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HIV-1 entry into its host cell involves a sequential interaction whereby gp41
is in direct contact with the plasma membrane. Understanding the effect of
membrane composition on the fusion mechanism can shed light on the
unsolved phases of this complex mechanism. Here, we studied N36, a
peptide derived from the N-heptad-repeat (NHR) of the gp41 ectodomain,
its six helix bundle (SHB) forming counterpart C34, together with the
N-terminal 70-mer wild-type peptide (N70), and additional gp41 ectodo-
main-derived peptides in the presence of two membranes, modeling inner
and outer leaflets of the plasma membrane. Information on the structure of
these peptides, their affinity towards phospholipids and their ability to
induce vesicle fusion was gathered by a variety of fluorescence, spectroscopic
and microscopy methods. We found that N36, having strong affinity towards
phospholipids, prominently shifts conformation from o-helix in an outer
leaflet-like zwitterionic membrane to 3-sheet in a membrane mimicking the
negatively charged inner leaflet environment, leading to pronounced fusion-
activity. Real-time atomic force microscopy (AFM) was used to study the
peptides’ effect on the membrane morphology, revealing severe bilayer
perturbation and extensive pore formation.We also found, that the N36/C34
core is destabilized by electronegative, but not zwitterionic phospholipids.
Taken together, our data suggest that the fusion-active pore forming
conformation of gp41 is extended, upstream of the SHB. In this manner,
folding of the ectodomain into a SHB might also serve as a negative regulator
of fusion by impeding gp41 fusion-active surfaces, thus preventing irre-
versible damage to the cell membrane. This assumption is supported by
the finding that pre-incubation of large unilamellar vesicles (LUV) with
C-heptad repeat (CHR)-derived fusion inhibitors reduces the fusogenic ac-
tivity of N-terminal peptides in a dose-dependant manner, and suggests that
CHR-derived fusion inhibitors inhibit HIV entry in an analogous mechanism.
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Introduction

The molecular mechanism of fusion between

Abbreviations used: HIV, human immunodeficiency human immunodeficiency virus (HIV) and its host
virus; FP, fusion peptide; PC, phosphatidylcholine; PS, cell has been studied intensely during the past
phosphatidylserine; NHR, N-heptad repeat; CHR, decade, giving rise to a fairly agreed upon working
C-heptad repeat; SHB, six-helix bundle; AFM, atomic force fusion model which is based mostly on inhibitory
microscopy; LUV, large unilamellar vesicle; SUV, small and structural data. The consecutive initial stages of
unilamellar vesicle; FTIR, Fourier transform infrared. this interaction are well defined, yet the exact
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host membranes unification is left obscure.
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It has been known that the phospholipid compo-
sition of plasma membranes differs between inner
and outer leaflets'* as a result of constitutive enzy-
matic activity, crucial for cell survival. For example,
this lipid asymmetry has been most well character-
ized in the erythrocyte membrane, of which outer
monolayers contain 75-80% of the choline-contain-
ing lipids phosphatidylcholine (PC) and sphingo-
myelin (SM), and no detectable phosphatidylserine
(PS). Loss of transmembrane phospholipid asym-
metry, with consequent exposure of PS in the
external monolayer, occurs in both normal and
pathologic conditions. PS externalization is induced
early in the process of apoptosis® and during platelet
activation.* The severe forces applied on cell—cell or
cell-virus contact areas are enough to cause tran-
sient exposure of electronegative phospholipids,
such as PS, from the inner leaflet.”” In the case of
HIV entry, such local changes in electro environment
are likely to effect the players taking part in this
complex process.

HIV entry into its hosting cell is mediated by the
envelope glycoproteins gp41 and gp120, non-cova-
lently associated. Surface gpl20 is primarily in-
volved in recognition of cellular receptors, whereas
gp4l is anchored to the viral membrane and
mediates membrane fusion. The gp41 ectodomain
contains four distinct functional regions (Figure 1); a
Trp-rich pretransmembrane domain (PTD) adjacent
the viral membrane, followed by two helical heptad

repeat regions (NHR and CHR) separated by a loop,
and a stretch of 15 hydrophobic residues located at
its N termini, known as the fusion peptide (FP).

In keeping with the classic sequential fusion
model, fusion is initiated by specific binding of
gp120 to CD4 cell surface molecules,”®” followed by
interaction with co-receptors.'’'* These interac-
tions, in addition to the reduction of gp120 disulfide
bonds mediated by lymphocyte surface-associated
protein-disulfide isomerase, ~ induce major confor-
mational changes in gp120, releasing gp4l from
metastable constraints and resulting in its acti-
vation.'*'” At first, gp4l transiently adopts a
trimeric extended prehairpin intermediate (PHI)
conformation that bridges both the viral and cellular
membranes. The PHI conformation, which is be-
lieved to exist for approximately 15 min,'® is
characterized by exposure of the NHR and CHR
regions. Collapse of the PHI into a six helix bundle
(SHB), whereby three CHR helices pack obliquely in
an antiparallel configuration into the highly con-
served hydrophobic grooves on the surface of the
central NHR coiled-coil,'”'® is thought to be the
driving force for drawing viral and host membranes
into close proximity. It is speculated'” that once the
membranes are pulled together, the contacting
monolayer (referred to as cis) leaflets merge, but
the distal (denoted trans) leaflets remain intact. This
intermediate structure later evolves to form a hemi-
fusion diaphragm. The frans-monolayers making up

Figure 1. Scheme of the HIV-1 gp41 primary structure. Primary functional regions are colored and outlined with
additionally characterized regions specified above by a brace. Above the gp41 structure, the N36/C34 helix bundle,
composed of three C34 helices (yellow) from the C-peptide region packed obliquely in an antiparallel configuration into
the highly conserved hydrophobic grooves on the surface of the central N36 (blue) coiled-coil is illustrated. Below are the
peptides represented in this study, which are derived from the indicated N and C-terminal subdomains. The residues are

numbered according to their position in gp160.
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the hemifusion diaphragm then rupture to form the
complete fusion pore.?’ Peptides derived from the
NHR and CHR regions of gp41 were found to inhibit
HIV-1 fusion,*"** presumably by binding their endog-
enous counterparts, leading to inhibition of SHB
formation, which results in arrestment of the fusion
process. One of these peptides, DP178,% which is a
C-terminally extended CHR, was recently ap-
proved by the FDA and is currently part of HIV-1
treatment.

