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ABSTRACT 

Thymocyte plasma and nuclear membranes obtained by the procedure described 
in the accompanying paper  were analyzed for their biochemical composition. 
Plasma membranes  were very rich in phospholipid, cholesterol, sialic acid; they 
did not contain nucleic acids. In comparison, nuclear membranes had a lower 
phospholipid to protein ratio and contained much less sialic acid and cholesterol. 
50% of the cellular cholesterol and of the membrane-bound sialic acid were found 
in the plasma membranes,  14% in the nuclear membranes.  Live cells were 
labeled with lalI, and the acid-insoluble radioactivity was followed in the 
subfractions. A good correlation with the distribution and enrichment of plasma 
membrane marker-enzymes was obtained. Label enrichment was about 50-fold in 
the two lightest of the three plasma membrane fractions. 60% of the label was 
contained in the plasma membranes,  only 4% in the nuclear membranes,  Cross- 
contamination of these two types of  membranes was thus negligible. Sodium 
dodecyl sulfate-gel electrophoresis revealed three different patterns specific for, 
respectively, plasma membranes,  the microsomal-mitochondrial fraction, and 
nuclear membranes.  Each pattern was characterized by a set of proteins and 
glycoproteins, among which high molecular weight glycoproteins could be consid- 
ered as marker-proteins of, respectively, 280,000,260,000,  and 230,000 daltons. 
131I-labeling of live cells tagged with a very high specific activity three glycopro- 
teins of tool wt 280,000, 200,000, and 135,000 daltons. Nuclear membranes 
prepared from labeled isolated nuclei had a set of labeled proteins completely 
different from plasma membranes.  
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In the preceding paper, we described a procedure 
for thymocyte subfractionation, yielding within a 
short time and with a high recovery, plasma 

membranes on the one hand, and nuclear mem- 
branes on the other (40). On the basis of ultra- 
structural and enzymatic studies, these mem- 
branes appeared to be well separated from mito- 
chondria, microsomes, and other organelles. The 
biochemical characterization of the subcellular 
fractions is reported in this paper. The distribution 
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pared  with tha t  of  marker -enzymes .  Radioact ive 
iodine labeling of live cells was per formed,  and  
the labeled proteins  were followed in the  subeel- 
lular fract ions in o rder  to trace the  componen t s  of  
the cell surface. Finally, the e lect rophoret ic  pat- 
terns of the  proteins  of the  different  types of 
m e m b r a n e s  were studied,  and  it was possible to 
assign to each m e m b r a n e  fract ion one  or  several 
marke r  proteins.  

M A T E R I A L S  A N D  M E T H O D S  

Cellular and Subcellular Fractionation 

The procedures applied for cellular and subcellular 
fractionation were deseribod in the accompanying paper 
(40). 

Analytical Procedures 

Protein determinations were performed according to 
Lowry et al. (33). Lipids were extracted from the 
preparations with 20 vol of chloroform-methanol 2:1 
(wt/vol) and purified according to Folch et al. (18). The 
lipids were solubilized in chloroform and analyzed for 
cholesterol content according to Kates (29), and for 
phospholipid content according to Ames and Dubin (4). 
Pbospholipid phosphorus was converted to phospholipid 
(PLP) by using a multiplication factor of 25. 

Sialic acid was measured according to Svennerholm 
(50) and Warren (55) with some modifications. The 
samples were hydrolyzed in 0.1 N HCI for 1 h at 80"C, 
neutralized, mixed with 10-15 voi of ice-cold ethanol, 
and kept at - 20"C for at least 2 days. By this procedure, 
the bulk of nucleic acids and some other contaminants 
were precipitated, whereas siallc acid was not. The 
alcoholic supernates were then applied to 3 g wet AG 2- 
X8 Biorad resin columns (Bio-Rad Laboratories, Rich- 
mond, Calif.), and eluted with 0.6 N formic acid. The 
eluates were lyophilized and subjected to the Warren 
procedure. The spectrum of the developed color was 
identical, in all membrane fractions, to that given by 
synthetic N-acetyl-neuraminic acid (Sigma Chemical 
Co., St. Louis, Mo.). The yield of the method was 75%. 
In the fractions containing large amounts of nucleic acids 
(homogenate, nuclei), sialic acid could not be safely 
estimated, due to some persisting traces of nucleic acids. 
Therefore, enrichment and yield of sialic acid were given 
(a)  as compared to the homogenate (uncorrected val- 
ues), and (b)  as compared to the sum of the sialic acid 
recovered in fractions 1 to 4 and in nuclear membranes 
(corrected values). 

RNA was determined according to Mejbaum (35), as 
modified by Moul~ (41). DNA was measured by the 
method of Burton and Peterson (8). 

