
Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 5181-5185, June 1993
Medical Sciences

Lipid composition and fluidity of the human immunodeficiency virus
envelope and host cell plasma membranes

(H9 plasma membranes)

ROLAND C. ALOIA*tt§, HuIROu TIANt, AND FRED C. JENSEN1
*Anesthesia Service, J. L. Pettis Veterans Administration Hospital, Loma Linda, CA 92357; Departments of tAnesthesiology and tBiochemistry, Loma Linda
University School of Medicine, Loma Linda, CA 92350; and lImmuneResponse Corporation, Carlsbad, CA 92008

Communicated by Robert C. Gallo, January 4, 1993 (receivedfor review August 11, 1992)

ABSTRACT Previous studies have indicated that human
immunodeficiency virus (HIV) is enclosed with a lipid envelope
similar in composition to cell plasma membranes and to other
viruses. Further, the fluidity, as measured by spin resonance
spectroscopy, is low and the viral envelope is among the most
highly ordered membranes analyzed. However, the relation-
ship between viral envelope lipids and those of the host cell is
not known. Here we demonstrate that the phospholipids within
the envelopes ofHIV-1RF and HIV-2-L are similar to each other
but significantly different from their respective host cell surface
membranes. Further, we demonstrate that the cholesterol-to-
phospholipid molar ratio of the viral envelope is approximately
2.5 times that of the host cell surface membranes. Consistent
with the elevated cholesterol-to-phospholipid molar ratio, the
viral envelopes of HIV-1RF and HIV-2-L were shown to be
7.5% and 10.5% more ordered than the plasma membranes of
their respective host cells. These data demonstrate that HIV-1
and HIV-2-L select specific lipid domains within the surface
membrane of their host cells through which to emerge during
viral maturation.

Electron microscopic studies (1-3) have demonstrated that
the human immunodeficiency virus (HIV) is surrounded by a
lipid envelope derived from the host cell plasma membrane.
The initial report of the lipid composition of the HIV dem-
onstrated that the envelope phospholipids were similar to
those of other enveloped viruses and the erythrocyte plasma
membrane (4, 5). The demonstration of high levels of phos-
pholipids normally found in cell surface membranes [sphin-
gomyelin (Sph), phosphatidylethanolamine (PE), phosphati-
dylcholine (PC), and phosphatidylserine (PS)] supported the
electron microscopic observations depicting the enclosure of
the viral capsid with a lipid envelope derived from the host
cell plasma membrane during the budding process (4, 5).
Further, these studies (4, 5) and others (6) indicated that HIV
had a low lipid-to-protein (weight) ratio and a high choles-
terol-to-phospholipid molar ratio (C/P ratio).

Electron spin resonance (ESR) analyses of HIV have
indicated that the flexibility of an incorporated spin-labeled
probe molecule (a 5-nitroxide derivative of stearic acid;
5-NS) is restricted and that the viral envelope is among the
most "ordered" membranes analyzed (5, 7, 8). Order pa-
rameters, which were calculated to be >0.7 (when spectral
recordings were made at 37°C), were comparable to those of
other enveloped viral systems exhibiting high order param-
eters (>0.7) and C/P ratios >1.0 (5, 9-11).
Although all HIV isolates examined to date exhibit high

C/P ratios and elevated order parameters, differences in
phospholipid classes have been reported. For example, in
HIV isolates LK013, F7529, and 4105 (5) and HZ321 (9) Sph
is 25-28 mol %, whereas in isolates HTLV-IIIB and HTLV-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

IIIRF, Sph is 11-13 mol % (6). It is presently unclear what
physical mechanism(s) account for these lipid variations.
They could reflect variations in cell lines and growth condi-
tions or genetic differences in HIV isolates, in which enve-
lope or other proteins select different lipids from the bulk
lipid pool within the cell surface membrane during the
budding process (5). Lipid envelopes of other viruses possess
a lipid profile different from their host surface membranes, as
has been shown for Semliki Forest virus (12), simian virus 5
(13, 14), respiratory syncytial virus (15), Sindbis virus (16),
and vesicular stomatitis virus (17). Viral budding through
specific regions of the cell membrane has been suggested for
some of these enveloped viruses (see refs. 9, 18, and 44 for
reviews).
Here we present evidence that HIV types 1 and 2 (HIV-1RF

and HIV-2-L) exhibit a phospholipid profile and fluidity
significantly different from those ofthe plasma membranes of
the host cells in which they are grown. Such differences are
strongly suggestive of a selective sequestration of lipids
occurring during the budding process, in which the viral
proteins select specific domains within the host cell mem-
brane through which to emerge during maturation. Further,
we provide data on the C/P ratios of six additional laboratory
and clinical HIV and simian immunodeficiency virus (SIV)
isolates.

