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ABSTRACT

B16 melanoma Å“il variants were used to determine if the
metastatic properties of these cells could be correlated to distinct
plasma membrane, microsome, and mitochondria! membrane
lipid compositions and membrane-bound enzyme activities in
high- and low-metastatic cell variants, respectively. The high-
metastatic B16-F10 melanoma cell membranes had lower cho-

lesterol/phospholipid ratios, lower arachidonic acid content,
lower polyunsaturated fatty acid content, higher phosphatidyl-

choline/phosphatidylethanolamme ratios, and higher succinate
cytochrome c reductase activity than those of B16-F1 melanoma

cell membranes. No differences in cholesterol/phospholipid ratio
were noted in the mitochondria. Na+-K+-adenosinetriphospha-
tase activity and solubility of 5'-nucleotidase activity were also

similar. The data indicate that the membrane lipid composition
of B16-F10 melanoma cells is distinct from that of B16-F1

melanoma cells and may help to elucidate the molecular basis
for the different metastatic properties of these cell lines in vivo.

INTRODUCTION

In recent years, considerable advances in our understanding
of the process of tumor cell metastasis have been derived from
the availability of malignant cell sublines of differing metastatic
potential (13, 34). Increasingly, the cell surface membrane has
been implicated as the site for phenotypic expression of meta
static potential (33). There are numerous examples where tumor
cell sublines, selected in vivo or in vitro for altered metastatic
properties, expressed cell surface differences in display, struc
ture, amount, or response of cell surface proteins-glycoproteins.

Increased shedding of membrane proteins (31), loss of hormonal
regulation (30), nonadherence to immobilized lectins (35, 37),
exposure of membrane glycoproteins (38), and exposure of
membrane anionic sites (36) all indicate that alterations in mem
brane composition and/or structure may be present. One molec
ular basis for such differences may be alterations in membrane
lipid composition. Membrane fatty acid composition can affect
the specific activity of cell enzymes (55), the susceptibility to
complement-mediated cytolysis (55), the phagocytic activity (26,

43, 44), the exposure of membrane proteins (46), and the lateral
mobility of receptors (20). Altered membrane cholesterol can
affect endocytosis (17), lymphocyte activation by lectins (39),
exposure of receptors to hormones (25), and membrane protein
exposure (4, 5). Altered phospholipid polar head group compo
sition modulates membrane enzymes (18), receptors (12), en
docytosis (42,43), and agglutinability of cells (41). Despite these
correlations, a detailed comparison of membrane lipid composi-
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tion and distribution in malignant cells of different metastatic
potential has not been reported. Herein, we describe the sub-
cellular fractionation and lipid characterization of membranes
from high-metastatic B16-F10 and low-metastatic B16-F1 mel

anoma variants.

MATERIALS AND METHODS

Cells and Cell Culture. B16 melanoma cell variant F10 (high-meta
static) and F1 (low-metastatic) lines were obtained through the generosity

of Dr. E. M. Jensen, E. G. & G. Mason Research Institute, Worcester,
MA, and Dr. I. J. Fidler, Frederick Cancer Research Center, Frederick,
MD. The cells were cultured in monolayer with Eagle's minimum essential

medium (500 ml), heat-inactivated fetal calf serum (50 ml), 100x nones-
sential amino acids (5 ml), 200 mw L-glutamine (10 ml), 100x minimum

essential medium vitamin solution (5 ml), penicillin/streptomycin (5 ml;
10,000 units each), Fungizone (5 ml; 250 /Â»g/ml),gentamicin (2.5 ml; 10
mg/ml), 7.5% sodium bicarbonate (14 ml), 100 mM sodium pyruvate (5
ml, and 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid buffer (2

ml). The atmosphere was maintained at 98% humidity and 5% COz, and
the incubation temperature was 37Â°.The cells were routinely tested for

bacterial, fungal, and Mycoplasma contamination.
Cell Fractionation. Plasma membranes, microsomes, and mitochon

dria were isolated basically as described earlier (45) with the following
difference: (a) the 33,000 x g supernatant from 1 g, wet weight, of cells
was layered on one sucrose gradient tube to avoid overloading of the
gradient; and (/>) 40 up-and-down strokes were used with the Dounce

homogenizer to break the cells.
Enzyme Determinations. The specific activity of ouabain-sensitive

Na*-rC-ATPase was determined as described previously (45) with the

following modifications. The final concentration of reagents in the reaction
mixture was 30 mM imidazole-HCI (pH 7.5), 110 mM NaCI, 15 mM KCI,
50 HIM NaN3, 0.5 mM ethylene glycol bis(j3-aminoethyl ether)-A/,W,rV',A/'-

tetraacetic acid, 4 mM MgCI2, 3 mw ATP, with or without 1 mM ouabain,
and 10 to 60 ng membrane protein per 150 n\ total reaction volume. The
reaction mixture was incubated for 45 min at 37Â°and was terminated

with an equal volume of 1% sodium dodecyl sulfate. A color reagent for
determination of free phosphate (1 part 10% ascorbic acid + 6 parts
0.42% ammonium molybdate-4H2O in 1 N H2SO4) was added at 5.3
times the original reaction volume, the mixture was incubated at 45Â°for

5 min, and the phosphomolybdate complex was measured spectropho-

tometrically at 660 nm (1).
The specific activity of 5'-nucleotidase was determined in a 0.3-ml

incubation mixture containing 50 mM glycine-HCI (pH 8.7), 0.2 mM EDTA,

6 mM AMP, 10 mM MgCI2, and 15 to 60 Â»Â»gof protein. The reaction was
carried out at 37Â°for 30 to 60 min. The incubation was terminated with

an equal volume of 1% sodium dodecyl sulfate, and the liberated phos
phate was determined with the color reagent described above for Na'-
K+-ATPase.

