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Fluorescence probe molecules, trans-parinaric acid and 1,6-diphenylhexatriene, were utilized to characterize
the structure of plasma membranes, microsomes and mitochondria from B16 melanoma cells. High metastatic
B16-F10 and low metastatic B16-F1 melanoma cell lines had markedly different membrane structures. The
fluorescence polarization, fluorescence lifetime and limiting anisotropy of trans-parinaric acid were signifi-
cantly lower (P < 0.05) in all three membrane fractions of the B16-F1 cell line than in the corresponding
membranes of the B16-F10 cell line. These data indicated less restriction to rotational motion in the solid
lipid domains of B16-F1 cell membranes preferentially sensed by trans-parinaric acid. The limiting anisot-
ropy of both trans-parinaric acid and 1,6-diphenyl-1,3,5-hexatriene was significantly lower in the outer
monolayer than the inner monolayer of the plasma membrane of B16-F1 cells but not in B16-F10 cells. A
breakpoint in Arrhenius plots of fluorescence near 30-34°C indicated the presence of a phase separation that
was assigned to the inner monolayer of the plasma membrane. However, no differences in this breakpoint
temperature were noted between the B16-F1 and B16-F10 melanoma membranes. Thus, more fluid solid
membrane domains and a distinct transbilayer fluidity difference were characteristic of plasma membranes
from low metastatic B16-F1 melanoma cells in contrast to high metastatic B16-F10 melanoma cells.

Introduction esting relationship between prostaglandin D, pro-
duction, arachidonic acid release, inhibition of the
immune response and altered membrane fluidity
was recently postulated for high metastatic B16-

F10 and low metastatic B16-F10 melanoma cells

Considerable advances in our understanding of
the metastatic process have recently been made
possible through the use of tumor cell sublines of

different metastatic potential [1,2]. Early investiga-
tions indicated that differences in cell surface
membrane properties correlated with the meta-
static properties of the tumor cell [3]. An inter-

Abbreviations: A, absorbance; CO, absorbance-corrected fluo-
rescence; 7, lifetime; P, polarization; F, fractional fluores-
cence; X, mole fraction; R, rotational relaxation rate; r,
limiting anisotropy; r, steady-state anisotropy; r,, anisotropy in
the absence of rotational motion; TNBS, trinitrobenzene-
sulfonic acid.
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[4,5]. In addition, the lateral segregation of cell
surface proteins was determined in both these cell
lines by fluorescence photobleaching recovery [6].
Polymerized actin formed more aggregated patches
in the cell surface of B16-F10 melanoma than
B16-F1 melanoma cells. Increased membrane
fluidity led to decreased adhesiveness of CHO
tumor cells [7]. Most importantly, the oncogenic
potential of a series of transformed C;H 10 7, ,
CLS8 cells correlated directly with membrane fluid-
ity [8]. Despite these findings, there have been no
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detailed studies comparing plasma membrane
structure and composition of the membrane lipids
from high versus low metastatic cell lines.
Elsewhere, we presented the lipid composition and
distribution of phospholipid in membranes iso-
lated from B16-F10 and B16-F1 melanoma cells
[9]. Differences in cholesterol / phospholipid ratio
phosphatidylcholine / phosphatidylethanolamine
ratio and in polyunsaturated fatty acid content
were noted between the two cell lines. These find-
ings therefore implied potential differences in
membrane structuré as well. Herein, are presented
the results of fluorescence probe investigations on
purified membranes from B16-F1 and B16-F10
melanoma cells in order to determine if structural
differences exist between cellular membranes of
these high and low metastatic cell lines.

Materials and Methods

Chemicals and fluorescence probe molecules. Tri-
nitrobenzenesulfonic acid (TNBS) was purchased
from Sigma Chemical Co. (St. Louis, MO). trans-
Parinaric acid and 1,6-diphenylhexatriene were
obtained from Molecular Probes (Junction City,
OR) and Eastman Chemical Co. (Rochester, NY),
respectively.

Cell culture and membrane isolation. B16-F10
and B16-F1 melanoma cells were cultured as de-
scribed earlier [9]. Plasma membranes, microsomes
and mitochondria were 1solated and characterized
also as described therein.

Fluorescence probe incorporation and instrumen-
tation. trans-Parinaric acid and 1,6-diphenyl-1,3,5-
hexatriene were incorporated into membranes at
1:100 mol ratios, unless otherwise specified as
described earlier [10]. The computer-centered spec-
trofluorimeter, first developed by Holland and
co-workers [12,13], was used to simultaneously
determine absorbance, absorbance-corrected fluo-
rescence, relative fluorescence efficiency and cor-
rected fluorescence emission [14-17]. Light scatter-
ing was corrected by use of cutoff filters and
narrow band passes.

