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Large Changes in the CRAC Segment of gp41 of HIV Do Not Destroy Fusion

Activity if the Segment Interacts with Cholesterol
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ABSTRACT: The membrane-proximal external region (MPER) of the gp41 fusion protein of HIV is highly
conserved among isolates of this virus and is considered a target for vaccine development. This region
also appears to play a role in membrane fusion as well as localization of the virus to cholesterol-rich
domains in membranes. The carboxyl terminus of MPER has the sequence LWYIK and appears to have
an important role in cholesterol interactions. We have tested how amino acid substitutions that would
affect the conformational flexibility of this segment could alter its interaction with cholesterol. We studied
a family of peptides (all peptides as N-acetyl-peptide amides) with P, G, or A substituting for W and I of
the LWYIK sequence. The peptide having the greatest effect on cholesterol distribution in membranes
was the most flexible one, LGYGK. The corresponding mutation in gp41 resulted in a protein retaining
72% of the fusion activity of the wild-type protein. Two other peptides were synthesized, also containing
two Gly residues, GWGIK and LWGIG, and did not have the ability to sequester cholesterol as efficiently
as LGYGK did. Making the corresponding mutants of gp41 showed that these other two double Gly
substitutions resulted in proteins that were much less fusogenic, although they were equally well expressed
at the cell surface. The study demonstrates that drastic changes can be made in the LWYIK segment with
the retention of a significant fraction of the fusogenic activity, as long as the mutant proteins interact with
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cholesterol.

The region of the ectodomain of gp41 from HIV adjacent
to the transmembrane segment has been termed the membrane-
proximal external region (MPER).! The MPER is rich in
Trp residues and is highly conserved among strains of HIV
(Figure 1). This segment has been shown to have an
important contribution to fusogenic potency (/—35). In
addition, a synthetic peptide corresponding to this domain
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FIGURE 1: Schematic representation of HIV-1 gp41. The sequence
of MPER is shown with the C-terminal CRAC segment, LWYIK,
highlighted. MPER lies between the C-terminal heptad repeat (HR)
and the transmembrane (TM) region. FP, fusion peptide; CT,
cytoplasmic tail.

has membrane destabilizing properties (6, 7). The presence
of the raft-component lipids sphingomyelin and cholesterol
is important for this peptide to be able to destabilize
membranes (8, 9). The neutralizing antibody, 4E10, recog-
nizes the MPER domain specifically when it associates with
rafts and blocks membrane fusion (4, 5, 10).

One of the features that connect MPER to raft domains is
the presence of the carboxyl-terminal segment of MPER,
LWYIK. This segment, when fused to the maltose binding
protein, was able to bind to cholesteryl-hemisuccinate agarose
(11). In addition, N-acetyl-LWYIK-amide has been shown
to sequester cholesterol to membrane domains and to insert
more deeply into membranes in the presence of cholesterol
(12). The requirements for a CRAC domain have been
established through analysis of the sequences of several
proteins that interact with cholesterol. These proteins were
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all found to possess the sequence pattern -L/V-(X)—s)-Y-
(X)(1-5-R/K-, in which (X);—s) represents one to five residues
of any amino acid (/3). Thus, the segment LWYIK is a
CRAC domain. The fact that LWYIK fulfills the require-
ments of a CRAC domain may explain its ability to interact
with cholesterol. Supporting the suggestion that the CRAC
domain, LWYIK, of gp41 is responsible for interaction with
cholesterol is our finding that the related sequence IWYIK
destroys both the CRAC domain and cholesterol interactions
(I4). In addition, the presence of the CRAC domain,
LWYIK, appears to facilitate membrane fusion in cells. The
L6791 mutant, i.e., a single conservative mutation that
destroys both the CRAC domain and cholesterol sequestra-
tion, also caused a marked decrease in the level of fusion of
cells expressing the mutant gp41 (/4).