NADPH-dependent and succinate-dependent cytochrome c reductase

were assayed as described by Sottocasa ef a/. (48). Protein was deter
mined by the method of Lowry ef a/. (24).

Lipid Determinations. All organic solvents were glass distilled and all
glassware was washed with sulfuric acid/dichromate before use. Whole
cells or membrane fractions were suspended in 1.0 ml of the phosphate-
buffered saline solution mentioned above. A 0.2-ml aliquot was removed
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Membrane Lipids and Enzymes of Melanoma Variants

for protein determination (24). The remaining 0.8-ml aliquot was extracted

by the method of Bligh and Dyer (3) as described by Ames (2). Before
and after silicic acid chromatography, total lipid and total lipid phosphate
were determined by the methods of Marzo et al. (27) and Ames (1),
respectively. Neutral lipids and phospholipids were separated by silicic
acid chromatography (45). The phospholipid composition of whole cells
and membrane fractions was determined by exposing the cells to 2.0
nC\ of "P/ml of medium (New England Nuclear; carrier free) as described

by Schroeder et al. (45).
Fatty acid methyl esters were prepared from phospholipids by using

BFs/methanol (Supelco, Inc., Beltefonte, PA). The samples were dis
solved in hexane and analyzed by gas-liquid chromatography using
temperature programming in a 6-foot-high glass column of 15% Silar
10C on 100/120 Gas-Chrom R (Applied Science Laboratories, Inc., State
College, PA). The methyl ester derivatives were identified by comparison
of their retention times with standards obtained from Supelco (NIH-D,
QUALMIX-S, QUALMIX-M, and QUALMIX-L) and also by comparison of
their retention times relative to methyl esters prepared from dieicosyl-

phosphatidylcholine, kindly provided by Dr. Craig Jackson, Department
of Biological Chemistry, Washington University School of Medicine, St.
Louis, MO. A Sigma 2 gas Chromatograph (Perkin Elmer, Inc., Norwalk,
CT) equipped with dual-flame ionization detectors and a 3390A Reporting
Integrator (Hewlett-Packard, Avondale, PA) was used to quantitate peak
areas. Cholesterol content was determined by the method of Sokoloff
and Rothblatt (47) using stigmasterol (Steraloids, Inc., Wilton, NH) as an
internal standard on a 6-foot-high glass column of 3% OV-17 on 80/100

Chromosorb W (HP) (Pierce Chemical Co., Rockford, IL).

RESULTS

Subcellular Fractionation of B16 Melanoma Cell Lines. In

order to determine if membrane differences may exist between
B16-F1 and B16-F10 cell lines, subcellular fractionations were

performed. Specific marker enzymes for plasma membranes
(Na+-IC-ATPase and Mg2+-ATPase), microsomes (NADPH-de-

pendent cytochrome c reducÃase),and mitochondria (succinale-

dependent cytochrome c reducÃase)were used to monitor the
fractionation (Tables 1 and 2) of the 2 cell lines. The specific
activity of Na+-K+-ATPase was enriched 4.3- and 5.1-fold in

Fraction Si for B16-F10 and B16-F1 cells, respectively. Similarly,
Mg2+-ATPase was enriched 4.1- and 3.5-fold, respectively. The

ST membrane fraction was reduced 13.9- and 42.7-fold, respec
tively, in the mitochondria! enzyme marker, succinate-dependent

cytochrome c reducÃase. However, some microsomal marker
copurification was indicated by NADPH-cytochrome c reducÃase.

Consequently, membrane Fraction Si was designated as Ihe
plasma membrane fraction. Based on its enrichment of succi
nate-dependent cytochrome c reducÃase activily, Fraclion S5
was designaled as the mitochondria! membrane fraction (enrich-
menl of 6.4- and 3.7-fold for B16-F10 and B16-F1 cells, respec-
lively). Lasi, Fraclion S2 was enriched 2.7- and 1.9-fold, respec
tively, in NADPH-cytochrome c reducÃaseand was designaled

as Ihe microsomal fraclion. In summary, plasma membrane,
microsome, and mitochondrial subfractions enriched approxi
mately 4- to 5-fold, 2-fold, and 4- to 6-fold in respeclive markers

were oblained from B16 melanoma cell lines. Significant differ
ences in Ihe fold purification were noi noled belween Ihe cell
lines.

A comparison of membrane enzyme activities belween Ihe

Table 1
Membrane fractionation scheme for B16-F10 melanoma cells

Membrane enzyme specific activity (nmol/min/mgprotein)Cell

fractionCell

homogenate
33,000 x g supernatant
33,000 x g pellet
So*

S,s*

s,
84
85S.Protein

(mg)10.1
Â±1.7*

6.5 Â±2.1
2.1 Â±0.2
0.50 Â±0.08
0.65 Â±0.19
0.42 Â±0.11
0.53 Â±0.13
0.92 Â±0.18
1.28 Â±0.36
1.08 Â±0.28Na*-K*-ATP-

ase27.7

Â± 3.9
24.4 Â± 5.9
57.2 Â± 6.7
10.0Â± 6.1

118.3 Â±21.1
61.2 Â±13.7
70.3 Â±16.1
28.7 Â± 5.1
29.2 Â± 9.4
36.9 Â±13.8Mg^-ATPase16.2

Â± 6.0
15.8Â± 7.7
24.3 Â±12.3
71.8 Â±10.7
65.1 Â±12.9
17.9 Â±10.4
47.5 Â±20.5
28.2 Â±17.2
20.5 Â±11.9
11.3 Â± 5.4NADPH

-dependent
cytochromecreducÃase68.6

Â± 7.4
57.9 Â±10.2

187.0 Â±19.8
83.2 Â± 9.2

118.5 Â±30.1
187.5 Â±31.8
101.3Â± 8.2
157.2 Â±31.8
180.5 Â±14.6
179.2 Â±26.0Succinate-

dependent
cytochrome c
reducÃase162.4Â±

16.9
1.0Â± 0.9

455.9 Â± 56.2
5.5 Â± 5.5

11.7 Â± 7.0
1.0Â± 0.9

53.1 Â± 12.1
92.4 Â± 39.7

1051.5 Â±206.0
149.0 Â± 57.9

" Mean Â±S.E. (n = 4 to 7).
6 Soto Se,fractions taken from sucrose gradient.