Fluorescence lifetime, 7, and steady-state fluo-
rescence polarization, P, were determined using a
T format spectrofluorimeter [18], obtained from
SLM (SLM 4800 Subnanosecond Spectrofluorime-
ter, SLM Instruments, Champaign-Urbana, IL),

basically as described earlier [19]. In determination
of polarization, light scattering was reduced by
using narrow band passes in the excitation mono-
chromator and cutoff filters in the emission mono-
chromator. In addition, samples were serially di-
luted and polarization was measured extrapolated
to zero absorbance [20,21]. All fluorescence life-
times were measured with the excitation polarizer
set at 0° and the emission polarizer set at 55° in
order to eliminate Brownian motion as a determi-
nant of apparent lifetime. Fluorescence lifetimes
were simultaneously measured relative to a refer-
ence solution of dimethyl-p-bis[2-(5-phenyloxazo-
lyl)]benzene (i.e., dimethyl POPOP) in absolute
ethanol as described previously [22]. Multiple life-
times were resolved by Weber’s closed-form het-
erogeneity analysis [23] using a PDP-8E Computer
(Digital Eq. Co., Maynard, MA). This program
also provides fractional fluorescence values. The
latter can be converted to mole fractions according
to:

X, = (F/7)/(Z,F /) (1)

where X, F; and 7, are the mole fraction, fractional
fluorescence and lifetime of component i. The
excitation wavelengths for trans-parinaric acid and
1,6-diphenyl-1,3,5-hexatriene in fibroblast mem-
branes were 313 and 362 nm, respectively; fluores-
cence emission was monitored at 415 and 424 nm,
respectively.

Differential polarized phase fluorometry was
used to obtain the rotational rate and limiting
anisotropy of fluorescence probes in membranes
[24]. Determination of rotational relaxation times
or microviscosity according to steady-state tech-
niques [25,26], was not used, since the steady-state
anisotropy used in these calculations is comprised
to two components: r, the limiting anisotropy,
which is determined primarily by the degree to
which the rotations are hindered, and R, the rota-
tional rate [24,27.28]. Instead, we utilized the
method of Lakowicz et al. [24] to obtain the limit-
ing anisotropy and rotational rate directly as fol-
lows:

ro=r+(r—ry)/6Rt (2)

where r_ is the limiting anisotropy, r is the
steady-state anisotropy, 7, is the anisotropy in the



absence of rotational motion, 7 is the lifetime and
R is the rotational rate in radians/s. The relaxa-
tion rate expressed in ns is equivalent to (6R) ™!
The r, for diphenylhexatriene and zrans-parinaric
acid is 0.392 and 0.390, respectively [24,29]. The
value for R can be obtained from differential
polarized phase measurements as follows [24]:

(mtanA)(2R7)’+(Ctand — A)(2R7)+(Dtand - b) =0
3

where A =3B =wr(r,— 4), C=(1/3)2r—4r%+

2), D=Q1/9(m+mew?r?), m=(1+2r)X1 —r).
The steady-state anisotropy, r, is equivalent to
[2P/(3 — P)), where P is the polarization. In bio-
logical membranes, the r is dependent primarily on
the range of motion rather than the rate, and
alterations in membrane components such as
cholesterol, proteins, etc., largely reflect alterations
in range of motion rather than rate [27,30,31].
Such calculations can also be performed with probe
molecules that have multiple lifetimes (i.e., trans-
parinaric acid) by using Weber’s Law for the addi-
tivity of polarization anisotropy [32]. Weber’s Law
of anisotropy additivity requires intensity weight-
ing for the addition of fractional anisotropies.
Fractional fluorpescence intensities (F, and F,)
are obtained from the multiple lifetime analysis as
described above. Similarly, the contribution of
probe molecule in several lipid domains with dif-
ferent lifetimes to an average or 7., can be ob-
tained from 7, F| plus 7, F,. Thus, an r,;, obtained
from diifferential-polarized phase fluorescence
measurements and a 7,;, may be inserted into Eqn.
2 to provide an R, or average rotational relaxa-
tion time. The latter is only an approximation and
subject to the assumption that r__ is the same in
both lipid environments. Another limitation is the
error involved in determination of lifetimes and
fractional fluorescence intensities with the phase
method.

Sample temperature was varied with an Exocal
100, Endocal 850 and ETP-3 Temperature Pro-
grammer system (Neslab Inst., Portsmouth, NH).
Sample temperature was monitored with a thermo-
couple placed directly in the cuvette and a WR-700
Digital Thermometer (Kernco Inst., El Paso, TX).
All detections represent the average of 40 values
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taken in several milliseconds for each sample at
each temperature. All values presented represent
the mean of three samples. All samples were
studied in aqueous phosphate-buffered saline (50
pg protein/ml). All fluorescence Arrhenius plots
were heating scans, although cooling scans were
performed and similar data were obtained.

Trimitrobenzenesulfonic acid labelling. TNBS la-
belling of B16 melanoma cells cultured in mono-
layer was performed at 4 or at 37°C as described
earlier [33]. This method has been used to tri-
nitrophenylate the external surface of intact plasma
membrane under nonpenetrating conditions (4°C)
or both membrane surfaces under penetrating con-
ditions (37°C) for fibroblasts [33-34], synapto-
somes [35] and phagosomes [36-37]. The basic
method is a modification of that developed earlier
by the laboratories of Marinetti et al. and Litman
et al. [38-40]. The asymmetric distribution of
aminophospholipid was determined as described
earlier [33]. The difference in transbilayer structure
was determined also as described earlier
[10,41-42,19].

