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Differential effects of cholesterol on acyl chain order in
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Abstract

The purpose of this work is to analyze the effects of cholesterol modulation on acyl chain ordering in the membrane
of human erythrocytes as a function of depth from the surface. Partial cholesterol depletion was achieved by
incubation of erythrocytes with liposomes containing saturated phospholipids, or with rettyglodextrin(MBCD).
Cholesterol enrichment was achieved by incubation with liposomes formed by phosphalmmitsterol, or with the
complex M3CD/cholesterol. Acyl chain order was studied with electron paramagnetic resonance spect(@py
using spin labels that sense the lipid bilayer at different depths. It is shown that the increase in cholesterol stiffens
acyl chains but decreases the interaction among lipid headgroups, while cholesterol depletion causes the opposite
behavior. It is likely that the observed cholesterol effects are related to those stabilizing the cholesterol-rich detergent-
insoluble membrane domairigafts), recently shown to exist in erythrocytes.
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1. Introduction the isolation of rafts from erythrocyte membranes
[10,11] has been reported. Evidence has been

In mature human erythrocytes, nucleus and accumulated suggesting that the physical state of
organelles are missing, and they consist essentiallyraft lipids is the ‘liquid ordered’ stat¢4,12, in
of a plasmatic membrane enclosing a hemoglobin Which a high lateral mobility coexists with a high
solution. Half of the membrane mass is represented degree of acyl chain order induced by the presence
by protein and the other half by lipid, mainly of cholesterol. Besides, cholesterol seems to be
phospholipids and cholesterol, with a molar rela- critical in maintaining erythrocyte raft integrity
tion cholesterol to phospholipid of about 0.9]. [13]. Thus, detailed knowledge about modifica-

Cholesterol is important as a regulator of the tions of membrane physical properties by choles-
physical state of lipid bilayers, and is necessary terol modulation in intact erythrocytes could help
for the functional activity of several membrane to understand some of the intriguing properties of
proteins[2]. A specific physical characteristic of these structures. This information could be
the cholesterol molecule is its almost planar steroid obtained with liposoluble labels that sense the
ring, a structure with a rigid conformation. It is hydrophobic core of membranes at different depths
reasonable to imagine that this feature could [14,15.
impose motional antbr positional restrictions to The existence of only a plasmatic membrane
neighbor lipid molecules in the membrane struc- renders the erythrocyte as one of the simplest
ture. In fact, a lot of experimental evidence has gystems for the study of membranes in whole cells.
been accumulated showing that membrane ‘fluidi- several studies have been performed varying the
ty" is reduced when cholesterol levels are increased cpolesterol content in erythrocyte membranes
(see for instance van der Mef8] and references [1,16—22. Many of these papers employed fluo-

therein. However, the term ‘fluidity’ generalizes | ogcence techniques to evaluate changes on the
many aspects of molecular degrees of freedom, physical characteristics of the membrane
not all of which are directly related to each other [16,20,22. In those cases, a previous step of

or t?dtge dsameb?lologlgal_ phefnomenon. k')l'hus,h It hemolysis is required to eliminate the interference
would be desirable to obtain information about the ¢ hemoglobin. This step submits the membrane

way in which specific degrees of freedom are to osmotic stresses, which could leave it in a

aﬁ?ﬁtee(lf?gcf:cgfsgﬁg riTr]IOdgLagllggt.erol concentra- different physical situation as compared to that of
ging a living erythrocyte. In other cases, the techniques

tions in different phases of model membranes used to quantify cholesterol require the previous
composed of pure lipids are rather well understood . q q P

[4.5]. However, when cholesterol is added to lipid incorporation of radiolabeled cholesterol, involving

mixtures, the phenomenon of lateral segregation i}dd't'ﬁnal t:eatmen';s,hwhlch Itr: turn lcg;ld affect
precludes a simple prediction of the effects of the Physical state of the membrafie7,18,21.

