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Summary 

The lymphocyte  surface membranes from normal and leukaemic or 
lymphomatous  cells from man and mouse were isolated, characterized, and 
analyzed both biochemically and by diphenyl hexatriene fluorescence polar- 
ization. The cholesterol/phospholipid molar ratio for all the pure lymphocyte  
plasma membranes was 0.45--0.50, and the fluorescence polarization results 
showed that values much higher than this were not  credible. The lipid composi- 
tion of  all the plasma membranes was remarkably similar, except  for the con- 
centration of  free fat ty  acids and glycerides. 

The latter two were particularily high in the mouse lymphoma membrane 
and these, rather than a low cholesterol concentration,  were responsible for the 
increased fluidity of  the cells. 

The most  prominent  protein in most  of  the plasma membrane preparations 
was actin. This is found only by some authors, and its presence probably 
depends on the method of  lymphocyte  disruption. 

Introduction 

The plasma membranes of unstimulated lymphocytes  are relatively easy to 
isolate in a pure form since these cells contain little endoplasmic reticulum and 
few mitochondria.  Much work has therefore been done on their lipid composi- 
tion, and in particular on their cholesterol/phospholipid ratios. Some previous 

* S u p p l e m e n t a r y  data  to this article are d e p o s i t e d  with, and can be obtained from: Elsevier/North- 
Holland Biomedical Press, BBA Data Deposition, P.O. Box 1345,1000 BH Amstel~lam, The Netherlands. 
R e f e r e n c e  should be m a d e  t o  BBA/DD/118/78583/558 (1979) 282--295. The s u p p l e m e n t a r y  informa- 
tion includes data o n  the  major esterified fatty acids o f  the  l y m p h o c y t e  p lasma m e m b r a n e  preparat ions .  



TABLE I 

PLASMA MEMBRANE PREPARATIONS FROM MAN AND MOUSE 

n.d., not determined, ALL, acute lymphoblastic leukaemia; CLL, chronic lymphocytic leukaemia. 
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R e f e r e n c e  Spec ies  L y m p h o c y t e  5 ' -Nuc l eo t ida se  C h o l e s t e r o l /  
pur i f i ca t ion  phosphat idy l -  
fac tor  cho l ine  rat io  

1. D e m u s  Man 
2. Al lan  and C r u m p t o n  Man 
3. C r u m p t o n  and Snary Man 

4. Marique and Hi ldebrand Man 
5. Pratt e t  al. Man 

6. Ladoul i s  e t  al. | Ra t :  A K R ,  
7. S m i t h  e t  al. ] AC1 
8. Misra e t  al. F 3 4 4  strains 
9. D o d s  e t  al. M o u s e  

10 .  Waxley and C o o k  M ou se  

N o r m a l  tonsi l  13 0.69 
T h y m u s  n.d. 0 .75  
L y m p h o b l a s t o i d  ce l l  49 1.02 

l ine BRI 8 
CLL 29 0 .38  
Thymus 8 1.3 

CLL 16 0.2 

L y m p h o b l a s t o i d  cel l  7 0.4 
l ine LA 8 5 C l l  

N o r m a l  sp lenic  10- -15  0 .87- -0 .19  
N o r m a l  t h y m o c y t e  0.87---0.98 

Asc i t i c  l e u k a e m i a  20 .0  0 .77  
A L L  Var iable  0 .99  

work on lymphocytes  from man, rat and mouse  are summarized in Table I. 
By studying the fluorescence depolarization of  the membrane-soluble probe 

1,6<liphenyl-l ,3,5-hexatriene,  Inbar and Shinitzky and coworkers [11- -14]  
found that human and mouse  leukaemic and lymphoma cells were more fluid 
than normal lymphocytes ,  and attributed this to a lower cholesterol/phospho- 
lipid ratio in the plasma membranes of  the pathological lymphocytes .  

Further investigations have not  entirely supported their conclusions. For 
example it has been shown that the probe is not  confined to the lymphocyte  
plasma membrane [15 ,16]  as was previously believed, so plasma membranes 
have to be isolated for study. The cholesterol/phospholipid ratios obtained for 
purified normal and abnormal plasma membranes shown in Table I, do not  
appear to support the initial theory of  Inbar and Shinitzky. Johnson and 
Kramers [17] failed to confirm the fluidity difference between human normal 
and leukaemic lymphocytes  and cell plasma membranes, and attributed the 
difference found by Inbar and Shinitzky to poor cell purification. 

None of  the authors in Table I used a m o d e m  specific cholesterol assay such 
as gas chromatography or cholesterol oxidase, and some of  the older methods 
are not  specific, particularly those using a chromophore in concentrated 
sulphuric acid [18] .  This investigation was undertaken to measure the choles- 
terol/phospholipid ratio of  the lymphocyte  plasma membrane by a specific 
modern method,  and to compare and contrast the plasma membranes from 
human tonsil and chronic lymphocytic  leukaemia lymphocytes  and mouse  
splenic and Gardner lymphoma lymphocytes .  