The reason LWYIK preferentially interacts with choles-
terol compared with several non-CRAC peptide sequences
has been suggested to involve their structural flexibility, their
position at the interface, and their noncovalent bonding with
cholesterol. LWYIK, as part of an MPER segment peptide,
is found embedded in the membrane (/5). This may also
result in it being less available for immune surveillance. The
LWYIK segment has also been found to be more hydro-
phobic (/6) and to insert more deeply into the membrane
than the less active IWYIK segment (/6, /7). In this work,
we systematically alter the conformational flexibility of
LWYIK by substituting and testing all of the possible
sequences containing either G, A, or P substituted for W
and I in LWYIK. Residues W and I are not required to
maintain the CRAC motif. All peptides studied for their
interactions with lipids were all in the form of N-acetyl-
peptide-amides. Peptide sequences should be assumed to be
in this form even when not specifically indicated. Among
this family of nine peptides, the most active in sequestering
cholesterol was LGYGK, demonstrating as had been sug-
gested by in silico calculations that conformational flexibility
was a factor favoring interaction with cholesterol (/4). We
also compared this peptide with two others having substitu-
tions with two additional Gly residues, i.e., GWGIK and
LWGIG. These latter two peptides do not have CRAC
sequences and are therefore less likely to interact with
cholesterol.

We also examined the effects of mutations in the LWYIK
pentapeptide in the context of the entire HIV-1 Env protein,
gp41, by assessing the ability of the mutated protein to
promote cell—cell fusion. This allowed us to correlate
changes in the cholesterol sequestering ability of the peptide
with its role in fusion when incorporated into the intact
protein. We demonstrate that despite the high degree of
conservation of the LWYIK segment, the drastically modified
mutant W680G/1682G still retains considerable fusogenic
activity. Another gp41 mutated in this pentapeptide that has
been reported to have considerable fusogenic activity even
though it no longer has a CRAC segment is the Y681P
mutant (/8). Recently, the amino-terminal portion of MPER
has been substituted with a membrane-perturbing peptide,
indolicidin, with partial retention of fusion activity (/9). This
study compares the retention of fusion activity with the
ability of the C-terminal portion of MPER to sequester
cholesterol.
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MATERIALS AND METHODS

Materials. The peptides are all synthesized as N-acetyl-
peptide-amides, i.e., blocked at the terminal amino and
carboxyl groups. Peptides GWGIK and LWGIG were
synthesized by Synbiosci Corp. (Livermore, CA) and purified
by HPLC to >95% purity. Peptides LPYPK, LAYPK,
LGYPK, LPYAK, LGYAK, LAYAK, LGYGK, LPYGK,
and LAYGK were synthesized by GL Biochem (Shanghai,
China) and purified by HPLC to >95% purity. Phospholipids
and cholesterol were purchased from Avanti Polar Lipids
(Alabaster, AL).

Preparation of Samples for DSC. Phospholipid and
cholesterol were codissolved in a chloroform/methanol
mixture (2/1, v/v). For samples containing peptide, an aliquot
of a solution of the peptide in methanol was added to the
lipid solution in a chloroform/methanol mixture. The solvent
was then evaporated under a stream of nitrogen with constant
rotation of a test tube to deposit a uniform film over the
bottom third of the tube. The last traces of solvent were
removed by placing the tube under high vacuum for at least
3 h. The lipid film was then hydrated with 20 mM PIPES, 1
mM EDTA, and 150 mM NaCl with 0.002% NaN; (pH 7.40)
and suspended by intermittent vortexing and heating to 50
°C over a period of 2 min under argon.

Differential Scanning Calorimetry (DSC). Measurements
were taken using a Nano differential scanning calorimeter
(Calorimetry Sciences Corp., Lindon, UT). Each sample was
scanned with two or three cycles of heating and cooling
between 0 and 60 °C. The scan rate was 2 °C/min, and there
was a delay of 5 min between sequential scans in a series to
allow for thermal equilibration. The features of the design
of this instrument have been described previously (20). DSC
curves were analyzed by using the fitting program, DA-2,
provided by Microcal Inc. (Northampton, MA) and plotted
with Origin, version 5.0.

