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ABSTRACT. HIV-1 transmembrane envelope glycoprotein (gp41) has an unusually long cytoplasmic domain
that has secondary associations with the inner leaflet of the membrane. Two highly amphighelices

in the cytoplasmic domain of gp41 have previously been shown to interact with lipid bilayers. We have
detected a highly conserved leucine zipper-like sequence between thei-tvetices. A peptide
corresponding to this segment (residues7885, LLP-3) aggregates in aqueous solution, but spontaneously
inserts into phospholipid membranes and dissociatesoiftielical monomers. The peptide perturbs the
bilayer structure resulting in the formation of micelles and other non-bilayer structures. Tryptophan
fluorescence quenching experiments using brominated phospholipids revealed that the peptide penetrates
deeply into the hydrophobic milieu of the membrane bilayer. The peptide interacts equally with zwitterionic
and negatively-charged phospholipid membranes and is protected from proteolytic digestion in its
membrane-bound state. Polarized attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy showed that the LLRxahelix axis is about 70from the normal to the membrane plane.

The ATR-FTIR CH-stretching dichroic ratio increases when the peptide is incorporated into pure
phospholipid membranes, further indicating that the peptide can deeply penetrate and perturb the bilayer
structure. Integrating these data with what is already known about the membrane-associating features of
adjacent segments, we propose a revised structural model in which a large portion of the cytoplasmic tail
of the HIV-1 envelope glycoprotein is associated with the membrane.

HIV-1! envelope glycoprotein plays a critical role in the “fusion peptide”. Recent reports have indicated that other
life cycle and biology of the virus. Initially synthesized as domains within viral fusion proteins are also important in
a single polypeptide precursor (gp160), the HIV-1 envelope the mediation of membrane fusion. For example, it appears
glycoprotein forms oligomeric complexes in the golgi that cytoplasmic and transmembrane domains are necessary
apparatus before cleavage into two non-covalently associateccomponents in the fusion process in both HIV-1 and
subunits, gp120 and gp41, by a host cell protease (Robey einfluenza virus (Salzwedel et al., 1993; Kemble et al., 1994).
al., 1.985)H g_p120 is the Ofter.sﬁ’gaff glycopro;}sln and A striking feature of the HIV-1 envelope protein sequence
co|r|1ta|r|1_s t ke sﬂ;as lnetizsss%ary OrX'lrah incing tto Spectiic tt?rget is the unusual length (150 residues) of the region that follows
genf i(nasn)(/jei ar" n |)bl gﬁf ; r?sho:;ﬁ r?ﬁsmenr\r; Iraneits transmembrane domain (Wain-Hobson et al., 1985). This

omain and Is responsibie for anchoring the envelope long cytoplasmic tail contains regions that associate with
glycoprotein complex to the viral membrane, envelope :
. X L . cellular membranes (Haffar et al., 1991), suggesting mem-
glycoprotein oligomerization, and for the fusion process . ) .
brane-related functions which still are not clear. The

between viral and cell membranes or between infected andC tolasmic tail of apd1 does not affect proteolvic Process-
healthy cells (Veronese et al., 1985; Kowalski et al., 1987). ytop 9p P yue p

The fusion process leads to syncitium formation of immune
system cells, which is one of the causes for AIDS [reviewed
in Levy (1993)]. Previous studies have focused on the
hydrophobic amino terminal segment of gp41, namely, the
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ing of the envelope glycoprotein, although it has some effect
on the levels of surface protein expression and syncitium
formation (Gabuzda et al., 1992; Owens & Rose, 1993).
Moreover, amino acid replacements or deletions in this region
affect T-cell killing (Fisher et al., 1986) and HIV infectivity
and replication (Kowalski et al., 1987; Lee et al., 1989).
Sodroski and colleagues have suggested that the carboxyl
terminus of the cytoplasmic domain plays a role in HIV-1
entry such as in the uncoating or penetration of the viral
core (Gabuzda et al., 1992) as opposed to receptor binding
or membrane fusion. Furthermore, the cytoplasmic tail
mediates polarized budding of HIV-1 in polarized epithelial
cells (Lodge et al., 1994). The large hydrophobic moments
of two amino acid segments from the carboxyl terminus of
gp41 suggest membrane-related functions (Eisenberg &
Wesson, 1990). Synthetic peptides corresonding to these
regions could bind and perturb lipid bilayers (Fujii et al.,
1992; Srinivas et al., 1992; Gawrisch et al., 1993) and were
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Ficure 1: Top: Schematic representation of the transmembrane HIV-1 envelope glycoprotein (gp41) and the designation and the sequence
of the peptide used. Bottom: Wheel projection of LLP-3. The amino acid sequence is displayed end-to-end down the axis of a schematic
helix. The angle between every two consecutive amino acids is L0ZI8e helical wheel consists of seven corners, corresponding to the

fit of seven amino acid residues into every two helical turns.