Materials and Methods 

Diphenyl hexatriene and preservative free tetrahydrofuran were obtained 
from the Aldrich Chemical Company,  Inc. Diphenyl hexatriene was recrystal- 
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lized from acetone. Radioisotopes came from the Radiochemical Centre, 
Amersham, U.K. Phospholipids were purchased from Lipid Products Ltd. and 
cholesterol and triolein from Sigma Chemical Company. 

Cells 
Normal human lymphocytes  were obtained from enlarged but  not  inflamed 

tonsils, freshly removed from children and young adults at operation. The 
purification and characterisation of  the cells is described in Johnson and 
Kramers [17].  Chronic lymphocyt ic  leukaemic lymphocytes  in large numbers 
were a gift from Professor Galton and were obtained by the plasmaphoresis cell 
separator. In some cases 20-ml blood samples were obtained from patients with 
a high lymphocyte  blood count .  Platelets were removed by  defibrination and 
the lymphocytes  purified by  Ficoll density gradient separation. Any remaining 
red cells were removed by Boyle's method of  ammonium chloride lysis [19].  

Mouse normal lymphocytes  were teased out  of  the spleens of  CBA mice. 
Initially the cell culture medium used was RPMI 1640. After filtering and 
centrifuging at 200 × g for 10 min, the erythrocytes  were removed by  lysis at 
0°C for  20 s in aqueous 10 mM Tris-HC1, pH 7.5 (20°C), then cells were 
immediately diluted with an equal volume of  twice isotonic L 15. The cells 
were washed twice, being resuspended in 0.135 M NaC1, which was buffered 
with 10 mM Tris-HC1, pH 7.5 (20°C). Splenic macrophages were estimated 
using neutral red, as described for the human tonsils [17].  Any a t tempt  to 
remove them resulted in the loss of too  much lymphocyte  material, and the 
final preparation consisted of  72% viable cells of  which 11% were macrophages. 
Cell suspensions were prepared from the mouse axillary and inguinal lymph 
nodes, and from the thymus,  and were treated similarly. These were purer 
lymphocy te  suspensions, but  there was too  little material for biochemical 
analysis. 

Mouse Gardner lymphoma cells [20] were grown in the peritoneal cavity of  
CBA mice, and harvested after 10--14 days. Any erythrocytes  present were 
removed by lysis with 10 mM Tris-HC1 as described for the mouse spleen. The 
cell suspension was prepared similarly. Cell viability was 70%, and the cells 
were greater than 95% tumour  cells. 

Electron microscopy 
Cells were treated with Karnovsky's fixative [21] at 0°C. They were fixed 

with 1% OsO4 in Millonig's buffer  [22] ,  washed in water, dehydrated in 
acetone and propylene oxide and embedded in Spurt resin [23].  Sections were 
stained with 5% uranyl acetate in 1% acetic acid for ten minutes and Reynold 's  
lead citrate for two to five minutes [24].  They were coated with carbon and 
examined in a Phillips EM 300 at 60 or 80 kV. 

Preparation o f  cell membranes 
The cells were disrupted at 0°C at a cell concentrat ion of  about  2 • 107 cells • 

m1-1 by  pumping the suspension at 400 ml • h -1 through a cell disruption pump 
[25].  This ruptures the cells but  not  the subcellular particles by  forcing the 
suspension through a small orifice against a spring-loaded needle at a pressure 
of  about  28 kg • cm -2. The membrane suspension was kept  at 0--6°C and was 
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then subjected to the differential centrifugation scheme used for pig lympho- 
cytes by  Allan and Crumpton [26].  Nuclei and unbroken cells were removed 
by  centrifuging at 300 × gay for 15 min, and mitochondria by centrifuging the 
supernatant at 4000 X g,v for 15 min. The post-mitochondrial supernatant was 
centrifuged at 20 000 × ga~ for 30 min, giving the plasma membrane sample 
which was washed once in 10 mM Tris-HC1, pH 7.5 (20°C). The supernatant 
was retained. The pellets were homogeneously suspended in known volumes of  
Tris-buffered saline. 

Initially the 20 000 × ga~ pellets were suspended in a few drops of  saturated 
sucrose solution. 5 ml of  a continuous gradient 50--20% (w/w) sucrose in 
10 mM Tris, pH 7.6 (20°C), was layered on top and the samples centrifuged at 
150 000 X g ~  for 12 h then the band(s) were collected, diluted with 10 mM 
Tris, centrifuged at 90 000 X g~v for 1 h and suspended in 10 mM Tris. Mem- 
branes were stored at --70°C. The density of  the sucrose immediately above 
and below the band(s) was calculated from the refractive indices measured in 
an Abbe '  refractometer.  The 20 000 X gay surface membrane preparation from 
the tonsils appeared as a single sharp band and was not  appreciably purified by 
sucrose density gradient centrifugation. 20 000 × g~v plasma membrane prepara- 
tions from leukaemic lymphocytes  from 20 ml of  blood and Gardner lympho- 
ma cells were treated like those from the tonsil lymphocytes .  However, very 
large quantities of  leukaemic lymphocytes  were obtained from the cell separa- 
tor. These were disrupted at about  2 • 108 cells • m1-1 and further purified on a 
continuous sucrose gradient. The purification factors of  the marker enzymes 
after both  types of  preparation were similar. 