Membrane Partitioning Studies. Subsequent to DSC
analysis, samples were transferred to 1 mL silanized poly-
carbonate tubes and centrifuged at 200000g (100000 rpm)
for 150 min at 25 °C in a Sorvall RC M120 centrifuge. A
clear supernatant was collected in silanized glass tubes, and
the spectra were recorded between 350 and 250 nm using a
Cary 50Bio spectrophotometer. The supernatant from a
suspension of lipid without peptide was used as a blank. The
absorbance at 280 nm, corrected for the blank and for light
scattering, was used to calculate the amount of peptide
remaining in the supernatant, compared with the total
concentration of peptide determined by absorbance before
the addition of lipid.

Modeling: Structure Properties. A search for the most
favorable conformation of each of the peptides was con-
ducted using PepLook (27). The energy of peptide confor-
mations is calculated by an all-atom description of structures
with the addition of van der Waals, electrostatic, internal,
and external hydrophobicity energy terms. The van der Waals
contribution was calculated using the 6-12 Lennard-Jones
description of the energy of interactions between unbonded
atoms (22). Coulomb’s equation was used for electrostatic
interactions between unbonded charged atoms with a dielec-
tric “constant” sigmoidally varying from 1 to 80 for the
region between atoms and using FCPAC partial atomic
charges (23). The intramolecular hydrophobicity contribution



CRAC Motif of HIV gp41

to stability was calculated using atomic Etr (energy of
transfer) and the fractions of atomic surface covered by the
atoms in interactions. Seven atomic types are used for
calculating Etr (24). When structures are calculated in water,
an external hydrophobicity energy term where the solvent-
accessible surface of atoms is calculated by the method of
Shrake and Rupley with 162 points accounts for the
contribution of solvent (25—27). From the 500000 calculated
models, the 99 most stable in most instances or the 999 most
stable in some cases are sorted. The energy of each model
is calculated as the sum of the van der Waals and electrostatic
terms. Calculations were carried out under conditions of
implicit water, lipids, and membrane interface.

Cell—Cell Fusion: (i) Cell Culture. 293T or African green
monkey kidney COS-1 cells and TZM-BL cells were used
for fusion assays. TZM-BL HeLa-based HIV-1 indicator cells
(28) that show a high susceptibility to HIV-1 infection were
kindly provided by Tranzyme Inc. (Birmingham, AL). These
cells contain reporter genes, luciferase and f3-galactosidase,
that are expressed in the presence of Tat, under the influence
of HIV-1 LTR. Cells were subcultured every 3—4 days by
trypsinization and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum and antibiotics.

(ii) Mutagenesis and Plasmid Vectors. Mutations of the
HIV-1 membrane-proximal external region (MPER) were
designed by QuikChange (Stratagene, La Jolla, CA), using
an NL4.3 (laboratory-adapted X4 strain) Kpnl—BamHI
envelope fragment that was cloned into vector pSP72. The
mutated envelope fragment was subsequently subcloned into
an SV-40-based vector (pSRHS) that expresses Tat and Env
(I). Subsequently, the mutated envelope was introduced into
envelope expression vector pCDNA3.1/V5-His-TOPO fol-
lowing the manufacturer’s instructions (Invitrogen, Carlsbad,
CA), and employed for Env surface expression studies. All
mutations were confirmed by sequencing.

(iii) Cell—Cell Fusion Assays. 293T or COS-1 cells were
transfected with pCDNA or pSRHS constructs expressing
wild-type and mutant HIV-1 envelopes using Fugene 6
transfection reagent (Roche Diagnostics Corp., Indianapolis,
IN). The transfected cells expressing the WT or mutant Env
were mixed with TZM-BL cells (1/5 ratio) 20—24 h post-
transfection, and replated in 24-well plates. After 20 h,
cell—cell fusion was assessed by measuring luciferase
activity (Luciferase Assay System, Promega) according to
the manufacturer’s protocol.