cholesterol variation. In a natural membrane, the M the present work, cholesterol content in the
presence of proteins and the asymmetry of the Mémbrane of whole fresh erythrocytes was modi-
bilayer pose additional difficulties to establish fied, and the changes in acyl chain ordering were
general rules. Recently, it was found that ‘rafts’ guantified as a function of depth from the surface.
enriched in cholesterol, sphingolipids and glyco- TWO approaches were applied to modify the cho-
sylphosphatidylinositol anchored proteins, are lesterol content of intact cells: a slow treatment
involved in several significant cell functions and involving liposomes of controlled composition; or
can be isolated from certain cell membranes in the @ rapid procedure which uses methyl-beta cyclo-
form of patches resistant to cold non-ionic deter- dextrin (MBCD), or the complex NSCD/choles-
gent extraction[6—8]. Structures similar to these terol. Acyl chain ordering at different depths inside
rafts have been observed in model systems com-the lipid bilayer was quantified using liposoluble
posed by the appropriate lipid®], and recently  spin labels and EPR spectroscopy.
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2. Experimental procedures 2.3.1. Cholesterol depletion
Twenty-five  milligrams of phospholipids
2.1. Chemicals (DMPC or DPPQ were weighted in a PVC tube,

followed by the addition of 2.5 ml PBS. The

Spin labels, cholesterétrystalline, + 99% puri- suspension_ was sonicated by pulses with a ti_tanium
ty), Triton X-100, phospholipids and methgk probe (Sonic and Materials, CT, USAIn an ice

cyclodextrin(MBCD) were purchased from Sigma bath, until a opalescent' squFion was optained
Chemical Co(St. Louis, USA. Solvents, inorgan-  (&fter approx. 1 h A centrifugation for 10 min at

ic salts and all other chemicals were of the highest 27/00Xg was performed to sediment titanium
quality commercially available. Analytical grade IMPUrities and non dissolved lipids. Then, 430

enzymatic reagents for cholesterol determination ©f Packed cells were added to the supernatant
were from Merck(Germany and Seppim-Elitech (f|nal. vqum(_e concentration approxlmately 15%

(Sees, Franoe The liposolublen-doxyl stearic The mggpaﬂons were peﬁormed in the presence
acid positional isomergs-SASL, n=>5, 12 and (_)f ampicillin and te_tracyclm_e. The red blood cé¢lls

16) were used as spin labels. liposome suspension was incubated for 30 h at 37
°C with vigorous shaking. Cells were separated by
centrifugation and washed four times with several

2.2. Separation of red blood cells volumes of isotonic PBS.

Fresh human blood5-10 m) was collected
from healthy donors among laboratory personnel.
Heparin solution was used as anticoagulant. Eryth-
rocytes were separated from plasma and buffy coat

by centrifugation at 2008¢ for 5 min, washed  ggpjcation in an ice bath, until a milky homoge-
three times in isotonic phosphate buffered saline 4,5 solution was obtainettlose to 1 . Then
(PBS, 120 mM NaCl, 30 mM Na HPD , 6 MM 5 1 of heat inactivated serum were added. The
KHzPO,, 11 mM glucose, pH 7)4and immediate-  gyspension was centrifuged at 2709 for 15 min

ly processed as follows. at 7°C and the precipitate discarded. Seven hun-
dred ul of packed cells resuspended in 6.3 ml of
2.3. Manipulation of cholesterol content in red Hank's solution were added to the supernatant
blood cell membranes using liposomes (final volume concentration approx. 5% The
incubations were performed in the presence of
Liposomes were prepared by sonication, accord- ampicillin and tetracycline for 30 h at 31T with
ing to Cooper et all1] and Thompson and Axelrod  vigorous shaking. Following incubation, cells were
[20], with two saturated phospholipids of different collected by centrifugation and washed four times
acyl chain lengths: dipalmitoyl phosphatidylcho- in several volumes of isotonic PBS as previously
line (DPPC, 16 carbons or dimyristoyl phospha-  described.
tidylcholine (DMPC, 14 carbons Liposomes In both cases, control cells were processed
containing phospholipids were used for cholesterol exactly the same way, but in an incubation medium
depletion, and mixtures of phospholipid and cho- lacking liposomes. Aliquots from control and treat-
lesterol for cholesterol enrichment. Lipids were ed samples were used for cholesterol enzymatic
dispersed in PBS or in Hank’'s isotonic saline quantification, microscopy and EPR experiments.
solution (5 mM KCI, 0.2 mM N HPQ , 0.4 mM
KH.PO,, 4 mM NaHCQ , 12 mM CaGl , 1.2 mM  2.4. Manipulation of cholesterol content in red
MgCl,, 0.6 mM MgSQ, 137 mM NaCl, 5 mM  blood cell membranes with methyl-B-cyclodextrin
CeH1206 pH 7.4. Antibiotics were supplied to
the incubation medium to prevent growth of Methyl-8-cyclodextrin (MBCD) is an efficient
bacteria. agent for removing cholesterol from culture and