Measurement of  electron micrographs 
The lengths of  cell membranes on at least five electron micrographs of  each 

kind of  lymphocyte  were measured, using an electronic tablet linked to a PDP 
11/40 computer .  The lengths of  the perimeters of  the mitochondria were 
doubled,  as they have two membranes,  but  no allowance was made for the 
cristae of  the mitochondria.  

The percentage composit ion by length was calculated for each type  of  mem- 
brane in the three kinds of  cells. The method of  calculating the membrane 
purification factor is given in Discussion. 

Enzyme assays 
The samples were assayed for the plasma membrane marker 5'-nucleotidase 

as described by Avruch and Wallach [27],  using [3H]adenosine monophos-  
phate, except  that  the buffer  used was 0.1 M glycine/sodium hydroxide,  pH 8.5 
(20°C), and the enzyme and unused substrate were precipitated with 0.3 ml 5% 
zinc sulphate and 1 ml 0.15 M barium hydroxide solution. 

Succinate dehydrogenase,  the mitochondrial  marker, was assayed by  the 
method of  Pennington [28] as modified by  Porteus and Clarke [29].  Glucose- 
6-phosphatase, the endoplasmic reticulum marker, was assayed by a radioactive 
method similar to 5'-nucleotidase. In a total volume of 1 ml there was 0.031 M 
sodium hydrogen maleate/sodium hydroxide buffer,  pH 6.5 (20°C), 0.02 mM 
glucose 6-phosphate with 0.125 pCi [14C]glucose 6-phosphate and up to 0.5 ml 
sample. Incubation was 30 min at 37°C and the reaction was stopped and the 
unused substrate precipitated as described for 5'-nucleotidase. 
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Protein assay 
Protein was assayed as described by Lowry et al. [30] using bovine serum 

albumin as a standard, except  that  the samples and standards were initially 
suspended in a total volume of 0.5 ml, containing 5% sodium dodecyl  sulphate. 

Enzyme purification factors 
These were calculated as (activity of  enzyme/mg protein in sample)/(activity 

of  enzyme/mg protein in original cell homogenate) .  If the membrane was 
subjected to sucrose gradient purification, the factor was calculated in two 
parts, the purification up to the 20 000 × gay pellet, and the additional purifica- 
tion obtained from the gradient fraction as compared to the starting material 
for the gradient, which was kept  in 35% sucrose at 4°C while the gradient was 
centrifuged. This avoided errors due to the preservation of  5'-nucleotidase by 
sucrose, or the loss of  enzyme activity of  the other two markers due to decay. 

Lipid extraction 
The membrane preparations were made up to 0.6 ml in the Tris-buffered 

saline, and extracted with 0.8 ml methanol  and 1.6 ml chloroform, in the 
proport ions recommended by Folch et al. [31].  This method of  extracting the 
wet  membrane preparation is believed to be crucial to the phospholipid analysis 
[18]. 

Phospholipid analysis 
Total  phospholipid was assayed as described by McClare [32].  Individual 

phospholipids were assayed by thin-layer chromatography.  The plates were 
coated with Silica gel 60 F-254, and were bought  already prepared from Merck. 
The spots were visualized with the Dittmer lipid phosphate reagent [33],  and 
measured against known phospholipid standards on a 'flying spot '  Vitatron 
densitometer.  Plates were sprayed with water to remove the blue background. 
A one-dimensional solvent system was first used, which resolved cardiolipin, 
phosphatidylethanolamine and phosphatidylcholine. The solvent was 7 M 
aqueous ammonia/methanol /chloroform (1 : 6 : 15.3, by vol.). A two<limen- 
sional system was required to separate sphingomyelin, phosphatidylserine and 
phosphatidylinositol.  The solvent for the first dimension was that  described 
previously, the second was chloroform/methanol /acet ic  acid/water/acetone 
( 5 : 1 : 1 : 0 . 5 : 2 ,  byvo l . ) .  

Cholesterol was assayed using the enzyme cholesterol oxidase as described 
by  Johnson [18].  

Free fat ty acids, triglycerides, alkyl diacylglycerides (and cholesterol) were 
assayed by  thin-layer chromatography as described for the phospholipids, 
except  that  the solvent system was petroleum ether (b.p. 60--80°C)/diethyl 
ether/formic acid ( 2 5 : 2 5 : 1 ,  by  vol.) and the spots were developed by 
spraying with a saturated solution of  potassium dichromate in 70% sulphuric 
acid and heating to 140°C for 10 min [34].  The standards were oleic acid, 
triolein and cholesterol. Results were expressed as mol of  oleic acid, triolein or 
its alkyl diacylglycerides and cholesterol. 