Table 2
Membranefractionation scheme for B16-F1 melanomacells

Membrane enzyme specific activity (nmol/min/mgprotein)Cell

fractionCell

homogenate
33,000 x g supernatant
33,000 x g pellet
So*

S,
82
S,
S4
85
S.Protein

(mg)7.5
Â±1.0"

4.8 Â±0.8
1.8 Â±0.4
0.27 Â±0.09
0.33 Â±0.12
0.35 Â±0.13
0.48 Â±0.14
0.49 Â±0.11
1.13 Â±0.32
1.37 Â±0.21Na*-K*-ATP-ase23.3

Â± 5.7
15.5Â± 3.8
58.8 Â± 9.7
59.3 Â±11.1

118.2 Â±12.9
75.7 Â± 7.5
59.6 Â±13.1
67.6 Â± 9.0
30.3 Â± 1.7
21.6 Â±11.3Mg^-ATPase18.3

Â± 7.3
26.4 Â± 4.7
15.9 Â± 4.8
22.0 Â±11.0
64.8 Â±42.0
38.2 Â±18.7
18.6 Â±13.3
2.5 Â± 2.1

22.8 Â±22.7
36.1 Â±16.4NADPH-

dependent
cytochrome c
reductase87.0

Â± 3.3
55.1 Â± 9.9

157.3Â±15.1
125.8 Â±11.3
165.0 Â±28.1
195.2 Â±40.3
161.0 Â±19.1
171.2 Â±21.5
177.7Â± 9.0
144.1 Â±10.2Succinate-

dependent
cytochrome c
reductase89.6

Â±11.6
2.9 Â± 2.9

279.1 Â±31.2
0.55 Â± 0.55
2.1 Â± 2.1
2.6 Â± 2.6
1.0 Â± 0.8

135.0 Â± 6.8
330.4 Â±38.4
36.0 Â±16.3

* Mean Â±S.E. (n = 4 to 7).

Soto Se,fraction taken from the sucrose gradient.
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F. Schroeder and J. M. Gardiner

B16-F10 and B16-F1 melanoma lines indicated that the specific
activity of the mitochondria! enzyme, succinate-cytochrome c
reductase, was 1.8- and 3.2-fold higher in the crude homogenate
and mitochondrial membrane fraction, respectively, of B16-F10
melanoma cells as compared to B16-F1 melanoma cells (Table

3). No other significant differences were noted.
Exfoliation of 5'-Nucleotidase. The plasma membrane ec-

toenzyme 5'-nucleotidase has been used as a biochemical indi

cator of the metastasizing capability of transformed cells (6).
Both the activity of the enzyme in cell homogenates and purified
plasma membranes and the appearance of the enzyme in the
serum have been utilized as markers of degree of tumor metas
tasis. As indicated in Table 4, no significant difference in 5'-

nucleotidase specific activity was noted between B16-F1 and
B1 6-F1 0 cell lines in any step of the cell fractionation. In addition,
the 5'-nucleotidase activity was consistently enriched in the

soluble supernatant. Even in the plasma membrane fraction,
where 5'-nucleotidase has been used as a marker enzyme, there

was only a modest 70 and 32% increase in specific activity over
the cell homogenate. In contrast, the Na+-K+-ATPase activity

was consistently enriched in the paniculate membrane fractions,
being enriched 4.3- and 5.1 -fold, respectively, in the purified Si
sucrose gradient fraction. Thus, 5'-nucleotidase appears to be

solubilized from both B16 melanoma variants to an equal extent.
This solubilization appears to be in the form of soluble enzyme
and as microvesicles (9,35,50). The latter may represent specific
plasma membrane domains (Table 5). The microvesicles are
sedimented at 196,000 x g. The vesicles contain cholesterol and
phospholipid at a molar ratio of 0.18 to 0.24 for B16-F1 and
B16-F10 cells, respectively. No significant differences in lipid

content (Table 5), fatty acid composition (Table 6), or phospho
lipid composition (Table 7) were noted in microvesicles of B16-
F1 as compared to B16-F10 melanoma cells. The lipid compo

sition of these vesicles was the same as that of vesicles re
covered from the culture medium of the respective cell lines.

Lipid Composition of B16 Melanoma Cell Membranes. Lipid
analysis of B16-F1 cell homogenate and plasma membranes
indicated a 2.6- and 1.7-fold enrichment, respectively, in choles
terol as compared to B16-F10 cell homogenate and plasma

membrane (Table 8). A comparison of the cell lines indicated that
the B16-F10 plasma membrane did not significantly differ from
that of the B16-F1 in phospholipid content per mg protein. The
microsomes of B16-F10 cells contained more phospholipid than
did those of the B16-F1 cell line. Mitochondrial lipid contents

were not significantly different. In summary, the cholesterol/
phospholipid ratio was greater in cell homogenate, plasma mem-

TaWe3
Membrane enzymes of high- and low-metastatic B16 lines

Membrane fractions were obtained from cultured B16-F10 and B16-F1 melanoma variants as described in
"Materials and Methods."