(iv) Cell Surface Expression of Env Proteins. Thirty-six
to forty hours after transfection of the 293T cells with the
pCDNA3.1 vectors encoding WT and mutant Envs, the cells
were trypsinized and washed in flow cytometry buffer (PBS
with 0.1% BSA and 0.1% NaN3). The Env molecules on
the surface of the 293T cells were fluorescently labeled by
incubating 100 uL of harvested 293T cells with 0.5 ug/mL
gp120-specific b12 (a gift from D. Burton, Scripps Research
Institute, La Jolla, CA) at room temperature for 1 h. This
antibody had been tagged with Alexa Fluor647 (Invitrogen)
according to the manufacturer’s instructions. The cell surface
expression of Env was evaluated by flow cytometry with
FACSCalibur (Becton Dickinson, Franklin Lakes, NJ); the
data were analyzed using FloJo version 8.2 (Tree Star Inc.,
Ashland, OR), and the mean fluorescence intensity (MFI)
was calculated from the acquisition of at least 30000 gated
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events. Nonspecific background fluorescence due to the
secondary antibody was subtracted from the MFIs.

RESULTS

DSC. DSC can be used to assess the effect of peptides on
the miscibility of cholesterol and SOPC (29). We have used
this method to demonstrate that IWYIK is less able to
sequester cholesterol than LWYIK (/4) and that the peptides
AWYIK and VWYIK had intermediate potencies (30). In
this work, we compare the effects of several modified
versions of LWYIK at 5, 10, or 15 mol % on the phase
transition behavior of SOPC alone or in the presence of 30
or 40 mol % cholesterol.

The phase transition of SOPC in the absence of cholesterol
was at 5 °C in cooling scans, with an enthalpy of 4 kcal/
mol. Addition of any of the peptides studied in this work,
except for LWGIG, at 5, 10, or 15 mol % had no effect on
the transition temperature or enthalpy of pure SOPC. The
transition temperature of pure SOPC was affected only by
the peptide LWGIG that caused a shift to 4.7, 4.7, and 4.5
°C at 5, 10, and 15 mol % peptide, respectfully. We suggest
this is a consequence of the lack of charge on this peptide.
After centrifugation of the mixtures of SOPC with the
peptides at 5, 10, or 15%, all the peptides were found in the
supernatant except for LGYPK for which ~40% of the
peptide was bound to the lipid.

DSC curves of a few representative peptides in the
presence of SOPC with 30% cholesterol are shown in Figure
2. We compare the effects of the most flexible peptide,
LGYGK (top row of Figure 2), with those of the least flexible
in the series, LPYPK (middle row of Figure 2), and a non-
CRAC peptide, GWGIK (bottom row of Figure 2). There is
a large difference in the DSC profile for the scans with
LGYGK that have qualitatively larger peaks than those with
the least flexible peptide, LPYPK. The shapes of the curves
for LGYGK are similar to those of the wild-type sequence
LWYIK that have been previously published (/2). By
comparison, the curves at low mole fractions of GWGIK
exhibit a broader transition, indicating a less pure SOPC-
enriched domain. Differences are also observed when
comparing the enthalpy of SOPC with 30 or 40% cholesterol
in the presence or absence of the various peptides (Table
1). The precision of the enthalpy values is =10%. However,
the accuracy is estimated to be +=15% for the SOPC mixtures
with 30% cholesterol and £25% for the SOPC mixtures with
40% cholesterol. This is a result of inaccuracies in drawing
the baseline on the low-temperature side of the transition
and is somewhat larger for higher cholesterol mole fractions
because of the greater broadness of the transitions. The only
peptide not included in this table is LWGIG because it caused
a lowering of the transition temperature in these mixtures
that did not allow measurement of the full transition peak
on cooling. For the remainder of the peptides, there is some
similarity in their behavior, since they all generally exhibit
transitions for SOPC that are larger than that of the pure
lipid. This is confirmed with the SOPC mixture with 40%
cholesterol. However, the differences among the peptides are
more clearly revealed in the results from the SOPC mixture
with 30% cholesterol (Table 1). For example, peptides with
P in the fourth position, including LPYPK, LAYPK, and
LGYPK, have enthalpies of <1 kcal/mol for all three
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FIGURE 2: Differential scanning calorimetry of SOPC with 30 mol% cholesterol. The scan rate was 2 K/min. The lipid concentration was
2.5 mg/mL in 20 mM PIPES, 1 mM EDTA, 150 mM NaCl, and 0.002% NaNj; (pH 7.40). Sequential heating and cooling scans between
0 and 50 °C. Numbers are the order in which the scans were carried out, with scans 1 and 3 being heating scans, each of which was
followed by one of the cooling scans (2 or 4). Scans were displaced along the y-axis for clarity of presentation. N-Acetyl-LGYGK-amide
is added to samples whose DSC is shown in panels A—C, N-acetyl-LPYPK-amide in panels D—F, and N-acetyl-GWGIK-amide in panels
G—1I. The peptide content is 5 mol % for panels A, D, and G, 10 mol % for panels B, E, and H, and 15 mol % for panels C, F, and 1.