Total fa t ty  acids in the lipid extract were methylated using the BF3 + 
CH30 procedure [35] and the H2SO4 + CH3OH procedure [36].  They were 
subsequently assayed by gas chromatography using a Varian 1400 V Gas 
Chromatograph with a glass capillary column H 269. 
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Polyacrylamide gel electrophoresis 
A 4--26% 'gradipore' polyacrylamide gradient gel slab was obtained from 

Universal Scientific Ltd. It was electrophoresed at 50 V for approximately 18 h 
at room temperature completely immersed in 5 1 of  an 0.025 M Tris-HCl/ 
0.192 M glycine buffer,  pH 8.8 (20°C), containing 0.25% sodium dodecyl  
sulphate in an Ortec electrophoresis tank. 30 ttg membrane protein was 
dissolved in 3.3% sodium dodecyl  sulphate, 20% sucrose and 0.025% bromo- 
phenol blue. The mixture was left in boiling water for 1 min before being 
applied to the gel. The protein was then electrophoresed through the gel at 
50 V for another 18 h. The slab gel was fixed for 12 h in a gel stain, containing 
2.5 g Coomassie brilliant blue, 908 ml 50% methanol and 92 ml glacial acetic 
acid/l, and destained electrophoretically in 1 1 solution containing 75 ml glacial 
acetic acid and 50 ml methanol.  The electrophoresis method was adapted from 
Maizel [37].  The gel was calibrated with 2.5 pg of  protein standards. 

Preparation of liposomes 
Mixtures of  phospholipid, cholesterol, triolein and diphenyl hexatriene in 

chloroform/methanol  (2 : 1) were evaporated to dryness in a round-bot tomed 
flask under reduced pressure. 8 nmol diphenyl hexatriene were added to 2 mg 
mixed lipids. The liposomes were prepared in 1 ml Dulbecco's phosphate- 
buffered saline, wi thout  calcium or magnesium [38].  The solution was added 
to the lipid under nitrogen, and the flasks shaken mechanically for 15 min, as 
described by Papahadjopoulos and Watkins [39],  except  that  the glass spheres 
were omitted.  Fluorescent labelling of  cells was carried out  as described by 
Johnson and Kramers [17].  In general, membranes were prepared from pre- 
labelled cells, and the diphenyl hexatriene passed through the Folch extract 
to label the liposomes. 

Fluorescence measurements 
Fluorescence polarization. Polarization values were read at 37.0 + 0.3°C 

using an Elscint MV-1 microviscosimeter. This instrument measures the polar- 
ization ratio directly, where 

p _ Ill --  I± 
III +I i  (1) 

I, is the intensity of  the polarized light emitted parallel to  the incident beam, 
and Ii  the light perpendicular to the beam. 

To correct for depolarization due to light scattering, polarization values were 
plot ted against the absorbance of  the suspension at 450 nm, and the extra- 
polated value of  the polarization for zero absorbance was taken [16].  The 
anisotropy, r, was calculated from the relation 

2P 
r - 3 -- P (2) 

Fluorescence lifetime measurements. The fluorescent lifetime of  the probe 
was measured directly at 37-+ 0.3°C using an Applied Photophysics nano- 
second spectrometer,  and Elscint electronics. The light source was a hydrogen 
or nitrogen arc, run at a pressure of  0.5 atm. The excitation wavelength was 
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364 nm, and the emitted light was filtered through 3 M NaNO2. No light- 
scattering corrections were required, and no polarizing filters at an angle of  
56 ° were needed. The best single exponential decay curve was calculated using 
a computer to deconvolute the result. 

Correlation times (p) were calculated from the Perrin equation, which can be 
written 

T r° = 1 + - -  ( 3 )  
r <p> 

r0 is the limiting fluorescence anisotropy when the probe is immobilized, and 
was taken as 0.362 [40] .  7 is the fluorescent lifetime of  the probe. 

The validity of  these measurements as applied to membranes is discussed by 
Hildenbrand and Nicolau [41] .  

Results 

The percentage of  the plasma membrane, mitochondria and endoplasmic 
reticulum in the original lymphocytes are shown in Table II. The nuclear mem- 
branes are not included, as the nuclei were removed from the material in the 
preliminary centrifugation step. Enzyme purification factors are also shown. 
The amount of  enzyme recovered varied between 80 and 110% for the 
5'-nucleotidase and succinate dehydrogenase, but the recovery of  glucose-6- 
phosphatase was only about 60% as it was too dilute to be measured in the 
supernatant after the 20 000 × gay centrifugation. 

