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The pre~:~l¢~ of i l l - - l i b i d i n a l  ~ dOIIll~lllS in the envelope of the human immunoddiciency vires 
(HIV) was studlml. HIV wsm propagated in Hnt."~ cells and purified by differendal-wadient een~fugatioL 
Since/be virus was ldg~y ildectimls in cell culture and Western bk~s d detergent-inacflvat~ H I e  showed 
~ l Y ~  IM'O~|m W]l~l t~XpO~i~d to .~rll ~Oitga[llillg anti-HIV ~ b  ~ viral prepar~t~n was 
~fkient in 'spike' or 'knob" pm~eles. Eleca~ spin re:onanee (ESR) studies o~ intaet HIV labeled 
~nitroxMe stearate (5-NS) imUcated/hat a temperature~lepen~ent lipid phase separation oe¢..rs with a high 
onset  at app¢ox. 4 2 ° C  and a low o m ~  at approx. 15°C. C o o l ~  below 42°C ~ ~-NS clustering. 
Similar  phase separations with high onsets at apgtmx. 3 7 - 3 8 ° C  were previtmsly identified in 5 -N8 labeled 
human m-,jIlu~es ( ~ m i / i k o s p ~ i p i d  (C/P)  molar ratio = 0~90) and ~ . l o a d e d  ( C / P - -  
0.85-0.9ff) rat liver plasma memlmag~ These were attri lm~ to a tempernmre-sem~ve redlslr]buam d 
endogenous lipid mmpmm~ such that ~NS is excluded.from eholesterd-rteh domains and tends to reside 
in cholestoml-p~-~r domairm at low temperatures. S i n ~  H I e  has a lipid envelope with a similarly high C / P  
of 0.88 (AIola et  al. (19883 Proc0 Ns0 .  Aead. Sci. USA 85, 900--904), cho le s t e~ -~eh  and eholesterol-po0¢ 
dmmains also p~ob~bly exist in H I V  at p&yslologi¢ temperature~ The reduced stabilily and i r~e~vt ty  of  H I V  
noted on heating above 4 2 ° C  may be dne, in part, to the a l ~ t i a n  o~ these thermmlependent domahas. 

Abbreviations: HIV, human immunodeficienoy virus; AIDS, 
acqtfired immunod~fficiency syndrome; ARC, AIDS-related 
Complex; ELISA, enzyme-I/eked immuaosotbent assay; 5-N$, 
the N-oxyl-4',4'-dimqthylox~olidine derivative of 5'-keso- 
sw..mic acid; P/L+ the ratio of probe molecules Io total lipid 
(phospholipid 4- ehol~l~rOl) mo[eeul~: C/P ,  ehol~terol/ 
phmpholipid molar ratio; g[~l, glycvpmtdn 41 (llw 'spike', or 
transmembr;m¢ portion of tha envelope protein); 8p120, glyco- 
proteix'~ 120 (the *knoh'~ or exposz~cl portion of the cnvclopc 
protein); plT, p20, p23. p24, p27, p31, p34, p39, pSI, p55 and 
p66, HIV-eneodcd proteins; L, liqmd lipid domains; $, solid 
fipid domalos; QCC, quask:ryalnlline ctt~tcr lipid domains; S, 
polarity-corg~d order parameter; S(Tu), polaslty-nncor- 
xecled order parameter; 8(7~ ), polanty-ur, Corteet~ oVacr 
parameter; AL 72l. cholcs~rol.poor liposom¢; DPH, 1,6-di- 
p henylhe.xatdcne. 

I n - - o n  

The budding and release cf eavelop~ virus~ 
from the surface of infected cells is an exquisite 
example of domain formation in biological mem- 
branes. With typc-C retroviruscs, the viral e~- 
velope consists of: (i) lipids derived from the 
host-cell plasma membrane;  and (ii) hydrophobic 
'spike' proteins intercalated into the lipid matrix 
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that are ¢ovalent]y linked to hydrophilie 'knob" 
glycoproteins. The timely production of mature 
virions from the host cell presents the retrovirus 
with a considerable architectural problem. On the 
one hand, viral-encoded coat proteins must be 
transported from endoplasmic reticuhim and as- 
sembled in localized patches in the cell surface. 
On the other band~ native proteins in the hc~st 
plasma membranes must be quantitatively ex- 
cluded from the maturing viral envelope. _The 
mechanism(s) by which viruses achieve this lateral 
domain formation and compartmentation prior to 
release is unclear, but may involve the sequestra- 
tion of specific membrane lipids. For example, 
several workers have reported that the cholesterol 
content of enveloped viruses may exceed by as 
much as 2-fold that bf the host-plasma membrane 
[1,2]. This agrees with .*he general finding that 
animal viruses have high molar ratios (about 1) of 
cholesterol/phospholipid if the virion is assem- 
bled at the eel[ surface [3]. 

Here we consider the related problem of 
whether disc*eta lipid domains exist within the 
envelope of purified HIV. It is a matter of some 
interest to define the topological distribution of 
iipids in HIV, particularly since this virus is re. 
sponsible for the AIDS pandemic. Similar to other 
rctroviruses, electron micro~'..opy indicates that the 
envelope of HIV is COntiguous with the plasma 
membrane of the lymphocyte surface, from which 
the virus buds [4,5]. This suggests that the HIV 
coat proteins recruit native lymphocyte fipids to 
form the viral envelope. Earlier, we reported that 
the C/P molar ratio of the HIV envelope is high 
[61, analogous to that of other animal viruses [3] 
and such biological membranes as human red 
blood ceils and rat liver plasma membranes [7,8]. 
Since previous spin-label studies of native and 
cholesterol-loaded rat liver plasma membranes and 
human red blood cells showed the presence of 
thermodependent cholesterol-rich and cholesterol- 
poor domains [7-9], this ESR methodology is used 
here to assign the existenCe of ~irailar domains in 
the HIV envelgpe. 