Sodium Dodecyl Sulfate Acrylamide 
Gel Electrophoresis 

Slab gels, accommodating 12 samples, were made 
according to Laemmli (31) and Neville (42). Acrylamide 

linear gradients were from 6 to 12%. A 3% stacking gel 
was used. Acetone-delipidated samples (30 rain at 
-20"C) and nondelipidated samples were compared. 
Dissolving buffers were, in the Laemmli system: Tris- 
HC1 pH 8.9, 300 raM, EDTA 1%, sodium dodecyl 
sulfate (SDS) I%,  /3-mereaptocthanol 1%; in the Ne- 
ville system: sodium carbonate 50 raM, SDS 1%, ~- 
mereaptoethanol 1%. The samples were boiled for 2-5 
min and mixed with bromophenol blue and sucrose (final 
concentration 20%). A constant current of either 15 or 
30 mA was applied. Gels were either fixed with metha- 
nol (50%) acetic acid (7.5%) and stained with Coomas- 
sic Blue, or processed according to Fairbanks et al. (16) 
for periodic acid-Schiff (PAS) staining of the glycopro- 
teins. Gels submitted to PAS staining could be stained in 
a second step by Coomassie Blue, provided they were 
carefully rinsed (0.2% sodium metablsulfite, 1 or 2 days; 
7.5% acetic acid, several hours). Some gels were proc- 
essed according to Kelly and Cotman (30), in order to 
visualize mannose-containing glycoproteins by the se- 
quential application of concanavalin A, horseradish per- 
oxidase, and 3,3'-diaminobenzidine. Nonglycoprotein 
marker proteins were not stained. The gels were scanned 
in a Vernon gel scanner, model PHI-5 (Paris). 

Radioiodination of  Cells and of  Nuclei 

Freshly dissociated cells were washed several times in 
cold Hanks' medium and suspended at a concentration 
of 1.5 x 108 cells/ml. 6 ml of this suspension were 
layered over a cushion of 8 mi of a metrizoate sodium- 
Ficoll solution (Lymphoprep, Nyegaard, Oslo), and 
centrifuged at 15"C for 10 rain at 400 g. The cellular 
layer obtained at the interface was diluted with Hanks' 
solution containing 20 mM glucose. Damaged cells 
(trypan blue positive) accounted for 0.5-1% of the cells 
at most. 

In parallel, lymphocyte nuclei were prepared accord- 
ing to Blobel and Potter (6), using a 73% sucrose 
cushion, and resuspended in TKM buffer containing 20 
mM glucose, at the same concentration as cells. Cells 
and nuclei, at a final concentration of 7 x 10~/mi, were 
incubated at 4"C for 20 min with iactoperoxidase (Sigma 
Chemical Co., type V, 4-40 ~g/ml), glucose oxidase 
(Sigma Chemical Co., 0.5 U/ml) and carrier-free NalStI, 
40 mCi/ml (The Radiochemical Centre, Amersham, 
England) according to Hubbard and Cohn (25). At the 
end of the iodination step, the dead cell count did not 
exceed 1%. The cells and the nuclei were then centri- 
fuged through fetal calf serum containing 50 mM Na I, 
to wash them free from the radioactive iodination me- 
dium. They were further rinsed four to five times in 50 
ml of Hanks' solution (cells) or TKM (nuclei) containing 
50 mM NaI. The cells and nuclei were then mixed with 
twice their number of unlabeled cells or nuclei, and 
fractionated as previously described (40), the 35% su- 
crose layer being omitted so as to get fractions 1 and 2 
combined in one fraction called P. Throughout the 
fractionation steps, acid-insoluble radioactivity was mea- 
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sured by the "disk batch" method (25). Counting was 
performed in an Intertechnique Gamma spectrophotom- 
eter CG 30 (Paris, France). Cells, nuclei, and fractions 
were delipidated, dissolved in SDS-containing buffer, 
and subjected to eleetrophoresis in Neville-type gels. 
The gels were stained, dried on a drying plate, and 
autoradiographed (Kodirex film, Kodak, Paris, France). 
Exposure times were from 12 h to 5 days. 

Materials 

Chemicals were obtained from the same sources as 
previously indicated (40). Acrylamide and bis-acrylam- 
ide were obtained from Koch-Light Lab. Ltd, England. 
Molecular weight markers were pig thyroglobulin (tool 
wt 320,000), calf myosin (tool wt 200,000), fl-galacto- 
sidase (tool wt 135,000), ~phosphorylase (tool wt 
94,000), kindly provided by J. Torresani, R. Whalen, 
A. Ullmann, and M. Morange. Other molecular weight 
marker proteins were obtained from Boehringer, Mann- 
heim, Germany. Fetal calf serum was obtained from 
Flow Laboratories, Scotland, and carrier-free NatalI 
from the Radiochemical Center, Amersham, England. 

R E S U L T S  

As shown in the preceding paper (40), a first 
gradient yielded directly from the homogenate the 
bulk of plasma membranes in the floated fractions 
1 to 3. Plasma membranes were most enriched in 
the two lightest fractions 1 and 2 (P), but some 
Golgi vesicles co-purified with them. Two other 
fractions, E and 4, composed mainly of micro- 
somes, ribosomes, and mitochondria, were ob- 
tained from the same gradient, as well as a pellet 
of pure nuclei. From these DNase-treated nuclei, 

nuclear membranes were floated in a second 
gradient, yielding a light fraction, called LNM, 
and a denser fraction, HNM.  

Composition o f  the Fractions 

Tables I to IV give the composition in proteins, 
PLP, cholesterol, sialic acid, and nucleic acids of 
the subcellular fractions, and the distribution of  
such components among them. 