2.3.2. Cholesterol enrichment

Forty milligrams cholesterol and 20 mg phos-
pholipid were added to 5 ml of Hank’s solution
and the mixture was submitted to pulsed probe
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suspended cellf21,23,24. The complex MBCD/ ethanol[29]. Of this solution, 20| were incubat-
cholesterol has also been used to produce choles-ed with 2 ml of the enzymatic solution, containing
terol enrichmen{24-24. It has been proven that 0.5% v/v Triton X-100. The absorbance was read
MBCD does not incorporate into treated mem- at 500 nm in a Perkin-Elmer Lambda 20 spectrom-
branes[21]. eter, against the enzymatic solution as blank. Each
A stock solution of 20 MM NBCD in PBS was  experiment was performed in triplicate.
prepared and kept at € in the dark. Cholesterol
(40 mg was dissolved in 1 ml chloroforn 56 EPR experiments and data analysis
methanol(1:1). The solvent was evaporated under
a nitrogen stream to obtain a dry film. ;€D
stock solution(30 ml) was added, vortexed and
sonicated for a few minutes in a water bath. The
mixture was agitated overnight at 3, and then
it was centrifuged at 2700g¢ for 10 min. The
supernatant was kept in a dark flask. Previous to
use, it was filtered with a 0.4h.m syringe filter.
The resultant cholesterol concentration was 0.84
mg/ml, equivalent to 32 mg cholesteyg MBCD.
Three millimolar M3CD (for depletion or
MBCD/cholesterol(for enrichment in PBS were
incubated with 5 or 10% erythrocyte volume con-
centration (hematocri}, in PVC tubes at 37°C,
with occasional mixing. Lower hematocrits were
not used due to the significant degree of hemolysis
observed in these cases. Control erythrocytes were
incubated in PBS at the same concentration. After
30 min of incubation, the tubes were centrifuged
for 2 min at 1500<g. The supernatants were ) . :
preserved to determine the degree of hemolysis,'ar1€s (1 mm i.d), flame sealed and put into 4

and the pelleted erythrocytes were washed twice MM guartz tubes. This procedure was used both
with PBS. for control and pre-treated samples. The EPR

spectra were recorded 625+ 1) °C and 9.8 GHz
(X Band) in a ER-200 spectrometéBruker Anal-
ytische Messtechnik GMbH, Karlsruhe, Germany
Field modulation frequency was 100 kHz, and
modulation amplitude was well below 30% of the

was determined after lipid extractid7] using a minor _Iinewidths, in order to avoid spectral shape
modified cholesterol-oxidase methodsee as  distortions.

instance[28]). Briefly, 100 w! of packed erythro- From the EPR spectra of 5-, 12- and 16-SASL
cytes was lysed in 120/ distilled water. After 15 (Fig. 1, which sense the bilayer at different
min incubation at room temperature, 1.35 ml of 2- depths, an apparent order paramesigy, [30] can
propanol was added with vortexing. After 1 h of be evaluated as:

incubation, 0.75 ml of chloroform were added 1

while vortexing, and after 1 h incubation, the Sapp=(1/k()(A//—Al)/[A§Z—E(Aﬁx—i—A;y)]
suspension was centrifuged for 10 min at 2%Q0

for 10 min, and the clear organic layer was \yhere

separated. The organic solvent was evaporated,

and the lipid extract was reconstituted in 1p0 A/, =Amas AL =AminT1.41-S0)