Results

Spectral characteristics of trans-parinaric acid and
1,6-diphenylhexatriene in Bl6 melanoma mem-
branes

The ultraviolet absorption and fluorescence
properties of trans-parinaric acid in isolated plasma
membranes from B16-F10 melanoma cells indi-
cated characteristic excitation maxima at 290, 303
and 318 nm, while a broad emission maximum
occurred near 410 nm. The excitation and emis-
sion transitions were well-separated, such that,
there was little overlap of emission and excitation
spectra. Similar spectral properties were obtained
with trans-parinaric acid in the microsomes and
mitochondria, except that the ratio of
absorbance-corrected fluorescence of excitation
peaks at 318/292 nm from microsomes was 27%
greater than that of plasma membranes from B16-
F10 melanoma cells (Table I). A higher ratio indi-
cates that the microenvironment sensed by the
trans-parinaric acid in the microsomes was slightly
more polar or had a higher dielectric constant (see
Table 1 of Ref. 43, Table 1 of Ref. 19, and Ref.
15). Similar results were obtained with trans-
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TABLE 1

SPECTRAL CHARACTERIZATION OF PROBE MOLECULES IN MEMBRANES OF B-16 MELANOMA VARIANTS

Spectral characteristics of trans-parinaric acid and 1,6-diphenyl-1,3,5-hexatriene were determined in membranes of B-16 melanoma

variants as described in Materials and Methods.

Probe molecule Parameter Variant
F1 F10

Plasma membranes

trans-Parinaric acid excitation maxima ? 320,306,292 318,303,290
emission maximum ? 410 410
CO,,5/CO540 1.22+0.06 ®¢ 0.91+0.05*°

1,6-Diphenyl-1,3,5-hexatriene excitation maxima 376,356,342 377,356,344
emission maxima 402,425,450 400,424,445
CO375/CO;434 0.974+0.03 0.92+0.02

Microsomes

trans-Parinaric acid excitation maxima 318,305,290 317,302,288
emission maximum 410 415
CO415,/C050 1.53+0.04 ¢ 1.17+0.07 >¢

1,6-Diphenyl-1,3,5-hexatriene excitation maxima 375,356,340 378,357,342
emission maxima 402,427,450 400,425,447
CO;43 /CO439 1.0340.38 0.98+0.04

Mitochondria

trans-Parinaric acid excitation maxima 318,304,290 321,306,293
emission maximum 410 410
CO3,4/C044 1.13+0.07 1.12+0.06

1,6-Diphenyl-1,3,5-hexatriene excitation maxima 375,358,342 375,358,340,328
emission maxima 399,425,451 398,425,214
CO373/CO0;534 0.98 +0.02 1.01+0.04

# Excitation and emission maxima are given in nm.
® P < 0.05 by student’s r-test (n = 3) between F1 and F10.
¢ P < 0.05 between membranes in a single cell line.
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Fig. 1. Fluorescence excitation and emission spectra of trans-
parinaric acid in B16-F10 melanoma plasma membranes.
trans-Parinaric acid was incorporated into isolated plasma
membranes (50 pg protein/ml phosphate-buffered saline) and
fluorescence spectra were determined as described in Materials
and Methods. RFE, relative fluorescence emission; CFE, cor-
rected fluorescence emission; CO, absorbance-corrected fluo-
rescence; A, absorbance.

parinaric acid incorporated into plasma mem-
branes, microsomes and mitochondria for B16-F1
melanoma cells, except that the ratio of
CO;,3/CO,4, was 34 and 31% higher in plasma
membranes and microsomes, respectively, from
B16-F1 melanoma than in B16-F10 melanoma
cells. These data were consistent with the fluo-
rescent fatty acid, trans-parinarate, being located
in a membrane microenvironment of higher dielec-
tric or polarity in B16-F1 than in B16-F10
melanoma plasma membranes and microsomes.
Fluorescence characteristics of 1,6-diphenyl-
hexatriene in plasma membranes of B16-F10
melanoma cells displayed excitation maxima near
344, 356 and 377 nm, while emission maxima were
resolved near 400, 424 and 445 nm (Fig. 2). The
shapes of the absorbance-corrected fluorescence
excitation and emission curves approached a mir-
ror-image relationship. The excitation and emis-
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Fig. 2. Fluorescence excitation and emission spectra of 1,6-di-
phenylhexatriene in B16-F10 melanoma plasma membranes.
All conditions were as specified in the legend of Fig. 1, except
that 1,6-diphenylhexatriene was used instead of trans-
heparinaric acid. Abbreviations as in Fig. 1.

sion transitions overlapped in the area of 370-405
nm. The spectral properties of 1,6-diphenyl-
hexatriene in microsomes and mitochondria of
B16-F10 melanoma cells were similar to those of
the plasma membranes. No difference in probe
microenvironment was apparent between the sub-
cellular membranes. In addition, the fluorescence
characteristics of 1,6-diphenylhexatriene in mem-
branes of B16-F1 melanoma cells displayed no
significant diffrence from those of B16-F10
melanoma cell membranes.

Fluorescence probe properties in Bl6 melanoma
membranes

The fluorescence properties of trans-parinaric
acid in plasma membranes, microsomes and
mitochondria of B16 melanoma cells indicated the
presence of a more rigid lipid microenvironment in
the B16-F10 melanoma cell line than in the B16-F1
line (Table II). In all cases, the limiting anisotropy
of trans-parinaric acid was significantly (P < 0.05)
greater in the plasma membranes (9%), micro-
somes (9%) and mitochondria (13%) of B16-F10
melanoma cells than in those from B16-F1
melanoma cells. The limiting anisotropy is sensi-
tive to rotational constraint imposed on the trans-
parinaric acid by the surrounding lipid environ-
ment. In contrast, the rotational rate was un-
changed near 2 ns. The larger limiting anisotropies
in B16-F10 membranes, calculated as described in
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Eqns. 2 and 3, was primarily due to increases in
both fluorescence polarization and fluorescence
lifetime. The two fluorescence lifetimes of trans-
parinaric acid near 3 and 15 ns represented the
probe motion in fluid and solid membrane do-
mains, respectively [16,17,44,45]. The lifetime com-
ponent associated with the solid membrane do-
mains (7, ) was significantly longer in the B16-F10
melanoma membranes than in B16-F1 melanoma
membranes.