PLP represented more than 50% of the dry 
weight of fractions 1 and 2~ which contained 3.6 
and 2 /zmol PLP/mg protein (Tables I and II). 
Cholesterol accounted for 12% of the dry weight 
of fractions 1 and 2, amounting to 1.2 and 0.9 
/zmol/mg protein (Tables I and II). PLP was 
enriched 36-fold, and cholesterol 42-fold, in these 
two fractions (Table IV). Fractions 1 and 2 con- 
tained, respectively, 26 and 18 /~g of sialic acid/ 
mg protein, which corresponded to a 56-fold 
average enrichment (Tables II and IV). Fractions 
1 and 2 had an exceedingly low R N A  content, 
and no D N A  (Tables I and II). 

By comparison, fraction 3 had a lower phospho- 
lipid to protein ratio, 0.65 as compared to 1.86 in 
combined fractions 1 and 2. However ,  the choles- 
terol to phospholipid ratio slightly increased in 
fraction 3 (Table II). As compared to fractions 1 
and 2, the sialic acid content was lower, 8 / zg /mg  
protein, whereas the R N A  content was higher 
(106/xg/mg protein) (Table II). 

The plasma membrane fraction (1 to 3) thus 
contained 40% of the total PLP, and close to 50% 

TABLE 1 

Composition of Thymocyte Subcellular Fractions, as a Percentage of Dry Mass 

Protein PLP Cholesterol Si~llc acid (A)" RNA DNA 

Homogenate 75.2 3.9 0.7 0.06 1.5 18.6 
Plasma mem- 

branes 
I 23.4 64.7 l 1.2 0.6 0.1 0 
2 33.8 53.0 12.2 0.6 0.4 0 
3 51.9 33.7 8.3 0.4 5.5 0.06 

Fractions E + 4 68.9 19.3 3 0.2 8.1 0.6 
Nuclei 76.5 3.5 1.5 Not 0.54 18.2 

measurable 
Nuclear mem- 

branes 
LNM 41.2 52 5 0.2 1.5 0 
HNM 73.8 21.3 1.5 0.2 3.0 0.04 

The values given are means of at least six separate experiments. The SEM is about _+ 10% of each value, except for 
nuclei for which data are more scattered (-+25% for PLP and cholesterol). 
* See Materials and Methods (A, uncorrected values). 
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of the total cholesterol and sialic acid (Table III). 
The composition of the nuclear fraction appears 

in Table I. DNA amounted to 18.2% in dry 
weight of this fraction (84% of the homogenate 
DNA was recovered in the gradient, 83.7% in the 
nuclear fraction). The PLP and cholesterol con- 
tent of nuclei was totally recovered in the nuclear 
membranes floated from the DNase-treated nu- 
clei. As compared to plasma membranes, nuclear 
membranes had a lower phospholipid to protein 
ratio (0.88), a much lower cholesterol to phospho- 
lipid molar ratio (0.19 in LNM and 0.14 in HNM, 
Table I[), and a relatively low sialic acid content, 
3-5 ttg/mg protein (Table II). No free sialic acid 
could be detected in nuclei. Nuclear membranes 
contained about 14% of the total cholesterol and 
membrane-bound sialic acid, as compared to 
about 50% in plasma membranes (Table III). 

Fractions E and 4, studied for comparison and 
shown by electron microscopy to contain ribo- 
somes, fibrils, tubules, as well as rather dense 
membranous organelles, had a lipid to protein 
ratio and a sialic acid to protein ratio much lower 
than those of the floated fractions. Fraction 4 
contained the highest percentage of RNA. 

SDS Gel Electrophoresis o f  

the Fractions 

To allow for careful comparison of apparent 
molecular weights, slab gradient gels were pre- 
pared in two different systems, according to La- 
emmli (31) or Neville (42). All molecular weights 
given in daltons, were determined by following 
the migration of proteins with a known molecular 
weight up to 320,000. No correction was made 

TABLE II 

Composition* of Thymocyte Plasma and Nuclear Membranes 

Cholesterol 
PLP Cholesterol to PLP Sialic acid R N A  D N A  

(rag) ( tamol) (rag) (p~ol)  (ratio) (rag) (rag) (rag) 

Plasma mem- 
branes 

1 2.76 3.6 0.48 1.24 0.34 0.026 0.004 0 
2 1.57 2.0 0.36 0.93 0.46 0.018 0.012 0 
3 0.65 0.84 0.16 0.41 0.49 0.008 0.106 0.001 

Nuclear mem- 
branes 

LNM 1.26 1.63 0.12 0.31 0.19 0.005 0.036 0 
HNM 0.29 0.37 0.02 0.05 0.14 0.003 0.041 0.001 

* mg or tzmol/mg protein. 

TABLe III 

Subcellular Distribution* of Main-Membrane Components and of Acid-lnsoluble ~I  

Sialic acid* 

Proteins PLP Cholesterol A B Izl I 

Plasma mem- 
branes 

1 1061 f f 1 2 0.61 1.64 1 8 . 8  39.8 23.8 48.4 1 2 . 3  25.3 23.8 49 
3 0.83 10.4 14.3 7.6 14.7 

Fractions E + 4 6.45 34.8 30.3 19.0 36.8 
Nuclear mem- 

branes 
LNM 1 24.3 t 27.8 13 4.7 9.1 
HNM 0.64 } 1.64 3.5 , 1.4 t 14.4 2.6 t 7.3 5 t 

Recoveryw 9.7 103 93 52 100 

14.1 

38 f 60.1 
22.1 
34.5 

4.1 

98.7 

* % of the homogenate. 
~t See Materials and Methods (A, uncorrected values; B, corrected values). 
w Recovery in fractions 1 to 4 and in nuclear membranes. 
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TABLE IV 
Relative Enrichments Over Homogenate of Plasma Thymocyte Membrane Components in Plasma and Nuclear 