MATERIALS AND METHODS
Materials. Spin probes were purchased from Molecular

Probes and Aldrich and checked with two-dimensional chro-
matography for purity (19). All solvents were HPLC grade
from Fisher.
HIV Isolates. HIV-1RF was purchased from John Dahlberg

(formerly at Universal Biotechnology; Rockville, MD) and
HIV-2-L was from James Whitman, Jr. (Advanced Biotech-
nologies; Columbia, MD), along with H9 cells, from which
the viral isolates were grown. Essentially 15 liters of infected
H9 cells (1 x 106 per ml) were clarified with a JCF-Z
(Beckman) rotor in continuous flow centrifugation. The cell
pack was washed and banded between 1.12 and 1.18 g/ml on
a 5-45% sucrose density gradient, washed again with phos-
phate-buffered saline (PBS), and resuspended in 1.5 ml for
analysis. Purity was checked by viral particle count, PAGE/
Western blot analysis, and p24 and protein concentration,
and it was determined to be greater than 92.5%. Viral isolates
were stored frozen at -70°C and shipped on dry ice. Infected
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and uninfected H9 cells were grown under identical condi-
tions and washed three times in PBS before being frozen as
a pellet and shipped on dry ice.
Plasma Membrane Isolation. All manipulations of cells

during plasma membrane isolation were performed within a
sterile hood of a biosafety level 3 (P3) facility. H9 cells were
homogenized by using a Kirkland Emulsiflex device (Aves-
tin, Ottawa), which is completely enclosed to permit the
isolation of membrane fractions with a minimum of aerosol
formation. Twenty milliliters of a homogenizing buffer (10
mM Hepes/5 mM MgC92/1 mM EDTA/0.1 mM phenylmeth-
ylsufonyl fluoride/i mM dithiothreitol/10 mM KCl, pH 7.6)
was added to a packed pellet of 2-5 x 109 frozen cells and the
mixture was allowed to thaw briefly at 37°C. The cells were
disrupted by the piston action (5-cm stroke distance; 1 cycle
per sec) of the Emulsiflex device, forcing the suspension
through a 5-mm orifice apposed by a plunger of slightly
smaller diameter.

After cell disruption, plasma membranes were isolated by
a modified sucrose gradient procedure (20-23). The cell
homogenate was transferred from the syringe receptacle of
the Emulsiflex to a 50-ml tube, placed in a JA-20 rotor within
a sterile hood ofthe P3 facility, and spun at 400 x g (Beckman
JA21 centrifuge). The supernatant was decanted into a 28-ml
tube, which was bottom loaded with 22.5%, 32%, 37%, and
45% sucrose and centrifuged for 3 hr at 100,000 x g with a
Beckman L4 ultracentrifuge (within the P3 facility). The
plasma membrane fraction (22.5%/32% interface) was di-
luted with resuspension buffer (50 mM Hepes/100 mM
NaCl/20 mM KCl, pH 7.6) and washed twice in a Beckman
Ti-60 rotor at 36,000 x g for 30 min. Mitochondria were
removed from the 37%/45% interface with a Pasteur pipette,
washed twice at 12,000 x g, and resuspended in the same
buffer.
The uninfected H9 preparations were analyzed by a plasma

membrane marker enzyme [Na+,K+-ATPase; EC 3.6.1.3
(24)], and a mitochondrial-specific enzyme [succinate dehy-
drogenase; EC 1.3.99.1 (25)]. These analyses indicated a 12-
to 20-fold enrichment in [Na+,K+-ATPase and less than 10%
mitochondrial contamination in the H9 plasma membrane
fraction.