Enzyme activity (nmol/min/mg protein)

CellfractionCell

homogenateEnzymeNa*-K+-ATPase
Mg^-ATPase
Succinate-dependent

cytochrome c reductase
NADPH-dependent cytochrome c

reductaseB16-F123.3

Â± 5.7*

18.3Â± 7.3
89.6 Â±11.6"87.0

Â± 3.3B16-F1027

.7 Â± 3.9
16.2 Â± 6.0

162.4 Â±16.9"68

.6 Â± 7.4

Plasma membrane Na*-K*-ATPase 118.2 Â±12.9 118.3 Â± 31.1
Mg^-ATPase 64.8 + 42.0 65.1 Â± 12.9

Microsome NADPH-dependent cytochrome c 171.2 Â±21.5 187.5Â± 31.8
reductase

Mitochondria Succinate-dependent 330.4 + 38.4* 1051.5 Â±206.06

cytochrome c reductase
' Mean Â±S.E. (n = 4 to 7).
"p < 0.025, as determined by Student's t test.

Table 4
Subcellular fractionation of 5'-nucleotidase in 876 melanoma cell lines

All procedures for cell fractions were carried out as described in 'Materials and Methods" except that

aliquota for enzyme assays were removed from the 33,000 x g supernatant (1 hr) followed by an additional
18 hr centrifugaron at 196,000 x g.

Specific activity (nmol/min/mgprotein)B16-F10Cell

fractionCell

homogenate
33,000 x g supernatant
33,000 x g pellet
33,000 x g supematant/33,000 x

g pellet
196,000 x g supernatant
196,000 x g pellet
196,000 x g supematant/1 96,000

x g pellet
Sucrose gradient Fraction Si5'-Nucteoti-

dase13.6
Â±2.1"

35.8 Â±1.0
17.8 Â±3.3
2.0 Â±0.226.1

Â±3.1
9.7 Â±2.6
2.7 Â±0.623.2

Â±3.1Na*-K*-ATPase27.7

Â± 3.9
24.4 Â± 5.9
57.2 Â± 6.7

0.4 Â±0.10.6

Â± 0.3
16.9 Â± 2.7

0.04 Â±0.01118.3

Â±31.1B16-F15'-Nudeoti-

dase16.1

Â±2.5
25.6 Â±3.3
21.4 + 3.6

1.2Â±0.219.6

Â±2.9
7.1 Â±3.1
2.8 Â±0.422.9

Â±4.4Na+-K*-ATPase23.3

Â± 5.7
15.5 Â± 3.8
58.8 Â± 9.7

0.3 Â±0.11.2

Â± 0.9
13.8 Â± 2.0

0.08+0.02118.2

Â±12.9
8 Mean + S.E.
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Membrane Lipids and Enzymes of Melanoma Variants

brane, and microsome of B16-F1 as compared to B16-F10 cells.

Phospholipid Fatty Acid Composition of B16 Melanoma
Variants. The degree of fatty acid unsaturation of membrane

Tatte5

Lipid composition of microvesicles from B16 melanomacell lines
Lipid analysis on the 196,000 x g pellet from Table 4 was determined as

described in "Materials and Methods."

Cell line

Chdesterol/phos-
Cholesterol/pro- Phospholipid/protein pholipid (nmol/
tein (nmol/mg) (nmol/mg) nmol)

B16-F1
B16-F1022.9

Â±2.1a

26.8 Â±5.9133.4
Â±15.5

109.2 Â±14.70.1
8 Â±0.03

0.24 Â±0.03
" Mean Â±S.E. (n = 3).

Tablee
Phospholipid fatty acid composition of microvesicles from B16 melanomacell

lines
Phospholipid fatty acid composition was determined as described in "Materials

and Methods." Other polyunsaturated fatty acids consist of 18:3,20:3, 20:5, 22:4,

22:5, and 22:6.

% composition (wt%)Fatty

acid14:0

16:0
16:1
18:0
18:1
18:2
20:4

Other polyunsaturated
Unsaturated/saturatedB16-F12.1

Â±0.6a

14.6 Â±2.1
2.1 Â±1.3
1.4 Â±0.3

14.5 Â±2.4
43.0 Â±2.6
8.4 Â±2.1

13.9 Â±4.6
4.5 Â±0.4B16-F102.1

Â±0.4
16.6 Â±3.4
5.6 Â±2.5
1.4 + 0.2

14.6 Â±1.5
45.3 Â±2.8

6.1 Â±1.5
8.3 Â±3.4
4.0 Â±0.3"

Mean + S.E. (n = 3).

Table?

Phospholipid composition of microvesicles from 076 melanomacell lines
The phospholipid composition of microvesicles obtained as described in the

legend to Table 5 was determined as described in "Materials and Methods."

Mole %compositionPhospholipidPhosphatidylcholine

Phosphatidylethanolamine
Sphingomyelin+ lysophosphatidylcholine
Phosphatidylinositol
Phosphatidylserine
OtherB16-F147.6

Â±1.9"

12.6 Â±1.7
7.0 Â±0.9

12.3 Â±1.8
6.8 Â±1.0

13.7 + 2.2B16-F1044.5

Â±2.5
14.5 + 1.5

8.0 Â±1.2
15.0 Â±3.4
6.7 Â±0.6

11.3 Â±4.1

Phosphatidylcholine/phosphatidylethanolamine 3.7 Â±0.3 3.1 Â±0.4

Mean Â±S.E. (n = 3).

phospholipids is an important factor determining membrane
structure and function (55). In addition, polyunsaturated fatty
acids are important prostaglandin precursors which may be
involved in the metastatic process (15, 40, 49). The B16-F1

melanoma cell homogenate and plasma membrane phospho
lipids were enriched in arachidonic acid (20:4) and other polyun
saturated fatty acids (Table 9). The 20:4 content of B16-F1 cell
homogenate and plasma membranes were 1.7- and 1.5-fold,
respectively, higher than those of B16-F10 melanoma cells.