There are mounting findings that question this
sequential model, specifically examining the role of
SHB formation in the events prior to fusion. Various
peptide segments of the gp41 ectodomain such as the
fusion peptide,® an extended FP,*?° a peptide
pertaining to the loop segment separating the NHR
from the CHR,? and the 20-mer PTM?® were found
to have intrinsic fusogenic activities on model
membranes. The way these segments cause mem-
brane unification and pore formation in the context
of the whole ectodomain is unclear. It has been
shown, that the C-terminal subdomain specifically
destabilizes the virion-like cholesterol-rich mem-
brane, whereas the N-terminal subdomain is more
effective in fusing target-like, unordered membranes
containing lower amounts of cholesterol.”” Regard-
ing the fusion sequence, it was demonstrated that
pores are formed before the folding of Env into
bundles is complete™ and that the binding of NC-1,a
monoclonal antibody specific for N-helical gp41
trimers, reaches its maximum 10 min after initiation
of a fusion reaction, but before dye transfer between
cells occurs®! (matching the time the PHI conforma-
tion is believed to exist'®), followed by a rapid
decrease. Although this reduction in antibody signal
might arise from steric hindrance of fusion
machinery,32 it also could result from the destabili-
zation of the rigid SHB structure during the process
of fusion as previously offered by Kliger et al.>> and
Dimitrov et al.> Kliger et al.*® showed that the N36/
C34 core is destabilized in negatively charged
membranes, but its role in zwitterionic membranes
was not investigated.

Here, we studied various N-terminal regions of
gp41 in the presence of two membranes, modeling
inner and outer leaflets of the plasma membrane.
Information on the structure of these peptides, their
affinity towards phospholipids, and their ability to
induce vesicle fusion and pore formation was
gathered by using fluorescence, FTIR, electron
microscopy, and atomic force microscopy (AFM).
Our results indicate that the NHR undergoes a
structural shift from an a-helix to a 3-sheet structure
upon interaction with electronegative membranes,
leading to pronounced fusion-activity and pore
formation. Interestingly, this fusion activity is
inhibited by CHR-derived peptides. Moreover, we
found that the N36/C34 core is destabilized by
electronegative, but not zwitterionic phospholipids.
We discuss our results in relation to the current gp41
fusion model, and to an additional mode of action
by which CHR-derived fusion inhibitors restrain
HIV entry.

Results

Six peptides derived from the gp4l ectodomain
(Figure 1) were synthesized and studied in the
presence of two model membranes, mimicking the
inner and outer leaflet plasma membranes. The
peptides include N36 and C34, which form a six
helix bundle when mixed in a 1:1 molar ratio, N36
(I162D) mutant,** the N terminal 34-mer hydropho-
bic FP, N70, a construct comprising both FP and
N36, and the fusion inhibitor DP178. N70 has
recently been shown to adopt a native trimeric
oligomeric state in solution, detected by its ability to
bind the trimeric N-helical specific monoclonal
antibody NC-1.°” The outer leaflet zwitterionic
membrane was modeled by PC:cholesterol (9:1)
whereas the inner leaflet negatively charged face
was modeled by PC:PS:cholesterol (4.5:4.5:1).

The NHR region (residues 547-582) fuses
negatively charged phospholipids

The comparative fusion-activity of N36, its 162D

mutant, 34-mer FP and the N70 construct on PC:PS
negatively charged vesicles (Figure 2(a)) indicates
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Figure 2. Dose-dependant lipid mixing of PS contain-
ing LUV induced by gp41 ectodomain peptides. Peptide
aliquots were added to mixtures of LUV (110 pM
phospholipids concentration) containing 4.5:4.5:1 (a) or
8.5:0.5:1 (b) PC:PS:cholesterol LUV prelabeled with 0.6
mol % NBD-PE and Rho-PE in PBS (pH 7.4) buffer.
Increase of NBD-PE fluorescence intensity was measured
10 min after the addition of the peptide, and the
percentage from the maximum (referred to 0.03 peptide/
lipid N70 in (a) or 10 pl Triton in (b)) is plotted versus the
peptide/lipid molar ratio. The experiments were repeated
at least twice with the error bars for each point reflecting
the total variation. Symbols: () N70, (O) N36; (@) N36m,
and (0) FP.
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that N36 has a significant fusion-activity, s1m11ar to
the FP, used here as a positive control.>*** N36
activity is phospholipid-dependant as decreasing the
relative amount of PS to 5% reduces the peptide’s
activity significantly (Figure 2(b)). In a completely
zwitterionic environment N36 possesses negligible
fusogenic capabilities (data not shown). N70 is
roughly four times more fusogenic then its decon-
structed components (FP and N36), in accordance
with our previous fmdmgs using similar fragments
on PC membranes.”® However, in contrast with the
high fusogenic activity of N36 on PC:PS found here,
it was not active on PC membranes.”® A single
mutatlon in the N36 sequence, known to be lethal in
vivo™® and to disrupt its helical structure in NHR
fragments,® causes a substantial loss of function on
these membranes. Note that a recent study done with
a shorter NHR-derived peptide partially overlap-
ping N36 (residues 568-588 of the HXB2 strain)®”
shows that the peptide induces leakage and mixture
of different homogenous membranes.

To confirm the fusion-activity of the NHR-derived
segment, we compared the interaction of N36 and its
162D mutant with PC:PS:chol membranes by using
transmission electron microscopy (Figure 3). The
EM images verify that addition of N36 causes
notable vesicle enlargement compared to the un-
treated control image (p<0.0007), whereas N36
(I62D)m does not affect the mean vesicle diameter
significantly (p <0.4).