Lipid Extraction and Analysis. Viral lipids and plasma
membranes of cells were extracted by a modification of
previously published procedures (5, 26, 27) using an Omni-

mixer (South Shore Scientific, Santa Ana, CA), in a com-
pletely enclosed glass vessel sealed with a Teflon washer and
a stainless steel cap. The extracting solvent was chloroform/
methanol (2:1, vol/vol), 5% (vol/vol) freshly prepared satu-
rated (28% wt/wt) ammonia, and 0.05% butylated hydroxy-
toluene (5). A rotor blade projecting through the cap of the
Omni-mixer homogenized the samples without aerosol dis-
persion in an atmosphere flushed with argon gas. The lipid
extracts were removed from the P3 facility, concentrated by
low-pressure, low-temperature, rotary evaporation, and pu-
rified of nonlipid contaminants on a Sephadex G-25 column
in a solvent ofchloroform/methanol (19:1, vol/vol) saturated
with water (5, 26, 27). The column eluate was concentrated
and chromatographed, and lipid spots were identified from
standards run under identical conditions (see Fig. 1 for
solvent composition). Lipid phosphorus was quantified as
described previously (5, 27, 28). Cholesterol was assayed
with the Boehringer Mannheim Diagnostics High Perfor-
mance-K kit (catalog no. 692905) (27). Protein was deter-
mined by the Bradford assay (29) according to Bio-Rad.
HIV Spin-Labeling and Spectral Recording. HIV-1RF and

HIV-2-L (7-9 mg/ml) and plasma membranes (14-16 mg/ml)
were spin-labeled as described (5, 7, 8) within the P3 facility.
Basically, 20 ,ul of sample was added to the 5-NS spin label
(N-oxy-4',4'-dimethyloxazolidine derivative of 5-ketostear-
ate) previously dried at the bottom of a microcentrifuge tube,
and after mixing, the sample was drawn into a 50-,ul capillary
and the ends were heat sealed. The capillary was taken from
the P3 facility, placed in a Komberg holder, and introduced
into the variable temperature cavity of an ESR spectrometer
equipped with a trap to prevent accidental release of "live"
HIV aerosols. The Varian E-109 ESR spectrometer was fitted
with a Deltron (Sydney, Australia) DCM 20 temperature-
control accessory and coupled to a DOS-based computer
with a program for capture and integration of spectra. Probe-
to-lipid molar ratio (1:240) was determined by double inte-
gration of ESR spectra, comparing strong pitch with a known
number of spins to the recorded membrane and HIV spectra
(5, 7, 8). To evaluate the mobility ofthe 5-NS probe executing
rapid, anisotropic motion, a polarity-uncorrected order pa-
rameter S(TII) = 1/2[3(TI - Ttx)/(Tzz - Txx) - 1], was calculated
as shown in Aloia et al. (5). Values range from 0 to 1, with the
extremes indicating, respectively, fluid and immobilized en-
vironments.

Table 1. C/P ratios of viral isolates
C/P ratio

Name Group 1 Group 2 Supplier Description
HIV-LK013 0.84 Fred C. Jensen Isolated from the peripheral blood lymphocytes of a male homosexual who

subsequently died in December 1985 (1)
HIV-F7529 0.91 Fred C. Jensen Isolated from the lymph nodes of a female sex partner of an intravenous

drug abuser with AIDS-related complex (1)
HIV-4105 0.92 Fred C. Jensen Isolated from the peripheral blood cells of a male homosexual (1)
HIV-HZ321 1.23 ImmuneResponse Isolated at the Centers for Disease Control from the serum of a Zairian

female by J. P. Getchell (30) and previously analyzed (9)
HTLV-IIIB 1.2 Laboratory isolate (8)
HTLV-IIIRF 1.2 - Laboratory isolate (8)
HTLV-IIIMN 1.6 - Laboratory isolate (8)
HIV-HZ321 1.24 ImmuneResponse HIV immunogen purified from Hut-78 cells October 1990
HIV-HZ321 1.27 ImmuneResponse HIV immunogen purified from Hut-78 cells November 1990
HIV-BK 1.25 John Dahlberg Clinical isolate passaged three times before being grown on CEM-SS cells

for isolation and purification by Universal Biotechnology (Rockville, MD)
HIV-OT 0.77 John Dahlberg Clinical isolate passaged three times before being grown on CEM-SS cells

for isolation and purification by Universal Biotechnology
HIV-1RF 0.% John Dahlberg Laboratory isolate from Universal Biotechnology
HIV-2-L 0.88 James Whitman Laboratory isolate from Advanced Biotechnologies (Columbia, MD)
SIV-B670 0.79 ImmuneResponse SIV originally isolated by M. Murphey-Corb, Delta Regional Primate

Center, Tulane Univ. (59)
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RESULTS AND DISCUSSION
Table 1 gives the C/P ratios of 14 different isolates of HIV-1,
HIV-2, and SIV, the first 7 of which have been previously
published but are included here for comparison. These data
show that the C/P ratios of both laboratory and clinical HIV
isolates fall into two distinct groups, those between 0.8 and
approximately 1.0 and those >1.2. The reason for this
difference is unknown. However, all C/P ratios are compa-
rable to those of other viral isolates (5, 10, 11).