Membrane Fractions* 

Sialic acid~ 
Alkaline phos- Ouabain-scn~ y-glutamyl 

PLP Cholesterol A B phatase tire ATPase transferase Acid-insoluble 131I 

Plasma mem- 
branes 

1 + 2 36 42 29 56 72 45 47.3 47 
3 12.5 17.2 10.7 20.5 23.5 28 23.5 27 

Nuclear mem- 17 8.8 8.6 16.5 6.6 3.2 0.5 Not 
branes measurable 

* Homogenate values taken for 1. 
See Materials and Methods (A, uncorrected values; B, corrected values). 

of lipids, sialic acid, and nucleic acids was com- 
for the estimation of the molecular weight of 
glycoproteins. 

Three different and reproducible patterns 
emerged, one characteristic for plasma mem- 
branes, (especially fractions 1 and 2), one for the 
microsomal-mitochondrial fractions E and 4, and 
one for nuclear membranes. They are shown in 
Figs. 1-3. 

Plasma membranes (1 and 2) displayed at least 
35 Coomassie Blue stained bands. Band A of mol 
wt 280,000, band C of mol wt 68,000-70,000, 
band D of mol wt 45,000, and several lower 
molecular weight bands were prominent. Rather 
diffuse but characteristic bands were located 
around mol wt 200,000 and 135,000 (Figs. 1 and 
2). These two regions, as well as band A, were 
Schiff positive. Concanavalin A binding allowed 
the detection of many more glycoproteins than the 
Schiff procedure, including band C (Fig. 3). Den- 
sitometric profiles of glycoproteins stained by both 
methods were not comparable. 

Microsomes and mitochondria were present 
mainly in fractions E and 4 (40). Highly enriched 
mitochondrial and microsomal fractions were pre- 
pared from the homogenate (24) and analyzed in 
parallel in gels (not shown). As expected, they 
proved to be quite different from one another, but 
fractions E and 4 clearly displayed the two sets of 
proteins. Their gel electrophoresis pattern was 
characterized by major bands of mol wt 230,000 
(band B), 50,000-52,000, and 45,000 (Figs. 1 
and 2). Concanavalin A only weakly stained these 
major bands, but sharply contrasted bands at mol 
wt 200,000, 130,000-150,000, and 68,000- 
70,000 (Fig. 3). The Schiff procedure was not 
sensitive enough to detect bands in these fractions. 
Fractions E and 4 completely lacked band A, a 

Flou~ 1 SDS gel electrophoresis, Laemmli-system, 
acrylamide gradient 6-12%, Coomassie Blue staining. 
From left to right: fraction 1 (lightest plasma membrane 
fraction), light nuclear membranes, fraction E. Scale, 
mol wt x 10 -s. 

major plasma membrane component. Fraction 3 
had a pattern intermediate between those of frac- 
tions 1-2 and of fractions E-4, displaying, for 
instance, both bands A and B. 

Nuclear membranes had again a very different 
pattern (Figs. 1 and 2). Major bands were found 
at mol wt 260,000 (band N), 120,000, 68,000- 
70,000, 52,000, and 42,000. The region from 
68,000 to 70,000 daltons clearly contained many 
components (Fig. 1). However, the bands of mol 
wt 260,000 68,000-70,000, and 42,000 de- 
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F m u ~  2 SDS gel electrophoresis, Neville system, acrylamide gradients 6-12%, Coomassie Blue 
staining. From left to fight: fraction 1, light nuclear membranes, fractions 2, 3, 4. Scale, mol wt x 10 -a. 

FIGURE 3 SDS gel eleetrophoresis, Laemmli system, 
acrylamide gradient 7-12%. Two identical gels were run 
in parallel, using the same power supply. One was 
stained for proteins with Coomassie Blue, one was 
processed according to Kelly and Cotman for glycopro- 
teins (concanavalin A binding) (30). From left to fight: 
fraction E, Coomassie Blue; fraction E, glycoprotein 
stain; fraction 2, glycoprotein stain; light nuclear mem- 
branes, glycoprotein stain; light nuclear membranes, 
Coomassie Blue stain. Scale, mol wt x 10 -a. 

creased in intensity when DNase treatment was 
lengthened or took place at room temperature 
(Fig. 2). Band N was intensely stained by both the 
Schiff procedure and concanavalin A binding, this 
last technique revealing additional glycoproteins 
at mol wt 120,000, 68,000-70,000,  and 52,000. 
Nuclear membranes lacked band B, a major com- 
ponent of the microsomal-mitochondrial fraction, 
and inconstantly contained a faint band A. 

Each of the gel patterns described was repro- 
ducible, from the point of view of both their set of 
components and the relative proportions of these 
components.  In particular, the high molecular 
weight glycoproteins A, B, and N, well separated 
on Neville-type gels, were characteristic for each 
fraction. Controls were performed to assess the 
validity of the estimated molecular weight. The 
addition, throughout the subcellular fractionation, 
of 0.1 mM phenylmethylsulfonylfluoride, a drug 
which inhibits proteases (chymotrypsin, trypsin), 
did not change the electrophoretic pattern. Frac- 
tions 1, 2, and 4 were subjected to DNase I and 
high ionic strength under  the same conditions as 
the nuclear membranes.  Although densitometry 
revealed the fading of some bands, such treat- 
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ment did not modify the apparent migration of the 
components. Electrophoresis of fraction I mixed 
with LNM was performed; the pattern obtained 
resulted from the superposition of the two sets of 
bands, but there was no shift in the apparent 
molecular weight of any constituent. Finally non- 
delipidated samples provided protein gel electro- 
phoresis patterns similar to those of delipidated 
samples, indicating that proteins above mol wt 
30,000 were not dissolved in the acetone phase. 