Real-time AFM exhibits severe nanoscale holes
in electronegative membranes induced by gp41
N-terminal segments

Topographic images obtained for PC:PS:chol
(4.5:4.5:1) bilayers in 30 mM NaCl with or without
10% DMSO, reveal a single phase, continuous
membrane layer, scarcely dotted with round
defects of 80(x25) nm diameter, 5 nm deep (Figure
4, upper row). Incubation of the same bilayer
region with three gp41l ectodomain peptide solu-
tions (6 pM) for ~10 min altered the membrane
morphology prominently and distinctably as seen
in Figure 4, second row. FP induced a homoge-
neous distribution of 5(x1) nm deep holes with a
diameter of ~200 nm, while unaffecting the global
shape of the bilayer surface. N36, unlike the FP,
did not induce distinctive pores, but rather had a
global effect on membrane morphology. Phospho-
lipids were unevenly distributed immediately after
addition of a peptide, forming oscillations in
membrane height, scattered ~300 nm from each
other throughout the sample. Supramolecular
assemblies or precipitates were not seen before
addition of the peptide to the bilayer surface. Our
understanding of the mechanism by which the
peptide induces this morphology is limited, and
further experiments are needed to understand the
details of the peptide-lipid complex. Similar
morphological changes in membranes caused by
other a ;)hlpathic model peptides have been
reported,”™ bringing us to hypothesize that two

Figure 3. Electron micrographs. Shown are micro-
graphs of negatively stained 4 mM PC:PS:cholesterol
(4.5:4.5:1) LUV in the absence and presence of two
different peptides at 0.1 peptide/lipid molar ratio. (a)
PC:PS:chol LUV; (b) PC:PS:chol LUV incubated with N36;
(c) PC:PS:chol LUV incubated with N36m.

factors are involved in phospholipids rearrange-
ment; the amphipathic nature of N36 and the
negative charge of the serine head groups. The
peptide’s hydrophobic face is attracted to the
lipids” fatty tail, while the hydrophilic, positive
face, is concurrently attracted to the electronegative
head groups, thereby forming discrete peptide-
lipid complexes. N70, possessing both FP and N36
perturbation capabilities, shows a synergistic ac-
tivity of the two; it induces massive pore formation
(~200 nm between pores, 5.5(+1.5) nm deep holes),
accompanied by larger scale oscillations in mem-
brane height. These findings indicate that the 70-
mer N terminus of gp4l is capable of inducing
fusion pores in negatively charged membranes. In
light of the clear functional correlation between
lipid mixing and AFM findings, we searched for a
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Figure 4. Real-time AFM images (3 pmx 3 pm; z scale, 9 nm) of the effect caused by three ectodomain peptides. The
interaction between N36 (left), FP (middle) and N70 (right) with PC:PS:chol (4.5:4.5:1) supported lipid membranes has
been imaged in real-time, in aqueous buffer with AFM. Lipid bilayers were scanned before (upper row) and ~10 min after
(second row) addition of 6 uM peptide solution. Matching cross-sections for the above images taken along the black lines

(3 um; z scale, 9 nm) are presented at the bottom two rows.

structural link in electronegative membranes using
FTIR.

The NHR secondary structure is shifted from
a-helical in an outer-leaflet-zwitterionic
membrane to $-sheet in an
inner-leaflet-negatively charged one

FTIR spectroscopy was used to ascertain changes
in secondary structure elements of the peptides
caused by incorporation into the two membranes
mimicking inner and outer plasma membrane
leaflets. In the amide I region, different secondary
structure components can be characterized by
resolvable vibrational frequencies. In order to best
resolve between helical and disordered structures
which overlap, we analyzed the IR spectra of
membrane-associated peptides following complete

deuteration. The positions of the component bands
in the amide I spectra were identified as peaks in the
second derivative. These wavelengths were used as
initial parameters for curve fitting with Gaussian
component peaks. The FTIR spectra for each peptide
in the different environments, together with the
assignments, wavelengths, and relative areas of the
component peaks are summarized in Figure 5 and in
Table 1. Notably, N36 shows a distinctive confor-
mational shift from 29% (-sheet in an outer leaflet-
like zwitterionic membrane to 84% in a membrane
mimicking the inner leaflet negatively charged
membrane. The N36(162D)m peptide gives a similar,
yet slightly moderated environment-dependant
conformational shift (from 32% to 70%). Regarding
the FP, our results verify distinctive R-sheet struc-
ture in zwitterionic membranes,® and show that it
maintains this conformation in a negatively charged
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Figure 5. Membrane-dependant conformational shift of N36. ATR-FTIR spectra of fully deuterated amide 1 bands
(1570-1685 cm™) of the four ectodomain peptides in zwitterionic (continuous, thin) and PC:PS:cholesterol electronegative
(broken, thick) membranes. Peptides N36, FP, N36m and N70 are represented by (a), (b), (c), and (d) respectively.

environment. N70, which shares both helical and
p-sheet contributions from the NHR and FP
respectively, shows a significant increase in its -
sheet structure in a negatively charged milieu, most
likely originating from the NHR conformational
shift. An unknown peak corresponding to the
boundary of the amide I band (1600 em™!) had
similar contributions to the N70 FTIR spectra at both
membrane environments.

N36 and N36(162D)m bind zwitterionic and
negatively charged phospholipids with similar
affinities

We used the sensitivity of tryptophan fluores-
cence to the polarity of its environment to

detect membrane binding as described in Materi-
als and Methods. An increase of Trp fluorescence
concomitant with a blue shift was observed upon
addition of SUV to the peptides’ solution (Figure
6), suggesting that both peptides bind to the
membrane. The calculated surface partition coef-
ficient of N36 is (1.2+0.2)x10* for the PC:chol,
and similarly (1.3+£0.1)x10* for PC:PS:chol. The
value obtained with PC:PS:chol using the intrinsic
Trp fluorescence, is in agreement with results
obtained previously by using extrinsic fluores-
cently labeled N36 in PC;PS.** The mutant
peptide, although non-fusogenic, shares a similar
partition coefficient in zwitterionic membranes as
the wild-type ((1.1+0.1)x10%), and it binds slight-
ly less negatively charged lipids ((0.7+0.1)xx10%.