Fig. 1 depicts the two-dimensional thin-layer chromato-
grams for HIV-1RF and HIV-2 and the plasma membranes of
the H9 cells from which they were grown. All lipid spots are
clearly resolved and differences between plasma membrane
lipids and HIV lipids are apparent. Table 2 illustrates the
phospholipid class ratios for HIV-1RF and HIV-2-L, showing
the differences between viral and host cell plasma mem-
branes. For example, the levels of PC and PI in the viral
envelope are reduced by 50% and 80%, respectively, whereas
Sph is enriched 3-fold in both viral isolates compared with
their respective host cell plasma membranes. PS is also
elevated by 40%o in HIV-1RF and by 140% in HIV-2-L,
compared with the lipids of the host cell. Further, the C/P
ratio of the virus is seen to be approximately 2.5 times that
found in the plasma membranes from infected cells.

Differences between the phospholipid composition of un-
infected and infected H9 cells were also observed. PC
increased by approximately 6% and PS decreased 38% in
plasma membranes from both infected cell lines compared
with the membranes from uninfected cells, while Sph was
lower by 14% and 25% in membranes from cells infected with
HIV-2-L and HIV-1RF, respectively. The C/P ratio was also
found to be lower in plasma membranes isolated from in-
fected cells compared with uninfected cells, consistent with
reports of Sindbis virus-infected chick embryo and baby
hamster kidney cells (31).

Table 2. Membrane lipid composition of infected plasma
membranes and HIV-1RF and HIV-2-L isolates

Lipid composition, mol %

H9 plasma membranes*

Infected Infected *ut
Un- with with

Lipid infected HIV-1RF HIV-2-L HIV-1RF HIV-2-L
PC 47.55 50.51 50.48 29.85 27.57
PE 23.34 24.87 24.45 24.58 27.26
Sph 9.64 7.14 8.26 24.06 22.97
PI 4.87 4.72 5.50 0.42 1.14
PS 10.26 6.36 6.34 9.02 15.50
PA 0.59 0.33 0.47 1.21 1.21
Othert 3.44 6.07 4.49 8.25 4.81
Recovery§ 97.70 100.17 99.69 97.40 96.13
C/P ratio

(n = 2) 0.476 0.371 0.343 0.958 0.876
(x2.58) (x2.55)

*Plasma membranes isolated from uninfected H9 cells and H9 cells
infected with HIV-1RF and HIV-2-L (see Table 1 for source).

tLipids extracted from HIV-l1R and HIV-2-L virus grown in H9 cells
(see Table 1 for source).
*Other = minor, unidentified phosphorus-containing spots,
lysophospholipids, and material remaining at the origin (see Fig. 1).
§Percent recovery is determined by dividing the amount of phos-
phorus recovered from the chromatography plate by the phosphorus
content of an aliquot of lipid sample not chromatographed.

These data strongly imply that HIV-1RF and HIV-2-L are
selective in the regions of the host cell membrane through
which they emerge during maturation. Further, the data are
similar to reports of six other enveloped viruses which exhibit
a lipid composition and C/P ratio significantly different from
those of their host cell surface membranes (see table 2 of ref.
9). A mechanism to account for the HIV envelope lipid profile
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Solvent #2: C:A:M:HAc:W (3:4:1:1:0.5).v

FIG. 1. Two-dimensional thin-layer chromatograms of lipids extracted from plasma membranes of H9 cells infected with HIV-1RF (A) or
HIV-2-L (C) and from intact HIV-1RF (B) or HIV-2-L (D). Solvent 1, C:M:NH3 [chloroform/methanol/ammonia (28%)]; and solvent 2,
C:A:M:HAc:W (chloroform/acetone/methanol/acetic acid/water) (28). Lipid spots were identified by comparison with standards run under
identical conditions. PI, phosphatidylinositol; PA, phosphatidic acid; Orig, origin; LPE, lysophosphatidylethanolamine; LPC, lysophosphati-
dylcholine; LPL, less polar lipid; FFA, free fatty acid; U1-U5, unknown phosphorus-containing spots. U4 in the viral isolates (B and D) was
thought to be an unknown spot which had migrated close to PE. However, phosphorus analysis revealed the spot to contain <0.1% of the total
phosphorus, and so it was included in the percent composition of PE. All values in Table 1 were derived from the lipids in these chromatograms
and are expressed as molar percent.
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is thought to be a selection process by the envelope or other
viral proteins for a domain of lipids which envelop the virus
capsid during the budding process. The reduced C/P ratio
found within the infected H9 cell membranes vs. the unin-
fected cells reinforces the concept of cholesterol domains
through which HIV evaginates. Such domains were predicted
to be either passive (preexisting within the lateral plane of the
host cell surface membrane) or dynamic (being induced by
insertion of viral peptides-e.g., myristoylated p55 gag pro-
tein-into the inner monolayer of the host cell plasma mem-
brane during viral budding) (5). However, regardless of the
mechanism, it seems that both HIV-1 and HIV-2-L emulate
the same process, since the lipid profiles of the two virions
are similar but significantly different from those of their
respective host cells.