The liposoluble n-doxyl-stearic acid spin labels
(n-SASL) bear a nitroxide moiety at the position
n=>5, 12 or 16 of a stearic acid chain. They were
incorporated to the erythrocyte membranes to a
final spin labefmembrane lipid molar ratio less
than 1%, in order to avoid line broadening effects
in the EPR spectra. For labeling, the appropriate
amount of the chosen spin label ethanol solution
(usually 1.3ul, which evaporated almost instan-
taneously was poured into a PVC tube. PBS
buffer (675 wl) was added and gently agitated,
followed by 75 ul of packed erythrocytes. The
solution was homogenized by several steps of
suction and expulsion with the micropipette tip.
After 30 min incubation at room temperature, tubes
were centrifuged at 1500g and the supernatant
was discarded. Aliquots of the erythrocyte pellet
(usually 20ul) were transferred into glass capil-

2.5. Determination of membrane cholesterol
concentration

Cholesterol content of erythrocyte membranes
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with chains, whileS,, close to zero indicates unrestrict-
ed isotropic movements of the spin label at the
A= }(34_31); A = }(B +—B; corresponding position. Thus, an increaseSig,
2 2 implies a straightening of the acyl chair(se.
. . . increased orderat the level where the labeled
So=(Amax—A min/ [AZZ_E(AxﬁAw)}’ moiety is inserted and vice versa. These features
1 are governed by trans-gaucfteg) isomerizations,
A= §(A§z+Afx+A,%), which confer flexibility to the acyl chaing30].
1 The plot of S,,, as a function of the position of
Ap= é(A//+2AL), and kg=A,/A the label, sometimes called ‘flexibility gradient’,

represents a depth profiling showing how the order
B, to B, (pointed out with arrows in Fig.)lare parameter decreases towards the membrane hydro-

magnetic field values for spectrum structures relat- Phobic core. The comparison of flexibility gradi-
ed to the hyperfine interaction between the radical €nts is useful to compare different degrees of t-g
unpaired electron and th¢ N nucleus. The para- iSomerization, as well as to Io_cate the depth at
metersAS. =32.9 gaussAS,=5.9 gauss and S, = V\{hlf:h changes_ occur among different samples of
5.4 gauss are the single crystal values of the N Similar composition[14].
hyperfine coupling tensoi30].

The apparent order parameter is related to the 2.7. Microscopic analysis
angular amplitude of motion of the labeled seg-
ment, and its values lie in the range<@,,,<1. Immediately after each treatment, ‘fresh drop’
Values ofS,,, near 1 would be obtained for a label images of control and treated cells were obtained.
into a structure with fully aligned all-trans acyl Small aliquots of diluted control and treated cells

Table 1
Apparent order parametess,, obtained from EPR spectra of the spin labels 5-, 12- and 16-SASL in control, cholesterol depleted
and cholesterol enriched erythrocytes

Treatment %Chol 5-SASL 12-SASL 16-SASL

control treated i control treated i control treated i
Saop Sasn I.s! Saon San l.s! Saon Shon l.s!

30(3)* 0.668(2) 0.683(1) P<0.001 0.541(2) 0.514(7) P<0.01 0.227(1) 0.200(1) P<0.001

Cholesterol  677)°  0.686(4) 0.689(3) n.s. 0.536(6) 0.520(4) P<0.02 0.225(3) 0.217(2) P<0.02
depletion  33(3)°  0.698(3) 0.692(2) n.s. 0.553(10) 0.527(5) P<0.02 0.253(5) 0.219(5) P<0.01
60(6) 0.685(4) 0.685(6) n.s. 0.567(3) 0.559(18) n.s. 0.245(2) 0.225(1) P<0.001

170(15° 0.683(7) 0.660(7) P<0.02 0.528(7) 0.563(8) P<0.01 0.232(2) 0.249(2) P<0.001
Cholesterol ~ 19020)" 0.686(4) 0.667(3) P<0.01 0.536(6) 0.566(4) P<0.01 0.225(3) 0.247(2) P<0.001
enrichment 12512)" 0.680(5) 0.672(4) n.s. 0.553(8) 0.548(7) ns. 0.231(7) 0.247(2) P<0.02
170(159 0.678(2) 0.665(4) P<0.01 0.553(4) 0.569(4) P<0.01 0.241(8) 0.253(4) n.s.

%Chol indicates the final cholesterol content of treated cells, where 100% is the cholesterol content of the corresponding control
cells. Standard deviation uncertainties in the last digits of the quoted values are indicated in parentheses. Not significant: n.s.

aDMPC liposomes.