Table 1. Secondary structure content of the peptides determined by ATR-FTIR spectroscopy

Random a-Helix -Sheet 310 Helix B Turn Others
Peptide 1640-1646 1648-1655 1620-1640 1655-1670 1670-1680 1590-1620
PC Phospholipids
N36 1649 (53%) 1631 (29%) 1669 (18%)
N36m 1642 (49%) 1621 (32%) 1659 (19%)
FP 1646 (24%) 1626 (65%) 1670 (11%)
N70 1649 (53%) 1624 (28%) 1676 (4%) 1600 (15%)

PS Phospholipids
N36 1649 (12%)

N36m 1648 (30%)
FP 1644 (34%)
N70 1648 (25%)

1630 (84%
1625 (70%
1626 (50%
1625 (52%

1666 (<5%)

1656 (<5%) 1593 (12%)

1600 (23%)

NONONINS)

The wave number of each component peak after deconvolution is indicated, with the percent area relative to the sum of contributing

component peaks in parenthesis.
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Figure 6. Membrane binding isotherms of N36 and
N36m. Changes in the intrinsic tryptophan fluorescence
intensity of N36(A) and N36m(O) when titrated with PC:
chol (a) or PC:PS:chol (b) membranes. K, values derived
from the charts show minor differences in the peptides’
affinity towards both membranes (c).

This minor difference cannot account for the
distinct abilities of the two peptides to fuse
negatively charged membranes.

N36/C34 core is protease-resistant in solution

To study effects of pre-formed cores in mem-
branes, we followed changes in fluorescence of
labeled peptides either free or complexed in cores,
both in solution and upon interaction with mem-
brane vesicles. The fluorescence of the rhodamine
probe is quenched upon close association (for
example, upon core formation between peptides,
or aggregation of free peptide), and increases as the
average distance between rhodamine moieties
increases (for example, upon core dissolution or
digestion by protease). Resistance to proteolytic
digestion was monitored to gauge core integrity in
solution and to follow membrane interaction.

Figure 7 summarizes the results obtained with
free Rho-C34 (a), Rho-C34 within the core (b), free
Rho-N36 (c), and Rho-N36 within the core (d).
Comparing red lines (peptides in solution) in
Figure 7(a) and (b), we see that the fluorescence
of free Rho-C34 (Figure 7(a)) is initially high and
sharply increases within 20-30 s upon digestion
with protease (point 1), indicating that Rho-C34
exists partially as weakly bound oligomers. In
comparison, in the context of the core (Figure 7

(b)), Rho-C34 is also digested but with a slow
kinetics, confirming N36/Rho-C34 protease resis-
tance in solution. The stability of the core in
solution was also confirmed when using Rho-N36.
Comparing red lines in Figure 7(c) and (d), we see
that the fluorescence of free Rho-N36 (Figure 7(c)) is
initially very low and digested more slowly in
solution than its corresponding core, Rho-N36/C34
(Figure 7(d)). This attests to the fact that N36 highly
aggregates in solution, thereby shielding it from
protease access,‘” whereas its trimeric organization
in context of the N36/C34 core presents a partially
exposed N terminus. Although free N36 is initially
digested more slowly than its corresponding core, it
is fully digested within 2 h, while the core retains a
measure of protease resistance.

N36/C34 core destabilizes in electronegative, but
not in zwitterionic membranes

Figure 7(d) reveals that Rho-N36/C34 core dis-
sociates rapidly when PC:PS vesicles (blue line,
point 1) are added, but unexpectedly does not
appreciably separate when PC vesicles (black line,
point 1) are introduced. The kinetics and extent of
protease digestion (point 2) in PC membranes are
similar to digestion in solution, showing that the
Rho-N36/C34 core is preserved in PC. When the
Rho-label was placed in C34 (Figure 7(b)), we see
that the core does not dissolve appreciably in the
presence of either PC (black line, point 1) or PC:PS
(blue line, point 1) membranes. However, upon
addition of protease (point 2) to cores in membranes,
the N36/Rho-C34 core is digested rapidly after
interaction with PC:PS, indicating that the complex
unfolds in PC:PS, exposing free Rho-C34 to prote-
ase. The same core in PC membranes follows
digestion kinetics as if it was in solution alone,
indicating the core does not open in PC.

The fact that the N36/C34 core behaves differently
in electronegative PC:PS membranes depending on
which peptide constituent carries the probe, is a
function of the behavior of the free peptides
themselves in the different membranes. Incubation
of Rho-N36 in membranes shows near complete
dissolution of the large aggregates in PC:PS (blue
line) within 2 h, with only partial dissolution in PC
in the same time frame. An electrostatic effect is
plausible, since N36 carries a net positive charge of
+3 at physiologic pH. In contrast, Rho-C34 exists as
weakly bound oligomers in both PC:PS and PC
membranes, but rapidly digested in both mem-
branes upon the addition of protease. Though we
have shown previously that the N36/C34 core
destabilizes in electronegative PC:PS Vesicles,33 our
current study shows that membrane phospholipid
composition is a key determinant of core stability in
membranes, with zwitterionic PC membranes sup-
porting quarternary complex stability of interacting
cores. Based on detailed fluorescence analysis of
N36/C34 cores and their component free peptides,
we conclude that under physiologic conditions, the
N36/C34 core is preserved upon interaction with
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Figure 7. The effect of membrane binding on the N36/C34 core. Free Rho-labeled peptide (Rho-C34 in (a), and Rho-
N36 in (c), 0.5 pM each) or pre-formed cores with the corresponding Rho-labeled peptides ((b) and (d), respectively) were
equilibrated overnight in solution at room temperature in stirred glass cuvettes. After 3 min measurement of fluorescence
intensity (point 1), either protease K (62.5 ng/ml final concentration, red line) or vesicles (900 pM final concentration of PC
(black line) or PC:PS (blue line)) were added and data collected for additional 15 min. Following an additional 2.5 h
incubation at room temperature in the dark, proteinase K (62.5 pg/ml final concentration) was added (point 2) to all
samples in membranes, with an additional 15 min kinetic measurement. Following 2.5 h incubation, equilibrium
measurements were recorded for additional 3 min. All measurements were done in PBS (pH 7.4). Pre-formed cores were
prepared with Rho-peptide (0.5 pM) and excess of unlabeled counterpart peptide (1 pM). Red star denotes rhodamine.

zwitterionic PC membranes, but destabilizes in
electronegative PC:PS membranes.