Sterol within host cell plasma membranes has been shown
to be a specific requirement for infection and/or fusion with
many viral isolates (31-37). Further, a high C/P ratio within
viral envelopes has also been shown to be required for
infectivity ofmany enveloped viruses. For example, removal
of about 50% of the sterol from vesicular stomatitis virus
(VSV) resulted in a >85% decrease in the infection of BHK
cells (38, 39). Incubation of HIV-1 with a phospholipid
liposome, Al-721 [7 parts neutral lipid/2 parts PC/1 part PE
(40)] removed approximately 50% of the cholesterol (6) and
correlated with previous studies showing that a similar treat-
ment of HIV-1 reduced infectivity by 50% (41). These reports
are consistent with studies in which lymphocytes and eryth-
rocytes were incubated with Al-721, resulting in cholesterol
removal and a consequent increase in membrane fluidity
measured by fluorescence spectroscopy (42). In view of the
C/P ratio of HIV-1RF and HIV-2-L being significantly greater
than that found in infected cell plasma membranes, a vital
role of cholesterol in the infectivity process is considered a
distinct possibility. Similar elevations in C/P ratios in other
envelope viruses over their respective host cell surface
membranes, by 1- to 5-fold, have been demonstrated for
bovine leukemia virus (BLV), equine infectious anemia virus
(EIAV), Friend murine leukemia virus (FMLV), and avian
myoblastosis virus (AMV) (11). ESR analyses of these viral
envelopes indicated them to be highly ordered (11). Similarly,
for VSV and influenza virus grown in Madin-Darby bovine
kidney cells, calculated order parameters were 5-10% greater
than those of host cell plasma membranes (43, 44). Confir-
matory results were obtained from fluorescent spectroscopic
analysis of enveloped viruses, indicating that the viral enve-
lopes were significantly more ordered than their host cell
surface membranes (39, 45, 46).

Previously we attributed the highly ordered HIV-1 enve-
lope to the elevated C/P ratio (5). Spin resonance analysis of
HIV and intact, uninfected HUT-78 cells revealed that the
viral envelope was approximately 11% more ordered than the
lymphocyte (5). Since earlier studies of 5-NS-labeled lym-
phocytes indicated that this probe most likely resided in the
plasma membrane and did not penetrate into intracellular
membranes (47, 48), we interpreted our analysis of intact
cells to indicate that the spin probe was reporting the milieu
of the surface membrane only. However, spectral contribu-
tions of the probe residing within intracellular membranes
(i.e., a composite spectrum) could not be ruled out, since
purified plasma membranes were not previously analyzed (5).
Here we also present evidence that indicates that the

fluidity of the 5-NS spin-labeled HIV-1ir and HIV-2-L
envelope is less than that of isolated plasma membranes from
the host cells (Fig. 2). These spectra were derived from
isolated plasma membranes of infected cells (spectra A-1 and
B-1 in Fig. 2) and from HIV envelopes (spectra A-2 and B-2
in Fig. 2). They clearly show the outer hyperfine splittings
(2T,I) to be greater for the viral envelope than for the plasma
membrane of the infected host cells. The polarity-

FIG. 2. ESR spectra of plasma membranes isolated from H9 cells
infected with HIV-1RF (A-1) and HIV-2-L (B-1) and from the intact
HIV-1RF (A-2) and HIV-2-L (B-2). All membranes and virus were
spin labeled with 5-NS in a sterile hood within a biosafety level 3
facility and subsequently transferred to a Varian E-109 electron
paramagnetic resonance spectrometer (1-3). Spectra were recorded
at 38°C. Instrument conditions were 8-min scan time, 3.2-G modu-
lation amplitude, 10-mW microwave power, and i-sec time constant.
The horizontal axis represents varying magnetic field, while the
vertical axis reflects microwave absorption. Outer and inner hyper-
fine splittings, 2Tg1 and 2TL, were measured as shown, with the latter
being corrected by the addition of 1.6 G. The low-field peaks of the
spectra are aligned and the high-field troughs of the outer hyperfine
splittings are indicated by arrowheads.

