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ABSTRACT

Topographical distribution of concanavalin A binding sites (CABS) was studied
in two lines of virally transformed fibroblasts as a function of fatty acid compo-
sition. Fatty acid composition was manipulated by incubating cells in fatty acid,
ATP, CoA, and delipidated fetal calf serum (FCS).

VLM cells grown in medium containing 5% FCS have a clustered CABS
distribution. Plasma membrane vesicles (PMVs) derived from these cells have an
arachidonate content of 1.7%. Elevation of PMV arachidonate to 15.8% results in
a marked restriction of CABS patching, while elevation to 6.8% is associated with
intermediate restriction of patching. Restriction of patching is associated with
increased microviscosity. CABS of Rous sarcoma virus-transformed chicken em-
bryo fibroblasts (RSV-CEF) are also responsive to arachidonate enrichment
medium. Whereas untreated cells have a clustered CABS distribution, cells
incubated for 24 h in arachidonate enrichment medium have predominantly a
dispersed CABS distribution. In both VLM cells and RSV-CEF, ATP, CoA, and
delipidated FCS alone have no effect upon CABS mobility.

Inhibition of CABS patching is also observed when aspirin is included in the
arachidonate enrichment medium but not when the cells are incubated in prosta-
glandins, thus suggesting that the restriction of CABS mobility is not mediated by
prostaglandins. Other fatty acids (palmitate, oleate, nonadecanoate) failed to
restrict CABS movement. The inhibition of CABS mobility is independent of cell
shape change.

KEY WORDS arachidonic acid - Con A binding  modulation of cell-cell and cell-microenvironment
sites glymprotfi{l mobility. - patching - interactions (2, 7, 10, 16, 19, 33). Transformed
plasma membrane lipid composition - fibroblasts provide an excellent tool to study li-

transformed fibroblasts

gand-induced glycoprotein redistribution. In this
respect, glycoproteins such as concanavalin A

Ligand-induced receptor site redistribution may (Con A) binding sites (CABS) are more mobile in
be important in ligand-receptor function and in  the plasma membrane of most transformed fibro-
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blasts as compared to parental normal, early pas-
sage fibroblasts. Such mobility allows Con A, a
tetramer at physiological pH, to cross-link its re-
ceptors into patches on most transformed cells (6,
22, 23, 31, 32). With the exception of some clones
of BHK-21 and 3T3 cells (29, 32), which are
established cell lines and not always suitable as
normal prototypes (4), Con A does not induce
clustering of its receptors on normal cell surfaces
(6, 22, 23, 31, 32). The nature of the forces that
control receptor site redistribution is as yet incom-
pletely defined.

Fatty acyl composition affects a number of eu-
karyotic cell surface properties, including contact
inhibition of cell movement (13, 14), the transition
temperature of Con A agglutinability (14), cell
adhesion (13), and receptor-mediated endocytosis
(18). In this regard, there have been many reports
demonstrating a consistant decrease in the amount
of plasma membrane arachidonic acid after trans-
formation (35, 40, 41). To determine whether fatty
acyl composition and cell surface fluidity may
modulate ligand-induced receptor redistribution,
we have studied patching of CABS on transformed
fibroblasts as a function of experimentally induced
changes in plasma membrane arachidonate con-
tent and microviscosity.

MATERIALS AND METHODS

Cell Culture

VLM cells, a line of SV40-transformed secondary
embryonic Balb/c mouse fibroblasts which are injected
into the syngeneic host and recloned from the resultant
tumor (30), were generously supplied by Dr. Satvir Tev-
ethia (University of Pennsylvania Medical Schoo! at
Hershey). Stock cultures were grown to confluence in
75-cm® plastic tissue culture flasks (Falcon Labware,
Div. of Becton, Dickinson & Co., Oxnard, Calif.). The
cells were fed with Dulbecco’s Modified Eagle’s Medium
(DME), supplemented with 5% fetal calf serum (FCS),
penicillin (50 U/ml), streptomycin (50 ug/ml), tylocine
(60 pg/m)), 3% glutamine (10 pl/ml) and 7.5% sodium
bicarbonate (22 ul/ml). All culture media and additions
were purchased from Grand Island Biological Co.,
Grand Island, N.Y., except the penicillin and Versene
which were obtained from Microbiological Associates
(Walkersville, Md.) and trypsin which was ordered from
Calbiochem (Calbiochem-Behring Corp., American
Hoechst Corp., San Diego, Calif.). For passage, cells
were removed from culture flasks with 0.25% trypsin and
0.04% Versene. Cells were fed routinely three times
weekly and passed at confluence, about once every week.