Materials and Methods 

5-Nitroxide!stearate (5.NS) was purchased from 
Aldrich Chemical Co. (St. Louis, Me) and thin- 

layer chromatographic analy.~is demonstrated 
negligible impurities [10]. 

Purified virus was obtained from HIV-proditc- 
ing OKT-4 ÷ leukemic cells (Hut-78), as described 
earlier [6]. High levels of HIV infectivity were 
determined by incubaling H-9 cells with virus [6]~ 
For protein and lipid analyses and gtSR experi- 
ments, pelleted virus was resuspended at 9 mg 
p ro tc in /ml  in 137 mM NaCI/15  mM 
Na2HPO4/1.5 mM KH2POJ2,7 mM KC]/0.5 
mM MgCI 2 (pH 7.5). Protein, phosphol[pid and 
cholesterol contents were measured as in Re£ 6. 

Three isolates of HIV were used: (i) LK013 
from the peripheral blood lymphocytes of a male 
homosexual who subsequently died of AIDS (De- 
cember, 1985); (it) COO1SE from the ejaculate of 
the above male homosexual; and (iii) F7529 from 
the lymph nodes of a female sex partner (Le., 
ARC patient) of an intravenous drug abuser, 

To test for viral-specific proteins in these HIV 
preparations. Western blots were performed. 
Purified HIV was disrupted by 1~ Triton X-100 
and 0.l~ deoxycholate and boiled for 5 rain. The 
H1V proteins were resolved by SDS-polyacryla- 
mide gel electrophoresis (5-6 h at 35 mA). The 
separated proteins were transblotted onto 0.22 tim 
nitrocellulose (16 h at 5-10 mA and at 100 mA for 
] h). The nitrocellulose was washed in phosphate 
buffered saline and blocked with 5~ 'blotto' for 2 
h at 37°C. The nitrocellulose was cut into 2.ram 
strips, and individual strips were reacted with a 
1:100 dilution of test serum overnight at 4~C. 
After washing, bound antibodies were reacted with 
goat anti-human IgG labeled with horseradish 
peroxidase. After incubating for 1 h at 37°C, 
unbound antibodies were washed and a substrata 
containing 4-chloro-l-naphthol and hydrogen per- 
oxide was added at room temperature. 

For dectron microscopy, thin-sections of HIV- 
producing Hnt-Tg calla were stained with uranyl 
acetate and lead citrate and photographed with a 
Zeiss 109 electron microscope. 

All spin-labeling of HIV was performed in a 
biosafety level 3 facility, with approval from the 
National Cancer Institute. 5-NS was dissolved in 
ethanol (3-10 -2 M) and aliquots were dried with 
a stream of dry N 2 gas in plastic vials. HIV 
samples (15 ~l aliquots) were added to the probe 
and hand-vortexed for several minutes, at room 
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temperature. Spin-labeled HIV (7 ~1 aliquots) wore 
drawn into 50 ttl capillary pipettes, that were 
subsequently heat-scaled at both ends. T'n¢ ~,~lcd 
capillaries were inspected with a light microscope 
(40 × magnification), and then inserted into a spe- 
cial hoider (attributed to R. Komberg [111) and 
fabricated out of KeI-F by John Maxkel (J & M 
Specialities, San Diego, CA). The Komberg holder 
containing spin-labeled HIV was carefully intro- 
duced into the Dewar of the variable temperature 
regulator of the EPR spectrometer, Before turning 
on the nitrogen gas flow, polypropylene tubing 
was fitted over the top of the Dewar and led to a 
suction flask containing 5 M NaOH (Le., a base 
concentratio~t that rapidly inactivates HIV). Since 
the nitrogen gas was vented through the NaOH 
solution, any sudden change in gas pressure, loo- 
sening of the Komberg holder or breaking of the 
heat-sealed capillary would not expose the atmo- 
sphere to aerosols of 'live" HIV. The extent of 
5-NS incorporation was tested by comparing the 
amount of probe added to the viral suspension 
0.e., ~g 5.NSymg protem weight) wtth the 
paramagnetic spins observed in the microwave 
cavity (L¢., pg  5 -NS/mg protoi9 "spins'), Spins 
were calculated from the rati~ df the double-in- 
tegrated spectrum of  5-NS.labeled HIV with that 
of the Varian strongpitch (0.1~ pitch, wi~h 3-10 ~s 
spins in 5.5 mm [12-14|). 

ESR spectra were recorded with a Varian E-109 
spectrometer fitted with a Deltron (Sydney) Model 
DCM 20 temperature control accessory [6,15], dig- 
itized with a Hewlett-Packard 7470A plotter and 
9816 computer, and stored on floppy discs [12,13|. 

The following order parameters may be used to 
assess the flexibility of the fatty-acid spin probe: 

s ( T , , ) - z / 2 [ ' ( ~ . 3 6 ' ' )  11 (t) 

S(Tx) =1/2[ 3138"5-2T" ] 2 6 . 3  l] < 2 ) 

S = 0.56531(T, - Tx )/(1/3T,, + 2/3Tj. )] (3) 

where T. and T~ (see Fig. 1) for the HIV-incor- 
porated probe are the hyperflne splitting elements 
parallel and perpendicular to z ' ,  the symmetry 
axis of the effective Hamiltouian ( H ' ) .  $, $(7",,) 
and S(Tj.) are sensitive to membrane fluidity (or, 