Likewise, the other polyunsaturated fatty acids were elevated
2.5- and 5.0-fold, respectively, Â¡nthe B16-F1 as compared to
B16-F10 cell line. These changes were also reflected in the ratio

of unsaturated to saturated fatty acids which was significantly
higher in the cell homogenate and plasma membrane of B16-F1

melanoma cells.
Phospholipid Composition of B16 Melanoma Cell Mem

branes. Alterations in phospholipidcomposition and in phospha-

tidylethanolamine methylation may be associated with the malig
nancy of neoplastic cells (14, 28, 29). The primary phospholipid
species present in all membranes of B16-F1 melanoma cells

were phosphatidylcholine and phosphatidylethanolamine (Table
10), comprising 75% of the cellular lipids. The ratios of phospha
tidylcholine to phosphatidylethanolamine were 1.62, 1.10, 0.93,
and 0.78 in the cell homogenate, plasma membrane, micro-
somes, and mitochondria of B16-F1 melanoma cells. Minor phos
pholipids such as phosphatidylinositol, phosphatidylserine, phos-
phatidylglycerol, cardiolipin, sphingomyelin, with lysophospholi-

pids comprised the remainder. The presence of small amounts
of phosphatidyl-W,A/'-dimethylethanolamine [1.7 Â±0.2% (S.E.)]

and phosphatidyl-/V-monomethylethanolamine in the cell homog

enate as well as in individual membrane fractions indicated the
presence of the phosphatidylethanolamine methylation pathway
for synthesis of phosphatidylcholine (11).

A comparison of the B16-F1 melanoma phospholipid compo
sition (Table 10) with that of the B16-F10 melanoma (Table 11)

indicated a qualitative similarity in phospholipid composition.
However, significant quantitative differences were evident. The
B16-F10 cell line had less phosphatidylethanolamine, phospha-
tidyl-A/,A/'-dimethylethanolamine, and phosphatidyl-W-mono-

methylethanolamine but more phosphatidylserine than did the
B16-F1 cell line. Significantly higher ratios of phosphatidylcholine

to phosphatidylethanolamine were present in the microsomes
and mitochondria of B16-F1 melanoma cells.

Table 8
Lipid composition of B16 melanomavariants

Protein, total lipid, total phospholipid, and cholesterol were determined as explained in "Materials and
Methods."

CellfractionCell

homogenatePlasma

membraneMicrosomesMitochondriaB16

mela
noma var

iantF1

F10F1F10F1

F10F1F10Total

lipid (mg/mg
protein)0.14

Â±0.01"' "
0.09 Â±0.0160.22

+ 0.04
0.17 +0.020.12

Â±0.03
0.20 Â±0.030.1

7 Â±0.02
0.17 Â±0.02Phospholipid

(nmol/mg pro
tein)160

Â±12
108Â±11238

Â±23
194 Â±27129

Â±15"
251 Â±22"216

Â±26
205 Â±21Cholesterol

(nmol/mg pro
tein)67

Â± 5Â°
25 Â±4C111

Â± 6"
67+8?53Â±

947
Â±1117

Â± 5
26 Â± 8Cholesterol/

phospholipid
(molarratio)0.42

Â±0.03Â°
0.23 Â±0.02Â°0.47

Â±0.046
0.34 Â±0.0260.41

+ 0.036
0.18Â±0.04"0.08

Â±0.04
0.12 + 0.03

' Mean Â±S.E. (n = 3).
"p < 0.05, determined by Student's t test.
cp < 0.01, determined by Student's f test.
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F. Schroeder and J. M. Gardiner

Table 9

Phospholipid fatty acid composition ofB16 melanomamembranes
Phospholipidswere separated by silicic acid chromatography, and fatty acid methyl esters were prepared

and analyzed as described in "Materials and Methods."

B16mela-Fattyadd14:015:016:016:118:018:120:4Other

polyunsaturated'Unsaturated/saturatednoma

var
iantF1F10F1F10F1F10F1F10F1F10F1F10F1F10F1

FIOF1F10Cell

homoge-
nate2.90.13.26.714.917.66.68.611.514.537.141.18.7

3.615.5

6.2Â±0.8"Â±0.1Â±0.2Â±2.2Â±1.9Â±0.6Â±0.7Â±0.6Â±0.4Â±1.2Â±3.5Â±0.7Â±0.9"

Â±1.0"Â±4.1"

Â±1.3"2.12

Â±0.11*
1.71 Â±0.09"Fatty

acid composition (wt%)Plasma

mem
brane3.01.03.65.016.413.25.414.215.214.339.746.74.0

3.310.6

2.1Â±0.1Â±1.7Â±0.5Â±3.7Â±1.2Â±5.3Â±0.3Â±7.8Â±0.3Â±2.8Â±1.1Â±4.5Â±0.9"

Â±0.2"Â±2.7*

Â±2.8"2.11

Â±0.03"
1.96 Â±0.04"Microsomes0.82.04.14.612.913.93.97.712.411.530.639.124.5

3.711.6

16.5Â±0.6Â±0.7Â±3.6Â±1.2Â±0.5Â±0.5Â±0.4Â±0.2Â±1.6Â±1.0Â±3.7Â±1.2Â±7.2"

Â±0.8"Â±1.2

Â±1.12.40

Â±0.18
2.22 Â±0.09Mitochondria2.01.25.84.416.316.76.49.612.211.039.243.67.9

5.29.37.1Â±1.0Â±0.7Â±1.5Â±2.2Â±

1.1+
0.7Â±1.0Â±0.2Â±0.8Â±0.2Â±1.4Â±

1.1Â±1.0

Â±1.2Â±0.8

Â±0.52.21

Â±0.11
2.38 Â±0.06

* Mean Â±S.E. (n = 3 to 7).
p < 0.05, determined by Student's f test.

c Other polyunsaturated fatty acids consist primarily of 18:2 and 20:3 with smaller amounts of 20:5, 22:4,

22:5, and 22:6. Therefore, these are included in the calculationof the unsaturated to saturated ratio.

Table 10
Phospholipid composition of B16-F1 melanomamembranes

The phospholipidcomposition was determinedby thin-layerchromatographyas described in "Materials and
Methods." Data were compared with those of Table 11 by Student's t test.