CHR-derived fusion inhibitors reduce the
fusogenic activity of N-terminal peptides in a
dose-dependant manner

Pre-mixing of negatively charged LUVs with C34,
known to potently inhibit gp41-mediated fusion in
vitro®® and in vivo,*' reduces the extent of fusion
caused by gp41l N-terminal peptides significantly
(Figure 8). N36 is clearly affected, showing dose-
dependant inhibition (>50% inhibition at [1:3] N36:
C34 molar ratio). This inhibitory activity of C34 on
N36 is likely to arise from two, independent
interactions: (i) the highly thermostable hydropho-
bic interaction between C34 and N36, shielding the
active membrane perturbing surfaces of N36; (ii) the
medium affinity interaction between C34 and the
negatively charged LUVs (AG=-7.1 kcal/mol’??),
shielding the membrane from binding by N36. C34
and N36 are likely to interact and oligomerize both
in solution and on the LUVs, preventing the
conformational change of N36 into -sheet, thereby
reducing its fusogenic capability. C34 inhibitory

% Vesicles fusion

N36 N70 FP

Figure 8. The inhibitory effect of C34 on the fusogenic
activity of the N-terminal peptides. Varying concentra-
tions of the CHR-derived C34 peptide (left to right 0, 22, 8,
4.5 pM), incapable of inducing vesicle fusion, were pre-
incubated with PC:PS:chol (4.5:4.5:1) LUVs until equili-
bration. Then, the 8.25 pM (or 3.3 uM in the case of N70)
fusogenic N-terminal peptides N36, N70 or FP were added
to the peptide-lipid mixture and equilibrated. 100%
mixing refers to the fusogenic activity of each peptide in
the absence of inhibitors. Colors: black, no inhibitor; light
gray, (3:1) C34:peptide; medium gray, (1:1) C34: peptide;
dark gray, (2:3) C34:peptide.
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effect on N70 is similar to its effect on N36 both
qualitatively and quantitatively. Since N70 com-
prises both FP and N36, and since the inhibitory
effect of C34 on N36 is approximately two orders of
magnitude stronger than its effect on the FP, we
deduce that N70 inhibition by C34 is governed
primarily by the CHR-NHR interaction. The fuso-
genic activity of the FP, which has not been shown to
directly interact with C34, is also slightly reduced by
C34 pre-incubation. The basal inhibition of FP,
which does not show dose dependency, may result
from the effect of C34 on the physical properties of
the LUV similarly to what has been shown with
other class A amphipathic helices.** Last, the HIV
entry inhibitor DP178 (fuseon™), which is shifted ten
residues C-terminally relative to C34, has a ~10%
reduced inhibitory effect on N70 compared to C34
(data not shown). This could result from the non-
overlapping residues (628-638) present in C34 but
not in DP178, shown to form a large cavity when
bound to residues 566-576 in N36."”

Discussion

Here, we show that interactions between gp41
ectodomain segments and model membranes are
affected by changes in the phospholipid composi-
tion of the membranes. Our results indicate that the
NHR shifts conformation to B-sheet in an electro-
negative environment (Figure 5), enhancing its
fusion-activity exceedingly (Figures 2 and 3), and
that synergistically with the FP it induces formation
of fusion pores in this environment (Figure 4). This
activity can be inhibited by CHR-derived peptides
that shield the membrane perturbing surfaces of
N36 (Figure 8). Taken together, these results point
out that the fusion-active conformation of gp41 is
extended, upstream of the SHB.

To date, the main function of the NHR in the
context of fusion is to stabilize the trimeric oligo-
meric state of the gp4l ectodomain, forming a
central coiled coil at the PHI stage, crucial for
increasing the FP’s ability to fuse membranes.”***
Our results show that in addition to this function,
the NHR takes an active role in destabilizing
membranes enriched in electronegative phospholi-
pids, which may occur locally in the process of viral
fusion due to the membrane perturbing effect of the
FP. In support of this it has been shown that the
severe forces applied on cell-cell or cell-virus
contact areas cause transient exposure of electro-
negatlve phospholipids, such as PS, from the inner
leaflet.

Structural characterization of the discrete FP has
revealed seemingly paradoxical data; a-helix or p-
structure, >4+ 8 yet under NHR stabilization in the
context of N70, the FP has been shown to adopt
parallel p-sheet structure in zwitterionic mem-
branes.>’ Moreover, there is a direct correlation
between FP p-structure and fusogenic function.*’
Here, the infrared spectrum of the FP in the presence
of electronegative membranes shows that it main-

tains R-structure regardless of electrostatic environ-
ment (Figure 5). Surprisingly, N36 shows a distinct
shift toward B-structure upon exposure to electro-
negative phospholipids, an alteration that is also
reflected in the spectra of N70. The latter’s structure
is predominant p-sheet in an electronegative envi-
ronment, which may explain its extensive ability to
fuse and induce formation of pores in these
membranes. Figure 7(c) suggests that N36 forms
oligomers, prior and when bound to membranes,
because the fluorescence of Rho-N36 is quenched
when bound to PS:PC membrane (Figure 7(c), blue
line, point 1), but gradually increases after the
addition of proteinase-K to the membrane-bound
peptide (point 2). The extended p-structure of the N-
terminal half of gp41’s ectodomain would also favor
aggregation of trimers during the PHI stage, a
mechanism that could markedly induce pore for-
mation, analogously to the proposed mechanism of
ion channel formation in the case of many amyloid
diseases.”’