T A B L E  II  

P R O P O R T I O N S  O F  M E M B R A N E S  

Marker e n z y m e s :  plasma membrane ,  5' -nucleot idase;  endoplasmic  ret iculum,  glucose-6-phosphatase;  mi to-  
chondria ,  succinate  dehydrogenase .  The percent  m e m b r a n e  is a percent  b y  length,  see text .  CLL, chronic  
l y m p h o c y t i c  l eukaemia .  

% 4 0 0 0  × gay Plasma membrane  
membrane  preparation 
in cell Marker % 

e n z y m e  membrane  Marker % 
purif icat ion in pellet  e n z y m e  membrane  
factor purif icat ion in pellet  

factor 

Human tonsi l  l y m p h o c y t e  
Plasma membrane  
Endoplasmic  ret iculum 
Mitochondria  

H u m a n  CLL l y m p h o c y t e  
Endoplasmic  ret iculum 
Mitoehondria  

Mouse Gardner l y m p h o m a  
Plasma membrane  
Endoplasmic  ret iculum 
Mito chondrla  

55 ± 13 2.2 ± 0 .5  (5) 51 5.9 ± 0.8 (4) 85 
22 ± 9 0 .2  ± 0 .2  (5)  3 1.2 ± 0.7 (5) 7 
23 ± 16 4 .7  ± 0 .4  (5)  46  1.4 ± 0.6 (5) 8 

54 ± 16 2 .6  ± 1.3 (4)  45  5.5 ± 0 .2  (4) 74 
9 ± 4 0 .9  ± 0 .3  (2) 3 2.2 ± 0 .5  (2) 5 

36 ± 16 4 .5  ± 1.0 (4)  52 2.3 ± 1.0 (4)  21 

33 ± 10 1 .8  ± 0 .5  (4)  33 7.9 ± 0 .8  (3)  75  
28 ± 13 0 .5  ± 0 .2  (2)  8 1.2 ± 0 .2  (2)  10 
39 ± 7 2 .8  ± 0.7 (4)  60  1 .4  ± 0 .6  (3)  16 
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Calculation of the percentage of plasma membrane in each preparation 
The specific activity of  each marker enzyme is increased by  the removal 

of  the nuclei and cytosol.  For the Gardner lymphoma,  this was 2.6 for the 
5'-nucleotidase and succinate dehydrogenase. The specific activity of  each 
membrane marker enzyme would then increase, or decrease, as the membranes 
were partially separated by  differential centrifugation. 

The percentage of  plasma membrane in a preparation was calculated from 

fplp X 1 0 0  

fplp + fmlm + fele 

where fp, fro, and fe were the purification factors for the plasma, mitochondrial  
and endoplasmic reticulum marker enzymes, respectively, and Ip, Im and le the 
lengths of  the membranes in the original cell. 10% of the nucleotidase was 
recovered in the 300 X gay pellet, 30--40% in the 4000 X gav pellet, 3 0 - 2 0 %  in 
the 20 000 X g~v pellet and 30% in the supernatant. Further data on the tonsil 
lymphocyte  5'-nucleotidase and cholesterol is given in Johnson and Nicolau 
[161. 

Table III gives the proport ions of  the phospholipids in the extracted plasma 
membrane preparations and the phospholipids in the model l iposome prepara- 
tion. The phospholipid composit ion of  the three membranes is very similar. No 
lysolipids were detected.  Proportions of  the lipids other  than phospholipids in 
the Folch extracts are shown in Table IV, and here there are significant differ- 
ences between the samples. The three chronic lymphocyt ic  leukaemia samples 
varied among themselves, from extremely low triglycerides and other  glycerides 
to values similar to those obtained for tonsil lymphocytes.  One sample had a 
greatly raised fat ty  acid content.  The Gardner lymphoma showed a progressive 
increase in glycerides and cholesterol as the tumour  was successively passaged, 
hence the large standard deviation in Tables IV and V. 

The esterified and free fat ty  acids in the Folch extract were also analysed, 
and the relevant data are stored in the BBA data bank. Those of  the tonsil and 
chronic lymphocyt ic  lymphocytes  are very similar to each other, and those of  
the Gardner lymphoma similar to the model phospholipid used in the fluores- 

T A B L E  I I I  

P E R C E N T  P H O S P H O L I P I D S  IN P L A S M A  M E M B R A N E  P R E P A R A T I O N S  

The phospho l ip ids  o f  the m o d e l  membrane  extract  were taken f r o m  a p rev ious  u n p u b l i sh ed  analysis  of  pig 
l y m p h o c y t e  plasma membranes .  CLL,  chronic  l y m p h o c y t i c  l eukaemia .  