Phospholipidcomposition (mol%)PhospholipidPhosphatidylcholineLysophosphatidylchdinePhosphatidylethanolaminePhosphatidyl-N,N'-dimethytethanolaminePhosphatidyl-N-monomethylethanolaminePhosphatidylinositolPhosphatidylserinePhosphatidylglycerolCardtoUpinSphingomyelinDiphosphatidylinositolLysophosphatidylethanolamineOtherPhosphatidylcholine/PhosphatidylethanolamineCell

homogenate46.5
+1.5"1.0
+0.128.7
Â±2.81.7

Â±0.2"1.8

Â±0.3"4.9

Â±1.95.4
+1.73.6
Â±0.32.8
Â±0.21

.2 Â±0.70.7
Â±0.30.7
Â±0.33.7
Â±0.51.7

Â±0.2Plasma

mem
brane38.4

+3.11.5
+0.134.9
Â±3.10.1

Â±0.11.2

Â±0.21.7

Â±0.39.2
Â±1.74.0

Â±0.40.1
Â±0.11

.5 Â±0.30.5
Â±0.20.1
Â±0.18.5
Â±2.91.1

Â±0.2Microsomes33.9

Â±3.81.2
Â±0.236.6Â±2.8*0.2

Â±0.10.4

Â±0.12.7

Â±0.67.9+1.166.0

Â±1.32.1
Â±0.41

.2 +0.40.7
Â±0.33.7
Â±0.25.8

Â±1.21.0

Â±0.2"Mitochondria31.0

Â±4.80.6
Â±0.140.0Â±2.1*0.1

Â±0.10.1

Â±0.15.0

Â±0.94.1
Â±1.2*4.0

+0.83.1
Â±0.80.8
Â±0.21.6

Â±0.70.1
Â±0.16.4

Â±1.50.8

Â±0.2e

* Mean Â±S.E. (n = 4 to 7).
*p < 0.05, as determined by Student's ( test.
c p < 0.10, as determined by Student's t test.

DISCUSSION

Membrane Enzymes of B16 Melanoma Cells. Cellular mem
branes of normal and tumor cells differ significantly in the activity
of many membrane-bound enzymes (32, 54). Consequently, if

the activity of such enzymes can be correlated to the degree of
malignancy of the cell, it might be expected that highly malignant,

metastasizing cells might differ to a greater extent from less
malignant, poorly metastasizing cells in the activities of the same
membrane-bound enzymes. The specific activity of Na+-K+-

ATPase in isolated hepatoma plasma membranes was reduced
2- to 30-fold and that of 5'-nucleotidase was also diminished as

compared to normal or regenerating liver (6, 53, 54). In fact, the
specific activity of 5'-nucleotidase decreased in the cell homog-
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enate and plasma membrane in metastasizing tumors as com
pared to nonmetastasizing tumors. However, no significant dif
ferences in the specific activities of these membrane-bound
enzymes were found between B16-F1 and B16-F10 melanoma

cells.
Malignant tumors also have fewer mitochondria and demon

strate loss of many mitochondria! enzymes (53, 54). The data
presented here indicated that the cell homogenate and mito
chondria of the highly metastatic B16-F10 melanoma cell line
had a 1.8- and a 3.2-fold higher specific activity of succinate-

cytochrome c reducÃase, an inner mitochondrial membrane en
zyme, respectively, than those of B16-F1 melanoma cells. Since
the mitochondrial fraction of B16-F10 cells was 1.7-fold more
pure than that of the B16-F1 cells, the actual difference in
succinate-cytochrome c reducÃasewas probably no more than
2-fold (instead of 3.2-fold). Thus, unlike the decreased mitochon

drial function noted when tumor cells were compared to normal
cells, highly metastatic B16-F10 melanoma cells either had sim

ilar or slightly enhanced activity of at least one mitochondrial
enzyme, succinate-dependent cytochrome c reducÃase.

Exfoliated S'-Nucleotidase-containing Microvesicles. Since

B16 melanoma cells shed microvesicles (35), il is possible that
differences in exfoliated 5'-nucleolidase (either soluble or as

microvesicles) exisl between ihe 2 melanoma cell lines. Shedding
of 5'-nucleolidase and appearance of the enzyme in the serum

of cancer palients were used as an in vivo marker for metÃ¡stasis
(6, 7, 22). The dala presenled here indicated lhal bolh B16-F1
and B16-F10 melanoma cells released microvesicles dislincl

from plasma membranes during Ihe cell fraclionalion procedure.
These vesicles were enriched in 5'-nucleolidase bul deficient in
Na+-K+-ATPase. Olher investigators determined a similar rela

tionship in exfoliated vesicles from glioma and neuroblastoma
cells (50). These cells preferentially shed membrane vesicles
deficient in Na+-K+-ATPase but enriched in 5'-nucleotidase.
However, the latter investigators were unable to detect any 5'-

nucleotidase aclivity in either the whole B16 melanoma cells or
in cell superfusates. The reason for this discrepancy is not known
but may be due to differences in Ihe assay method used for 5'-

nucleolidase. Differences in Ihe soluble/microvesicle or [soluble
+ microvesicle]/particulale membrane 5'-nucleolidase aclivily