I 2Tii )[ 

• o I 

30 geu~ 

Fig. 1. Ek~trnn spin resonance (ESR) spcetmm of intact HIV 
labeled with 5-RitroTdde stearate ($-NS) at 37°C. Spectra were 
reeotdod as described in the text The horizontal axJs repre- 
sents varying magnetic field, while the. w,~lical axis refleczs 
ab~ot])tion of microwaves. In.stmrmmt r, onditions were: 8 rain 
scan time. 3.2 G modulation amp]itttde., l0 mW microwave 
~0Owet, and ] s th'De COIISlanL OUIeg and inner hyperfme 
spl;ttiog.% 2T., and 2Tj., wen  measured as skown; 2Tj. was 
corrected by the addition of 1.6 G [10]. The peak-to-peak 
distance of the cemral line (AH) is indicated. Respective 
heights of the central line (he) and the highfield peak of the 
inner hypcrfine doublet (h-t) ate shown. The/tg probe/rag 
protein and P/L ratios, determined from the m.unbet of Slfir,.s 

in the spectrum, were 1.03 and 1/139. respectively 112]. 

more accurately, the flexibility of the incorporated 
probe). These order parameters may assume val- 
ues between 0 and 1, with the extremes indicating 
that the probe samptes respectively fluid and im- 
mobilized environments. S, which requires both 
spllttings, corrects for small polarity diffexences 
between the membrane and referenoe crystal 
[10,16]: 

Probe-probe interactions were estimated using 
three empirical parameters [10,14,17,18}. The first 
involves measuring the peak-to-peak width of the 
central line (i.e., AH of Fig. I). 

• ~H=dHo÷AH6ip-C. AIt= (4) 

where AH o is the ]Jnewidth without interactions, 
AHdi r is the line broadening caused by magnetic 
dipolar interactions, and AHo, is contributed by 
spin-spin exchange [10]. F.nh~'~ccd probe-probe 
interactions increase AH. The second measure is 
based on the observation that S(Tj.), but not 
S(T,), decreases with P / L  in various membranes~ 
including HIV [10,12-14]. Thus, with AS(T,)  re. 
maining zero, decreases in .~{T± ) (i,e,, AS(Tx) < O) 
indicate great-2r probe-probe interactions. The 
third parameter depends on the height of the 



high-field peak of  the ~-ner hyperfine doublet 
(h_~ in Fig. 1), decreasit~g with respect to that of 
the central line (h0): h _ , / k  o declines as the probe 
concentration is elevated [10,12-14]. 

Results 

HIV  morphogeneMs and morgholc'd,~ 
Electron microscopy shows that HIV 'buds '  

from the surface of host lymphocytes following 
membrane insertion of virus-encoded glycopro- 
reins [4,5]. Hence, the plasma membrane is used as 
a ' template'  to produce viral particles. Consistent 
with the view that th/s retrovims is derived from 
the lymphocyte surface membrane is our earlier 
finding of a high cholesterol/phospholipid ( C / P )  
molar ratio of 0.88 for HFv" [6]. The lymphocyte 
plasma membrane, with the highest C / P  ratio of 
all the membrane organelles {19|, is the probable 
source of HiV lipids. Mature virions released dur- 
ing this bedding process am dearly seen in Fig. 2. 
Viral particles are spherical with dense cylindrical 
cores, which appear either round or bar shaped in 
the electron micrograph depending on the section- 
ing plane. The fuzzy surface of HIV particles is 
due to glyeoprotein spikes in the envelope. Mature 

virions are notably pleomorphic, with spherical 
diameters ranging from 110 to 130 nm (Fig. 2). 

Presence of 'spike" and "knob ~ g[y¢oproreins in the 
envelope of HIV  

Since HIV env proteins may be lost during 
extracticn procedures [7_0], one may question 
whether our differentially centrifuged prepara- 
lions contain gp120 and glM1. That this is not a 
problem is suggested by the high infectivity of cell 
culture by these viral isolates; infection of OKT4 + 
iymphocytes requires a full complement of  env 
proteins. Moreover, the isolates were used to pre- 
pare Western blots of sera contaiving anti-HIV 
antibodies (Fig. 3), and showed gpl20 and 81741 
heads, besides other HIV-encoded proteins. 

Fluidity of H I V  spin-labeled with 5-nitroxide 
stearate (5.N$) 

The dynamic, or 'fluid', properties of the lipids 
of H[V were studied by incorporating spin probes 
into the envelope of intact virions. With HIV (9 
nag protein/nil)  at 37°C,  the ESR spectrum in 
Fig. 1 shows that 5-NS readily inserts into the 
membrane, since no probe partitions into the 
aqueous buffer. In agreement with our previous 

J 

FiB. 2. Elect~on micrograph of HIV (F7529 isotsle) budding from cuhured Hut-78 lymphocytes. Mature vidons with w~il-dcfmed 
cores are seen at the cell periphery. Bar equals 200 nm. 
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Fig. 3. West,~rn blots e f  detergent-disrupted HIV (F'/52°~). (A) 
Serum from a healthy control, seronegative for anti-HIV anti- 
bodies on ]BLISA; (B) sezma from an Asymptomatie pzdem, 
SefOpnsilive for aa t i -HPf  antibodies on ELISA. Bands for the 
'spike' (gp4I) and 'knob' (gpl20) proteins are shown, as ,,~eii 
as other HlV-eno~Jed proieins (p]7, p20, 1>23, p24, p31, p34, 

p39, pSl, p55 and p66)~ 

studies [6], the spectrum indicates that 5-NS 
rapidly rotates about its long molecular axis (about 
10 s revohitions/s), with movement away from the 
preferred oriemation severely restricted, This rapid 
anisotropic motion creates an effective symmetry 
axis. 2T. and 2T.L are the hyperfme splittings due 
to the interaction of  the spin of the unpaired 
electron with the nuclear spin of the ~4N and are 
measured from the ESR spect[a parallel and per- 
pendicular to the unique symmetry axis (Fig,. 1). 
Increases in 2T,, and decreases in 2T.L signal a 
decreased mobility of the oxazoildine reporlea" 
group. 