Because trans-parinaric acid shows a nearly 4-
fold selective partition into solid lipid domains
[16,17,44,45], a second fluorescence probe mole-
cule that does not display such a preference was
chosen to determine if the results obtained with
trans-parinarate represented properties of a select
microenvironment in B16 melanoma membranes
or if these results reflect the membranes as a
whole. The fluorescence probe molecule, 1,6-di-
phenylhexatriene, displayed only a single lifetime
component in B16 melanoma membranes (Table
III). In contrast to the results obtained with trans-
parinaric acid, the fluorescence polarization, life-
time, limiting anisotropy and rotational relaxation
time of 1,6-diphenylhexatriene were not signifi-
cantly different between membranes of B16-F10
and B16-F1 melanoma cell lines. Mitochondrial
membranes had less restriction to the 1,6-di-
phenyl-1,3,5-hexatriene rotational movement (7. )
than the plasma membranes or microsomes.

TNBS labelling of Bl16 melanoma plasma mem-
branes

In order to determine if a difference in structure
exists across the outer and inner monolayer of the
plasma membrane as it does for other tumorigenic
cell [46] surface membranes [10,41,42], TNBS la-
belling was performed to provide a suitable fluo-
rescence-quenching agent covalently linked to one
or both sides of the plasma membrane bilayer.
First, however, the labelling behavior of TNBS
was determined to ascertain the degree of penetra-
tion of TNBS into the cell and to determine if
major structural damage affecting membrane en-
zyme functions occurred. The effect of the chemi-
cal-labelling reagent on the activities of mem-
branous enzymes is shown in Table 1V. TNBS
treatment of B16-F1 and B16-F10 melanoma cells
under nonpenetrating conditions at 4°C did not
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TABLE 1V
EFFECTS OF TNBS ON B16 MELANOMA ENZYMES
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The B-16 melanoma variants were cultured and treated with a chemical-labeling reagent, TNBS, under nonpenetrating (4°C)
conditions as described in Materials and Methods. Enzyme activities (nmol/min per mg protein) were determined. Values represent

the mean+ S.E (n=4-7).

Cell variant Enzyme Trinitrobenzenesulfonic acid
- +
B16-F1 (Na*-K*)-ATPase 233+ 5.7 217+ 6.7
Mg?*-ATPase 283+ 7.3 2334134
5"-nucleotidase 161+ 25 132+ 54
NADPH-dependent
cytochrome ¢ reductase 87.0+ 3.3 96.1+ 8.3
succinate-dependent
cytochrome ¢ reductase 89.6+11.6 107.9+26.1
B16-F10 (Na®™ + K™ )-ATPase 277+ 39°% 104+ 32°
Mg?*-ATPase 16.2+ 6.0 151+ 6.7
5’-nucleotidase 13.6+ 212 261+ 40°
NADPH-dependent
cytochrome ¢ reductase 68.6+ 7.4 91.2+12.0
succinate-dependent
cytochrome ¢ reductase 162.44+16.9 1578+ 7.3

2 P < 0.05 as determined by Student’s t-test.

significantly alter any of the intracellular (micro-
somal or mitochondrial) membrane enzyme activi-
ties of B16-F1 cells. In contrast, treatment of
B16-F10 melanoma cells under nonpenetrating
conditions with TNBS decreased the activity of
(Na* + K*)-ATPase by 62%, but the activity of
5’-nucleotidase was increased 2-fold. This increase
was not due to enhanced exfoliation of 5'-
nucleotidase in B16-F1 cells by treatment with
TNBS. The ratio of soluble to particulate 5'-
nucleotidase (33000 X g supernatant/33000 X g
pellet) in the membrane preparation was not
altered by treatment of either B16-F1 or B16-F10
cells with TNBS (data not shown). In both cases,
approx. 80% of the enzyme was in the supernatant,
while 20% was particulate.

The percentage of trinitrophenylated amino-
phospholipids in the plasma membrane under
nonpenetrating reaction conditions with TNBS
indicated the degree of exposure of these lipids in
the outer monolayer of the cell plasma membrane
[33]. Both cell lines showed that 5-7% and 15-23%
of their phosphatidylethanolamine and phos-
phatidylserine reacted with TNBS, respectively
(Table V). If the reagent had penetrated the cell

surface membrane at 4°C, extensive trinitropheny-
lation of microsomal and mitochondrial phos-
pholipids would be expected. However, this was
not the case. Less than 2% of phosphatidyl-
ethanolamine and phosphatidylserine, respectively,
were trinitrophenylated in the intracellular
organelles. This small degree of trinitrophenyla-
tion may in part be due to cross-contamination of
microsomes and mitochondria with cell surface
membrane fragments. When cells were treated with
TNBS at 4°C, the trinitrophenylphosphatidyl-
ethanolamine and trinitrophenylphosphati-
dylserine retained their distribution in the mem-
brane. Warming the cells to 24, 37, or 45°C and
then re-exposing to TNBS did not result in ap-
pearance of additional trinitrophenylated phos-
phatidylethanolamine or phosphatidylserine. Thus,
the fluorescence-quenching sites described in the
following section remained on the outer surface.
Under penetrating reaction conditions (37°C),
greater than 90% of all cellular aminophospholi-
pids were trinitrophenylated and subcellular mem-
brane enzymes were inhibited. These data, com-
bined with the lack of intracellular membrane
enzyme inhibition, indicate that at 4°C, the chem-
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TABLE V