> DPPC liposomes.

©MBCD 3 mM, erythrocyte concentration 5%//v).

dMBCD 3 mM, erythrocyte concentration 1004/v).

¢ DMPC/cholesterol liposomes.

fDPPC/cholesterol liposomes.

9 MBCD/cholesterol 3 mM, erythrocyte concentration %%/'v).

" MBCD/cholesterol 3 mM, erythrocyte concentration 1Q¥%4Vv).

"Level of significance for the hypothesis of differefy,, values between controls and treated samptes-tailed Student's-
test,n=3).
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were deposited on optical slidésreviously coated
with albumin solution in order to avoid the ‘glass
effect’), then covered with a glass coverslip and
analyzed at 408 magnification (Axiolab, Carl
Zeiss, Germany Images were captured with a
digital-video camerd SSC-DC50A, Sony, Japan

In some cases, washed cells were fixed with
glutaraldehyde and photographed at 180fnhag-
nification. Also, scanning electron microscope
photographs were taken for some of these fixed
samples. However, comparison of fresh and fixed
cell images showed shape alterations attributable
to the fixation procedure. Due to this fact, and
despite their poorer resolution, optical microscope
images of fresh cells were chosen to better char-
acterize shape changes.

3. Results
3.1. Changes in membrane cholesterol content

Important alterations of membrane cholesterol
concentration were produced by the different treat-
ments described previously. Initial cholesterol con-
centrations in untreated erythrocytes were
approximately 1-1.2 mgml packed cells. After
the treatments, final cholesterol concentrations var-
ying between 30 and 190% relative to untreated
samples were obtaingdee Table 1 It is remark-
able that cholesterol depletion using3&@D seems
to be an abrupt process, as cells incubated only
for 10 min showed essentially the same cholesterol
values as those incubated 30 min. A detailed study
of the time evolution of the depletion process is
in progress.

3.2. EPR results

Fig. 1 shows typical EPR spectra of liposome
treated erythrocytes: contrgtentral spectrum of
each group cholesterol-depletedupper spec-
trum) and cholesterol-enriched sampléfower
spectrum, for each of the three spin labels. Arrows
point out the features of the spectra whose field

M.B. Cassera et al. / Biophysical Chemistry 99 (2002) 117-127

| | | |
3300 3330 3360 3390

Magnetic field B (gauss)

Fig. 1. Electron paramagnetic resonalE®R) spectra of lipo-
soluble spin labels sensing the lipid bilayer of the erythrocyte
membrane at three different levels. Temperature€,25micro-
wave frequency, 9.75 GHz. Upper group, 5-SA8kabeled
moiety at carbon 5, closest to polar headgroupsedium
group, 12-SASL(labeled moiety at carbon }2lower group,
16-SASL (labeled moiety at carbon 16, closest to the bilayer
cente). For each group of spectra, the central one corresponds
to controls(A%Chol=0); upper spectrum corresponds to cho-
lesterol-depleted A%Chol= —33%); and lower spectrum is
for cholesterol-enriched erythrocyt€A%Chol=90%). Sam-
ples submitted to DPPC liposome treatment. The arrows
labeled B to B point to the spectrum features whose magnetic
field positions are used in the calculation of the apparent order
parameterS,,, The spectra of cells treated withB&D show
characteristics similar to those shown in this figure.

in Sapp A high degree of label immobilization is
inferred from the appearance of the spectra of 5-
and 12-SASL, indicating a low probability of

positions are used to calculate the order parametergauche isomers at the level of carbons 5 and 12

Sapp  Slight displacements of these features are
observed for enriched and depleted samples in
comparison to controls, leading to slight changes

of the acyl chains, both for control and treated
samples. In the spectra of 16-SASL, the three
narrower lines indicate higher degrees of freedom
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AS,pp values for the three labels, for all the

0.7¢ g treated samplegeither by liposome or MCD
06! o method$ are plotted in Fig. 3 as a function of the
percentage variation in membrane cholesterol con-
g 0.5 centration, defined as:
[72) N\
041 . convol A%[chol = 100 ([chol]eated
0.3| —o—cChol depleted AN — [chol¢°™") /[chol] contr!
0.2 —a— Chol enriched '8 A linear re . .
gression was performed in order to

4 6 8 16 1‘2 14 16 fit the experimental data of Fig. 3. The correlation

Label position, n coefficients are reported in the figure caption.