[1311]lodine Label ing o f  Cells 

and Nuclei 

Live cells were iodinated by the lactoperoxidase 
method, in order to identify membrane compo- 
nents located at the cell surface (25). Isolated 
nuclei were iodinated in parallel, to compare 
labeled nuclear membranes with labeled plasma 
membranes. Such an analysis was completed by 
the estimation of intracellular labeling performed 
throughout the fractionation steps. 

One of the most critical conditions to insure a 
predominant cell surface labeling was the integrity 
of the cells. This appears clearly in Table V, which 
shows the distribution of acid-insoluble iodine in 
the subcellular fractions of two separate experi- 
ments, one performed on a cell population com- 
prising 4-5% dead cells (experiment 1), the other 
performed on a cell population with only 0.5% 
dead cells (experiment 2). 60% of the acid-insol- 
uble radioactivity was present in the plasma mem- 
brane fractions in experiment 2, 28% in the 
plasma membrane fractions in experiment 1. In 
the case of live cells, the specific radioactivity of 
fraction P was about 50 times higher than that 

homogenate. Still, about 30-35% of the acid- 
insoluble label was found in the microsomal-mito- 
chondrial fraction, and 5% in nuclei. When iso- 
lated nuclei were labeled, 80% of the acid-insolu- 
ble label was recovered in the nuclear membrane 
fractions. 

Autoradiographs of fractions from cells labeled 
in vivo from two separate experiments are shown 
in Figs. 4 and 5. As the specific activity of the 
fractions decreased dramatically from the surface 
towards the inside of the cell, the protein load had 
to be modulated to obtain comparable autoradi- 
ographs for all fractions on one slab gel. (10 times 
more proteins for fraction 4 than for plasma 
membranes, at least 200 times more for nuclear 
membranes.) 

Fig. 4 was derived from an experiment in which 
labeling was performed at 20~ in the presence of 
lactoperoxidase, 4 /~g/ml. The homogenate elec- 
trophoretic pattern showed two major bands at 
mol wt 45,000 (band D) and 31,000, and addi- 
tional bands especially in the high molecular 
weight region, corresponding to bands seen in the 
P fraction. The plasma membrane fractions (P) 
displayed three highly radioactive bands in the 
high molecular weight region, of mol wt 280,000 
(band A), 200,000, and 135,000. Aside from 
these major components, four other bands of mol 
wt 165,000, 90,000, 45,000, and 31,000 were 
strongly labeled, and several others were less 
radioactive. The same bands were seen in fraction 
E, although the specific radioactivity of each band 
was much lower, and especially so for the 280,000 
mol wt band. In fraction 4, all the high molecular 
weight bands characteristic of the plasma mem- 
branes were no longer seen (except when the gel 

TABLE V 
Acid-Insoluble [131l]lodine: Distribution* and Specific Activity~- in Subcellular Fractions 

Experiment 1 Experiment 2 

Yield Specific activity Yield Specific activity 

(%) (%) 
Plasma mem- 

branes 
t 473 1 + 2 9.4 27.2 11.6 38 60 

3 17.8 21.4 22.1 26.6 

t 5.3 Fraction E 22.4 9.8 13.8 34.5 
Fraction 4 14.2 39.6 3.9 20.7 5.4 
Nuclei 33 0.54 5.1 0.08 

In experiment 1,4-5% of the iodinated cells were trypan blue positive, in experiment 2, only 0.5%. 
* Expressed as a percentage of acid-insoluble [J3q]iodine in the homogenate (100%). 
:!: Expressed by taking the homogenate specific activity as 1. 
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Floum~ 4 Autoradiograph of a gel containing fractions 
from taXI-labeled cells. (99% live cells). Ceils were 
labeled at 20"C. Neville system, aerylamide gradient 6- 
12%. From left to fight: fraction 4, fraction P (1 + 2), 
fraction E, homogenate. Scale, tool wt x 10 -3. 

was loaded with high amounts of proteins); band 
D was present, as well as several bands of low 
specific activity located between mol wt 135,000 
and 50,000. 

Fig. 5 was taken from an experiment in which 
labeling was performed at 4"C in the presence of 

lactoperoxidase, 40 /zg/ml. An aliquot of cells, 
washed three times after labeling, was subjected 
to electrophoresis. The pattern obtained was com- 
parable to that of a homogenate of cells labeled at 
20"C, except for an additional, strongly radioac- 
tive doublet corresponding to the iodinated lacto- 
peroxidase, seemingly tightly bound to the ceils. 
As to the subcellular fractions, the patterns were 
almost identical to those obtained from cells la- 
beled at room temperature. The three major 
labeled protein species in plasma membranes (mol 
wt 280,000, 200,000, and 135,000) were seen in 
more inner fractions with sharply decreasing in- 
tensities, band A disappearing almost completely 
in fractions 4 and LNM. 