PHOSPHOLIPID DISTRIBUTION IN B16 MELANOMA VARIANTS

B16 melanoma variants were treated with TNBS at 4°C as described in Materials and Methods. Values represent the mean + S.E.

(n = 3). The percent trinitrophenylation is calculated as follows:
(% trinitrophenylated phospholipid)

percent labeled =

(% trinitrophenylated phospholipid + unreacted phospholipid)

Phospholipid B16 Cell Plasma Microsomes Mitochondria
(mol %) melanoma homogenate membrane

variant
Trinitrophenylated
phosphatidylethanolamine F1 9.6+3.9 73+24 12+1.4 0.9+0.9

F10 6.4+1.6 49403 1.0+1.1 0.8+0.4
Trinitrophenylated
phosphatidylserine F1 26.4+6.9 155+29 12+04 1.3+03

F10 20.1+£7.7 23.5+6.3 11+04 1.0+05

ical-labelling reagent, TNBS, did not leak into the
cell. In summary, the asymmetric distribution of
aminophospholipids did not appear to differ sig-
nificantly between B16-F1 and B16-F10 melanoma
cells.

TABLE VI

Fluidity gradients in B16 melanoma plasma mem-
branes

Under conditions in which TNBS did not per-
meate the cell membrane, the outer monolayer of
B16 melanoma plasma membranes was labelled

EFFECT OF TNBS ON PLASMA MEMBRANE FLUORESCENCE OF B-16 MELANOMA CELLS

Fluorescence parameters were determined on isolated plasma membranes of B-16 melanoma cells before and after treatment of cells
under nonpenetrating conditions (4°C) with TNBS as described in Materials and Methods. Lifetime and limiting anisotropy, for
1,6-diphenylhexatriene were determined as described in Materials and Methods. For trans-parinaric acid, average lifetime (y,,,) and
outer monolayer limiting anisotropy were determined according to Weber‘s law of additivity of anisotropy weighing by fractional

intensities. Values represent the mean+S.E. (n = 3).

Parameter TNBS trans-Parinaric acid 1,6-Diphenylhexatriene
F1 F10 F1 F10

Corrected fluorescence - 50 +2 35 +8 73 +6 52 +6

+ 41 +3 23 +4 61 +6 40 +1
Lifetime, y O Yy - 9.8 +8°? 121 +4° 8.7 +04 91 +05

+ 131 +1.1 121 403 95 +03 83 0.2
Polarization, P - 0.305 +0.004 *° 0.324+0.002 0.306 +0.003° 0.316 + 0.006

+ 0.32440.002° 0.325+0.004 0.321 +£0.004 ® 0.325+0.011
Whole plasma membrane - 0.196 +0.003 *® 0.213+0.001 ® 0.190 + 0.004 ° 0.201 +0.004
Limiting anisotropy
Inner anisotropy + 0.212+0.002 ° 0.214 1+ 0.003 0.206 +0.002 ° 0.211+0.007
Calculated (outer)
monolayer limiting
anisotropy 0.123+40.003 0.21140.004 * 0.106 +0.005 # 0.169 4+ 0.006 *
Ratio (outer/inner
monolayer limiting
anisotropy 0.58 +0.04° 0.99 +0.004* 0.51 +0.04° 0.81 +0.04°

# P < 0.05, as determined by Student’s #-test, between F1 and F10.

® P <0.05+TNBS.