designated Lentivirus Lytic Peptide-1 (LLP-1) and LLP-2 from ethanol. 3,3Diethylthiodicarbocyanine iodide (diS-
(Miller et al., 1991, 1993a). Circular dichroism studies of Cx5), NBD-F (4-fluoro-7-nitrobenz-2-oxa-1,3-diazole), and
LLP-1 and LLP-2 showed that their-helicity increased with  tetramethylrhodamine were obtained from Molecular Probes
the addition of lipids, indicating the formation of lipid- (Eugene, OR). All other reagents were of analytical grade.
associating amphiphatic helices (Srinivas et al., 1992; Phosphate-buffered saline (PBS) was composed of NaCl (8
Gawrisch et al., 1993). Both LLP-1 and LLP-2 bind to g/L), KCI (0.2 g/L), KH,PO, (0.2 g/L), and NaHPO, (1.09
calmodulin (Srinivas et al., 1993; Miller et al., 1993b; Tencza g/L), pH 7.4.
et al., 1995), and LLP-1, which is closer to the carboxyl  Peptide Synthesis and Fluorescent Labelid.P-3 (see
terminus of gp41, has also been shown to inhibit the protein Figure 1) was synthesized by a solid phase method on PAM-
phosphorylation activity of protein kinase C (Ward et al., amino acid resins (0.15 mequiv) (Merrifield et al., 1982), as
1995). previously described (Shai et al., 1990). Another peptide
In this study we have detected and characterized a highly designated the V2E mutant of the HIV-1 fusion peptide
conserved leucine zipper-like sequence in the cytoplasmic (sequence: AEGIGALFLGFLGAAGSTMGARSMTLTVQA-
tail of gp41, located between LLP-1 and LLP-2 (aa 789  RQL) (Kliger et al., 1996) was also synthesized as a control.
815, LLP-3 in Figure 1). We found that the peptide binds |abeling of the N-terminus of the peptides was achieved as
and perturbs negatively-charged and zwitterionic lipid mem- previously described (Rapaport & Shai, 1991, 1992). Briefly,
branes and forms oligomers in aqueous solution which resin-bound peptides, with their amino acid side chains fully
dissociate to monomers upon their binding to the membrane.protected, were treated with trifluoroacetic acid (TFA) to
The membrane-bound monomers arehelices oriented  remove the BOC protecting group from their N-terminal
obliquely to the membrane plane as determined by polarizedamino groups, while keeping all the other reactive amine
ATR-FTIR. The results are discussed in the light of a groups of the attached peptides still protected. The resin-
proposed model for the membrane association of gp41lhound peptides were then reacted with the desired fluorescent
cytoplasmic tail. probe and finally cleaved from the resins by HF, extracted
with TFA, and precipitated with ether. This procedure
MATERIALS AND METHODS yielded peptides selectively labeled with fluorescent probes
Materials. BOC-amino acid PAM resins were purchased at their N-terminal amino acid. The synthetic peptides were
from Applied Biosystems (Foster City, CA), and BOC-amino purified by reverse-phase HPLC on an analyticaMydac
acids were obtained from Peninsula Laboratories. Othercolumn 4.6 mmx 250 mm (pore size of 300 A). The
reagents for peptide synthesis were obtained from Sigma.column was eluted in 40 min, at a flow rate of 0.6 mL/min,
Egg phosphatidylcholine (PC) and phosphatidylserine (PS)Uusing a linear gradient of 2580% acetonitrile in water in
from bovine spinal cord (sodium salt, grade I) were the presence of 0.05% TFA (v/v). The peptides were
purchased from Lipid Products (South Nutfield, U.K.). subjected to amino acid analysis to confirm their composi-
1-Palmitoyl-2-steroyl-(6,7, 9,10, or 11,12)-dibroranglyc- tion.
ero-3-phosphocholines were purchased from Avanti Polar Preparation of Lipid VesiclesSmall unilamellar vesicles
Lipids (Alabaster, AL). Cholesterol (extra pure) purchased (SUV) were prepared from PC/PS/cholesterol (4:4:1 wiw)
from Merck (Darmstadt, Germany) was recrystallized twice or from PC/cholesterol (8:1 w/w) by sonication as described
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in detail (Shai et al., 1990). The cholesterol was included in PBS, followed by the addition of the acceptor peptide in
in order to reduce the curvature of the small unilamellar several sequential doses. Fluorescence spectra were obtained
vesicles (Lelkes & Friedmann, 1984). before and after addition of the acceptor. The efficiency of
Rhodamine Fluorescence Dequenching Measurementsenergy transfer ) was determined by measuring the
Rhodamine-labeled peptide («M final concentration) was  decrease in the quantum yield of the donor as a result of the
added to 2 mL of PBS, and rhodamine fluorescence emissionpresence of the acceptoE was determined experimentally
was tracked. Proteinase K was added@®, and a greater ~ from the ratio of the fluorescence intensities of the donor in
intensity of the fluorescence emission was observed as athe presencely) and in the absencégj of the acceptor, at
result of the dequenching of the rhodamine fluorescence.the donor's maximum emission wavelength (530 nm). The
More proteinase K was added until there was no further percentage of transfer efficienci,(in %), is given by
increase in the fluorescence emission. In other experiments,
SUV (90 uM) were added to a rhodamine-labeled peptide E=(1-14ly x 100
and the emission maximum was tracked. More SUV were
added until there was no further increase in the emission Correction for the contribution of acceptor emission as a
maxima. Excitation was set at 530 nm (10 nm slit), and result of direct excitation was made by subtracting the signal
emission was set at 582 nm (8 nm slit). All fluorescence produced by the acceptor-labeled analogue alone. The
measurements were performed at room temperature on aontributions of the buffer and vesicles were also subtracted
Perkin-Elmer LS-50B spectrofluorometer, using a magnetic from all measurements.
stirrer. Circular Dichroism (CD) SpectroscopyCD spectra were
Tryptophan Fluorescence Measurement$ryptophan obtained using a Jasco J-500A spectropolarimeter. Spectra
fluorescence increases with the increase in the environmentwere scanned in a capped quartz optical celhveit2 mm
hydrophobicity, and a blue shift of the emission maxima is path length, at room temperature. Each spectrum was the
observed. LLP-3 contains four tryptophan residues. Changesaverage of eight scans at wavelengths of 2590 nm.
in the fluorescence of the peptide were measured following Fractional helicitiesf, (Wu et al., 1981), were calculated as
binding to lipid vesicles. LLP-3 (0.kM) was added to 2  follows:
mL of PBS, containing SUV (45@M). Emission spectra

were recorded, with excitation set at 280 nm, and compared (01500 — [9]222
to the emission spectra of the peptide in a liposome-free h= 100 .0
buffer. [0]222 — [0]222

NBD Fluorescence Measurement®NBD fluorescence
increases with the increase in the environment hydrophobic-where P]zz; is the experimentally observed absolute mean
ity, and a blue shift of the emission maxima is observed. residue ellipticity at 222 nm, and values fof]},, and
Changes in the fluorescence of the NBD-labeled peptide Were[e]égoz, corresponding to 0% and 100% helix content at 222
measured following binding to lipid vesicles. NBD-labeled nm, are estimated at 2000 and 32 000 -de@/dmol,
peptide (0.1uM) was added to 2 mL of PBS, containing respectively.
SUV (450 uM). Emission spectra were recorded, with Accessibility of Membrane-Bound Peptide to Proteolytic
excitation set at 467 nm, and compared to the emissionDigestion The accessibility of NBD-labeled LLP-3 to
spectra of the NBD-labeled peptide in a liposome-free buffer. proteolytic digestion when bound to lipid vesicles was

Membrane Partition of LLP-3 The degree of peptide investigated. Lipid vesicles (99M) were added to NBD-
association with lipid membranes was measured by titration labeled LLP-3 (0.1uM, in PBS). After 15 min, proteinase
of the NBD-labeled peptide (04M) with lipid vesicles in K (1 ug/400uL final concentration) was added. Fluores-
PBS. The fluorescence intensity was measured with excita-cence emission as a function of time was obtained before
tion set at 467 nm (10 nm slit) and emission set at 530 nm and after the addition of the enzyme. In control experiments,
(5 nmslit). The fluorescence values were corrected by taking to check the efficiency of the enzyme, LLP-3 was initially
into account the dilution factor corresponding to the addition incubated with proteinase K in aqueous solution, followed
of microliter amounts of liposomes and by subtracting the by the addition of the liposomes. In another control
corresponding blank (buffer with the same concentration of experiment SUV were added to NBD-labeled HIV-V2E
vesicles). The binding isotherms were analyzed as partition fusion peptide in PBS, followed by the addition of proteinase
equilibriums (Schwarz et al., 1986; Rizzo et al., 1987), as K. Excitation, 467 nm, slit, 10 nm; emission, 530 nm, slit,
described in detail previously (Rapaport & Shai, 1991). 8 nm.
Control experiments with unlabeled peptide using tryptophan  Tryptophan Quenching using Brominated Phospholipids
as intrinsic fluoroprobes, yielded very similar results sug- Brominated-PC employed as quenchers of tryptophan fluo-
gesting that the NBD moiety does not interfere with the rescence are suitable for probing the peptide insertion into
peptide-lipid interaction. membrane because they act over a very short distance