Fig. 6 shows autoradiographs from labeled 
plasma membranes and from nuclear membranes 
derived from isolated, labeled nuclei (I-NM on 
Fig. 6). The patterns were totally different. The I- 
NM fraction was characterized by one very radio- 
active band of mol wt 68,000-70,000. Additional 
labeled bands were of tool wt 260,000 (band N), 
120,000, 110,000, 85,000, 55,000, and 45,000. 

It is thus clear that when live thymocytes were 
labeled, the SDS gel electrophoresis migration 
patterns obtained from all intracellular fractions 
resembled the plasma membrane fraction (P) pat- 
tern, indicating a low but detectable contamina- 
tion of inner fractions by plasma membranes. 

Fxou~ 5 Autoradiograph of a gel containing fractions from xSlblabeled cells (99% live cells). Cells 
were labeled at 4~ in the presence of 40/zg/mi iactoperoxidase. Neville system, acrylamide gradient 6- 
12%. From left to right: cells (LPO, lactoperoxidase), fractions P and 3 (plasma membranes), fraction E, 
fraction 4, light nuclear membranes. Scale, tool wt x 10 -3. 
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Fmoms 6 Autoradiograph of a gel containing, on the 
left, light nuclear membrane isolated from lalI-labeled 
nuclei, on the right, plasma membranes isolated from 
lalI-labeled cells (labeling at 4~ Scales, tool wt x 
10-a. 

However, some intracellular labeling had also 
occurred, as evidenced by a diffuse labeling seen 
in autoradiographs from cells, homogenate, and 
fraction 4. The specific activity of each of the 
composing bands was generally very low, except 
for bands of mol wt 160,000 in nuclear mem- 
branes, of tool wt 110,000 in fractions E and 4. 
This indicates that, aside from these two excep- 
tions, the intracellular label was diluted in a very 
large pool of proteins and represented a rather 
low background. 

On the contrary, electrophoretic patterns of 
fractions obtained from samples containing 4% 
(or more) dead cells were very different from 
those described in the case of live cells. In partic- 
ular, the high molecular weight species character- 
istic for plasma membranes were much less la- 
beled than other proteins of generally lower mo- 
lecular weights, which were not seen in autoradi- 
ographs from samples containing less than 1% 
dead cells. The importance of the intracellular 
labeling in such samples precluded any conclusion 
concerning the subcetlular localization of the la- 
beled proteins. 

DISCUSSION 

In the preceding paper, a simple method was 
described for preparing large quantities of highly 

purified thymocytc plasma and nuclear mem- 
branes (40). Confidence in the assessment of 
purity and yield was obtained by the convergence 
of several independent marker-enzyme measure- 
ments. The chemical analysis of such membranes 
was thus warranted. 

Among the various membrane types found in 
eukaryotic cells (14, 23), and in lymphocytes in 
particular (2, 3, 11, 13, 17, 34, 37, 53), plasma 
membranes have generally the highest PLP to 
protein ratio, as well as the highest cholesterol 
to PLP ratio. Golgi membranes, considered to be 
plasma membrane precursors to a certain degree, 
are also rich in PLP and cholesterol. Of all other 
fractions, thymocyte fractions 1 to 3, containing 
the bulk of plasma membranes as well as some 
Golgi vesicles (40), had indeed a higher content 
of PLP and cholesterol than all other fractions 
(Tables I to IV). If cholesterol imparts rigidity to 
membranes, as it is usually assumed, then our 
finding of a relatively low cholesterol to PLP 
molar ratio would reflect the great plasticity 
characteristic of T-cell plasma membranes. The 
plasma membrane fractions were also, by far, 
the richest in sialic acid. They contained 50% of 
the membrane-bound sialic acid (Table III). Val- 
ues of 5% (44) and 3.4% (53) were reported 
with other methods. Our plasma membrane frac- 
tions were totally devoid of DNA,  a result com- 
parable to that of Melera et al. (36). Three 
fractions enriched in plasma membranes were 
obtained. The PLP to protein ratio decreased 
from fraction 1 to fraction 3, as could be ex- 
pected from their buoyant densities. This was 
probably explained by an increasing contamina- 
tion of plasma membrane vesicles by intracellular 
proteins in fractions of increasing buoyant den- 
sity (40). However, the cholesterol to PLP ratio 
slighty increased from fraction 1 to fraction 3, 
indicating that, besides the varying degrees of 
plasma membrane purity in the three fractions, 
some heterogeneity occurred within the plasma 
membrane vesicles themselves. It may be that 
disruption of thymocytes leads to segregation of 
plasma membrane domains which are not strictly 
equivalent on the basis of their composition. A 
similar phenomenon has been described in the 
case of parenchymal cells possessing a defined 
polarity (57). 

When compared to the plasma membranes, 
the nuclear membranes of thymocytes had a 
much lower PLP to protein ratio, a common 
finding in nuclear membranes from various other 
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cell types (28, 58). However, at least for LNM, 
the PLP to protein ratio was much higher than 
previously reported for lymphocyte nuclear 
membranes (26, 46). Sialic acid was definitely 
present in the nuclear membranes, but only a 
small quantity (Tables I to IV). Sialic acid had 
previously been found in liver nuclei (7, 28), and 
we have presented ultrastructural evidence for 
the presence of glycoproteins on the cisternal 
faces of both nuclear membranes of thymocytes 
(38). Our method yielded nuclear membranes 
totally stripped of DNA. Tightly bound RNA 
was still present, however, although the mem- 
branes had been subjected to high ionic strength. 