Tonsi l  CLL Mouse Model  
l y m p h o m a  m e m b r a n e  

Cardiol ipin  < 0 . 5  < 0 . 5  1.1 - -  
Phospha t idy l cho l ine  48 .4  50 .4  45 .6  45 .8  
Phosphat id  yle t hano lamine  23.7 23 .0  24.7 28.7 
Phosphat idyl inos i t  o l  1 I .  1 7.4 13 .6  - -  
Phospha t idy l se r ine  10.6 10 .4  11 .4  12.5 
S p h i n g o m y e l i n  6.2 8.8 3.5 12.9 
% r e c o v e r y  109 92  97 
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T A B L E  IV 

T O T A L  G L Y C E R I D E S ,  T R I G L Y C E R I D E S  A N D  F R E E  F A T T Y  ACIDS IN P L A S M A  M E M B R A N E  PRE- 
P A R A T I O N S  AS A M O L A R  R A T I O  OF P H O S P H O L I P I D  

The cho l e s t e ro l / phospho l lp id  ra t io  for  the  G a r d n e r  l y m p h o m a  p lasma  m e m b r a n e  increased  f r o m  0 .30  to 
0 .45  as the  g lycer ides  increased .  CLL,  chron ic  l y m p h o c y t i c  l eukaemia .  

Lymphocyte Total glycer ides  Tr ig lycer ides  Free fa t ty  acids 

H u m a n  

Tonsi l  (3)  0 .079  0 .0 3 0  0 .026  
Range  0 .040---0 ,119 0 . 0 2 2 - - 0 . 0 4 3  0.010---0.055 
C L L  (3) 0 .051  0 ,009  0 .131  
Range  0 . 0 2 1 - - 0 . 0 8 0  0 . 0 0 2 - - 0 . 0 2 8  0 . 0 5 5 - - 0 . 2 8  

Mouse 
Spleen 0 . 030  0 .011  0 .0 4 2  
G a rdne r  l y m p h o m a  (4)  0 .179  0 .053  0 .109  
Range  0 .015---0 .295 0 ,0 0 4 - -0 .1 1  0 . 0 9 6 - - 0 . 1 3  

cence experiments. The percentage of  saturated acids is similar in all four  
samples, and differences in fluidity cannot  be at tr ibuted to changes in the com- 
position of  the phospholipid fa t ty  acids. 

T A B L E  V 

P values  for  the  h u m a n  tonsi l  and ch ron ic  l y m p h o c y t i c  l e u k a e m i a  (CLL)  cells, m e m b r a n e s  and llpo- 
some s  were  t aken  f r o m  J o h n s o n  a nd  K r a m e r s  [ 1 7 ] .  Polar iza t ion  values are the  m e a n  of  a t  least  five sam- 
pies, S.D. -+ 5%, f luorescence  l i fe t imes  were  m e a s u r e d  on  th ree  samples ,  S.D. +- 0.2 ns. To  faci l i ta te  com-  
par ison o f  these  resul ts  w i th  those  m e a s u r e d  a t  o t h e r  t e m p e r a t u r e s ,  we fo u n d  the  po la r i za t ion  o f  the  ton-  
sfl p l a sma  m e m b r a n e  inc reased  l inear ly  b y  0 . 0 0 3 3 / ° C  b e t w e e n  40  an d  3OC. The  b iochemica l  ana ly t ica l  
results  for  t he  cho l e s t e ro l / phospho l ip ld  m o l a r  ra t io  are s h o w n  ± S.D. w i th  the  n u m b e r  of  d e t e r m i n a t i o n s  
in parenthes is .  The  cho l e s t e ro l / phospho l lp id  ra t io  for  the  pu re  p lasma  m e m b r a n e  was ca lcu la ted  f rom the  
b i o c h e m i c a l  analysis  d a t a  a nd  the  p e r c e n t  of  p l a sma  m e m b r a n e  in the  p lasma  m e m b r a n e  p r ep a ra t i o n  
(Table  II) .  DPH,  d i p h e n y l  hexa t r i ene .  PM, p lasma  m e m b r a n e .  

L y m p h o c y t e  Sample  P 7 ~ p ~  Plasma m e m b r a n e  cho les te ro l /  
phospho l ip id  m o l a r  ra t io  

Biochemica l  DPH 
fluores- 
cence 

Pure 
m e m -  
b rane  
(calcu- 
l a ted)  

H u m a n  tonsi l  Whole cell 0 .214  7 .95  5.9 
PM p r e p a r a t i o n  0 , 2 4 4  8.6 8.2 
PM l i posome  0 . 2 1 4  7 .75  5.7 

H u m a n  C L L  Whole cell 0 , 224  7.8 6.2 
PM p r e p a r a t i o n  0 .248  8.3 8.2 
PM l i p o s o m e  0 . 205  8.2 5.6 

Mouse sp leen  Whole cell 0 . 2 1 4  7.9 5 .85  
PM p r e p a r a t i o n  0 ,245  8.0 7.7 
PM l i posome  0 . 226  S.3 6.8 

Mouse G a r d n e r  Whole cell 0 . 168  6.9 3.3 
l y m p h o m a  PM p r e p a r a t i o n  0 .193  8 .0  4.9 