Membrane Lipids and Enzymes of Melanoma Variants

ralios were not noted between the B16-F1 and B16-F10 mela

noma cell lines. Thus, from extrapolating these data obtained in
vitro, it seems unlikely lhal ihe appearance of 5'-nucleolidase in

serum of mice carrying Ihis melanoma would be indicative of the
degree of tumor metastasis unless olher factors are operating
in vivo to influence Ihe rale of microvesicle shedding or of 5'-

nucleolidase release as a soluble protein.
The microvesicles oblained from B16-F1 and B16-F10 mela

noma cells appear to represenl select membrane domains not
only with respect to enzyme activities bul also wilh regard to
lipid composilion. As demonslraled in Table 5, ihe cholesterol/
phospholipid ratio of microvesicles from B16-F1 and B16-F10
melanoma cells was 1.5- to 2.5-fold lower than thai of Ihe
corresponding plasma membrane (Table 8). Likewise, Ihe unsat-

uraled/saluraled fatly acid ratio in Ihe microvesicle phospholipids
was approximately 2-fold greater lhan lhal of Ihe primary plasma
membranes (Table 6 versus Table 9). Laslly, Ihe phosphalidyl-
choline/phosphalidylelhanolamine ratio in ihe microvesicles was
3-fold greater than in ihe primary plasma membranes (Table 7

versus Tables 10 and 11). Thus, il appears lhal Ihe microvesicles
may be shed from specialized membrane lipid domains, a con
cepÃ¬supported by earlier dala indicating greater sphingomyelin
and polyunsalurated fatty acid contenÃin exfoliated vesicles lhan
in corresponding plasma membranes from glioma and neuro-

blastoma cells (50). These dala would also indicate lhal Ihe
exfoliated membrane vesicles of B16 melanoma cells oblained
herein mighl be expected to be more fluid lhan Ihe parenl plasma
membrane especially because of Ihe low choleslerol/phospho-
lipid ratio. Normal thymocytes shed vesicles lhal have a choles-

lerol/phospholipid ratio similar to lhal of ihe ihymocyle plasma
membranes (51). In contrast, leukemic GRSL cells shed vesicles
lhal were 3.5-fold enriched in choleslerol/phospholipid ratio, as

compared to GRSL plasma membranes, and Ihey were conse
quently much more rigid lhan Ihe corresponding plasma mem
brane (51). Since Ihe exfoliated vesicles of highly melastatic B16-
F10 melanoma cells as well as those of low-metaslalic B16-F1

melanoma cells have a low choleslerol/phospholipid ratio, it
seems likely that Ihey represenl a completely differenl membrane
domain lhan lhal shed by Ihymocyles or GRSL cells.

Lipid Composition of B16 Melanoma Variants. Several sig-

Tabte11
Phospholipid composition of B16-F10 melanomamembranes

All conditions were as described in the legend to Table 10.

Phospholipidcomposition (mol%)PhospholipidPhosphatidylcholineLysophosphatidylcholinePhosphatidylethanolaminePhosphatidyl-N,N'-dimethylethanolaminePhosphatidylmonomethylethanolaminePhosphatidylinositolPnosphatidylserinePhosphatidylglycerolCardiolipinSphingomyelinDiphosphatidylinositolLysophosphatidylethanolamineOtherPhosphatidylcholine/PhosphatidylethanolamineCellhomoge-

nate46.4
Â±0.9a1.2

Â±0.124.7
Â±2.10.7
Â±0.160.7

Â±0.2"3.6

Â±1.46.9
Â±2.63.0
Â±0.23.6
Â±0.21.1

Â±0.21.3
Â±0.60.6

Â±0.25.9
Â±1.81.9

Â±0.2Plasma

mem
brane42.5

Â±3.01.4
Â±0.230.5

Â±2.40.1
Â±0.11.6

Â±0.33.5
Â±1.010.0+1.94.2

Â±0.50.71.6

Â±0.30.6
Â±0.11.5

Â±0.46.5
Â±0.31.4

Â±0.2Microsomes42.3

Â±2.41.0
Â±0.124.3

Â±2.4Â°0.2

Â±0.10.1

Â±0.13.4
Â±0.511.

8Â±0.6*4.3

Â±0.51.7
+0.71.2

Â±0.20.7
Â±0.20.1
Â±0.12.1
Â±0.71.8
Â±0.2"Mitochondria40.4

Â±2.00.6
Â±0.232.3

Â±1.5"0.1

Â±0.10.1

Â±0.14.5
Â±1.09.6
Â±0.563.1

Â±0.14.1
Â±1.30.9

Â±0.20.4
Â±0.10.1
Â±0.12.7
Â±0.71.2
Â±0.1Â°

a Mean Â±S.E. (n = 4 to 7).
"p < 0.05, as determined by Student's t test.
cp < 0.10, as determined by Student's f test.
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F. Schroeder and J. M. Gardiner

nificant diffÃ©rencesin lipid composition of the B16 melanoma
membranes were obtained when the B16-F1 and B16-F10 cell
lines were compared. First, the B16-F10 melanoma cell homog-

enate and plasma membrane phospholipids contained 55 and
37% less arachidonic acid (20:4), respectively, than did those of
the B16-F1 melanoma cells. Arachidonic acid is an important
prostaglandin precursor. Although, in general, increased prosta-

glandin content has been found in the blood, urine, and tumor
cells of cancer patients (23), decreased prostaglandin formation
by highly metastatic tumor cell lines indicates a potential relation
ship between prostaglandins and the metastatic process (15,
40, 49). These investigators found that the highly metastatic
B16-F10 melanoma formed less prostaglandin D2 compared to
the low-metastatic B16-F1 melanoma. Prostaglandin D2 inhibits

platelet aggregation in vivo and may therefore prevent the for
mation of platelet-B16 melanoma cell emboli. Formation of such

emboli may protect the highly metastatic melanoma cell from
destruction in the systemic circulation until it can form metastatic
sites in the lung. In vitro blockade of prostaglandin D2 production
by indomethacin increased the metastatic rate of the B16 mela
noma cells in vivo (49). Thus, the decreased prostaglandin D2
levels and higher metastatic properties of the B16-B10 mela
noma cell lines as compared to the B16-F1 melanoma cell lines

may be due to the decreased availability of arachidonic acid, the
prostaglandin D2 precursor. In addition, decreased polyunsatu-

rated fatty acid content decreased the susceptibility of tumor
cells to complement-mediated cytolysis (55). The tumorigenicity

of transformed FK3T3 cell lines was enhanced by decreased
polyunsaturated fatty acid content while the tumorigenicity of a
poorly tumorigenic derivative, AK 3T3 cells, was decreased by
decreased polyunsaturated fatty acid content (10).