Resonance Energy Transfer Measuremesiorescence  (apparentR, = 9 A), decrease with® dependence, and do
resonance energy transfer was measured using NBD-labeledhot significantly perturb the membrane (Bolen & Holloway,
peptide serving as a donor and rhodamine-labeled peptide1990; De Kroon et al., 1990; Killian et al., 1990; Gonzalez
as an energy acceptor (Fung & Stryer, 1978; Gazit & Shai, et al., 1992). LLP-3, which contains four tryptophan
1993). Fluorescence spectra were obtained at room tem-esidues, was added (final concentration of @\) to 400
perature, with excitation set at the NBD maximum absorption uL suspensions of either PC/cholesterol (8:1 w/w) or PS/
wavelength (467 nm). In a typical experiment, a donor PC/cholesterol (4:4:1 w/w) SUV (450M) in PBS, estab-
peptide (final concentration 0.0#M) was added to a lishing a lipid to peptide molar ratio of 900:1. The kinetics
dispersion of PC/PS/cholesterol (4:4:1 wiw) SUV (180) of the binding was very rapid (see Figure 4B). After 2 min,
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an emission spectrum (6 nm slit) of the tryptophan was amide | vibration of ar-helix and the helix axis. We used

recorded with excitation set at 280 nm (8 nm slit). In three the value of 27 for a. as was previously suggested (Roths-
separate experiments, SUV containing 40% of 6,7-bromi- child & Clark, 1979; Ishiguro et al., 1993). The orientation
nated-PC, 9,10-brominated-PC, or 11,12-brominated-PC order parametef, allows us to calculate the average angle
were used. For comparison, SUV with no brominated-PC of the peptidea-helices relative to the membrane normal,

were used. v, by the following formula:
ATR-FTIR MeasurementsSpectra were obtained with a

Perl_<|n-EImer 1600 FTIR spectrometer coupled with an ATR f— 3 coé y—1

device. For each spectrum, 512 or 1024 scans were 2

collected, with resolution of 2 or 4 cth Samples were

prepared as previously described (Gazit et al., 1996); briefly, Lipid order parameters were obtained from the symmetric
a mixture of PC (1 mg) alone or with peptide (10) was  (~2853 cn') and asymmetric¢2922 cn1?) lipid stretching
deposited on a germanium prism (5220 x 2 mm). The mode using the same equations, setings 90° (Ishiguro
aperture angle of 45yielded 25 internal reflections. Lipiel et al., 1993).

peptide mixtures were prepared by dissolving them together Membrane Permeability Studiedvlembrane destabiliza-

in a 1:2 MeOH/CHCI, mixture and drying under a stream tion, reflected by the collapse of the diffusion potential, was
of nitrogen. To determine the amide | and Il absorption detected fluorimetrically as previously described (Loew et
peaks of the peptide, polarized spectra were recorded anchl., 1983; Shai et al., 1990). In a typical experimenyl4

the respective pure phospholipid in each polarization were (28 ug) of a liposome suspension, prepared in"“Buffer”
subtract to yield the difference spectra. The background for (50 mM K;SQ,, 25 mM HEPES-sulfate, pH 6.8), were
each spectrum was a clean germanium prism. Hydration ofdiluted in 1 mL of isotonic K free buffer (50 mM NaSQ,,

the sample was achieved by addition ofdl0of 2H,O into 25 mM HEPES-sulfate, pH 6.8), to which the potential-
a rubber chamber placed around the prism in the ATR sensitive fluorescent dye, diS;6 (M; = 492) was then
casting. Spectra underid,0 atmosphere (“wet” conditions) added. Subsequent addition of valinomycin created a
were taken after 2 and 4 h. No significant differences negative diffusion potential inside the vesicles by a selective
between the spectra in the Ehtretching and amide | and  efflux of K* ions, resulting in a quenching of the dye’s

Il regions were observed, suggesting that maximal hydration fluorescence. 15 min after fluorescence was stabilized,
occurred within 2 h. Furthermore, the amide I/amide Il ratio peptides were added. Peptide-induced membrane perme-
remained constant suggesting that deuteration was complete@bility toward all the ions in the solution caused dissipation
Any contribution of the?H,0 vapor to the absorbance spectra of the diffusion potential, monitored by an increase of
near the amide peak region was eliminated by the subtractionfluorescence. Fluorescence was monitored using excitation
of the spectra of pure lipid saturated witH,O under the set at 620 nm and emission at 670 nm. The percentage of

same conditions. fluorescence recovery(, in %) was defined by
ATR-FTIR Data Analysis The ATR electric fields of
incident light were calculated as follows (Harrick, 1967; Fe=[(1, = 1,)/(I = 15)] x 100

Ishiguro et al., 1993).
g ) wherel; = fluorescence observed after adding the peptide,

[ a2 at timet, 1, = the initial fluorescence (after addition of
E = 2 cosfysirr 6 Mo1 valinomycin), and; = total fluorescence prior to the addition
«/(1 _ n212)[(1 + n212)Sin2 0 — n212] of vaImo_mycm: . -
Negative Staining Electron Microscopy (EM)The effect
2 cosf of the peptides on lipid suspensions was examined by

B = . negative staining EM. Multilamellar vesicles (MLV) were

y1—ny prepared from dry phospholipids with or without LLP-3. The

2 sinf cosd peptide to lipid molar ratio was 1:750. A drop containing
E MLYV alone, or a mixture of MLV and peptide, was deposited

’ \/(1 - n, A + nyAsirf 6 — n,, 7 on a carbon-coated grid and negatively stained with 2%
uranyl acetate. The grids were examined using a JEOL JEM

whered is the angle of a light beam to the prism normal at 100B electron microscope (Japan Electron Optics Laboratory

the point of reflection (49, andny; = ny/n; [N, andn; are Co., Tokyo, Japan).

the refractive indices of Ge (taken as 4.03) and the membrane

sample (taken as 1.5), respectively]. Under these conditions, RESULTS

Ex By, andE; are 1.40, 1.52, and 1.64, respectively. The |genification of a Highly Conseed Leucine Heptad

electric field components together with the dichroic ratio Repeat Sequence in the Cytoplasmic Tail of HIV-1 Trans-
(defined as the ratio between absorption of parallel (to a jembrane Glycoprotein The absence of 3~ 5 exonu-

membrane planefy, and perpendicularly polarized incident  ¢jease activity of reverse transcriptase causes a mutation
light, As) are used to calculate the orientation order parameter, raquency 1000 times higher than that of DNA polymerase.
f, by the following formula: Therefore, it is possible to predict amino acid sequences vital