Of more practical interest is the demonstration 
that each type of membrane was characterized 
by a special SDS gel electrophoresis pattern, and 
had specific markers, essentially in the high 
molecular weight domains. In trying to compare 
our SDS electrophoresis analysis with that of 
others (9, 10, 13, 32, 47, 49, 52, 54), we 
sometimes encountered difficulties due to dis- 
crepancies in apparent molecular weight estima- 
tions, especially in the high range. However, 
certain assumptions being made, the pattern that 
we obtained had some features in common with 
some of the published analyses (9, 10, 32, 47, 
49, 54). Our plasma membranes were character- 
ized by a number of high molecular weight 
glycoproteins. The largest one, band A, of an 
estimated mol wt of 280,000, was certainly very 
rich in carbohydrates, as it was strongly Schiff 
positive and could bind concanavalin A. It was 
also a major protein species according to Coo- 
massie Blue staining. High molecular weight 
glycoproteins have been detected on the surface 
of a number of lymphocyte cells (9, 10, 19-21, 
45, 47, 49, 51, 52). The molecular weights of 
these components were considered to be in the 
range of 120,000-200,000. Because in such re- 
ports gels were not calibrated in the high molec- 
ular weight region, the apparent molecular 
weights of some of the glycoproteins were possi- 
bly underestimated. In the 200,000-dalton re- 
gion, we found several bands, some of them 
glycoproteins. One co-migrated with calf myosin. 
Quantitatively, abundant proteins were found in 
the mol wt 70,000 region. Another  major com- 
ponent, band D (45,000 daltons), co-migrated 
with calf actin. The proteins of mol wt 200,000 
and 45,000 could be candidates for membrane- 
bound contractile proteins, particularly because 
we detected microfibrils connected with some of 

the plasma membrane vesicles (40). Barber and 
Crumpton characterized actin in lymphocyte 
plasma membrane fractions (5). Myosin has been 
shown to exist on the surface of cultured fibro- 
blasts (43, 56), and to redistribute in lymphocytes 
during capping of surface Ig (49). However, the 
presence of myosin or actin in plasma membrane 
fractions is not established beyond question, as it 
could possibly be explained by contamination or 
adsorption. Data concerning the linkage of con- 
tractile proteins to membranes are still missing. 
In another connection, Zimmerman described a 
major antigenic material in the mol wt 45,000 
region, from lymphoid cell surfaces (59). 

To our knowledge, no lymphocyte nuclear 
membranes have yet been analyzed by gel elec- 
trophoresis. The pattern that we obtained for 
LNM differed in many respects from those of 
plasma membranes and of band 4. The major 
glycoprotein N of 260,000 apparent mol wt, best 
revealed in the Neville system, was unique to 
nuclear membranes, as was another protein of 
120,000 daltons. The quantitatively dominant 
set of proteins was found to be around 67,000 
daltons. In that region, Blobel and co-workers 
described three proteins of 67,000, 68,000, and 
69,000 daltons which they showed to be the pore 
complex-lamina of nuclei (1, 15). These authors 
reported a partial solubilization of such proteins 
by a high concentration of divalent cations. This 
did not seem to be the case for thymocyte nuclear 
membranes. 

We, thus, have demonstrated that specific 
"marker"  proteins can be assigned to, respec- 
tively, plasma membranes and nuclear mem- 
branes of thymocytes. This can be taken as proof 
of a very low degree of cross-contamination of 
the two types of membrane fractions. 

Another,  independent proof was obtained 
from the ~aq-labeling of live thymocytes. As 
already discussed, the integrity of the cells was 
essential to obtain a very high specific activity in 
plasma membranes, as opposed to the lowest 
possible intracelhilar labeling. Indeed, the sub- 
stantial trapping of iodine by damaged (trypan 
blue positive) cells has been well established (22, 
25, 27). The distribution and enrichment of acid- 
insoluble radioactive labels exactly matched that 
of the marker-enzymes. Table V shows that 60% 
of the acid-insoluble radioactive label was found 
in the plasma membrane fractions. The two 
lightest fractions (1 and 2) had the highest spe- 
cific activity, close to 50 times that of the homog- 
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enate (Table V). Such an enrichment factor was 
very similar to those obtained for plasma mem- 
brane marker enzymes (Table IV). 

The major radioactive proteins could be safely 
identified as surface-located components for sev- 
eral reasons. Firstly, their presence and promi- 
nence were obvious only when the iodinated 
samples contained more than 99% live cells. 
When the proportion of dead cells increased, the 
corresponding bands in gels were obscured by a 
high and mostly diffuse labeling in all molecular 
weight regions. Secondly, proteins of very high 
specific radioactivity were found only in the light 
membrane fractions 1 to 3. Thirdly, isolated, 
radiolabeled nuclei and their derived nuclear 
membranes displayed entirely different autora- 
diograph patterns. Such findings confirmed the 
plasmalemmal origin of light fractions 1 to 3. 