5pm probe clustering and its" effect o~ the ESR  
spectra and order paromerers of 5-NS labeled H I V  

An important question in spin-label studies of 
HIV concerns whether probe probe interaction 
effects interfere with the measurement of ' intrin- 
sic' membrane properties [17]. Here, "intrinsic' 
properties are defined as those which are mea- 
sured when probe interactions are negligible, and 
do not refer to membrane behavior in the absence 
of a perturbing label. To assess this problem with 
HIV, intact virions were labeled with a wide range 
of  5-NS probe concentrations as described previ- 
ously [14.17]. For pg  probe/rag protein 'wt" ratios 
of  I to 18, HIV shows only a limited capacity for 
5-NS uptake (Fi B. 4). Progressively dexacas~ ad- 
ditional incorporation occurred at higher loading. 
Incomplete probe uptake at high loading was con- 
firraed by noting 5-NS rgmaining as a deposit on 
the side of the tube. 

It is of some interest to contrast the ~ uptake 
of  5-NS into HIV in Fig. 4 with the corresponding 
curve for human red blood cell ghosts. Similar to 
the findings with HIV, red blood cell ghosts show 
only a restricted ability to solubilizc 5-NS [Fig. 4). 
Our interpretation of  the red cell results is that 
5-NS binds at specific membrane sites. Previous 
Scatchard analysis indicated that 5-NS interaction 
with ghosts cannot be viewed as a simple parti- 
tioning phenomenon of an infinitely d~lu~e solute 

,°°1 ,°o 

...... 11 
-~ li~ o° .m • 

m 20 " -! 
~J 5-N5 probe,/mg protein 'wt' 

Fig. 4. Plot of • probe uptake vs. weight of 5-NS probe added 
to 15 ~1 aliquots of HIV (9 m K protein/mi) (~ . . . . . .  4)  or 50 
td of human red blood oell ghosts (32 m8 prot~/n/ml) (o) [17.]. 

Probe uptake was calculated from the ratio of tbe probe 
weight added to 1he sample (i.e.,, F8 probe/rag protein '9~1') to 
that determined [ram the spins in thespectra (i.e...ttg prohe/ma 
protein 'spirts'). HIV values are means 4- IS.D. for at least three 
determinations. The higher S.D. at low loading may he doe to 
the saturation of "high-effin/ty" sites over a narrow probe 

¢.on~ntration range, 
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Fig. $. ESR s p ~ t r a  of }-I]V (9 mg pro te in /ml  a r. 37 °C)  labeled 
with varying ¢ongentrations of $-N$. Lipid/probe (0g 
probe/mR protein "spins +) ratios were: (a) 139 (L03); (b) 86 
(1.66); (c) 35 (4,10); and (d) 21 (6.80), The liquid lines indi- 
calcd by arrows in (c) and (d) arc due to 5-NS tumbling in 

aqueous solution. 

in an ideal solvent (see Fig. 2B of Re(. 12). For 
low levels of bound probe, 5-NS binds to a single 
class of sites with high affinity. However, the 5-NS 
binding isotherm exhibits such significant curva- 
ture at high loading that further probe uptake by 
ghosts is reduced. Although one explanation for 
these results is that 5-NS binds to two classes of  
independent siles, it is more likely that, once 
occupied, the probe-membrane sites act through a 
cooperative mechanism to inhibit additional 5-MS 
binding (see below and ReL 12). The similar be- 
havior for the HIV curve m Fig. 4 argues Ihat an 
analogous model may also account for 5-NS inter- 
actions with the viral envelope. 

Since/~g probe/rag protein 'wt" does not accu- 
rately indicate probe insertion, all probe/ l ipid  
(P/L)  or gg probe/mR protein ratios used in the 
following experiments were assessed from the 
paramagnetic spins ol the speutrmn. 

To assess 5-NS concentration effects on the 
ESR spectra of HIV, spectra were recorded with 
P/L ranging from 1/139 to 1/21 (Fig. 5). At a 
P/L of 1/139, the spectrum indicates that the 
probe undergoes rapid auisotropie motion about 
its long molecn~ar axis at 37~C (Fig. 5a). Raising 
the P/L from 1/139 to 1 /2]  decreased h_~ with 
respect to h o, displaced downward the high-fidd 
baseline and upward the low.field baseline, in- 
creased 2T~ and ,~/-/ and left 2T,, unchat:ged 

(Fig. 5c, d). Similar probe-dependent spectral al- 
terations have been reported with a variety of 
biological membranes, including human erythro- 
cytes (for review, see Rots. 12, 17). 

The above 5-NS probe ti trations exerted pro- 
found effects on HIV order parameters and em- 
pirical parameters sensitive to radical interactions. 
Inorcasing the 5-]qS/iipid up to 1/86 did not 
affect S, S(Tr,) or S(Tx) (Fig. 6). Raising the 
probe concentration above this 'tow* P/L range, 
however, decreased substantially S and S(T±), 
while $(T,) was relatively constant. These order 
parameter effects are most likely due to enhanced 
radical interactions mad not membrane fluidiza- 
lion. The broadening of T± (and decrease in 
S(TI) ) was closeLy correlated with increases in 
AH (Fig. 6); prior investigations have demon. 
strated that radical interactions broaden the AH 
of  labeled model and biological membranes [10,17]. 
Reductions in S and $(T.) were also associated 
with such characteristic exchange-broadening ef- 
fects as the decrease in the high-field peak of  the 
inner hyperfine doublet (h_~ in Fig. I) and the 
downward displacement of  the high-field baseline 
(Fig. '~c, d). The finding that T, (or S(T,,)) is 
essentially unaltered for HIV in this P/L range 
indicates that the 'apparent" increase in fluidity 
with probe concentration, denoted by reductions 
in S and S(T.~). is not due to probe-mediated 
perturbations; any fluidization allowing more 
probe flexibility requires that T, narrow com- 
mensurately with increases in 2T~ and h_ l, and 
that ~ H  decreases. 