2 2,2 _ for the retroviruses’ life cycle on the basis of conserved
RATR — ﬁ’ — B + {(& /EY )4 cos a + (@ =13 sequences. Sequence alignment [using the PileUp program
A Ey2 [( fsinfo)/2+ (1 —f)/3] of the Wisconsin Package, Version 8, September 1994,

Genetics Computer Group (GCG) 575 Science Drive,
wherea is the angle between the transition moment of the Madison, WI, 53711] of the cytoplasmic portion of gp41l
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Ficure 2: Association of LLP-3 in aqueous solution. (A) Proteolytic digestion of LLP-3 in aqueous solution by proteinase K. Rhodamine-
labeled LLP-3 (0.1M) was added to 2 mL of PBS at the first point, followed by addition ofu20of proteinase K solution (0.2bg/uL)

at the second and the third points. Excitation, 530 nm; emission, 582 nm. (B) Addition of unlabeled LLP-3 to rhodamine-labeled LLP-3
(0.1 uM). The unlabeled peptide concentration was Q8 at the first point and 0.uM at the second point. Excitation, 530 nm;
emission, 582 nm.
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Ficure 3: Fluorescence emission blue shift due to binding of LLP-3 to membrane. (A) Tryptophan fluorescence spectra of LLP-3 (0.1

uM) in buffer (bottom line) or in the presence of 4aM liposomes (top line). The excitation wavelength was set at 280 nm, and emission

was scanned from 320 to 420 nm. (B) Fluorescence emission spectra of NBD-labeled LLP«®1j0rlbuffer (bottom line) or in the
presence of 45@M lipsomes (top line). The excitation wavelength was set at 467 nm, and emission was scanned from 500 to 600 nm.

reveals that there is a highly conserved heptad repeat motifan increase in fluorescence is expressed when rhodamine-
at amino acid residues 78815 (designated LLP-3 in Figure labeled peptide aggregates dissociate, a process that occurs
1). Heptad repeats are characterized by hydrophobic aminowhen the peptide is enzymatically cleaved. The fluorescence
acids in the “a” and “d” positions of the helix. In LLP-3, of rhodamine-labeled LLP-3 (0.LM as determined by
all the “a” positions are leu, and two of the “d” positions absorbance at 567 nm in DMSO) added to PBS, was very
are trp residues. Comparison of all gp41 sequences fromlow in comparison to other rhodamine-labeled peptides at
SwissProt reveals that LLP-3 is highly conserved with respect the same concentration, suggesting that the formation of
to adjacent sequences. All leucine residues are conserved LP-3 aggregates in aqueous solution. Furthermore, there
among all the HIV sequences, and this motif is even was a large increase>@0-fold) in fluorescence emission
conserved in some strains of a related virus, SIV, although (Figure 2A) following the addition of proteinase-K to LLP-3
there are some L to | replacements. Kernel density analysis(0.14M). Increases in the quantum yield were also observed
of the HIV-1 envelope glycoprotein supports the traditional when unlabeled peptide was added to the rhodamine-labeled
alignment results (Lauder et al., 1996). None of the sequenceanalogue (Figure 2B). These data suggest that there is an
variations altered the leucine heptad repeat, suggesting aquilibrium between aggregation states of LLP-3 in aqueous
strong selective pressure to conserve this motif despite othersolution.
extensive sequence variations in HIV. The function of this  Interaction of LLP-3 with Phospholipid Membranes
motif is unknown. To elucidate its possible role in the life Experiments were carried out with either neutral phospholipid
cycle of the virus, we have investigated the properties of PC/cholesterol (8:1 w/w) or negatively-charged PS/PC/
LLP-3, a synthetic peptide identical to this segment. cholesterol (4:4:1 w/w) vesicles. Identical results were
Self-Association of LLP-3 in Aqueous SolutiobLP-3 obtained using both types of membranes.
self-association in solution was tested using a rhodamine- Blue Shift of LLP-3 Fluorescence Emission Due to
labeled peptide. Since the fluorescence of rhodamine isMembrane Binding LLP-3 interaction with lipid vesicles
quenched when several molecules are in close proximity, was detected by the change in its tryptophans fluorescence,
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which is environmentally sensitive. The increase in the
quantum vyield and a shift of the emission maximum A
wavelength of the intrinsic tryptophans (Figure 3A), indicates
that the tryptophan moieties of the peptide entered a
hydrophobic environment. Similar experiments were carried
out using LLP-3 labeled at its N-terminus with NBD, a highly
environmentally sensitive probe (Figure 3B). Previously,
NBD has been used to probe the hydrophobicity of its
microenvironment in investigations of the interactions of
various peptides with membranes (Frey & Tamm, 1990;
Rapaport & Shai, 1991). When LLP-3 bound to membranes, . | , .
there was a large increase in the quantum yield and a blue 0 10 20 30 40 50
shift of the maximum emission wavelength to 530 nm. Blue TIME (minutes)

shifts of these magnitudes are observed when surface-active 15
NBD-labeled peptides interact with lipid membranes (Ra-
paport & Shai, 1991; Gazit et al., 1994) and are consistent
with the NBD probe being located near the membrane surface
(Rajarathnam et al., 1989). In our experiments, the lipid/
peptide molar ratio was extremely high (4500:1) so that
spectral contributions of free peptides are negligible.

Membrane Partition of LLP-3 Analyses of the membrane- 5
bound fraction of LLP-3 as a function of the lipid to peptide L\'MA/Z
molar ratio revealed that the partitioning of the peptide in
the membrane is similar with both PC/cholesterol (8:1 w/w) 0 | . \ , .
and PC/PS/cholesterol (4:4:1 wiw) vesicles. Similar results 0 5 10 15 20 25
were observed when measuring the NBD fluorescence of 25 TIME (minutes)
NBD-labeled LLP-3. More than 75% of the peptide bound
to the membrane (data not shown) when the lipid to peptide
molar ratio was 500. We could not derive the membrane
partition coefficient from our data (Schwarz et al., 1986;
Rizzo et al., 1987) because LLP-3 aggregates in agqueous
solution. If we rule out the changes in the emission caused
by aggregation, we would obtalf, values in the range of
100 ML,

LLP-3 Is a Monomer in Its Membrane-Bound Stat&hen o m
rhodamine-labeled monomers are aggregated and the -
rhodamllne probes are_clqse to each other, the resu]t is self- 0_(?0*0—-0_0065 50070 00015 00050 0.0025
quenching of the emission fluorescence. Following the