with trinitrophenyl groups. More importantly, tri-
nitrophenyl groups covalently linked to the outer
monolayer of the plasma membrane completely
quench the fluorescence of trans-parinarate, 1,6-di-
phenyl-1,3,5-hexatriene, dehydroergosterol and
other fluorescent molecules in this monolayer
[10,14-16,41,42]. Thus, from the limiting anisot-
ropy of a fluorescent molecule in the untreated
plasma membranes and in a plasma membrane
containing covalently linked tritinitrophenyl
groups in the outer monolayer, the limiting anisot-
ropy of the probe can be calculated for both
monolayers of the plasma membranes. When such
procedures and calculations were performed with
trans-parinaric acid and 1,6-diphenylhexatriene,
the ratio of (outer/inner) limiting anisotropy was
near 1.0, indicating the absence of a fluidity dif-
ference between the extracellular and cytoplasmic
monolayer in the high metastatic B16-F10 plasma
membrane (Table VI). In contrast, both probes
showed a markedly decreased (outer/inner) ratio
of 0.58 and 0.52, respectively (P < 0.05) in the low
metastatic B16-F1 plasma membrane. The outer
monolayer of B16-F1 plasma membranes thus ap-
peared to offer less resistance to probe rotation
than that of B16-F10 plasma membranes, as indi-
cated by 42 and 38% smaller limiting anisotropy of
trans-parinaric acid and 1,6-diphenylhexatriene,
respectively, in the B16-F1 plasma membrane outer
monolayer. No difference in rotational relaxation
time of the probe molecules was noted between the
two monolayers of either cell type. Fluorescence
lifetime analysis may also be used to determine if
all of the quenching sites are in or remain in the
outer monolayer of the plasma membrane. Fluo-
rescence quenching by energy transfer from trans-
parinaric acid or 1,6-diphenylhexatriene to the tri-
nitrophenyl group is expected to decrease the fluo-
rescence lifetime of the probe molecules [47]. Since
both of these fluorescent molecules were distrib-
uted across both monolayers of the plasma mem-
branes, the fluorescence lifetime of the probe
molecules in the whole membrane represents an
intensity-weighted average of the lifetime of the
probe in the inner plus outer monolayers. The
fluorescence lifetime would then be expected to
decrease upon energy transfer under the following
conditions: (1) the outer monolayer was only partly
quenched, or (2) if the outer monolayer was either
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partly or fully quenched and some of the quench-
ing sites were in the inner monolayer (either from
penetration of TNBS or from transbilayer migra-
tion of the quenching sites), or (3) if the inner
monolayer were more mobile (had a smaller limit-
ing anisotropy). The lifetime would be expected to
remain unchanged or increased slightly if (1) the
outer monolayer fluorescence were fully quenched,
(2) there were no quenching sites in the inner
monolayer, and (3) the inner monolayer was as
rigid or more rigid than the outer monolayer. The
data in Table VI indicated that the inner monolayer
did not have a smaller limiting anisotropy; in-
stead, the limiting anisotropy of the inner
monolayer was equal to or greater than in the
outer monolayer. In addition, the fluorescence
lifetime of the probe molecules in the inner
monolayer was either equal to or greater than that
of the probe in the outer monolayer. Partial
quenching, partial trinitrophenylation of the inner
monolayer aminophospholipids, or transbilayer
migration of quenching sites would all have led to
a decrease in fluorescence lifetime. The data are
not consistent with the occurrence of the latter
events. These results were especially important,
since they verified complete quenching of fluores-
cence of both probe molecules in the outer
monolayer rather than partial quenching of one or
both monolayers. Lastly, the absorbance-corrected
fluorescence indicated that the majority of the
fluorescence of trams-parinaric acid and 1,6-di-
phenylhexatriene originated from the inner
monolayer. In both cases, up to 80 and 75%,
respectively, of the fluorescence signal was located
in the inner monolayer of the plasma membrane.
However, since the inner monolayer was more
rigid than the outer monolayer, this may contrib-
ute to a higher fluorescence efficiency of probe
molecules in the inner monolayer and these per-
centages must therefore not be regarded as mole
fractions or molar distributions of the probe mole-
cules.

Thermal properties of trans-parinaric acid and
1,6-diphenylhexatriene in Bl16 melanoma mem-
branes

Arrhenius plots of trans-parinarate or 1,6-di-
phenylhexatriene fluorescence in B16 melanoma
membranes (Figs. 3 and 4) indicated the presence
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Fig. 3. Characteristic breakpoint temperatures in Arrhenius
plots of trans-parinaric acid in B16 melanoma membranes.
Plasma membranes, microsomes and mitochondria were iso-
lated from B16-F10 and B16-F1 melanoma cells as described in
Materials and Methods. The probe molecule trans-parinaric
acid was incorporated into the membranes (50 ug protein/ml)
and Arrhenius plots were performed on ascending temperature
scans by the computer-centered fluorimeters as described in
Materials and Methods.

of characteristic breakpoint temperatures. These
characteristic temperatures may reflect phase alter-
ations, changes in microdomains, or modifications
in boundary lipid of proteins. Arrhenius plots of
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Fig. 4. Characteristic breakpoint temperatures in Arrhenius
plots of 1,6-diphenylhexatriene in B16 melanoma membranes.
All conditions were as specified in the legend to Fig. 3, except
that 1,6-diphenylhexatriene was used instead of trans-parinaric
acid.

trans-parinarate in both B16-F10 and B16-F1
melanoma plasma membranes, microsomes and
mitochondria indicated the presence of similar
breakpoints near 30-34°C (Fig. 3). Such break-
points were also noted in microsomes and
mitochondria but not in plasma membranes with
1,6-diphenyl-1,3,5-hexatriene (Fig. 4).

Since trinitrophenylation of the outer monolayer
of the plasma membrane abolished the fluores-
cence of trans-parinarate or 1,6-diphenyl-1,3,5-
hexatriene therein, and because the quenching sites
remained on the outer surface after heating (see
previous section), the transbilayer location of the
characteristic breakpoint temperature may be
ascertained. When the B16 melanoma cells were
labeled with TNBS under nonpenetrating condi-
tions (4°C), the trans-parinarate characteristic
breakpoint temperature of the plasma membrane
was still located near 32°C (Table VII), as were
those of the microsomes and mitochondria. In
contrast, under penetrating conditions (37°C),
TNBS trinitrophenylated not only the outer but
also the inner monolayer of the plasma mem-
branes and thereby quenched almost all of the
fluorescence. In addition, the microsomes and
mitochondrial membranes are trinitrophenylated
under penetrating conditions of 37°C. The
penetrating conditions abolished the characteristic
temperature in the plasma membranes as well as in
most of the subcellular membranes (Table VII).
These data are therefore consistent with an assign-
ment of the characteristic breakpoint temperature
near 30-34°C to the inner monolayer of the
plasma membrane or to both monolayers having
the same characteristic breakpoint temperature.