concentrations of peptide (with the small exception of
LPYPK at 15%, which is just greater than 1). The non-CRAC
peptide, GWGIK, also has enthalpies of <1 kcal/mol with
this lipid mixture. In comparison the wild-type peptide,
LWYIK and LGYGK have enthalpies of >1 kcal/mol for
all three peptide concentrations. In particular, at 5 mol %
LGYGK is the peptide that exhibits the highest enthalpy for
the SOPC transition in the mixture with 30% cholesterol,
and in the 40% cholesterol mixture, it gives an SOPC peak
that has a larger enthalpy than that for the wild type, LWYIK.
Curiously, GWGIK produces the largest peaks for the SOPC
transition in mixtures with 40% cholesterol, with magnitudes
comparable to those observed with 30% cholesterol and little
dependence on peptide concentration. It is clear that GWGIK
behaves differently with these lipid mixtures than do the other
peptides.

Another consequence of the formation of cholesterol-rich
domains can be that the sterol passes its solubility limit in a
region of the membrane, forming crystallites. Anhydrous

crystalline cholesterol is known to undergo a crystalline
polymorphic phase transition at 38 °C when heated and at
23 °C when cooled at a scan rate of 2 °C/min (37), with an
enthalpy of 910 cal/mol (32). This hysteresis is characteristic
of anhydrous cholesterol crystals and provides a criterion
for identifying the presence of these crystals. There are no
cholesterol crystals found in the absence of peptide, even
up to an SOPC/cholesterol ratio of 1/1. At SOPC/cholesterol
molar ratios of 7/3 and 6/4, most of the peptides induce the
formation of cholesterol crystals corresponding to ~4, ~5,
or ~10% of the total amount of cholesterol at 5, 10, and
15% peptide, respectively. The polymorphic transition of
anhydrous cholesterol crystallites can be just discerned for
LPYPK in Figure 2. It is also evident in scans with LGYGK
using 40% cholesterol in SOPC (not shown). The only
peptide that does not exhibit cholesterol crystallites is
LWGIG, which shows no formation of anhydrous cholesterol
crystals at any of the SOPC/cholesterol ratios. It was
mentioned above that LWGIG was the only peptide to affect
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Table 1: Enthalpies of the Chain Melting Transition of SOPC
AH (kcal/mol)

7/3 SOPC/ 6/4 SOPC/
mol % peptide peptide cholesterol cholesterol
0 none 0.52 0.1
5 LWYIK 1.0 0.1
10 1.1 0.3
15 14 0.5
5 LPYPK 04 0.2
10 0.5 0.3
15 1.1 0.4
5 LAYAK 04 0.3
10 0.6 0.6
15 1.0 0.5
5 LGYGK 1.5 0.2
10 1.4 0.3
15 1.2 0.3
5 LPYAK 1.1 0.3
10 14 0.3
15 1.1 0.4
5 LAYPK 0.5 0.3
10 0.6 0.4
15 0.9 0.4
5 LPYGK 0.8 0.2
10 1.5 0.3
15 1.3 0.4
5 LGYPK 0.6 0.3
10 0.3 0.4
15 0.8 0.4
5 LAYGK 0.9 0.2
10 1.0 0.2
15 1.0 0.3
5 LGYAK 0.7 0.2
10 0.5 0.2
15 0.8 0.1
5 GWGIK 0.9 0.5
10 0.8 0.7
15 0.7 0.9