" - . : : [ACCEPTORJ/LIPID]
addition of lipid vesicles, more than a 20-fold increase in

: AL _ Ficure 4: Dissociation of the LLP-3 oligomer after membrane
the quantum y'er'ﬁ' ?‘f fh%‘?'am'”e(;?be'e.d LLP-3 was observed i ;o ™ ()Y Rhodamine-labeled LLP-3 (0uM) was added to 2
(Figure 4A), which indicates dissociation of LLP-3 ag- o PBS at the first point, followed by the addition of lipid
gregates. To ascertain whether the increased fluorescenceyesicles (90uM each time) at the second and third points.

or dequenching, results from the dissociation of LLP-3 Excitation, 530 nm; emission, 582 nm. (B) Instantaneous binding
oligomers and not from changes in the probe’s environment ngLSLZ;Sttth ':‘I?r'gt \:J%Si:wilefdlIgvbsésla(y?'tjﬁg)avt\j,gﬁi ggdo?‘dl i:)Ci)dZsz'giglfes

(though, rho_damme is barely sensitive to its envwonment (90uM) at the second and third points. Changes in the tryptophan
hydrophobicity), we have compared the rhodamine-labeled fiyorescence were measured. Excitation, 280 nm; emission, 340
LLP-3 dissociation rate with the kinetics of membrane nm. (C) Theoretically and experimentally derived percentage of
binding. An immediate large increase in the quantum yield energy transfer. Transfer efficiencies between donor (NBD-labeled
of the tryptophan fluorescence was observed upon the Peptide) and acceptor (rhodamine-labeled peptide) LLP-3 are plotted

" b . . L versus the bound-acceptor/lipid molar ratio (filled squares). A
addition of lipid vesicles to LLP-3 (Figure 4B). Similar theoretical plot showing energy transfer efficiency as a function of

kinetics was observed using NBD-labeled LLP-3 (data not the surface density of the acceptors, assuming random distribution
shown). Tryptophan and NBD fluorescence are much more of donors and acceptors monomers (Fung & Stryer, 1978)Rand
sensitive than rhodamine to the hydrophobicity of their = 51 A (Gazit & Shai, 1993), is given for comparison (dashed
environment. If we compare this rapid binding (Figure 4B) line). The excitation wavelength was set at 467 nm; emission was

1o the kineti fthe d hi f rhodami scanned from 500 to 600 nm, and the energy transfer efficiency
0 the kinetics ot the fluorescence dequenching of rhodamine-y a5 caiculated using the decrease in the donor’s emission maxima

labeled LLP-3, followed by the addition of equal amounts (530 nm) as a result of addition of acceptor as described in detail
of lipid vesicles (Figure 4A), it is possible to conclude that in Methods.

when LLP-3 is exposed to membranes, immediate binding

takes place and is followed by a much slower process of served as a donor, and rhodamine-labeled LLP-3 served as

oligomeric dissociation. an energy acceptor. The results show that the efficiency of
Resonance energy transfer experiments were further carthe energy transfer is close to the theoretically calculated

ried out to find whether LLP-3 dissociates into monomers values assuming a random distribution of donors and

or alternatively to smaller aggregates. NBD-labeled LLP-3 acceptors (Gazit & Shai, 1993) (Figure 4C, dashed line).
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FIGURE5: Secondary structure of LLP-3 as determined by CD and FTIR spectroscopy. (A) CD spectrum of LLP-3 incorporated into small
unilamellar vesicles. Peptide concentration wag®l and the peptide to lipid molar ratio was 1:47. (B) CD spectrum of LLP-3{¥3

in 40% TFE. (C) FTIR spectra deconvolution of the amide | band of LLP-3 (32@8®0 cnt?!). The component peaks are the result of
curve-fitting using a Voigt line shape. The amide | frequencies characteristic of the various secondary structure elements were taken from
Jackson and Mantsch (1995). The sum of the fitted components superimposes on the experimental amide | region spg&rperiniental

FTIR spectrum; (- - -) the fitted components;)the sum of the fitted components. 106 of LLP-3 and 1 mg of PC were used for each

scan (peptide to lipid molar ratio was 1:42).

These data indicate that LLP-3 is a monomer in its more biologically relevant conditions. No significant changes
membrane-bound state. between the dry and wet conditions were obtained.
Secondary Structure of LLP-3LLP-3 cannot be solubi- Protection of Membrane-Bound LLP-3 from Enzymatic
lized in agueous solution at concentrations necessary for CDDigestion To test whether membrane-bound LLP-3 is
measurements. We therefore, could only investigate the protected from enzymatic digestion, a nonspecific protease,
secondary structure of the peptide in its membrane-boundproteinase K, was added to a mixture of NBD-labeled LLP-3
state. When LLP-3 is incorporated into PC/PS (1:1 w/w) and lipid vesicles. The results indicate that membrane-bound
vesicles, it adopts a partial-helical conformation (Figure  LLP-3 is highly protected against enzymatic digestion (Figure
5A). The spectra fits indicated-helical content of ap-  6A). When LLP-3 was initially incubated with proteinase
proximately 63%. At wavelengths lower than 215 nm, the K, prior to the addition of lipid vesicles, we found that the
curve was noisy due to the vesicles’ light scattering. peptide was digested by the protease (Figure 6B). A control
Therefore, we repeated measurements with LLP-3 dissolvedpeptide, the V2E mutant of the fusion peptide of gp41, which
in 40% trifluoroethanol (TFE), a membrane-mimetic envi- also binds strongly to lipid vesicles, was susceptible to the
ronment. Double minima at 222 and 208 nm are quite enzyme in its membrane-bound state (Figure 6C). Enzymatic
apparent, and the spectral fits indicatéhelical content of cleavage of V2E peptide results in small peptidic fragments
about 53% (Figure 5B). To confirm the-helical conforma- with greatly reduced membrane affinity. These fragments
tion revealed by CD, FTIR spectroscopy was used. The dissociate from the membrane causing a decrease in the
amide | region between 1648 and 1660 ¢éns characteristic ~ fluorescence intensity of NBD.
of a-helical structure (Jackson & Mantsch, 1995). A  Tryptophan Quenching using Brominated Phospholipids
spectrum of the amide | region for LLP-3 bound to a dry The intrinsic tryptophan fluorescence of LLP-3 was used to
PC multibilayer is shown in Figure 5C. Deconvolution of evaluate the degree of penetration of the peptide to the
the amide | region was performed using PEAKFIT, and the membrane bilayer. A naturally occurring tryptophan in a
o-helix content was 54% 3%. Experiments were repeated protein or peptide can serve as an intrinsic probe for its
using dry film samples to which J® was added to simulate localization within the membrane. LLP-3 contains four
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Ficure 6: (A) Protection of membrane-bound NBD-labeled LLP-3 against proteolytic digestion. The fluorescence emission of the
environmentally sensitive NBD of NBD-labeled peptide was monitored at 530 nm with the excitation set at 467 nm: (1) addition of 0.1
uM NBD-labeled LLP-3; (2) addition of 9@M lipid vesicles; (3) addition of the nonspecific protease, proteinase 4g(400uL). (B)

A control experiment to check the efficiency of proteinase K in digesting LLP-3 in aqueous solution. The numbers are as described in
panel A. This time the enzyme was added to LLP-3 22 min before the addition of the vesicles. (C) For a comparison, NBD-labeled V2E

fusion peptide served as a control peptide: (1) addition oix@1INBD-labeled V2E fusion peptide; 2 and 3 are as described in panels A
and B.