The NHR'’s ability to bind phospholipids is
inadequate to account for its fusogenic quality, as
an isoleucine to aspartic acid mutatlon known to
cause structural destabilization® does not abolish
the peptide’s ability to bind membranes irrespective
of their charge (Figure 6), yet it abolishes function
completely. Structural differences between N36 and
its 162D mutant are also insufficient to explain the
discrepancies in fusion-activity. Although the pep-
tides differ structurally in zwitterionic milieu, they
adopt similar conformations in electronegative,
fusion-active environment (Figure 5). The cause for
their distinct activities in electronegative mem-
branes is therefore left to be further investigated.

Identification of the sequential events that take
place subsequent to gp41 activation and leading to
pore formation have been brought to the front of
HIV fusion research since the crystal structure of the
gp4l core was revealed.'” According to the pre-
dominant thought, SHB formation occurs prior to
pore formation and is therefore essential for its
initiation. It is based on the findings that: (1)
ectodomains of many viral fusion proteins fold
into bundles when in solution; (2) peptldes that
block bundle formation prevent fusion;”*** (3)
mutations in gp41 that abolish infectivity and fusion
often map to residues within the he gntad repeats that
are expected to stabilize the SHB?*°>~>% | Yet none of
these studies propose that these mutations might
harm the intrinsic fusogenic activity of the extended
gp41l conformation, nor do they provide direct
experimental evidence that SHB formation is a
prerequisite for pore formation. Moreover, the
mAb NC-1 raised against the SHB bmds the exposed
surface of the trimeric NHR coiled coil.> The first to
challenge the idea that SHB formatlon is prerequisite
for fusion were Markosyan et al.,”* who used a
temperature jump technique to show that pores are
formed before the folding of gp41 into bundles is
complete. Later, Dimitrov et al.*' who monitored
temporal conformational states of gp4l by using
various monoclonal antibodies, concluded that two
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parallel pathways of gp41 conformational rearran-
gements co-exist: one leading to SHB formation and
the other leading to generation of gp41 monomers.
Our findings provide reinforcing evidence for this
notion, and in addition suggest a revision to the final
steps of the gp41 fusion model.

As gp41 is released from metastable constraints,
the N-terminal FP is thought to be inserted into the
target membrane, although no direct verification is
available for this state. Interaction of free FP
fragments with membranes was known to cause
local membrane perturbation in cells” or fusion of
liposomes in biophysical assays.*****° Here, we
show that it is also capable of inducing the formation
of pores in an electronegative, inner-leaflet-like
membrane. Such disturbance is likely to be sufficient
for inducing transient, local exposure of electroneg-
ative phospholipids to the outer leaflet, as it has been
shown that the forces acting at the contact surfaces of
cell-cell®® or cell-virus,” interactions that lead to
fusion, cause exposure of PS. In the case of HIV, we
deduce that transient exposure of electronegative
phospholipids caused by FP insertion into the target
membrane at the PHI configuration is sufficient to
trigger NHR fusion-activity. This assumption is
based on our findings that: (1) N36 is sensitive to
changes in the electro-environment, as it increasingly
gains fusogenic capabilities when exposed to esca-
lating levels of electronegative membranes (Figure
2), so that in a highly electronegative environment its
ability to fuse liposomes is similar to that of the FP in
the same environment; (2) N36 shifts its secondary
structure from a-helical in a zwitterionic environ-
ment to p-sheet in an electronegative surrounding
(Figure 5); (3) The NHR has a strong affinity towards
membranes, regardless of their charge (Figure 6).
Once triggered by the presence of electronegative
head groups, the whole segment of gp41 N-terminal
to the CHR (residues 512 to 613), including the FP,
NHR and the loop”” separating NHR from CHR,
becomes an active fusion driver. This extended
segment is likely to induce pore formation and
maintain excessive fusogenic capabilities as demon-
strated by our AFM images, whereby gp4l N-
terminal peptides generate severe damage and
form nanoscale pores in an electronegative model
membrane (Figure 4). This destructive activity is
likely to persist until the gradual antiparallel packing
of the SHB, or alternatively, by binding CHR-derived
fusion inhibitors such as DP178 and C34. The
inhibitory effect of such peptides on N36 and N70
suggests that they inhibit gp41-mediated fusion by
concealing the unpacked, fusion driving faces of the
ectodomain rather than, or in addition to, preventing
SHB formation. The fact that the N36/C34 core is
destabilized by electronegative, but not zwitterionic
phospholipids, supports this scheme and implies
that inner leaflet phospholipids may serve as a
positive regulator of fusion by controlling the
kinetics of ectodomain folding into a SHB. This
inhibitory effect would prolong the time of PHI
existence, ensuring pore formation and enlargement.
Figure 9 shows a cartoon of the proposed model,

which is a modification of the model proposed by
Dimitrov et al.>! In both models populations of the
exposed pre-hairpin conformation co-exist with the
SHB. Therefore, membrane apposition induced in
the course of SHB formation assists the extended pre-
hairpin to exert its pore formation and fusogenic
activities. Inhibition of fusion by synthetic CHR can
be achieved by inhibiting the formation of the SHB,
which prevents membrane apposition, and/or alter-
natively by directly binding the NHR and inhibiting
its fusogenic activity.

To summarize, our results indicate that the fusion-
active, pore-forming conformation of gp41 is extend-
ed upstream of the SHB, and that folding into a SHB,
restrained by electronegative phospholipids, impedes
the exposed fusion-active surfaces of the ectodomain.

Materials and Methods

Materials

Rink amide MBHA resin and 9-fluorenylmethoxycar-
bonyl (Fmoc) amino acids were purchased from Calibo-
chem-Novabiochem AG (Switzerland). Other reagents
used for peptide synthesis included trifluoroacetic acid
(TFA, Sigma), N,N-diisopropylethylamine (DIEA,
Aldrich), methylene chloride (peptide synthesis grade,
Biolab, IL), dimethylformamide (peptide synthesis grade,
Biolab, IL), and benzotriazolyl-noxy-tris (dimethylamino)
phosphonium-hexafluorophosphate (BOP, Sigma). Egg
PC and egg bovine brain PS were purchased from Lipid
Products (South Nutfield, UK). N-(Lissamine rhodamine
B-sulfonyl) dioleoylphosphatidylethanolamine (Rho-PE)
and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) dioleoylpho-
sphatidylethanolamine (NBD-PE) were purchased from
Molecular Probes (Eugene, OR). Cholesterol (extra pure)
was supplied by Merck (Darmstadt, Germany).