the transition of pure SOPC. This combined with the lack
of formation of cholesterol crystallites suggests that this
peptide does not preferentially interact with either cholesterol
or SOPC in mixtures of the two lipids. In addition, peptide
GWGIK shows no formation of cholesterol crystals at a 6/4
SOPC/cholesterol ratio, also suggesting that there may be
only a weak preferential interaction of this peptide with one
of these two lipids. However, there is a small peak corre-
sponding to cholesterol crystals in the mixtures of this peptide
with 30% cholesterol (Figure 2). This is another indication
of the unusual behavior of the interaction of this peptide with
SOPC/cholesterol mixtures. Thus, the two non-CRAC pep-
tides have the weakest tendency to preferentially interact with
cholesterol. It should be pointed out, however, that choles-
terol crystals could form if the peptide preferentially
interacted with the SOPC component, resulting in cholesterol
being removed from this domain. Hence, we do not consider
the formation of cholesterol crystallites as good evidence
for preferential binding of peptides to cholesterol. However,
the converse is true, i.e., that the lack of cholesterol crystallite
formation is useful as an indication of the lack of preferential
interaction of the peptide with cholesterol.

For all three mixtures of SOPC in the presence of
cholesterol, almost all of the peptides were found bound to
the lipid pellet after centrifugation. This indicates that
differences in membrane partitioning among the peptides that
were studied had only a minor effect on their ability to affect
the phase transitions of the lipid mixtures. It also shows that
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FIGURE 3: rmsd variation of the LWYIK, LGYGK, and LPYPK
models calculated with PepLook (27). Models are calculated under
hydrophobic (O) and hydrophilic (®) conditions. At the end of the
iterative PepLook process, 99 models of lower energy were sorted.
They are plotted by their variation in rms by reference to the
structure of the Prime.
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FIGURE 4: Energy variation of the models of LWYIK, LGYGK,
and LPYPK calculated by PepLook (27). At the end of the iterative
calculation process, 999 models instead of 99 models of lower
energy were sorted. They are plotted by their variation in energy
by reference to the 500th model of the population. Energies are
sums of van der Waals and electrostatic contributions.

cholesterol increases the degree of partitioning of these
peptides to the membrane compared with pure SOPC.

Modeling: Three-Dimensional Structures of the Peptides
Were Calculated under Conditions of Hydrophilic, Interfa-
cial, and Hydrophobic Media. We used PepLook to calculate
the peptide structural possibilities (Figure 3). Analyses of
the root-mean-square deviation (rmsd) of the 99 PepLook
models demonstrate that the LGYGK peptide has the largest
plasticity with a rmsd of up to 4 A, the most constrained
peptide being LPYPK. When we sort the 999 PepLook
models of lower energy at the membrane interface and rank
them by AE (Figure 4), we notice that LWYIK has a wider
energy distribution than LPYPK. Therefore, LPYPK is both
structurally and energetically restricted; LGYGK has wider
structural and energy possibilities, and LWYIK with inter-
mediate structural possibilities has the best capacity for
energy stabilization. This demonstrates that LWYIK is the
peptide that shows the greatest stability at a membrane
interface.

Studies in the Context of HIV-1 Env: (i) Mutagenesis of
the Membrane-Proximal External Region (MPER) of HIV-1
gp41. We examined the effects of mutations in the LWYIK
segment in the context of the entire HIV-1 Env. This peptide
is part of the HIV-1 MPER in the gp41 ectodomain whose
crucial role in viral fusion has been established (/). We
employed the QuikChange mutagenesis method to generate
mutants in which two glycine residues were substituted in
the LWYIK segment of MPER. The following mutants were
created (sequences in parentheses show the modified form
of the LWYIK segment that was generated and are how these
mutants will be mentioned below): L679G/Y681G (GWGIK),
Y681G/K683G (LWGIG), and W680G/1682G (LGYGK).
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FIGURE 5: Cell—cell fusion assays of wild-type (WT) and MPER
mutants GWGIK, LWGIG, and LGYGK. Data are averages of four
experiments (with transfected COS-1 cells), for each of the samples
which were run in duplicate. Luciferase activity was determined
by following the manufacturer’s instructions and normalized as a
percentage of that observed with the wild type.
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FIGURE 6: Cell surface expression (measured by calculating the
mean fluorescence intensity, MFI) of mutant and WT Env proteins.
The results indicate the expression of mutant Env on the surface
of 293T cells as a percentage of WT.