25 quenching of its fluorescence, indicating that at least one of
its tryptophan residues is located deeply within the hydro-
phobic core of the membrane. Similar results were revealed
using PS/PC/cholesterol (4:4:1 w/w) liposomes containing
40% of these brominated PC. These data are consistent with
results obtained with enzymatic digestion experiment (Figure
6A), which suggest that while the amino terminus of LLP-3
is close to the surface of the membrane (as revealed from
the NBD fluorescence, Figure 3B), other parts of the peptide
are inserted within the hydrophobic milieu of the membrane
bilayer.

Orientation of the Phospholipid Membrane and the Effect
of LLP-3 Binding on the Acyl Chain OrdetPolarized ATR-
FTIR was used to determine the orientation of the lipid
membrane. The symmetried{(CHz) ~ 2850 cnt!] and
the antisymmetricifantisyd(CHz) ~ 2920 cnt?] vibrations of
lipid methylene C-H bonds are perpendicular to the mo-

WAVELENGTH (nm) lecular axis of a fully extended hydrocarbon chain. Thus,
FIGURE 7: Tryptophan quenching using brominated phospholipids. measurements of the dichroism of infrared light absorbance
Tryptophan fluorescence spectra of LLP-3 (0M) in the presence  can reveal the order and orientation of the membrane sample
gfcljilclholestelroé?:1/w/w) “po_so,mejgogf inl tlhze gresence é)fpc relative to the prism surface. Figure 8A shows that ATR
(g Zoe;otegriogb}o#rg)te%?gté:il?)l,ngr 400/"0 6,7’-brorrnoinmal?§c§‘-sPC dichroism spectra of parallel and perpendicular polarized
(-+). The excitation wavelength was set at 280 nm, and emission ATR-FTIR absorbance spectra between 2800 and 30006.cm
was scanned from 320 to 420 nm. R values based on the strongefisyn{CH2) were 1.40+
tryptophans, three in the middle of the peptide and the fourth 0-06. Usingvs,«(CH,) instead, somewhat lowe® values,
near the amino terminus. Br quenches tryptophan fluores-R = 1.29+ 0.05, were obtained. The data indicate that the
cence with anr® dependence and an appar&gtof 9 A phospholipid membrane is well ordered, permitting the
(Bolen & Holloway, 1990). Bromolipids [1-palmitoyl-2-  Orientation of the peptide to be determined. Similar results
(dibromostearoyl)phosphatidylcholine] with bromines at the have been obtained by others (Fringeli & i@iard, 1981,
6,7-,9,10-, and 11,12-positions were used as molecular rulersYang et al., 1987; Ishiguro et al., 1993; Gazit et al., 1996).
to examine the fluorescence quenching of LLP-3. The On the basis of the dichroic ratio of ||p|d StretChing, the
greatest quenching of tryptophan fluorescence was observedorresponding orientation order parametewas calculated
using 6,7-brominated-PC, a lesser degree of quenching withto be 0.46+ 0.05 and a tilt angle in the range of 3&i9
9,10-brominated-PC, and the least amount of quenching with2.1° was calculated for the main transition moments of the
11,12-brominated-PC (Figure 7). The peptide to lipid molar axis of the lipids. The observed antisymmetric and sym-
ratio in these experiments was kept very low (1:900), so no metric peaks at 2921.% 0.2 and 2852.7+ 0.3 cnt?,
membrane perturbation is expected (Figure 9). Using a respectively (Figure 8A), indicate that the membranes were
surface-localized peptide (M0O), quenching was observed with predominantly in a liquid-crystalline phase (Cameron et al.,
6,7-Br-PC and 9,10-Br-PC but was not observed with 11,12- 1980; Ishiguro et al., 1993), just like biological cell mem-
Br-PC (Ben-Efraim & Shai, 1996). In the case of LLP-3, branes. Thus, the lipid multibilayer used in our study was
even PC with Br at its 11 and 12 acyl chain carbons causeswell oriented and in a liquid-crystalline phase.
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FiGUrRe 8: (A) ATR dichroism of parallel and perpendicular polarized ATR-FTIR absorbance spectra between 3000 and 2800 the

lipid CH, symmetric and antisymmetric vibration of PC multibilayers. The top line is for the P component of polarized incident light (an
electric vector oscillates perpendicular to the Ge prism or membrane plane), and the bottom line is for the S (parallel) component. (B)
ATR dichroism spectra of parallel and perpendicular polarized ATR-FTIR absorbance spectra between 3000 and 2&0CHeipid

CH, symmetric and antisymmetric vibration of PC multibilayers incorporated with LLP-3. The top line is for the P component of polarized
incident light (an electric vector oscillates perpendicular to the Ge prism or membrane plane), and the bottom line is for the S (parallel)
component. (C) ATR dichroism spectra of parallel and perpendicular polarized ATR-FTIR absorbance spectra between 1700 and 1500
cm?! for the amide | and Il absorbance regions of LLP-3 incorporated into PC multibilayers. The top line is for the P component of
polarized incident light (an electric vector oscillates perpendicular to the Ge prism or membrane plane), and the bottom line is for the S
(parallel) component. 100g of LLP-3 and 1 mg of PC were used for each scan (peptide to lipid molar ratio was 1:42).

The effect of LLP-3 on the multibilayer acyl chains order
can be estimated by comparing the £dtretching dichroic
ratio of pure phospholipid multibilayers (Figure 8A) with
that obtained with membrane-bound LLP-3 (Figure 8B). The
results indicate that LLP-3 incorporation into the membrane
increasesR values to 1.54+ 0.02, based on the stronger
Vantisyn(CHy), and 1.46+ 0.01 based omsy(CH,). These

data suggest that LLP-3 penetrates deeply into the hydro-

Rothschild & Clark (1979) and Ishiguro et al. (1993), hence
f=—0.33 andy = 70°. In addition, it is worth noting that
the results describe only thehelix components of LLP-3,
which are about 5660% of the peptide structure. Anyway,
the results obtained clearly indicate that LLP-3 does not
expand the membrane but is in a parallel or an oblique
orientation to the membrane plane.