Fig. 2. Apparent order parameters calculated from the EPR . . .

spectra shown in Fig. 1, as a function of the positiarof the 002k O liposomes
labeled moiety along the acyl chain. Triangles, cholesterol 1= m MBCD
enriched (A%Chol=90%); circles, cholesterol depleted
(A%Chol= —33%); squares, control erythrocyt€A%Chol=

0). Samples submitted to DPPC liposome treatment. Vertical 0.00r % i
error bars are smaller than the symbol sizes.

-0.02 ¢ .
o . . . - 5-SASL ‘
of the nitroxide moiety, with axial restrictions.

Similar EPR spectra were obtained forBk2D

treated cells. ooal T12SASL ]
Apparent order parametesg,, were calculated %

for each experiment and each label, together with

0.02+ 1

app

the level of significance for the hypothesis of 0 o0+ |

different S,,, values between controls and treated =

samples(two-tailed Student’s-test, Table 1 -0.021 1
To compare the way in which order parameters -0.04 |

are modified along depth in the bilayek,, values S

for cells with membranes enriched to 190% and 16-SASL

depleted to 67% of their original cholesterol con- 0.02} 1

tent (samples corresponding to the spectra shown

in Fig. 1), were plotted in Fig. 2 as a function of 0.007 |

the carbon number where the nitroxide radical is 002t |

located. ControlS,,, values were also included. It
can be seen in Fig. 2 that the slope between 0.04+
carbons 5 and 12 suffers slight changes: it increas-

es in cholesterol depleted samples, and decreases

-90 -60 -30 0 30 60 90 120

in cholesterol enriched samples, compared to con- A%[Chol]
trols. Similar trends were observed in the remain-
ing experiments. Fig. 3. Differences in EPR apparent order paramatgy, =

In order to perform a more precise quantification Sass =S aps~for all the experiments, plotted as a function of

: percent cholesterol changes in erythrocyte membranes. In each
of these effects, the differences E&pp between plot, open symbols correspond to liposome-treated erythro-

treated and control cells for each label and for cyies and full symbols correspond o@D treated erythro-
each cholesterol concentration were calculated as: cytes. Solid lines correspond to linear fits. Linear correlation

wreated control coefficients of these fittings are: 5-SASIR= —0.860; 12-
ASapp=S%pp S Spp SASL, R=0.968; 16-SASLR=0.987.
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Fig. 4. Unfixed erythrocytes incubated with liposomé@wmagnification, 400x). Left panel: cholesterol depleted erythrocytes
(A%Chol= —33%) after 30 h incubation with DPPC liposomes. Central panel: control erythro€y®sChol=0) after 30 h
incubation in a medium lacking of liposomes. Right panel: cholesterol enriched erythréa§t€shol= +90%) after 30 h incubation
with DPPC/cholesterol liposomes. Photographs were taken by digital video imaging.

Their absolute values are very near to 1, indicating trol cells, due to the prolonged incubation in
that the changes in order parameter are strongly plasma free suspension medium. On the other side,
correlated to the changes in cholesterol content in despite the poor definition, the right image shows
the membranes. It is interesting to remark the cholesterol enriched cells that seem to have pre-
inverse behavior observed for the order parameterserved the discocytic shape. In the case of lipo-
sensed by 5-SASL in comparison with those gome treatments using dimyristoyl
sensed by 12- and 16-SASL. Increases in choles- hhogphatidylcholine (DMPC), enriched  cells
terol concentration(A%[choll >0) increase the ¢ owed spiculated shapédata not showh which
order parametefAS,;,>0) at the level of carbons s onsistent with the incorporation of small

h - -
12" and 16 (12- and 16-SASL, but decrease amounts of liposomal DMPC to the erythrocyte
Sap AS 4ps<0) near the polar heads-SASL). For membrane. The incorporation of shorter chain
cholesterol depleted samples, the behavior is exact- e P
ly opposite phospholipids to the erythrocyte membrane has
It is observed that MCD treated cells have been_ studied in deta[31-33, apd It was showr_1
higher dispersions from the regular behavior when that important shape changes like those described
compared to liposome treated samples. by us can be induced by incorporation of only 3%
of exogenous phospholipid to the external leaflet
of the bilayer. We did not observe these shape
modifications in DMPC cholesterol depleted cells,
probably due to the compensating effect of choles-
terol loss. It should be remarked that even in the