(ii) Effects on Cell—Cell Fusion. The fusion efficiency of
LGYGK was somewhat lower than that of the wild type but
was much greater than for LWGIG or GWGIK (Figure 5).

(iii) Cell Surface Expression of Env Proteins. There is only
a small reduction of ~10% in the level of cell surface
expression of any of the mutants, relative to the wild-type
protein taken to be 100% (Figure 6).

DISCUSSION

We have shown previously that peptide LWYIK promoted
the segregation of membrane lipids into cholesterol-rich and
cholesterol-poor domains. Evidence of the formation of a
domain depleted of cholesterol came from DSC, which
exhibited a more cooperative and higher enthalpy gel to
liquid crystalline phospholipid phase transition. Apparently,
the other regions of the membrane that are enriched in
cholesterol have a sufficiently high cholesterol concentration
that they pass the solubility limit of cholesterol in the
membrane, forming cholesterol crystallites (/2). In addition,
the presence of cholesterol was shown to allow a greater
depth of penetration of LWYIK into the membrane bilayer
(17). In this study, we introduced amino acid substitutions
that would be expected to drastically alter the conformational
flexibility of LWYIK. Gly has the smallest side chain and
is expected to allow the greatest amount of conformational

Vishwanathan et al.

flexibility, while Pro is the most conformationally restricted
because of its ring structure and Ala of intermediate
flexibility.

LWYIK represents a CRAC sequence (/3). According to
the CRAC algorithm, the second and fourth residues of
LWYIK can be substituted with any amino acid while
maintaining the peptide as a CRAC sequence. We studied a
series of peptides with the W and I residues substituted with
A, P, or G. Hence, all of the modified sequences correspond
to CRAC segments. In addition, we studied GWGIK and
LWGIG that also have two amino acid substitutions in
LWYIK, but these two peptides are not CRAC sequences.
We find that all of the CRAC sequences and even GWGIK
induce an increased enthalpy of the SOPC transition in
mixtures of SOPC and cholesterol (Table 1). However, the
non-CRAC sequences GWGIK and LWGIG behave differ-
ently. LWGIG is the only peptide of the series to affect the
phase transition of pure SOPC. In addition, this peptide has
the greatest effect in lowering the temperature of the
transition of mixtures of SOPC with cholesterol. Furthermore,
LWGIG is the only peptide that does not promote the
formation of cholesterol crystals in mixtures of SOPC with
either 30 or 40% cholesterol. GWGIK also has unique
properties. It exhibits the highest transition enthalpy with
mixtures of SOPC and 40% cholesterol, but these enthalpies
are similar to those observed with this peptide in mixtures
containing 30% cholesterol. Unlike the case for wild-type
LWYIK, there is no increase in the enthalpy of this transition
with an increase in peptide concentration. In addition,
GWGIK induces the formation of cholesterol crystallites with
mixtures of SOPC and 30% cholesterol, but curiously not
with 40% cholesterol. These non-CRAC peptides have
behavior qualitatively different from that of the others.

Among the CRAC peptides, the one that induces a
somewhat greater enthalpy for the SOPC transition (Table
1) is the sequence LGYGK. We have therefore introduced
these two amino acid substitutions into the LWYIK segment
of the intact Env protein by substituting W and I1°%? with
G. We find that expression of the resultant mutant protein
supports 72% of the fusion activity of the WT protein (Figure
5). It is remarkable that two such nonconservative substitu-
tions could be introduced into an invariant region of HIV-1
gp41, with only a relatively modest lost of fusion activity.
It has recently been demonstrated that a large segment of
the MPER region can be replaced with a sequence of amino
acids corresponding to a membrane-perturbing peptide (/9).
The more active mutants retained the segment WYIK and
had only partial fusogenic activity. It remains to be deter-
mined how important the LWYIK segment is for full fusion
activity and for cholesterol recognition in these constructs.
The finding that peptide LGYGK retained considerable
activity in segregating cholesterol in model membranes
combined with the observation that introduction of this
sequence in the intact gp41 protein allowed considerable
retention of fusogenic activity is good evidence that there is
a correlation between the ability of this region of the protein
to be sequestered to a cholesterol-rich region and its
infectivity.