Membrane Permeability StudiesTo study the potential

carbon core of the membrane and are consistent withof LLP-3 to destabilize lipid bilayers, we tested its ability

protection of membrane-bound LLP-3 from enzymatic diges- to dissipate the diffusion potential in SUV prepared from
tion (Figure 6) and the results obtained from tryptophan PC/PS/cholesterol (4:4:1 wiw) vesicles. Increasing concen-
quenching experiments (Figure 7). trations of peptides were mixed with vesicles, pretreated with
Orientation of LLP-3 in Its Membrane-Bound State the fluorescent dye, diSX5, and valinomycin. The kinetics

Polarized ATR-FTIR was used to determine the orientation of fluorescence recovery was monitored (Figure 9A), and
of membrane-bound LLP-3. Films of the peptide incorpo- fluorescence levels obtained after 10 min are represented as
rated into phospholipids were disposed on a germanium a function of the lipid/peptide molar ratio in Figure 9B. The
prism. Figure 8C shows the ATR-FTIR absorbance spectraslow kinetics of membrane permeation suggests that LLP-3
of LLP-3 in the amide | and Il regions, perpendicular to the does not form pores in the membrane (Parente et al., 1990;
membrane surfaced, (top curve), and parallel to itAs Rapaport et al., 1996). This is consistent with the energy
(bottom curve). The amide | region was deconvoluted using transfer results which have revealed that LLP-3 is a monomer

the program PEAKFIT, using either Lorenzian or Voigt line
shapes. The-helix was the dominant component,-560%

of total area. Thereford&®*™R was calculated using the height
of the a-helical component of the amide | region and was
equal to 1.36t 0.05. The corresponding order parameter,
f, was equal to-0.33+ 0.03, and the angle of the peptide
relative to the membrane normal was calculated as #0.4
1.9. The calculated orientation angle of LLP-3 should not

in its membrane-bound state (Figure 4C). An inactive mutant
of gp41 fusion peptide (Kliger et al., 1996), and the highly
active neurotoxin, pardaxin (Oren & Shai, 1996) served as
control peptides. Similar results were obtained using PC/
cholesterol (8:1 w/w) SUV (data not shown). Thus, LLP-3
can strongly destabilize both neutral and negatively-charged
membranes. Similar results are also obtained with rhodamine-
labeled and NBD-labeled LLP-3 (data not shown) indicating

be treated as a fixed value but rather as an indicator that fluorescently labeled analogues can be used to replace
influenced by several factors, including the angle between LLP-3.

the helix axis and the dipole moment of the amide I. Values
ranging from 24 to 4Dare being reported in the literature
(Miyazawa & Blout, 1961; Bradbury et al., 1962). For=

24, fis —0.29 andy = 68° to the membrane normal. When
o is taken to be 49 f is calculated to be-0.6, and that is
more than the—0.5 allowed for a totally parallel helical
orientation. We have used. = 27° as suggested by

Electron Microscopy To confirm that the dissipation of
the membrane potential is a result of membrane destruction
and not only a result of pore formation, PC/cholesterol (10:
1) MLV with or without LLP-3 were visualized with negative
staining electron microscopy. Figure 10 shows representative
micrographs of the MLV taken at pH 7.4 in the absence
(panel A), and presence (panel B) of LLP-3. Although the
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Ficure 9: Peptide-induced dissipation of the diffusion potential in vesicles. Peptides were addedreekbuffer containing PC/PS/
cholesterol (4:4:1 w/w) SUV (prepared in isotonic iuffer), pre-equilibrated with the fluorescent dye dig8; and valinomycin. (A)

Kinetics of the fluorescence recovery upon addition of LLP-3; peptide/lipid molar ratios were 0.0146 (top) and 0.0117 (bottom). Similar
results were obtained using PC/cholesterol (8:1 w/w). (B) Fluorescence recovery, measured 10 min after mixing the peptide with the
vesicles, is depicted (LLP-3, filled squares). For comparison, the results obtained for the inactive V2E mutant of the fusion peptide of gp41
(open triangles) (Kliger et al., 1996) and for the neurotoxin pardaxin (open circles) (Oren & Shai, 1996) are also depicted.

of the transmembrane envelope glycoprotein of HIV-1
(Figure 1). Heptad repeats are characterized by hydrophobic
amino acids in the “a” and “d” positions of the helix. In
LLP-3, all of the “a” positions are Leu and two of the “d”
positions are Trp residues. Comparison of all gp4l se-
guences from SwissProt reveals that LLP-3 is a highly
conserved sequence with respect to adjacent sequences. All
the Leu residues are conserved among all the HIV-1
sequences, although there are some L to | replacements in
SIV. Other heptad repeat sequences derived from viral
glycoproteins identified previously have been shown to bind
and interfere with the function of their parent proteins (Wild
et al., 1992, 1994a, 1995; Blacklow et al., 1995; Lu et al.,
1995; Rapaport et al., 1995). It has recently been shown
that a heptad repeat sequence from the HIV-1 glycoprotein
has a role in glycoprotein oligomerization (Bernstein et al.,
ke i 1995). All of these segments are located at the ectodermal
T _ sides of their envelope glycoproteins. The sequence studied
: , in this paper is a perfect leucine heptad repeat; unfortunately,
its location in the cytoplasmic, or intra-viral, side of the

5
L ”;& .
\ : membrane makei®i-vivo investigation difficult.
L el In an attempt to find a role for this challenging gp41

segment in the viral life cycle, LLP-3, a 27-amino acid
peptide corresponding to residues 7815 was chemically
- ) . synthesized and spectroscopically studied. Using site-
Ficure 10: Representative micrographs of multilamellar PC/ specific fluorescent labeling, we found that the peptide is

cholesterol (8:1 w/w) vesicles in the absence (A) or presence of . . . - . .
LLP-3 peptide (B). The peptide, PC, and cholesterol were dissolved Présent in oligomeric form in aqueous solution (Figure 2).

in methanol:chloroform (1:2) and then vortexed to prepare multi- The membrane-permeating activity of fluorescently-labeled
lamellar vesicles. The procedure was done as described in Methods| | P-3 was tested, and results similar to that of the unlabeled
Micrograph A shows multilamellar vesicles, and micrograph B peptide were obtained. A series of experiments was carried
shows mainly aggregates of micelles. out to clarify whether LLP-3 has a role in the association of
peptide to lipid molar ratio was very low (1:750), the the cytoplasmic tail of gp41 with membranes.
micrographs show that LLP-3 interferes with the bilayer ¢cp and FTIR spectroscopy were used in order to
structure of MLV, inducing a non-bilayer structure consisting determine whether LLP-3, whose primary amino acid
of aggregates of small micelles. sequence predicta-helical secondary structure (Rost &
Sander, 1993, 1994a; Rost, 1996), contains structural ele-
DISCUSSION ments that can be modeled by the synthetic peptide. Similar
We have detected a leucine zipper-like sequence (leucineresults obtained with both spectroscopic methods revealed
heptad repeat) at residues 78815 of the cytoplasmic tail  that LLP-3 adopts a 50860% a-helical structure in its