Not only was the level of arachidonic acid decreased in the
plasma membranes and cell homogenate of B16-F10 cells, but
the other polyunsaturated fatty acids were also decreased 5-
and 2.5-fold, respectively, as compared to B16-F1 cells. This

decrease was reflected in the unsaturated/saturated fatty acid
ratio and indicates that the B16-F10 plasma membranes may be
less fluid than those of the B16-F1 cells. In contrast, another

finding was the opposite effect, that the 28% lower cholesterol/
phospholipid molar ratio would be expected to increase the
fluidity of the B16-F10 plasma membrane. Since the effects of

these 2 parameters on fluidity were opposed, structural analysis
to determine whether the unsaturated/saturated fatty acid ratio
or the cholesterol/phospholipid ratio predominated were per
formed and described elsewhere.3 In general, plasma mem

branes of tumors such as hepatomas have higher cholesterol/
phospholipid ratios than normal liver (53). This difference be
tween normal and tumor cells was largely due to defective
feedback regulation of cholesterol biosynthesis in tumor cells (8,
10, 53), B16-F10 cells have less sterol carrier protein than do
B16-F1 cells." If higher cholesterol/phospholipid ratios are as

sociated with degree of malignancy and, by extension, metastatic
potential, then the B16-F10 melanoma plasma membrane should

have had a cholesterol/phospholipid ratio higher than that of the
B16-F1 melanoma cells. The data presented herein indicated the

opposite trend. Thus, it appears that metastatic potential may
not be predicted from simple extension of the membrane prop-

"F. Schroeder, Florescence probes in metastatic B16 melanoma membranes.

Btochim. Btophys. Acta, in press, 1984.
' F. Schroeder, A. B. Kier, and M. E. Dempsey, unpublished observation.

erties of cells that do or do not form primary tumors.
The cholesterol/phospholipid ratio of mitochondrial mem

branes of B16-F10 cells was not significantly different from that
of the B16-F1 cells. Hepatoma mitochondria have a 4- to 7-fold

higher content of cholesterol than normal liver mitochondria (32,
53). The elevated cholesterol/phospholipid ratio is associated
with a decreased ability of the hepatoma mitochondria to
undergo PÂ¡-inducedswelling and other membrane functions (32,

53). Elevated cholesterol/phospholipid ratios in normal liver mi
tochondria increased the activity of succinate-cytochrome c re-

ductase. Since the cholesterol/phospholipid ratio was not signif
icantly different between the 2 cell lines, it seems unlikely that
the same mechanism for regulation of mitochondrial enzyme
activity is operative in B16 melanoma mitochondria as in normal
liver mitochondria.

Phospholipid Composition. The phospholipidcomposition of
B16 melanoma cells indicated few differences between B16-F10
and B16-F1 cell lines except for: (a) the phosphatidylcholine/

phosphatidylethanolamine ratio was higher in all membrane frac
tions of B16-F10 melanoma; and (b) the content of phosphati-
dylserine was higher in B16-F10 microsomes and mitochondria
of B16-F10 melanoma cells. Neoplastic cell membranes com
pared to normal cell membranes showed decreased phosphati-
dylcholine/phosphatidylethanolamine ratios and increased phos-
phatidylserine content (52). The phosphatidylcholine/phosphati-
dylethanolamine ratio is a determinant of cell-cell interactions
(16) or cell-substrate adherence (41), endocytosis (42, 43), and

receptor binding (12, 42). A decreased phosphatidylcholine/
phosphatidylethanolamine ratio in tumorigenic LM fibroblast
membranes resulted in increased homotypic concanavalin A-
mediated agglutination (42), increased concanavalin A-mediated

hemagglutination, and decreased metastatic rate of LM tumors
in nude mice (21). Although the phosphatidylcholine/phosphati-
dylethanolamine ratio was higher in B16-F10 melanoma cells
than in B16-F1 melanoma cells, the content of plasma mem
brane-methylated phosphatidylethanolamines (phosphatidyl-N-
monomethylethanolamine and phosphatidyl-/V,AT-dimethyletha-
nolamine) was significantly lower in B16-F10 than in B16-F1

melanoma cells (Tables 9 and 10). Decreased methylation of
phosphatidylethanolamine was also noted in mouse ascites cells
and rat hepatomas (14) as compared to normal liver and blood
cells. This observation may be highly significant because in rat
mast cells a pool of phosphatidylcholine, synthesized from phos
phatidylethanolamine by the methylation pathway, is preferen
tially attacked by phospholipase A?. Arachidonic acid is released
from this phosphatidylcholine and is subsequently converted to
prostaglandins (19). Thus, not only did the B16-F10 melanoma

plasma membranes have less arachidonic acid content but they
may also have less phosphatidylcholine arising via methylation
of phosphatidylethanolamine than do the B16-F1 melanoma

plasma membranes. Both of these factors may account for the
decreased prostaglandin D2 content and increased metastatic
potential of the B16-F10 melanoma cells.

In summary, the data described here represent a first attempt
to isolate and biochemically characterize subcellular membranes
from B16 melanoma cell variants. The comparison of membrane
enzyme and lipid compositional properties of the high-metastatic
B16-F10 and low-metastatic B16-F1 cell lines may help to un

derstand the molecular basis for the differences in metastatic
properties between the 2 cell lines. As such, to our knowledge,
the work represents the first isolated membrane characterization
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Membrane Lipids and Enzymes of Melanoma Variants

and comprehensive comparison of lipids and membrane en
zymes from high- and low-metastatic cell lines.
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