Thus, when one compares mutants with similar kinds of
substitutions, such as I°7°, V67° and A%, or for the group of
three mutants described here with the substitution of two
Gly residues, there is good correlation between reorganization
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of cholesterol in model membranes by the corresponding
peptide and the fusogenicity of the virus. However, the
interaction with cholesterol is not the only factor determining
the fusogenic activity of the mutant forms of gp41. Thus,
the L6791 mutant has approximately the same fusogenic
activity that the W680G/I682G mutant does. Nevertheless,
peptide LGYGK is much more effective in sequestering
cholesterol (Table 1) than is peptide IWYIK (30). This
supports the CRAC hypothesis for cholesterol interactions
since LGYGK is a CRAC sequence but IWYIK is not.
Although LGYGK has a stronger interaction with cholesterol
than IWYIK, the L6791 and W680G/1682G gp41 mutants
have comparable fusogenic activity. Changing L to I involves
only moving a methyl group from one carbon atom to
another, while the W680G/I682G mutant replaces two
hydrophobic, bulky residues with two that are small, con-
formationally flexible, and not hydrophobic in a region of
gp4l that is invariant. There are likely other factors, in
addition to the interaction with cholesterol that will determine
the biological properties of these mutants. Nevertheless,
within a similar series of mutations, the correlation between
the peptide affecting cholesterol distribution and the fuso-
genic activity of the mutant gp41 is good. In addition, the
fact that we can make a drastic change in the LWYIK
segment of gp4l, and still retain considerable fusogenic
activity as well as cholesterol sequestering ability (with the
W680G/1682G mutant), is good evidence that interactions
of this region of the protein with cholesterol play an
important but not unique role in viral fusion.

An indication that cholesterol is important for the mem-
brane interactions of HIV is the finding that the cholesterol/
phospholipid ratios in the viral membrane of HIV are
generally higher than that of the host membranes (33),
although the exact increase varies from strain to strain and
also depends on other factors, including the growth condi-
tions and the type of target cell used. It has been suggested
that the HIV envelope has a lipid composition suggesting
that it has raftlike properties (34). HIV viral membrane
proteins have also been shown to be sequestered into
cholesterol-rich raft domains in the membrane during viral
assembly (35). Cell membrane raft domains are important
for viral entry and assembly (36). Cholesterol may be
particularly important for viral fusion and internalization
since these processes are inhibited by lower levels of viral
membrane cholesterol even though membrane binding is not
inhibited (37). Similar to cholesterol depletion, mutations in
the MPER region that would be expected to reduce choles-
terol affinity lead to a reduced level of fusion. The presence
of the CRAC segment will allow the virus to sequester itself
into specific host cholesterol domains and bud out of the
cell, presumably containing an optimal amount of cholesterol
in its own membrane.

It is also interesting to consider how cholesterol could
affect the interaction of the intact HIV with membranes since
there has been some imaging of the native structure of Env
on the surface of the virion. One study proposed a splayed-
legs model for Env in which the Env trimer positions itself
in the viral membrane like a tripod (38). This model suggests
extensive interaction of gp4l molecules with the viral
membrane and possible interaction of the Env with the
cholesterol-rich membrane domain on the target cell mem-
brane. This could affect Env stability and subsequent
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internalization. However, there is an alternate model (39) in
which a compact stalklike Env structure interacts with
membranes. In this model, there is less interaction of gp41
monomers with the membrane, more with each other. For
this model, it is difficult to visualize the possible effects of
modifications of the CRAC segment on viral entry.

Our results indicate that the CRAC domain is important
for gp41-induced cell—cell fusion. Its importance in virus—cell
fusion is uncertain. On the basis of the model presented in
ref 38, it would be likely that this lipid interaction also has
a role in virus—cell fusion.
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