Discussion

A comparison of structural properties of mem-
branes from high and low metastatic cell lines has
previously not been reported. The data obtained
with trans-parinaric acid indicated that the plasma
membranes, microsomes and mitochondria of
B16-F1 cells had a significantly lower (P < 0.05)
limiting anisotropy than in the corresponding
membranes from B16-F10 melanoma cells. In con-
trast, such differences were not noted with 1,6-di-
phenyl-1,3,5-hexatriene. These findings may be ra-
tionalized as follows. First, 1,6-diphenyl-1,3,5-
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CHARACTERISTIC TEMPERATURES IN ARRHENIUS PLOTS OF FLUORESCENCE PROBE MOLECULES IN B-16

MELANOMA MEMBRANES

Characteristic temperatures were determined from breakpoints in Arrhenius plots of absorbance-corrected fluorescence as described
in Materials and Methods. Values represent the mean+ S.E. (n =3 or 4). TNBS refers to trinitrobenzenesulfonate treatment of cells
under the following conditions: none, nonpenetrating (4 ° C), and penetrating (37 ° C).

Cell fraction Cell Characteristic temperature ( © C)
variants No TBNS 4°C, TNBS 37°C, TNBS

trans-Parinaric acid

Plasma membrane F1 31+1 33+1 none
F10 34+2 3241 none

Microsomes F1 32+1 3341 33+1
F10 31+1 31+1 3441

Mitochondria F1 3241 3342 none
F10 3442 32+1 none

1,6-Diphenylhexatriene

Plasma membrane F1 none none none
F10 none none none

Microsomes F1 31+1 31+2 none
F10 32+1 32+2 none

Mitochondria F1 3142 3341 none
F10 34+1 32+1 none

hexatriene partitions into both fluid and solid
membrane areas nearly equally [27,28,30,48], and
would therefore report on both fluid and solid
areas of the membranes. In contrast, trans-
parinaric acid demonstrated a nearly 4-fold prefer-
ence for solid lipid areas [16,17,44,45] and would
therefore report on solid membrane lipid behavior
preferentially. Since approx. 24-37 mol% of the
probe was located in solid domains (mole fraction
X,, Table II), one could therefore reason that
6-9% of the B16 melanoma membrane lipids were
in the solid state at 24°C. The trans-parinaric acid
may therefore demonstrate that the solid lipid
areas of the B16-F1 melanoma cell membranes
were less rigid (shorter limiting anisotropy). This
interpretation is also supported by the significant
decrease of lifetime of trans-parinaric acid in the
solid lipid areas, 7,. The limiting anisotropy of
both probe molecules was shorter in mitochondrial
than in plasma membranes or microsomal mem-
branes, indicating less hindrance to rotational mo-
tion in mitochondrial lipids. It should be noted
that the rotational relaxation rates of the probe
molecules were not significantly different in the
various membranes. This finding is expected, since

the rotational relaxation rate is not sensitive to
membrane additives such as cholesterol, proteins,
etc. [27,30,31]. The rotational relaxation rate of
1,6-diphenyl-1,3,5-hexatriene in B16 melanoma
membranes was 1-2 ns, a value close to that
obtained in model membrane systems [24].

In addition to the above observations, the find-
ing that the B16-F1 melanoma plasma membrane
solid domains may be more fluid (smaller limiting
anisotropy) than those of the B16-F10 cell lines
must be reconciled with previously noted lipid
compositional changes [9]. Increased cholesterol /
phospholipid ratio and small elevations in polyun-
saturated fatty acid content were found in the
B16-F1 whole cells, plasma membranes and micro-
somes as compared to B16-F10 membranes [9].
Elevations in cholesterol/ phospholipid ratios
would lead to increased limiting anisotropy (de-
crease fluidity), while increased polyunsaturated
fatty acid content would expected to have the
opposite effect. Biophysical determinations indi-
cated that in the bulk fluid lipids, there was no
difference in limiting anisotropy. Thus, the two
effects must essentially cancel out. The data show-
ing the presence of a more fluid solid lipid en-
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vironment (lower frans-parinaric limiting anisot-
ropy) in B16-F1 melanoma membranes is more
difficult to rationalize, unless an altered lateral
distribution of lipids between solid and fluid areas
is invoked. Certainly, the transbilayer differences
in structure are strickingly divergent between these
cell lines (Table VI) and would lend support to
postulation of transbilayer rearrangements of lipids
as well.

The asymmetric distribution of aminophospho-
lipid in both B16-F1 and B16-F10 melanoma cells
was similar to that noted with another murine
tumorigenic cell line, LM fibroblasts [33,34] and
murine brain synaptosomes [35]. In addition, the
transbilayer structure difference in B16-F1 plasma
membranes was similar to that obtained with LM
fibroblasts [10,41]. The decrease in this transbi-
layer ratio of (outer /inner) monolayer-limiting an-
isotropy could have considerable effects on protein
exposure in the B16-F10 cells. Certainly, the ex-
posure of (Nat + K *)-ATPase, a transbilayer en-
zyme, and 5’-nucleotidase, an ecto-enzyme, to
TNBS labelling was markedly different in the more
rigid B16-F10 plasma membrane than in the B16-
F1 plasma membranes (Table IV). The increased
exposure of these proteins to TNBS could have
been due to the lowered unsaturated/saturated
fatty acid ratio in the B16-F10 plasma membranes.
The effect of this lowered unsaturated fatty acid
content may also be responsible in part for the
abolition of the transbilayer fluidity difference in
the B16-F10 plasma membranes.