Lipid/PrOs 

~,-*°L / \~ I" 
'-"t / \ ' 1 o  

~,s L-- _~ = ............... ~-----I ° 

/~  5-NS/mg pr~tei~ 'spine' 
Fig. 6. Errccts or 5-nilro~ide stcaral¢ concenlTation o n  the 
order parame1~s and .4 H of intact HIV at 37 o C. ~,$(Tip ) (A), 
AS(T.L) (O) and ~g 011) are pelx:eat changes |tom baseline 
values measured at a P/L of 1/139. Control S(T,). S(Tj.) 
and S were 0.731, 0.595 and 0.651..4(AH) (~) is the percent 

change in .4H from the baseline value or 4.20 G. 



Comparable 5-NS concentration effects on 
order parameters and AH have been noted in 
many other biological membranes (tot review, see 
Rcfs. 10, 12). In previous studies on 5-NS labeled 
erythrocyte ghosts (Fig. 4 of Ref. 12), these 
parameters depended similarly on probe con- 
centration. It is unlikely that the above probe 
effects axe the result of enhanced probe-probe 
interactions due to dipolar broadening, but are 
instead a consequence of augmented spin-ex- 
change interactions. This is because the probe 
executes rapid anisotropic motion at 37eC and 
d i p o l e - d i p o l e  in te rac t ions  are relat ively 
long-range, tending to be averaged out by rapid 
diffusion and /o r  tumbfing, while exchange inter- 
actions require that labels be in van der Wool's 
contact and decrease rapidly with distance. 

There are several conclusions from the above 
probe titration experiments. First, F ' ~  6 shows 
that the order parameters of HIV reflect 'intrinsic' 
mcmbrene properties, for *low" 5-NS/lipid ratios, 
approx. 1/100. With this low probe/ l ipid  at 37 ° C, 
excellent agreement was seen in the polarity--cor- 
rected order parameters obtained from HIV iso- 
lates LK013 (S = 0.651), COOISE ($  ffi 0.651) and 
F7529 (S =0.652) at 37°C [6]. As we have previ- 
ously shown [6,12], the high 8 for HIV is similar 
to that of human etythrocyte ghosts (S  = 0.640). 
Both HIV and red cells have rigid membranes at 
physiologic temperature, possibly due to the high 
C/P of  0.88 and 0.90, reepectively [6,91. Further- 
more, either S(T:.) or AH may be used to em- 
pirically estimate probe-probe interactions in HIV 
labeled with "high" P/L - more than approx. 
i / s 6 .  

It is worthwhile to consider the structural basis 
for enhanced nitroxide radical imeractioas in the 
envelope of  HIV. Recently, we have developed a 
cluster model for 5-NS distribution in human 
erythrocyte ghosts that accaratety ~mulates ESR 
spectral alterations observed with increasing P/L 
at 37°C I12,13]. This probe occupies a class of 
high-affinity, noninteractin~ sites at low Ioadin 8. 
Saturation occurs with increasing probe con- 
centration, and at higher loading, the probe inserts 
itself at initially dilute sites to form membrane- 
bound chisters of variable size. No magnetically- 
dilule probe remains at t h e '  very high" P/L range, 
where all 5-NS clusters in a concentrated phase. 
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The above model allows determination of the ~li. 
lute/clustered ratio for any given P/L ratio, and 
validates our earlier use of empirical parameters 
sensitive to radical interactions (i.e., ~ H  or 
AS(T±)) in estimating probe sequestratiori in bio- 
logical membranes [10,~,"]. Tho alternative model 
that spin-exchange arises from rapid lateral diffu- 
sion of uniformly distributed 5-NS is rejected 
because probe uptake cannot be regarded as a 
partitioning phenomenon of an infinitely-dilute 
solute in an ideal solvent. Since the reduced up- 
take of additional probe occurs at the same P/L 
where spectral broadening is manifest (Fig. 4) 
[12,13], an important initial condition for stimulat- 
ing spectra via the lateral diffusion model and 
modified Bloch equations [21] has been invali- 
dated. The similar actions of increasing 5-NS/fipid 
on the ESR spectra (Fig. 5), prob ,~ uptake (Fig. 4), 
order parameters and AH (Fig. 6) of HIV suggest 
that this cluster modal is also applicable to the 
5-NS . . . .  Ld viral envelope. Namely, that the 
enhanced probe interactions in 5-NS labeled HIV 
at high loading are due to probe clustering. 

Thermoteopic lipid phase separation in 5-NS labeled 
HIV 

The pre, scnce of a temperature-dependent (i.e., 
thermotropic) fipid phase separation in the HIV 
envolopo was as,~s,sed voth a spin-lahel methodob 
oSy prev;.ously used to assign thermodepcnde~t 
lipid domains in other hlgh-chotesterol biomem- 
branes [7,8,181. Tempera~ure-dependem ESR spec- 
tra were recorded for HIV t a r r e d  with a con- 
centration of 5-NS that is in the low-range at 
37°C (Fig. 7). Above 37°C, the ESR spectra 
show that the 5-NS probe executes rapid anise- 
tropic motion about its long molecular axis. with 
more limited fatty acyl-chain flexing away from 
this axis. Cooling below 37"C dramatically alters 
the ESR spectra, with progressive increases in the 
outer splitting (2T,) and dH,  and decreases in the 
inner splitting (2T.L). Below about 10°C,  the 
high-field peak of the inner hyperfine doublet 
becomes poorly resolved due to slow probe mo- 
tion. 

The effects of temperature changes on the flexi. 
bility of the 5-NS probe in HIV may be quanti- 
tared by calculating S(T~) from the ESR spectra 
of Fig. 7. An Arrhenius plot of the S(T,) from 
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Fig. 7. Temperature-dependent ESR ~pectra of HlV labeled 
with a concentration of  5-nitroxide stearate that is in the "low' 
range at 37¢C. (LK013 isolate; labeled with V:g probe/mg 
protein or P/L ratios of 1_03 or 1/[39). Spectra were re~orded 
from low xu Itlgl, :cmpc~a[at¢~, with ~t rain waits for equilibra~ 

don at each temperature. 