However, radioactive components were also 
found in "inner" fractions, although their specific 
radioactivity was much lower. The autoradi- 
ograph patterns were on the whole similar to that 
of plasma membranes. This strongly suggests 
some contamination of inner fractions by plas- 
malemmal fragments. The presence of a few 
radioactive proteins, of tool wt 110,000 in frac- 
tions E and 4, and mol wt 160,000 in nuclear 
membranes, which were absent in plasma mem- 
brane fractions, remain to be explained. This 
probably reflects some degree of true intracellu- 
lar labeling. Radiolabeled proteins found in inner 
fractions, therefore, derived from contamination 
by plasma membrane fragments and from inter- 
nal labeling of a few leaky cells. At present, it is 
difficult to quantitate these two contributions. 
However, we are led to conclude that the acid- 
insoluble radioactivity detected in fractions E 
and 4, corresponding to 34% of the homogenate 
label (Table V), was only partially assignable to 
plasma membranes. This emphasizes the high 
recovery of plasma membranes attained by our 
fractionation procedure. 

Another  intriguing problem concerns the dis- 
crepancies found between the autoradiographs 
of whole cells and plasma membrane fractions. 
Some major radioactive bands detected in auto- 
radiographs of whole cells were due to adsorp- 
tion on the cells of lactoperoxidase, and probably 
glucose oxidase. Others did not correspond to 
the molecular weight of these two enzymes, and 
yet were not found in autoradiographs of homog- 
enates or subcellular fractions. They may corre- 
spond to calf serum proteins adsorbed on the 

surface of thymocytes. But they may also corre- 
spond to authentic plasma membrane compo- 
nents, which would be lost in the supernates 
during the repeated washings. We have indica- 
tions that shedded pieces of membrane which 
were collected during these steps contained such 
components. This important problem reflects the 
difficulties encountered in the radiolabeling of 
cells in suspension, as opposed to cells fixed on a 
substrate. Further work is needed to clarify the 
problem. 

While keeping in mind such limitations, it 
remains that the highly radioactive protein spe- 
cies were characteristic of the plasma membrane 
fractions. The three major radioactive species 
corresponded to the three glycoproteins of mol 
wt 280,000, 200,000, and 135,000 detected in 
plasma membrane fractions by the Schiff or the 
concanavalin A staining procedures. Several in- 
vestigators have reported the presence of la- 
beled, high molecular weight glycoproteins on 
lymphocyte plasma membranes. Despite discrep- 
ancies in molecular weight estimations, some 
could be compared with our major labeled com- 
ponents. Gahmberg et al. (20), using tritiated 
borohydride labeling, detected two high molecu- 
lar weight glycoproteins of 170,000 and 180,000 
daltons on the surface of thymocytes and circu- 
lating T cells, respectively. Trowbridge et al. 
(51) revealed proteins of 170,000-190,000 dal- 
tons in thymocytes and T cells by iodination, but 
not in B cells. These proteins were very anti- 
genic. Santana et al. (45) demonstrated the 
presence of one or two proteins of approximately 
200,000 daltons, constituting the major T lym- 
phocyte antigen recognized by a serum raised 
against thymocyte caps shed into the medium. 
Gates et al. (21) also found high molecular 
weight glycoproteins (mol wt 138,000) on the 
surface of normal human lymphocytes. Crump- 
ton et al. (12) isolated from 125I-labeled murine 
thymoma cells a plasma membrane fraction 
which showed peaks of radioactivity stacked in 
an unresolved region corresponding to a molec- 
ular weight larger than 135,000. Other strongly 
labeled proteins in our thymocyte plasma mem- 
brane fractions had molecular weights of 90,000, 
45,000, and 31,000 daltons. Tsai et al. (52), 
studying 125I-labeled mouse leukemia L-1210 
cells, found that the major radioactive peptide 
had a mol wt of 85,000, whereas Fujita et ai. 
(19) claimed that all B-lymphocyte cells, but not 
T cells, contained large amounts of a surface 
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glycoprotein of approximately 30,000 daltons. 
We detected a strongly labeled band of mol wt 
31,000 in thymocyte plasma membranes.  Crump- 
ton et al. (12) were able to resolve a series of 
~zSI-labeled bands in murine T lymphoma cell 
plasma membranes ,  located between 30,000 and 
100,000 daltons. 

The presence of easily labeled glycoproteins 
on the surface of such diverse populations of 
lymphocytes is certainly of great biological im- 
portance,  and warrants at tempts to purify them. 
Their  isolation should lead to the obtaining of 
antibodies of  potential  use in unraveling T cell 
functions. 

When we labeled isolated nuclei,  several mem- 
brane components  were radioactive.  The region 
of mol wt 67 ,000-70 ,000  had the highest specific 
activity. The triplet of proteins studied in that 
region by Dwyer and Blobel was shown by those 
authors to be apposed to the inner nuclear enve- 
lope membrane ,  but not  to be part of the nuclear 
membrane  itself (15). The pore complex-lamina 
would thus be a rather exposed structure, neither 
in t ramembranous  nor buried in chromatin.  

The ~3q-labeling of  thymocytes confirmed the 
almost complete  absence of  plasma membrane  
contaminat ion in nuclear membrane  fractions, 
and the low degree of contaminat ion of the 
mitochondrial  and microsomal fraction by 
plasma membranes .  The extensive characteriza- 
tion of thymocyte membrane  types described in 
this and the accompanying paper  (40) provide 
safe grounds for the study of  the distribution of  
adenylate-cyclase in lymphocytes,  a controversial  
problem.  This subject will be discussed in a later 
paper (39)? 
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