uncorrected order parameters [S(Tl1) for these spectra re-
corded at 38°C were 0.637 and 0.641 (plasma membranes
from H9 cells infected with HIV-1RF and HIV-2-L, respec-
tively) and 0.685 and 0.707 (for HIV-1"u and HIV-2-L,
respectively). The order parameters for the viral isolates
indicate that HIV-1RF and HIV-2-L are, respectively, 7.5%
and 10.5% more ordered (less fluid) than the plasma mem-
branes of the host cells from which they are derived. These
results remove previous doubts that our earlier analyses were
reporting composite spectra (contributions from both surface
and intracellular membranes). The HIV order parameters
calculated here are similar to those reported previously for
three HIV isolates (5) and for other enveloped viruses
(bovine leukemia virus, equine infectious anemia virus,
Friend murine leukemia virus, and avian myeloblastosis
virus) (11). These data demonstrate that HIV most probably
emerges through specific domains within the host cell surface
membrane during budding.
At the present time the importance of the viral lipid com-

position in the infectivity process has only begun to be
understood. For example, elevated temperatures, known to
alter the fluidity of the HIV envelope (5), also reduce infec-
tivity (by three orders of magnitude) in a time- and tempera-
ture-dependent manner (49). Treatment of HIV and other
enveloped viruses with various lipophilic drugs, such as the
spermicide nonoxynol-9 (50, 51), oleic acid (52), AL-721 (6,
49), and butylated hydroxytoluene (BHT) (5, 53-55), have
been shown to significantly block infectivity. Pretreatment of
HIV with liposomes composed ofcardiolipin, one ofthe major
mitochondrial lipids, inhibits subsequent infection of A3.01
and H9 cells (56), and the presence of such liposomes during
infection leads to a dose-dependent reduction of subsequent
p24 production (56-58). Preincubation of HIV-1LAv with a
synthetic lipid, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA), has been shown to
enhance infection of A3.01 and H9 cells by more than 30-fold
(58). As such, the alteration in HIV lipid composition by fusion
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with these liposomes caused major alterations in the capacity
of the viral isolate to infect host cells.
The lipid profiles of HIV-1RF and HIV-2-L are similar to

each other except for the higher content of PI (0.42 vs. 1.14
mol %) and PS (9.02 vs. 15.50 mol %) in HIV-2 (Table 2). At
this time the significance of the differences in phospholipid
classes between HIV-1 and HIV-2-L isolates is unknown,
since the range of values of all phospholipids is within those
previously reported (5, 6, 9, 10). However, the evidence
presented here lends support to the critical nature of the lipid
composition of the HIV envelope derived during emergence
by means of a sequestration of specific lipids from the host
cell surface membrane lipid repertoire. It would thus be of
considerable interest to modify the plasma membrane lipids
of the host cells and to examine the lipid composition of the
virions emerging from these cells, as well as the capacity of
these virions to infect various host cells.

The authors thank the Department of Anesthesiology at Loma
Linda University School of Medicine and the Veterans Administra-
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1. Gelderblom, H. R., Ozel, M., Hausmann, E. H. S., Winkel,
T., Pauli, G. & Koch, M. A. (1988) Micron Microsc. 19,41-60.

2. Gelderblom, H. R., Bauer, P. G., Ozel, M., Hoglund, S.,
Niedrig, M., Renz, H., Morath, B., Lundquist, P., Nilsson, A.,
Mattow, J., Grund, C. & Pauli, G. (1992) in Advances in
Membrane Fluidity, eds. Aloia, R. C. & Curtain, C. C. (Wiley-
Liss, New York), Vol. 6, pp. 33-54.

3. Morita, C., Ikuta, K., Goto, T., Sano, K., Kato, S. & Nakai,
M. (1992) in Advances in Membrane Fluidity, eds. Aloia, R. C.
& Curtain, C. C. (Wiley-Liss, New York), Vol. 6, pp. 55-70.