HIV labeled with a low 5-NS/l ipid ratio demon- 
strated progressive increases in probe flexibility 
with i n ~ a ' ~ g  temporature (2 -60°C)  (Fig. g). 
Furthermore, this plot indicated a minor 'break' 
or 'discontinuity' at about 1SAC, suggestive of a 
broad lipid phase separation with an onset at 
ahout t 5 ° C  that perturbs 5-MS flexib_ilhy_ Ex- 
amination of this Arrhenius plot did not, however, 
readily indicate whether this onset was the tow- or 
high-temperature end of a thermotropic lipid phase 
separation. 

To further investigate the nature of this lipid 
phase separation, thermo~ependent ESR spectra 
were recorded with HIV labeled wi~h a 5-NS 
concentration that is in the "high' range at 370C 
(Fig. 9). Raising the temperature over a wide 
range (2 -60°C)  altered the ESR spectra of HIV 
labeled with 'high'  range 5-NS in a manner quali- 
tattvely similar to results obtained with a ' low' 
~-NS cormentration (Fig. 7). Above 37°C,  the 
ESR spectra show that the 5.NS probe executes 
rapid ani;otropic motion about its long molecular 
axis, with restricted fatty acyl-chair, flexing away 
from the axis. Besides this probe flexibiliiy, how- 
ever. comparison with 'low' range ESR spectra for 
temperatures above 37°C (Fig. 7) indicates that 
probe-probe interactions occur in 'high' range 

r(oc) 
60 50 40 30 7C I 0 0 

005 P ' ' '~5% " ' :ooF 
-O~fi -r' 
-o..t~ 

°'~% ,;.o fr~ ~i~ ;,~ .~i~ ~.~" ~'.'0 3.7 
lO00/r( ~ 

Fig. 8. Arrhenlm plots of S(T., ) for 5-NS-labe]ecl H IV  (A) or 
cholesterol-enriched rat liver plasma membranes (11). S(T, ) 
was c,~culatcd from Eqfl. I for Jntm:t HIV ~ , ' i ~ s  loaded ",vhh 
1.0 t~g 5-HS/mg protein. H[V results are mcens±S,D, for 
three separate preparations (one of  the LK013 isolate and two 
of the C.OOISE isolatel; the absence of an error hat indicates 
that the S-D. i:i les~ than the symbol, sic, c. The pr~enee of a 
minor 'break' or 'discontinuity' at about 15=C in the HIV plot 
indicates the omCl of a thermotropic lipid phase. *eparation 
(see text), For rat liver plasma membranes anifically ¢mdehed 
with cholesterol [22], S(T,, ) was calculated for membranes 
labeled with 6 pg  5-NS/mg protein. Resu|ts are mCal~.4-] S,D. 
for three preparations, wi lh C/P of 0.98, 0.97 and 0.94; the 
ab~nca  of an error bar indicates the S.D. is less than the 
symbol size. 'Breaks' or 'discontineities" at 370C and 18°C 
reflect the high and low onsets of a broad thermotropie lipid 
phase separation in hish-cholesteml rat liver plasma mem- 

branes (see Re[. $). 

ESR spectra (Fig, 9), probably due to enhanced 
spin-exchange interactions of clustered probe (see 
above). Cooling helow 37°C markedly changed 

15.6 

2~,g ~ ~ j l l  

51.1 ~ 

Fig. 9. Tcmpcrature-dcpondent ESP. spectra of HIV label.ed 
with a concentration of 5-NS that is in the 'high' range at 
37=C. (LK013 isolate; labeled with pg  probe/rag protein or 
P/L ratios of 4+10 or 1/35.) The arrow indicates a "liquid-line' 
component due to the $-NS probe tumbling m the aqueogs 

buffer, 



the ESR spectra, with progressive increases in the 
outer splitting (2T,) and decreases in the inner 
splitting (2T.L) until about 22°C, where the hi#i- 
field peak of the inner hyperfine double becomes 
poorly resolved due to slow probe motion and 
enhane, ed probe-probe interactions. It is of some 
interest to note that, for each temperature in Figs. 
7 and 9, the 2T,, values are similar for ' low' and 
'high'  probe concentrations, while the "high'-range 
2T~ splittings become increasingly larger than the 
corresponding "low'-range values at the lower tem- 
peratures (Figs. 7, 9). Since 2T± is an empirical 
parameter sensitive to probe-probe interactions 
when AT, = 0 (see above and Refs. 12, 13, 18), 
the qualitative impression is that probe-probe 
interact;ons subst~atially i , c , e ~  ?~ %rdln-t~heled 
HIV is cooled below 370C.  Enhanced  
probe-probe interactions in the "high' range spec- 
tra at low temperatmc.s probably account for the 
loss of the high-field peak of the inner hyperfine 
splitting doublet (Le., h_ t in Fi 8. 1) at much 
higher temperatures (i.e., about 100C for 'low'- 
range spectra (Fig. 7) and about 20"C for 'high'- 
range spectra (Fig, 9)). 