Several pieces of data are consistent with indi-
cation of the presence of a characteristic tempera-
ture breakpoint in the inner monolayer of the
plasma membrane. First, trans-parinaric acid
Arrhenius plots showed breakpoints near 32°C.
Second, since both B16-F1 and B16-F10 plasma
membranes had the same breakpoint tempera-
tures, one may expect that the limiting anisotropy
of the probe molecules in the inner monolayer
should not be significantly different between B16-
F1 and B16-F10 melanoma plasma membranes.
The data were consistent with this expectation. By
analogy, since the limiting anisotropy of the probe
molecules was markedly different in the outer
monolayer of B16-F1 vs. B16-F10 plasma mem-
branes, a different characteristic breakpoint tem-
perature may be expected for outer monolayer

lipids. The data, however, did not demonstrate
such a difference. Third, when the fluorescence
signal of the probe molecules in the outer mono-
layer was abolished by trinitrophenyl groups in the
outer monolayer, the characteristic breakpoint
temperature near 32°C was not altered. In con-
trast, when the fluorescence signal of 1,6-diphenyl-
hexatriene was abolished in both monolayers, the
characteristic breakpoint disappeared. Similar re-
sults were obtained with trans-parinaric acid, ex-
cept in the case of the microsomes. This may be
due to some of the trans-parinaric acid being in-
accessible to the quenching agent. Indeed, approx.
10% of trans-parinarate may not be present in the
lipid environment of some membranes and may be
closely associated with protein in some membranes
[43]. These results taken together with the data
indicating a considerable difference in outer
monolayer limiting anisotropy of probe molecules
were consistent with the interpretation that such a
characteristic breakpoint temperature was not pre-
sent in the outer monolayer. Such a lack of a phase
transition in one monolayer or different break-
point temperatures in the two monolayers have
been noted in other plasma membrane systems
[49]. The rat-liver plasma membrane, for example,
has a phase alteration in the outer but not the
inner monolayer near 28°C [50-52]. Thus, not
only the transbilayer fluidity gradient but the pres-
ence of two phases near physiological tempera-
tures in at least one of the two monolayers of the
plasma membranes may represent important
potential modulators of transmembrane processes
in metastatic cells.

One additional point relates to membrane
structure and fluidity of membranes. Increased
unsaturated fatty acid levels [9] of B16-F1 cells
and the accompanying increased fluidity may en-
hance the heat-killing of these cells [53] and their
complement-mediated cytolysis [54], perhaps
accounting for their decreased metastatic proper-
ties. Other investigators have shown that the
tumorigeneicity of a transformed cell line, FK
3T3, decreased with increasing polyunsaturated
fatty acid content and with increased cholesterol /
phospholipid ratio [55]. These findings were con-
sistent with lipid differences noted between low
metastatic B16-F1 and high metastatic B16-F10
melanoma cells [7] in which a higher polyun-



saturated fatty acid content was demonstrated for
B16-F1 cells compared to B16-F10 cells. Increased
fludity of CHO cells decreased the adherence of
the cells to protein-coated substrates [7]. This find-
ing may also account for the lowered formation of
metastatic sites by the more fluid B16-F1 than the
less fluid B16-F10 melanoma cells. These results
correlating higher membrane fluidity with higher
polyunsaturated fatty acid content and with lower
metastatic incidence must be extrapolated to other
tumor cells with caution. Certainly, a simple ex-
trapolation of these properties for metastatic
potential to those of oncogenic potential is not
appropriate. Indeed, other investigations corre-
lated increased fluidity in whole cells of a series of
chemically transformed C,H10T; ,,CL8 cell lines
[8] and ascites cell lines [56] with increased onco-
genicity or tumorigenicity. The latter finding may
relate to primary tumors rather than to metastasis
formation. In either case, more data on other high
vs. low metastatic cell lines and their isolated
membrane fluidity rather than whole cell fluidity
must be obtained before any generalization may
be made. Whole cell fluidity determinations are
especially prone to provide data that prevent defi-
nitive conclusions [57].

In conclusion, the structure of isolated plasma
membranes from high and low metastatic B16
melanoma varants differed markedly. Plasma
membranes from high metastatic B16-F10
melanoma cells had similar bulk fluidity (except
for solid lipid domains) than those of the low
metastatic B16-F1 melanoma cells. However, the
transbilayer fluidity difference prominent in the
low metastatic B16-F1 melanoma plasma mem-
brane was essentially absent in the high metastatic
B16-F10 melanoma plasma membrane. Such a
transbilayer fluidity difference in which the inner
monolayer of the plasma membrane is more rigid
than the outer monolayer was also established in
the tumorigenic LM fibroblast plasma membrane
[10,41]. This cell line metastasized poorly in nor-
mal C;H/Hen mice, although, in athymic nude
mice, it metastasized efficiently [46). These find-
ings may represent an important advance in our
understanding of the metastatic process,since they
point out subtle rather than gross alterations in
membrane structure.
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