Peptide synthesis

The N36, N36(I62D)m, FP, and C34 were synthesized
manually on Rink Amide MBHA resin by using the Fmoc
strategy as described.®”®' They were cleaved from the
resin using a cocktail made of TFA:DDW:TES:thioanisole:
EDT (44.4:2.3:1:1:1.25 (by vol.)). The 70 residue peptide
(N70) was synthesized in two pieces and then ligated
chemically as described.*> N-terminal peptide labeling
was carried out as described.®” All the peptides were
purified by reverse phase high performance liquid
chromatography (RP-HPLC) on a column to >98%
homogeneity and lyopholized. The peptide composition
and molecular mass were confirmed by platform LCA
electrospray mass spectrometry and amino acid analysis.

Preparation of large (LUV) and small unilamellar
vesicles (SUV)

Thin films of PC:cholesterol (9:1) or PC: PS:cholesterol
(8:1:1 or 4.5:4.5:1) were generated following dissolution of
the lipids in a 2:1 (v/v) mixture of CHCl;/MeOH and then
dried under a stream of nitrogen gas while rotating. Two
populations of films were generated: (1) lipid only
mixtures, termed unlabeled and (2) the same lipid mixture
containing 0.6% molar of NBD-PE and RHO-PE each,
termed labeled. The films were lyopholized overnight,
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sealed with argon gas to prevent oxidation, and stored at —
20 °C. Before the experiment, the films were suspended in
the appropriate buffer and vortexed for 1.5 min. The lipid
suspension underwent three cycles of freezing-thawing
and then extrusion through polycarbonate membranes
with 1 pm and 0.2 pm diameter pores to create LUVs as
envision by electron microscopy. In order to prepare the
SUVs, unlabeled films were dissolved in the appropriate
buffer, vortexed for 1.5 min, sonicated until clear, and
further diluted.

Fluorescence spectroscopy

All fluorescence measurements were performed on a
SLM-AMINCO Bowman series 2-luminescence spectrom-
eter at room temperature. Typical spectral bandwidths
were 8 nm for excitation and 8 nm for emission. The
sample was placed in 5 mm x5 mm quartz cuvettes with
constant magnetic stirring. The data were corrected for
background intensities and progressive dilution.

Lipid mixing

Lipid mixing of LUVs was measured using a fluores-
cence-probe dilution assay.”> LUVs were prepared with
PBS CaCl, MgCl, depleted buffer (PBS, pH 7.4) as
described above from a mixture of unlabeled and labeled
films at a 9:1 ratio of 110 uM total lipid concentration.
Basal fluorescence level was measured initially for 400 pl
vesicle mixture. Then, peptide dissolved in a maximum
volume of 10 pl dimethyl sulfoxide (DMSO with 5 mM
DTT), was added. Fluorescence was monitored for 10 min
after addition of the peptide, to ensure a steady state
indicated by a plateau. The emission of NBD, the energy
donor, was monitored at 530 nm with the excitation set at
467 nm. Fluorescence intensity before peptide addition
was referred to as 0% lipid mixing. In the fusion inhibition
experiment, inhibitor peptide solutions of varying con-

Figure 9. The HIV fusion
model. Gp41 is held in a metastable
conformation by gp120 in the na-
tive state. The interactions of HIV-1
gp41 trimers with CD4 clusters
induce conformational changes
that result in the exposure of the
binding site on gpl20 that can
engage CXCR4 and the exposure
of the gp41 prehairpin intemediate
trimer in the target membrane. This
is followed by engagement of
CXCR4 clusters complex that
results in six-helix bundle forma-
tion to a fraction of the complex.
The remaining exposed pre-hairpin
conformation exposed on the sur-
face of the target membrane and
susceptible to NC-1 MAb bmdmg,
can initiate pore formation and
fusion. Inhibition of fusion by syn-
thetic CHR can be achieved by
inhibiting the formation of the
SHB, which prevents membrane
apposition, and/or alternatively
by directly binding the NHR and
inhibiting its fusogenic activity.

centrations were added to the lipid mixture and equili-
brated prior to addition of the active peptide solution.
100% lipid mixing was normalized according to 0.03
[peptide:lipid] of N70 in Figure 2, , whereas in Figure 8 the
activity of each peptide before addition of inhibitor was
normalized separately.

Electron microscopy

The effects of the peptides on liposome suspensions
were determined by negative stain electron microscopy.
Prior to staining and fixing, suspensions of PC:PS:chol
LUV at 4 mM (with or without lyophilized peptide) were
incubated for 20 min at room temperature. A drop of the
suspension containing PC:PS:chol LUV or a mixture of PC:
PS:chol LUV and peptide at a peptide/lipid molar ratio of
0.1 was deposited onto a carbon-coated grid and
negatively stained with phosphotungstic acid (2%, pH
6.8). The grids were examined using a JEOL JEM 100B
electron microscope (Japan Electron Optics Laboratory
Co., Tokyo, Japan). The vesicles” diameters in each image
were then compared in a f-test to calculate a p value.

Preparation of supported lipid bilayers

Supported lipid bllayers were prepared using the
vesicle fusion method.®* Briefly, PC:PS:chol SUV suspen-
sions (0.7 mM, 70 ul) were deposited onto freshly cleaved
mica squares (1 cm %) and allowed to adsorb and fuse on
the solid surface for 4 h at room temperature followed by
rinsing. Samples were then placed in a 1.1 ml liquid
chamber for AFM measurements.