It is worthwhile contrasting the actions of  tem- 
perature change on the order parameters of H1V 
labeled with ' low' and 'high'  5-NS concentrations. 
For HIV labeled with a 'low" probe concentration, 
Arrhehius-type plots of $, S(T,,) and S(T±) (Fig. 
10A) show that temperature reductions ip,'¢ease 
each order parameter, Fig. 10A also indicates that 
the slopes of the "low'-range order parameter vs. 
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I / T  (K) curves becomes steeper in the following 
order: S(T,.) < S < S(T,,). Effects of temperature 
on the order parameters were also examined with 
HIV labeled with a high 5-NS concentration (Fig. 
10A). The $(7",1) vs. 1 /T  (K) curves using either 
' low' or "high ~ probe concentrations were in g ~ ' l  
agreement throughout the temperature range 
2 -60°C.  However, "high'-range S and S(Tj.) val- 
ues were considerably less than corresponding 
• I o w ' - r a n g e  order parameters for each temperature 
in the range 42-20°C.  It should be noted that $ 
and S(Tj.) values could not be determined for 
' low'- and 'high'-range spectra for temperatures 
below about 10 and 20~'C. respectively, due z o  

poorly resolved hyperfine splitting# (Figs. 7. 9). 
"the ~.he.~..~.ependence ^e probe p:ebe inter- 

actions in 5.NS labeled HIV was quantitatively 
evaluated from difference order parameter vs. 1IT 
(K) plots, calculated as the percent difference 
between values obtained at ' h i # "  and 'low' probe 
concentrations. Fig. 10B demonstrates that 
AS(T~) and AS become increasingly more nega- 
tive below about 42°C, while AS(T,p) does not 
significantly vary from zero. The invarianee of 
S(T,,) suggests that, for ' low' and 'high" probe 
¢oncemrations, ESR spectra reflect only those 
5-NS that sample lipid domains sharing the same 
fluidity and polarity. Since it is reasonable to 
assume that the flexibility and polarity contribu- 
tions to 'low'- and ~high'-range S(T,) will be 
equal at a given temperature 110], d~S(Tx) (or, 
alternatively, ,aT.L ) is here an empirical parameter 
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60 5C 40 20 ~'0 10 0 SO 40 :~0 20 10 e 

1.00 / ~.,mj~Bjl|| ~ W . . . . . .  ~t:7 ] ~" -105 J'..t B . . . . . .  J' t 
~, °-:J° F a j e : ' " "  o ....-,,,.- . . . -  ,,, ,, 

! .,,,::......- 1 
t 0.50 i I ,~,,:.°o.,oo: . . . .  .oo 

0,50 -lS I • 
~ 0 , o L  . . . . . . .  I "-20. 

2 ~  3 0  3 t  3.2 3 3  "L4 ,~.5 ~. .~ 3 7  3 .0  3.1 3 ,2  3.3 3 ,4  3-5 3_6 ,3.7 
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Fig, 10. Temperature-dependence of the o~der pararacters of ,%N$ labeled HIV (LK0] 3 isolate). (A) S( T,, ) (A). S Im) and S( TI ) (el 
were measured us:.ng a 'low' probe ¢.oncentratioa (i,e. 1.03 p.~ pmbe/mg pmteinL while S(T,~ ) (~.). S (DI and S(TI ) (O) were 
obtain~l with a 'high' probe c¢~n~entrafioa (Le, 4.10/*g probe~rag pro~ein]~ (B) ,",(order parameter) were the p=rceat dit'f~mees 

between velues measured at 'the 'high' and'low' probe concemralior~s of (A), for S(T,, ) (,,t.).. S (m) and S(Tj. ) (O). 
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reflecting only radical interactions. It should be 
recalled that S(T~) decreased as the 5-NS con- 
centration increased in HIV at 37°C, while S(T,) 
remained essentially unchanged (Fig. 6). The ob- 
servation that AS(T.t ) becomes more negative be- 
low 42~C suggests that cooling also promotes 
probe-probe interactions in the HIV envelope. 
For reasons discussed with other 5-NS labeled 
membranes [7,81, the progressively enhanced 
probe-probe interactions which occurred as 5-NS 
labeled HIV was cooled below 420C are attri- 
buted to enhanced spin-exchange interactions due 
to greater probe clustering, 

The following thermotropie lipid phase sep- 
aration model is proposed to zec, ount for the 
above ESR results on 5-NS labeled HIV. Temper- 
ature-sensitive lipid domains occur in the envelope 
of HIV with high and low onsets of 42 and 15 ° C. 
As the HIV envelope is cooled below 42°C, the 
5-NS probe progressively segregates, and this 
probe clustering is mediated by a lateral redistri- 
bution of native lipid components. The low onset 
of the phase separation perturbs 5-NS flexibility, 
and is probably responsible for the loss of rapid 
anisotropic motion seen at approx. 15°C (Fig. 7). 

Discussion 

It is of interest to contrast the putative thermo- 
tropic .lipid phase separation in HIV with those 
identified in native (C/P -- 0.71) and cholesterol- 
enriched (C/P = 0.85-0.98) rat liver plasma mem- 
branes l?,tL221 and human erythrocyte ghosts 181. 
Using native rat liver plasma membranes labeled 
with a low 5-NS concentration, Arrhenius-type 
plots of order pa~mneters demonstrated "breaks' 
at 28 anti 19°C, suggesting low and high onsets 
for a broad lipid phase separation that perturb 
5-NS flexibility [7,171. Furthermore, Arrhenius. 
type plots of A(order parameters) indicated 5-NS 
segregation below 28°C [7,9,18]. For reasons dis- 
cussed earlier [18], we proposed a model for native 
rat liver plasma membranes in which solid (S) and 
liquid (L) lipid domains coexist below 19°C. The 
19 ° C break corresponds to S and L dispersed into 
'quasierystailine' clusters (QCC) and L. Here, QCC 
are defined as having a packing density and fluid- 
ity between that of S and L. QCC decrease with 

heating above 19°C until the 28°C transition is 
reached and remaining QCC are converted into L. 
Thus, the enhanced 5-NS clustering in A(order 
parameter) vs. 1 / T  (K) plots of native membranes 
below 28°C [7] suggests that the formation of 
probe-excluding QCC tends to seg, egate 5.NS in 
L. 

