the elicited gp41 fusion peptide proximal region
(FPPR).21

TMD Peptides Inhibit Virus−Cell Fusion. There is an
ongoing attempt to identify new HIV-1 entry inhibitors. Potent
inhibitors originated from peptides derived from various
regions within the gp41 ectodomain. Of these inhibitors, the
most studied is T20, also termed DP178 or Fuzeon (reviewed
in refs 17, 76, and 77). These inhibitors interfere with the
functional organization of gp41 during the ongoing fusion
process. However, currently there is increasing evidence that
new strains evolved with increasing resistance to T20. Since we
have shown that FP can bind to the TMD (Figures 3 and 4)
and that their coincubation results in an enhanced lipid mixing
(Figure 5), we examined the ability of each individual peptide
to interfere with the virus−cell fusion process. The data reveal
that the peptides inhibit virus−cell fusion in a dose-dependent
manner (Figure 6). FP exhibited the highest level of inhibition.
This is in line with its ability to strongly associate with the
TMD and with previous studies done with FP.61,67,78 The
inhibitory concentrations of the TMD and FP are in the low
micromolar concentration range. Besides T20 and its
derivatives, a similar range of concentrations was reported for
peptide inhibitors derived from the N-terminal of gp41, namely,
N17 and N23.40,79 The high conservation of the TMD
sequence suggests that the occurrence of inhibitory escape
mutations within it might be more difficult, compared with
those that occurred in the extracellular domains of gp41.
Utilization of a Common Fusion Mechanism in

Diverse Systems. Our data are in line with the current
concept suggesting that similarities exist between viral fusion
and the SNARE fusion mechanisms.68,80 These include the
presence of heptad repeats in their sequences, the formation of
helix bundles (4-helix bundles in SNAREs and 6-helix bundles
in HIV), and coiled-coil structures. Previously, it has been
suggested that the transmembrane segments of SNAREs are the
equivalent of viral fusion peptides and are important for
forming productive fusion. Therefore, their fusion mechanisms

are likely to share crucial features with those of viral
fusion.81−83 An interesting characteristic of SNAREs is the
presence of a highly conserved Arg residue within the v-SNARE
synaptobrevin, which fuses with cellular membranes. Addition-
ally, it was shown in the case of the synaptobrevin/
synaptophysin complex that the TMD of synaptobrevin is
crucial for their association, and apparently, this is done by
association with an N′-terminal segment from synaptophysin or
one of its transmembrane segments (TMSs).84 Moreover, the
functional association between FP and TMD of viral envelope
proteins is not the sole property of HIV-1. The HA protein of
the influenza virus was shown to utilize this mechanism during
its fusion process.43,85 This may indicate that the fusion
process, although not conserved at the sequence level between
distinct viruses, is highly conserved mechanistically. This is in
agreement with additional studies showing that enveloped
viruses share many features regarding their fusion mecha-
nism.86−90

In summary, in this study we showed that gp41 FP is
functionally associated with TMD. This led to an enhancement
in their ability to induce lipid mixing of model membranes.
Furthermore, peptides derived from the TMD and FP could
inhibit virus−cell fusion, probably by interfering with the
functional association of the parental endogenous regions. The
data suggest that the TMD harbors two independent properties
that are tightly regulated during the fusion process. The first is
its homoassociation which is governed by the GxxxG motif, and
the second one is its heteroassociation with FP.
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