4. Aloia, R. C., Jensen, F. C., Curtain, C. C., Mobley, P. W. &
Gordon, L. M. (1987) J. Cell. Biochem., Suppl. liD, 63a
(abstr.).

5. Aloia, R. C., Jensen, F. C., Curtain, C. C., Mobley, P. W. &
Gordon, L. C. (1988) Proc. Natl. Acad. Sci. USA 85, 900-904.

6. Crews, F. T., McElhaney, M. R., Klepner, C. A. & Lippa,
A. S. (1988) Drug Dev. Res. 14, 31-44.

7. Gordon, L. M., Jensen, F. C., Curtain, C. C., Mobley, P. W.
& Aloia, R. C. (1988) Biochim. Biophys. Acta 943, 331-342.

8. Gordon, L. M., Jensen, F. C., Curtain, C. C., Mobley, P. W.
& Aloia, R. C. (1988) in Advances in Membrane Fluidity, eds.
Aloia, R. C., Curtain, C. C. & Gordon, L. M. (Liss, New
York), Vol. 2, pp. 255-294.

9. Aloia, R. C., Curtain, C. C. & Jensen, F. C. (1992) in Advances
in Membrane Fluidity, eds. Aloia, R. C. & Curtain, C. C.
(Wiley-Liss, New York), Vol. 6, pp. 283-304.

10. Patel, R. A. & Crews, F. T. (1992) in Advances in Membrane
Fluidity, eds. Aloia, R. C. & Curtain, C. C. (Wiley-Liss, New
York), Vol. 6, pp. 237-254.

11. Slosberg, B. N. & Montelaro, R. C. (1982) Biochim. Biophys.
Acta 689, 393-402.

12. Renkonin, O., Kaarainen, L., Simmons, K. & Gahmbert, C.
(1971) Virology 46, 318-326.

13. Klenk, H.-D. & Choppin, P. W. (1969) Virology 38, 255-268.
14. Klenk, H.-D. & Choppin, P. W. (1970) Virology 40, 939-947.
15. Quigley, J. P., Rifkin, D. B. & Reich, E. (1971) Virology 46,

106-116.
16. David, A. E. (1971) Virology 46, 711-720.
17. McSharry, J. J. & Wagner, R. R. (1971) J. Virol. 7, 59-70.
18. Blough, H. A. & Tiffany, J. M. (1972) Adv. Lipid Res. 10,

267-339.
19. Curtain, C. C. & Gordon, L. M. in (1984) Membranes, Deter-

gents, and Receptor Solubilization, eds. Venter, J. C. & Har-
rison, L. C. (Liss, New York), pp. 177-213.

20. Ferber, E., Resch, K., Wallach, D. F. H. & Imm, W. (1972)
Biochim. Biophys. Acta 266, 494-504.

21. Boland, J. D. & Tweto, J. (1980) Biochim. Biophys. Acta 600,
713-729.

22. Jett, M., Seet, T. M. & Jamieson, G. A. (1977) J. Biol. Chem.
252, 2134-2142.

23. Kinne-Saffran, E. & Kinne, R. K. H. (1989) Methods Enzymol.
172, 3-17.

24. Tibbits, G. F., Sasaki, M., Ikeda, M., Shimada, K., Tsuruhara,
T. & Nagatomo, T. (1981) J. Mol. Cell. Cardiol. 13, 1051-1061.

25. Weiner, N. (1970) Annu. Rev. Pharmacol. 10, 273-290.
26. Rouser, G., Bauman, A. J., Kritchevsky, G., Heller, D. &

O'Brien, J. (1%1) J. Am. Oil Chem. Soc. 38, 544-555.
27. Aloia, R. C. & Mlekusch, W. (1988) in Advances in Membrane

Fluidity, eds. Aloia, R. C., Curtain, C. C. & Gordon, L. M.
(Liss, New York), Vol. 1, pp. 1-23.

28. Rouser, G., Fleischer, S. & Yamamoto, A. (1970) Lipids 5,
494-496.

29. Bradford, M. (1972) Anal. Biochem. 72, 248-256.
30. Getchell, J. P., Hicks, D. R., Svinivasan, A., Health, J. L.,

York, D. A., Malonga, M., Forthal, D. N., Mann, J. M. &
McCormik, J. B. (1987) J. Infect. Dis. 156, 833-837.