The nature of the thermotropie lipid phase 
separation in rat liver plasma membranes was 
further examined through artificial loading to high 
C / P  molar ratios [22]. For cholesterol-enriched 
( C / P  = 0.85-0.98) liver plasma membranes 
labeled with a "low' 5.NS concentration, an 
Arrhenius plot of S(T,~) indicated "breaks' at ap- 
prox. 37°C ~nd 18°C (Fig. 8) [81. This suggests 
that cholesterol loading raises the high onset of 
the broad lipid phase separation from 28°C to 
37°C, while leaving the low onset at approx. 
19 * C unaffected. Consistent with this hypothesis 
is the finding that cholesterol enrichment elevates 
the onset temperature at which 5-NS clusters from 
280C to 37-38° C [7-9]. The most likely explana- 
tion of these data is that the QCC and L of native 
rat fiver plasma membranes are cholesterol-rich 
domains and -poor domains, respectively, and that 
cholesterol enrichment increases the proportion of 
QCC to L at physiologic temperatures. 

The broad lipid phase separation (42-15°C) 
identified in the HIV envelope (C /P-0 .88 )  is 
likely to be similar to that of both cholesterol-en- 
riched (C/P = 0.85 to 0.98) rat liver plasma mem- 
branes (37-18°C) and human erythrocyte ghosts 
[7,8 I. The Arrhcnius plot of the S(T,) of HIV may 
be superimposed with that of high-cholesterol liver 
membranes, simply by shifting the HIV curve to 
the fight by approx. 3 C ° (Fig. 8). Moreover, 
Arrhenius-type plots of ~(order parameter) indi- 
cate that HIV and cholesterol-enriched liver mem- 
branes segregate 5-NS below 42 ° C and 37-38 ° C, 
respectively (Fig. 10) [7,8]. Given the similar C/P  
ratios of human erythroeyte ghosts (C/P  = 0.90) 
and the HIV envelope (C/P  = 0.88) 16], it is also 
of interest that 5-NS labded erythrocyte ghosts 
show a thermotropic fipid phase separation, prob- 
ably involving the formation of cholesterol-rich 
and -poor lipid domains [8]. The temperature 
onsets of the phase separation in erythrocytes 
closely match those of HIV and high.cholesterol 
liver membranes [8]. 
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An important oonsideratiou in interpreting the 
above ESR results centers on whether the 5-NS 
probe bi,id~ ~onspecifically to viral proteins. If a 
substantial fraction of the 5-NS probe were to 
interact with HIV proteins, then the above 
phase-separation model would be rendered mooL 
For the following reasons, however, our iftitial 
studies indicate that 5-NS principally binds to 
envelope lipid. Although the spectrum of 5-NS 
labeled HIV reflects an ordered membrane en- 
vironment, there is no evidence in Figs. 1 and ? of 
a second, immobilized component characteristic of 
probe bound to envelope proteins (gp120 or 8p41) 
or core proteins (p17 or p24). The view that 5-NS 
principally samples the lipid envelope was sup- 
ported by our ability to accurately simulate these 
spectra with computer programs, assuming that 
the spin probe resides in a homogeneous region 
(Certain et at ,  unpublished observations). Last, 
previous experiments on 5-NS labeled HIV and 
human el~rthroeyte ghosts showed identical ESR 
spectra, order parameters and probe polarity at 
370C (see Fig. 2B in Ref. 6). Since the C/P ratios 
and phospholipid compositions of HIV and 
eryt.hrocyle ghosts are identical [6], while the re- 
spe,.'tive protein compositions are widely different, 
the shnplest explanation for the interchangeable 
spectra is that 5-NS samples similar lipid environ- 
ments in both membranes. Nevertheless. the above 
discussion does not exclude the possibility that a 
small proportion of the 5-NS probe (e.g., less than 
5-10%) nonspecificcdly interacts with HIV en- 
velope proteins. In future ESR studies, it will be 
of much interest to examine 5-NS labeled lipid 
extracts of HIV to more quantitative assess the 
role (if any) that proteins play in probe binding. 

After submission of this manuscript, an article 
appeared confLrming certain aspects of the results 
presented here [23]. Similar to findings with HIV 
isolates LK013, F7529 and COO1SE [6], Crews et 
al. [23] reported that other strains of HIV have 
high C/P ratios (C/P > 1.0) and rigid envelops, 
as indicated by the fluorescent probe DPH. More- 
over, an Arrhenius plot of the fluorescence polari- 
zation of DPH.laheled H1V over the range 
40-4°C showed a change of slope at about 21~C 
[23]. This 'break' probably corresponds to the 
low.temperature onset of the lipid phase sep- 
aration identified above with 5-NS. Interestingly, 

extraction of cholesterol b:y trcatizlg HIV with 
AL-721 dramatically flaidized the viral envelope 
and eliminated the 21°C break [23]. Since high 
cholesterol [eveis typically suppress phase transi- 
tions in model phospholipid mixtures [24], it is 
unlikely that the low-temperature break in native 
HIV is due to a classical gel - ,  liquid lipid melt. if 
such were the case, removal of cholesterol would 
be expected to enhance the transition rather than 
abolishing it, as Crews et al. 123] observed. In- 
stead, a more plausible explanation is that the 
tow-temgeratore break is due to a lateral redistri- 
bution of cholesterol, as predicted by the above 
phas~separation model. 

The presence of cholesterol-rich domains in the 
HIV envelope may play an important role in 
maintaining viral infectivity at physiologic tem- 
peratures. HIV is stable for long periods at 37°C, 
but is rapidly inactivated above 42 ° C [25,26], with 
the virus losing infectivity by a logarithmic factor 
of 3 after 1 h at 56°C. Since the temperature at 
which HIV becomes unstable coincides with the 
high onset of the prop,~sed phase separation, it is 
tempting to speculate that the formation of 
cholesterol-rich domains is protective. Earlier rat 
liver plasma membrane studies [7,8,22] showed 
that cholesterol enrichment concurrently increased 
the amount of cholesterol-rich QCC and protected 
adenylate cyclase from thermal denaturation. 
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