PM l i posome  0 . 175  7.3 3.8 
Mouse t h y m u s  Whole ceB 0 , 203  7.7 5.1 
Mouse l y m p h  n o d e  Whole cell 0 .201  7 .65  5.0 

0 .42  -+ 0 .03  (6) 

0.37 ± 0 .04  (5)  

0 .41  _+ 0 .02  (2) 

0 .34  ± 0 .07  (7)  

m 

n 

0 .42  

0 ,375  

0 .4 2 5  

0 .38  

0.49 

0 .50  

0.45 
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Fig. 1. The  cor re la t ion  coef f i c ien t  or  re la t ive  m e m b r a n e  viscosi ty for  m o d e l  phosphol ip id ,  choles tero l  and 
trigiyceride membranes .  The phospho l lp id  c o m p o s i t i o n  is given in Table  I l l .  a ,  phospho l ip id  + increas ing 
mo l  ra t io  o f  cholesterol .  The bars represent  the S.D. on  five different  preparations;  ~, phospho l ip id  + 

increas ing m o l  r a t io  of  t r iolein;  o, p h o s p h o l i p i d  : choles te ro l  (2 : 1)  + increasing tool  ratio of t r iolein;  m 
phospho l ip id  : cho les te ro l  (1 : 1)  + increas ing tool  rat io  of  t r iolein.  No te  the ef fect  of  t r io le in  in counter-  
acting the  s t i f fening e f fec t  of  choles tero l .  

Fluorescence polarization measurements 
The correlation times or relative membrane viscosities of  the model phospho- 

lipid liposomes with or without  cholesterol or triolein are shown in Fig. 1. It 
will be seen that  quite small amounts of triolein in cholesterol-containing 
liposomes apparently reverses the effect of  the sterol. Table V shows the 
fluorescence polarization, lifetime and correlation time for diphenyl hexatriene 
in whole lymphocytes,  the plasma membrane preparations and the Folch 
extracts of the plasma membranes. If an allowance is made for the amount  of 
glycerides present in the Folch extract (Table III) and the 2 : 1 phospholipid : 
cholesterol against triolein curve in Fig. 1, the cholesterol : phospholipid ratio 
can be determined from the standard curve obtained from the model lipids. 
The figures are in excellent agreement with those obtained analytically. 

If it is assumed that  all cholesterol is in the plasma membrane, the cholesterol/ 
phospholipid ratio in the pure membrane can be calculated by dividing the 
cholesterol/phospholipid ratio for a given preparation by the proportion of 
plasma membrane present in that  preparation (see Table II). 

Correlation times for diphenyl hexatriene in normal mouse thymocytes  and 
lymph node lymphocytes were also measured, and are shown in Table V. They 
are very similar to that  obtained for the splenic lymphocytes + macrophages. 

Fig. 2 shows the lymphocyte  membrane proteins from both the 4000 × gay 
and the plasma membrane preparations. If one is interested in a particular pro- 
tein, it is possible to tell if it is greatly enriched in the plasma membrane, and 
whether it is found in all four types of lymphocyte.  The densities of the plasma 
membranes were 1.180, 1.152, and 1.149 g • m1-1 for the tonsil, leukaemia and 
Gardner lymphoma,  respectively. 
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Fig.  2. G r a d i e n t  gel  e l e c t r o p h o r e s i s  o f  m e m b r a n e  p r o t e i n s :  1, 4 0 0 0  × g a v  p r e p a r a t i o n  o f  h u m a n  c h r o n i c  
l y m p h o c y t i c  l y m p h o c y t e s ~  2,  a n d  3, p l a s m a  m e m b r a n e  p r e p a r a t i o n  o f  h u m a n  c h r o n i c  l y m p h o c y t i c  
l y m p h o c y t e s :  4 a n d  5, 4 0 0 0  X g a y  a n d  p l a s m a  m e m b r a n e  p r e p a r a t i o n  o f  m o u s e  G a r d n e r  l y m p h o m a  
l y m p h o c y t e s ;  6 a n d  7,  4 0 0 0  X g a y  a n d  p l a s m a  m e m b r a n e  p r e p a r a t i o n  o f  m o u s e  sp lenic  l y m p h o e y t e s ;  8 
a n d  9 ,  4 0 0 0  × g a y  a n d  p l a s m a  m e m b r a n e  p r e p a r a t i o n  o f  h u m a n  tons i l  l y m p h o c y t e s .  

Discussion 

Mem brane proteins 
From Table V, it will be seen that  there is a difference of  2.5--2.6 in the 

relative membrane viscosity (p) of  the human lymphocyte  plasma membranes 
and their lipid liposomes, whereas the difference between mouse lymphocyte  
plasma membranes and their l iposomes is 0.9--1.1. This shows that the motion 
of  the probe is more restricted by the human lymphocyte  plasma membrane 
proteins than by  those of  the mouse. The plasma membrane density figures 
suggest that  there is rather more protein in general associated with the human 
lymphocyte  plasma membranes bu t  there must  be appreciably more in the 
hydrophobic  region of  the plasma membrane. 