Atomic force microscopy (AFM)

Supported bilayers were investigated using a commer-
cial atomic force microscope (NTEGRA, NT-MDT,
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Zelenograd, Russia) equipped with a 100 pmx100 pmx
5 pm Smena scanner. AFM images were obtained in semi-
contact mode at room temperature (23-25 °C) in a 1.1 ml
liquid cell (MP1LC) filled with either 30 mM NaCl buffer in
the case of N36 or with 30 mM NaCl buffer containing 10%
DMSO in the case of FP and N70. N36 was dissolved in
30 mM NaCl, while both FP and N70 were dissolved first in
DMSO and diluted in 30 mM NaCl to 10% DMSO. Samples
were then injected into the liquid chamber to reach 6 uM
peptide concentration, and images were taken ~10 min
later. All images were recorded using oxide-sharpened
microfabricated SizN, cantilevers (DNP-S, Veeco Metrolo-
gy LLC, Santa Barbara, CA) with a spring constant of
~0.3 N/m (manufacturer specified) and at a scan rate of
1-1.5 Hz. Large scale images were taken after each scan to
assure that changes in membrane morphology were not
caused by the tip. Images were obtained from at least two
different samples prepared on different days with at least
four macroscopically distinct areas on each sample.

Attenuated total reflection-FTIR spectroscopy

Spectra were obtained with a Bruker equinox 55 FTIR
spectrometer equipped with a deuterated triglyceride
sulfate (DTGS) detector and coupled with an ATR device.
For each spectrum, 250 scans were collected with a
resolutlon of 4 cm ', Samples were prepared as
described.* Briefly, lipids alone or with peptide (peptide:
lipid molar ratio of 1:180) were deposited on a ZnSe
horizontal ATR prism (80 mm x7 mm). Previous to sample
preparation, the trifluoroacetate (CF;COO™) counterions,
which associate strongly with the peptide, were replaced
with chloride ions through several washings in 0.1 M HCl
and lyophilization. This eliminated the strong C=0
stretching absorption band near 1673 cm ~1.% Peptides
were dissolved in MeOH and lipid films in 1:2(v/v)
MeOH/CHCl; mixture. Lipid/peptide mixtures or lipids
alone with the corresponding volume of methanol were
spread with a Teflon bar on the ZnSe prism. Solvents were
eliminated by drying under vacuum for 30 min. The
background for each spectrum was a clean ZnSe prism.
Samples were hydrated by introducing an excess of
deuterium oxide (*H,0) into a chamber placed on top of
the ZnSe prism in the ATR casting and incubating for up to
60 min, with spectra acquisition every 5 to 10 min.
Hydrogen/deuterium exchange was considered complete
due to the complete shift of the amide II band. Subtraction
of atmospherlc H,0O vapor for each sample was carried out
as described.®® The absorbance of peptide(s) alone was
obtained by subtracting the signal of the peptides in lipid
from lipid alone (for H,O corrected spectra), each
deuterated for equal time. We processed the subtracted
spectra using PEAKFIT (Jandel Scientific, San Rafael, CA)
software. For accurate comparison, the absorptlon of the
peptide(s) alone in the amide I (1570-1700 cm Y was
baseline-corrected. Second-derivative spectra were calcu-
lated to identify the positions of the component absorption
peaks in the spectra. For direct comparison of amide I
peptide(s) spectra, the global absorbance intensity was
normalized at 1651 cm ™’

Membrane binding

N36 and N36(I62D)m interactions with membranes
were analyzed and quantified using fluorescence anisot-
ropy of their intrinsic Trp residues in the presence of
phospholipid model membranes at different lipid-to-
peptide ratios. Excitation and emission wavelengths

were set to 270/350 nm respectively, and 1 pM of peptide
(in 400 pl PBS) was titrated with 5 mM membrane solution
successively. As Trp is known to change its emission in
hydrophobic environment,*’ change in its emission
represented the amount of peptide bound to membranes.
The system reached binding equilibrium (Fp,.x) at a certain
lipid/peptide ratio allowing calculation of the affinity
constant from the relations between the equilibrium level
of Trp emission and the lipid concentration (C), using a
steady-state affinity model. The affinity constants were
then determined by non-linear least squares (NLLSQ). The
NLLSQ fitting was done using the following equation:

Ky x X X Frax

F
TR <X

where F(x) is the measured Trp fluorescence of the peptide
at each lipid concentration X, Fp,.x is the maximal
fluorescence (it represents the maximum peptide bound
to lipids), and K, is the affinity constant.

N36/C34 core study in membranes

Free Rhodamine labeled peptides were dissolved from
lyophilized powder directly in PBS (pH 7.4), to a final
concentration of 0.5 uM. Corresponding cores were pre-
formed by dissolving unlabeled counterpart peptide in the
solution of labeled peptide to a final concentration of 1 uM
unlabeled peptide. By using an excess of unlabeled
peptide, we assure that all of the labeled subunits assemble
into bundles. Samples were then transferred (400 pl) to
glass cuvettes for individual measurements and incubated
overnight at room temperature in the dark. Each labeled
free peptide and its corresponding core was prepared from
a single stock of labeled peptide and measurements were
collected intermittently between samples of free peptide
and core to control for conditions of sample preparation
and incubation time. For fluorescence measurements,
equilibrated samples were mixed with magnetic stirring
at room temperature and baseline signal was recorded for
2.5 min, whereupon either protease K (10 pl at 2.5 mg/ml
for a final concentration of 62.5 pg/ml) or vesicles (20 ul at
18 mM for a final concentration of 900 uM) were added and
measurements continued for additional 15 min to follow
initial kinetic changes. Next, samples were incubated for
2.5 h in the dark at room temperature to equilibrate
following initial treatment. Samples were then measured
for 2.5 min to record maximal fluorescence change
following incubation with either protease or membrane.
For samples in membrane, protease K was then added and
fluorescence was recorded for an additional 15 min to
follow kinetic change. These samples were then incubated
2.5 h in the dark at room temperature. Maximal change
following incubation with both membrane and protease in
tandem was then measured for these samples for 2.5 min.
Duplicate measurements were collected for each sample
from the same stock preparation. To characterize fluores-
cence changes upon interaction with membranes, a high
concentration of vesicles (900 M) was required to assure
maximal binding by peptides and cores.
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