376 nm

376 nm
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Ficure 11: Schematic illustration suggesting a structural model for the gp41 cytoplasmic tail. In the currently accepted model (Yang et
al., 1995) segments corresponding to LLP-1 and LLP-2 are in close association with the membrane bilayer (A). Our model shows a larger
portion of the cytoplasmic tail in association with the cytoplasmic, intraviral side of the membrane (B).

membrane-bound state (Figure 5). In aqueous solution, theremembrane-spanning domain (Yang et al., 1995). (2) There
is an equilibrium between oligomeric aggregation states is a highly amphipathic segment, down stream and very close
(Figure 2B). Within the membrane, LLP-3 oligomers to the first palmitoylation site, that associates with the plasma
dissociate into monomers. This was demonstrated by themembrane as a synthetic peptide (LLP-1, Figure 1; Fuijii et
large increase in the fluorescence of rhodamine-labeledal., 1992; Srinivas et al., 1992; Gawrisch et al., 1993; Miller
LLP-3 following interaction with vesicles, which is equal et al., 1993a; Chernomordik et al., 1994; Tencza et al., 1995).
to fluorescent levels of enzymatically-cleaved rhodamine- The second palmitoylation site occurs within another highly
labeled LLP-3 (Figure 4A compared with Figure 2A), and amphipathic segment that also binds to the membrane as a
by the lack of energy transfer between donor- and acceptor-synthetic peptide (LLP-2, Figure 1; Srinivas et al., 1992).
labeled LLP-3 (Figure 4C). Further evidence comes from The unusual large hydrophobic moments of both segments
the finding that LLP-3 only forms monomers in SBBAGE points to their association with the membrane surface
(data not shown), which acts as a membrane mimetic (Eisenberg & Wesson, 1990). (3) A segment of the gp41
environment (Lemmon et al., 1992; Simmerman et al., 1996). cytoplasmic domain corresponding to amino acids-8383,

It is interesting to note that oligomeric dissociation (Figure which is accessible to proteinase K digestion in microsomal
4A) is 3 orders of magnitude slower than LLP-3 binding to membranes, does not cross react with specific antibodies.
lipid vesicles (Figure 4B). All experiments performed with The protection of this epitope from its antibody cannot be
either zwitterionic phospholipid PC/cholesterol (8:1 w/w) accounted for by its secondary structure or by the protein
vesicles or negatively-charged PS/PC/cholesterol (4:4:1 wiw) folding but only by epitope masking from lipicbilayer
vesicles yielded similar results, indicating that the peptide interaction (Haffar et al., 1988). (4) Carbonate treatment
membrane interactions are mainly induced by non-electro- fails to extract a polypeptide corresponding to the full-length
static forces. This is expected because LLP-3 has no netcytoplasmic tail (residues 73856) from the membrane
charge at neutral pH. fraction, suggesting that it is integrated in the lipid bilayer

This is in line of several findings which suggest that the (Haffar et al., 1988).

cytoplasmic domain of gp41 is membrane-associated. (1) Furthermore, one of the characteristic features of AIDS
Two sites within the cytoplasmic domains of transmembrane is a severe progressive depletion of CDYmphocytes,
HIV and SIV envelope glycoproteins are palmitoylated which partially explains why AIDS patients are at risk for
(Yang et al.,, 1995). In general, palmitoylation enhances infection by opportunistic pathogens and susceptible to
protein association with cellular membranes. Although specific malignant growth (Klatzmann et al., 1984; Lane et
palmitoylation usually occurs within or close to the membrane- al., 1985). Several reports suggest that HIV-induced cyto-
spanning domain (Schmidt, 1989), HIV-1 palmitoylation is pathology involves the carboxyl terminus domain of gp41
approximately 59 and 132 amino acids away from the (residues 707#856) which is located exclusively in the
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intraviral, cytoplasmic compartment (Fisher et al., 1986; Blacklow, S. C., Lu, M., & Kim, P. S. (1995Biochemistry 34
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1986). There are several possibilities regarding the identity Cameron, D. G., Casal, H. L., Gudgin, E. F., & Mantsch, H. H.
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(Venable et al., 1989). Model 1 representing HIV-1 glyco- Ishiguro, R., Kimura, N., & Takahashi, S. (199ijpchemistry 32
protein as a bitopic membrane protein is the currently = 9792-9797.

i i Ei Jackson, M., & Mantsch, H. H. (1998)rit. Rev. Biochem Mol.
accepted model and is presented in Figure 11A (Berman et Biol. 30, 95-120.

al., 1988; Yang et al., 1995). Our results suggest that Kemble, G. W., Danieli, T., & White, J. M. (1994)ell 76, 383
residues 789815 also bind to the membrane. Integration 391,

of our data with previously reported results (Haffar et al., Killian, J. A., Keller, R. C., Struyve, M., De Kroon, A. |I. P. M,,

1988, 1991; Eisenberg & Wesson, 1990; Fujii et al., 1992; Tommassen, J., & De Kruijff, B. (199@iochemistry 298131~

fggéva.lscﬁt al., 192.21(’ ?a;/vrllsécghél.e\t( al., 1?%3’1B/Igger et al., Klatzmann, D., Barr&inoussi, F., Nugeyre, M. T., Danguet, C.,
a; Chernomordik et al., 1994; Yang et al., 1995) suggests imer, E., Griscelli, C., Brun-Veziret, F., Rouzioux, C., Gluck-

that a very long segment, beginning with the first palmito-  man, J. C., Chermann, J.-C., & Montagnier, L. (198¢)ence

ylation site at Cys-764 and ending at the carboxyl terminus 225 59-63.

of the envelope glycoprotein, is membrane associated. OurKliger, Y., Aharoni, A. Rapaport, D., Jones, P., Blumenthal, R., &

- N - Shai, Y. (1996)Biophys J. 70, (2), A82.
findings that LLP-3 penetrates deeply into the membrane Kowalski, M.. Potz, J., Basiripour, L., Dorfman, T., Goh, W. C.,

(Figures 6 and 7) and is in oblique orientation with the " reryiliiger, E., Dayton, A., Rosen, C., Haseltine, W., & Sodroski,
membrane surface (Figure 8) suggest that at least part of J. (1987)Science 2371351-1355.

this segment penetrates into the hydrophobic milieu of the Lane, H. C., Depper, J. M., Greene, W. C., Whalen, G., Waldmann,

Lasky, L. A., Nakamura, G., Smith, D. H., Fennie, C., Shimasaki,
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