31. Garry, R. F., Bostick, D. A., Schram, R. & Waite, M. R. F.
(1985) J. Gen. Virol. 66, 1171-1177.

32. White, J. & Helenius, A. (1980) Proc. Natl. Acad. Sci. USA 77,
3273-3277.

33. Young, J. D.-E., Young, G. P. H., Cohn, Z. A. & Lenard, J.
(1983) Virology 128, 186-194.

34. Kundrot, C. E., Spangler, E. Z., Kendall, D. A., MacDonald,
R. C. & MacDonald, R. I. (1983) Proc. Natl. Acad. Sci. USA
80, 1608-1612.

35. Asano, K. & Asano, A. (1988) Biochemistry 27, 1321-1329.
36. Phalen, T. & Kielian, M. (1991) J. Cell Biol. 112, 615-623.
37. Garry, R. F., Bishop, J. M., Parker, S., Westbook, K., Lewis,

G. & Waite, M. R. F. (1979) Virology 96, 108-120.
38. Moore, N. F., Patzer, E. F., Shaw, J., Thompson, T. E. &

Wagner, R. R. (1978) J. Virol. 27, 320-329.
39. Pal, R., Barenholz, Y. & Wagner, R. R. (1981) Biochemistry 20,

530-539.
40. Antonin, L., Shinitzky, M., Samuel, D. & Lippa, A. S. (1987)

Neurosci. Biobehav. Rev. 11, 399-413.
41. Sarin, P. S., Gallo, R. C., Sheer, D. I., Crews, F. & Lippa,

A. S. (1985) N. Engl. J. Med. 313, 1289-1290.
42. Lyte, M. & Shinitzky, M. (1985) Biochim. Biophys. Acta 812,

133-138.
43. Landsberger, F. R. & Compans, R. W. (1976) Biochemistry 15,

2356-2360.
44. Lenard, J. & Compans, R. W. (1974) Biochim. Biophys. Acta

344, 51-94.
45. Patzer, E. J., Shaw, M., Moore, N. F., Thompson, T. E. &

Wagner, R. R. (1978) J. Biol. Chem. 253, 4544-4550.
46. Barenholz, Y., Moore, N. F. & Wagner, R. R. (1976) Biochem-

istry 15, 3563-3570.
47. Curtain, C. C., Looney, F. D., Marchalonis, J. J. & Raison,

J. K. (1978) J. Membr. Biol. 44, 211-232.
48. Curtain, C. C., Looney, F. D. & Smelstorius, J. A. (1981)

Biochim. Biophys. Acta 596, 43-56.
49. Resnick, L., Vernen, K., Salahuddin, S. Z., Tondreau, S. &

Markham, P. D. (1986) J. Am. Med. Soc. 255, 1887-1891.
50. Voeler, B. (1986) Lancet i, 1153-1155.
51. Hicks, D., Martin, L. S., Getchel, J. P., Health, J. L., Francis,

D. P., McDougal, J. S., Cruuan, J. W. & Voeller, B. (1985)
Lancet Hi, 1422-1423.

52. Horowitz, B., Piet, J. P. J., Prince, A. M., Edwards, C. A.,
Lippin, A. & Walakovitx, L. A. (1988) Vox Sang. 54, 14-20.

53. Brugh, M. (1977) Science 197, 1291-1292.
54. Kim, K. S., Moon, H. M., Sapienza, V., Carp, R. I. & Pul-

larkat, R. (1978) J. Infect. Dis. 138, 91-94.
55. Keith, A. D., Arruda, D., Snipes, W. & Frost, P. (1982) Proc.

Soc. Exp. Biol. Med. 170, 237-244.
56. Konopka, K., Davis, B. R., Larsen, C. E., Alford, D. R.,

Debs, R. J. & Duzgunes, N. (1990) J. Gen. Virol. 71, 2889-
2907.

57. Konopka, K., Davis, B. R. & Duzgunes, D. (1991) in Mecha-
nisms and Specificity ofHIV Entry into Host Cells, ed. Duz-
gunes, N. (Plenum, New York), pp. 97-110.

58. Duzugunez, N., Larsen, C. E., Stamatatos, L. & Konopka, K.
(1992) in Advances in Membrane Fluidity, eds. Aloia, R. C. &
Curtain, C. C. (Wiley-Liss, New York), Vol. 6, pp. 317-337.

59. Murphey-Corb, M., Martin, L. N., Davison-Fairburn, B.,
Monetlaro, R. C., Miller, M., West, M., Ohkawa, S., Baskin,
G. B., Zhang, J.-Y., Putney, S. D., Allison, A. C. & Eppstein,
D. A. Science 246, 1293-1297.

Medical Sciences: Aloia et al.