central panel shows control erythrocytes; the left @€ ©Of spiculated shapes, the order parameter
panel shows cholesterol depleted erythrocytes by S€nsed by our EPR experiments correlated well
30 h incubation with dipalmitoyl phosphatidylcho- With cholesterol content. _

line (DPPO liposomes, and the right panel shows  Fig. 5 shows microscope photographs of unfixed
cholesterol enriched erythrocytes after incubation cells after M3CD treatments. Again, depleted cells
with DPPGC/cholesterol liposomes. It can be have mainly stomatocytic shapes, consistent with
assessed in Fig. 4 that cholesterol depleted cellsthe reduction of surface area of the external leaflet
are mainly stomatocyte€eft). A significant por- of the bilayer resulting from a loss of cholesterol,
tion of stomatocytes is also observed among con- while enriched cells show preservation of the

3.3. Effects of different treatments on cell shape

Fig. 4 show microscope photographs of unfixed
cells after 30 h incubation with liposomes. The
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Fig. 5. Unfixed erythrocytes incubated with mettgAeyclodextrin(MBCD). (magnification, 40 ). Left panel, cholesterol depleted
erythrocytes(A%Chol= —67%) after 30 min incubation in 3 mM ICD solution. Central panel, control erythrocyteg%Chol=

0) after 30 min incubation in PBS. Right panel, cholesterol enriched erythro€xg#hol= +70%) after 30 min incubation in 3
mM MBCD/cholesterol solution. Photographs were taken by digital video imaging.

original discoid shape, with a slight increase in
cell diameter.
Although their definition is poor, these photo-

mulation of trans-gauche isomerizations, which
cause a decrease in order towards the end of the
acyl chains, both for control and treated erythro-

graphs suggest that shape changes after treatmentsytes. Slight variations in slope among control and
are those expected for the case in which no treated samples are observed in Fig. 2 between the
important variations in lipid content other than 5" and 12" chain positions, suggesting that the
cholesterol occur; in the worst case, no more than influence of the almost planar cholesterol ring

5% of foreign DMPC is expected to be incorpo-
rated to the external membrane leaflet.

4. Discussion

The phenomenon of lateral segregation of lipids
in biological membranes, leading to domain for-
mation, is strongly related to acyl chain ordering
[8,34,39. Thus, methods capable of giving
detailed information about in-depth variations of

structure in restricting t-g isomerizations of neigh-
bor acyl chains is located at this zone. These
results are consistent with previous data about the
in-depth cholesterol location in the bilayer
[5,35,36. The variations in order parameter for
16-SASL (increasing in cholesterol enriched, and
decreasing in cholesterol depleted cellikely
reflect the accumulation of the effects produced in
the upper regions of the corresponding acyl chains.
A high correlation between the measured chang-

chain ordering are of direct relevance to this aspect €s in EPR apparent order parameter and the per-

of membrane biology.

centage of changes in cholesterol concentration in

Our goal in the present work has been to detect the erythrocyte membrane was observed. A posi-

the response of acyl chain ordering in the eryth-

tive correlation betweemS,,, and A%Chol was

rocyte membrane upon changes in membrane cho-obtained for spin labels located at the positions 12

lesterol content. This goal was achieved by
performing cholesterol enrichment and depletion
by two different methods, subsequently introduc-
ing lipid-like spin labels, and studying the samples
with EPR spectroscopy. In this way, a ‘depth
profiling’ of apparent order parameters was
obtained(flexibility gradient, Fig. 2. The negative

slope of this depth profiling is due to the accu-

and 16, whileAS,,, sensed by the spin label at
position 5 behaves in the opposite way. This means
that when cholesterol is increased, acyl chain order
is also increased when sensed at position 12 or
deeper, but polar headgroup order is decreased, as
sensed by 5-SASL. The opposite behavior is
observed upon cholesterol depletion. These facts
are consistent with results obtained in model sys-
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