Van Blitterswijk et al. [43] found no difference between the polarisation of  
their enzymically uncharacterized mouse thymocy te  and T-leukaemia plasma 
membrane preparations and the liposomes prepared from them, bu t  they dried 
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their membranes before extraction, a process which Johnson [18] has shown to 
result in loss of phospholipid producing a spuriously high cholesterol/phospho- 
lipid ratio which would mask the loss of the stiffening effect  of  the protein. 

The electrophoresis gel shows a major protein band in the plasma membrane 
preparations, with a molecular weight of  about  40 000. Barber and Crumpton 
[44] have identified this as actin, molecular weight 41 700. As reported by 
Owen et al. [45] it is particularly prominent  in preparations from B lympho- 
cytes. Demus [1],  studying tonsil lymphocytes ,  did not  find a strong band in 
this region, and the density of  his plasma membrane preparations were less 
than 1.14 g .  m1-1 (33% sucrose), as opposed to our figure of  1.18 g .  m1-1. 
Marique and Hildebrand [4] also obtained a low density for their chronic 
lymphocyt ic  leukaemia plasma membranes,  1.115 g .  m1-1. Our figure was 
1.15 g .  m1-1. It seems possible that actin may be removed from the plasma 
membrane if an homogenizer is used to disrupt the lymphocytes .  

Membrane lipids 
Specific cholesterol assays and fluorescence depolarization measurements 

with diphenyl hexatriene showed that all the mouse and human lymphocyte  
plasma membranes had lower cholesterol/phospholipid ratios than had gener- 
ally been reported previously. 

The cholesterol/phospholipid ratio for the chronic lymphocyt ic  leukaemic 
cell plasma membranes reported in this paper agrees well with that reported by 
Marique and Hildebrand [4],  the only authors on Table I to extract their mem- 
brane preparation without  drying it first. Johnson [18] found that phospho- 
lipid was lost as the membrane preparation dried, giving a spuriously high 
cholesterol/phospholipid ratio. The other  authors, with the exception of  Pratt 
et al. [5] whose results are outside both limits, found cholesterol/phospholipid 
ratios of  0.69--1.02 for normal or leukaemic cells from mouse, rat or man. 
Cholesterol/phospholipid ratios as high as this would require diphenyl hexa- 
triene plasma membrane correlation times of  13--18. Pessin et al. [46] and van 
Hoeven et al. [47] have both reported increased fluidity in their cells due to 
triglycerides in vesicles, but  the polarisation and analytical results for the 
Gardner lymphoma show that in this case the glyceride occurs in the plasma 
membrane.  

From Table II it can be calculated that  the purification factor for 5'-nucleo- 
tidase in pure chronic lymphocyt ic  lymphocytes  or tonsil lymphocyte  plasma 
membranes should be about  7, and about  10 for the Gardner lymphoma.  Most 
o f  the authors in Table I measure much higher values than this. However, 
5'-nucleotidase is not  evenly distributed among the lymphocytes  themselves. 
Quagliata et al. [48] have shown that it is low in most cases of  chronic lympho- 
cytic leukaemia lymphocytes ,  and Rowe et al. [49] have shown that human B 
lymphocytes  have 3.5 times as much 5'-nucleotidase than on T cells, although 
even then only about  33% of the B cells stain positively for 5'-nucleotidase, a 
result we have confirmed for tonsil cells (Johnson, S.M. and Edwards, A.J., un- 
published data). Thus the high purification factors obtained by many authors 
in Table I may represent the product  o f  a cell selection process and a plasma 
membrane purification, and this is particularly likely to happen if the percent- 
age yield is low. 
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It will be noted that the results in this paper do not  confirm the conclusions 
of  Inbar and coworkers [11- -14] .  There was no difference in the relative mem- 
brane fluidity for human tonsil and chronic lymphocytic  lymphocytes ,  nor did 
their cholesterol/phospholipid ratios differ. The mouse Gardner lymphoma cell 
and plasma membrane were more fluid than the normal mouse  splenic lympho- 
cyte and plasma membrane, but this was due to a raised proportion of  tri- 
glycerides and alkyl diacylglycerides in the lymphoma rather than to a lowered 
proportion of  cholesterol. 

The normal and pathological lymphocytes  studied here were all very similar 
in their cholesterol/phospholipid ratios, and in their phospholipid composit ion.  
The fatty acids of  the two human lymphocyte  cell membranes were very 
similar. The gradient electrophoresis gel showed that actin was the most  
prominent protein in 3/4 of  the plasma membranes, and enabled interlympho- 
cyte comparisons to be made. The most  interesting differences are shown in 
Table IV where the proportions of  free fatty acids and glycerides varied widely, 
and may give useful clues to metabolic differences between the normal and 
abnormal lymphocytes .  
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