Balb/c embryonic fibroblasts were prepared from
day-16 mouse embryos under sterile conditions. The
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embryos were decapitated, eviscerated, and minced into
1-mm?’ fragments which were subsequently incubated in
0.25% trypsin on a magnetic stirrer for 10 min. The
supernate was then combined with an equal volume of
DME with 10% FCS. The cells were pelleted, rinsed in
phosphate-buffered saline (PBS), and resuspended in the
medium described above containing 10% FCS. Cells
were plated into 75-cm” plastic flasks and maintained in
DME-10% FCS. All cultures of Balb/c fibroblasts were
used before the sixth passage.

Chicken embryo fibroblasts (CEF) and their Rous
sarcoma virus-transformed derivates (RSV-CEF) were
the generous gift of Dr. Dan Rifkin (New York Univer-
sity School of Medicine) and Dr. John Coffin (Tufts
University School of Medicine). The normal cells were
grown in Eagle’s minimal essential medium (EMEM)
supplemented as above for DME, with 10% FCS. RSV-
CEF were grown in EMEM-5% FCS.

For experiments in which surface replicas of cells were
prepared, cells were removed from culture flasks with
trypsin and Versene, and 1 ml of cell suspension was
plated onto 24 X 40-mm sterile glass coverslips (Corning
Glass Works, Science Products Div., Corning, N.Y.), at
a density of 7.0 X 10 cells/ml. The coverslips were
maintained in 60 X 15-mm plastic Petri dishes (Falcon)
and used 24-48 h after plating. Cells were maintained on
completed DME or EMEM as previously described. All
cultures were grown at 37°C in a humidified 5% Co,-
95% air atmosphere.

Fatty Acid Incubations

Fatty acids were incorporated into plasma membrane
phospholipids according to the method of Curtis et al.
(9). Briefly, in short-term experiments, cells were incu-
bated for 30 min in Hanks’ Balanced Salt Solution
(HBSS) containing sodium ATP (1.25 x 107® M, Sigma
Chemical Co., St. Louis, Mo.), sodium coenzyme A
(CoA, 5.0 x 107° M, Sigma), and the desired fatty acid
(10 pg/ml). In long-term experiments, cells were incu-
bated in DME or EMEM containing 5% delipidated
FCS (25), ATP, CoA, the desired fatty acid at the
concentrations specified above, and butylated hydroxy-
toluene (BHT, 10 pg/ml, Calbiochem) to prevent lipid
peroxidation. Fatty acids employed were plamitic acid
(16:0, Applied Science Labs, Inc., State College, Pa.),
nonadecanoic acid (19:0, Applied Science Labs), oleic
acid (18:1, Sigma) and arachidonic acid (20:4, Sigma).
The latter was judged to be 99% pure by gas liquid
chromatography (GLC) before the start of the experi-
ments. Fatty acids were added as sterile ethanolic solu-
tions to the media described above and under nitrogen
to further retard lipid peroxidation. Final ethanol con-
centration never exceeded 0.05%. In control experiments,
cells were incubated for 30 min in ATP and CoA (con-
centrations specified above) or for 24 h in DME contain-
ing 5% delipidated FCS, ATP, CoA, BHT, and ethanol.
Delipidated FCS was prepared according to the method
of Scanu and Edelstein (25).
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In another series of experiments, cells were incubated
for 30 min in HBSS containing 20:4, ATP, CoA, and
aspirin (50 ug/ml, Sigma), or for 24 h in DME containing
5% delipidated FCS, 20:4, ATP, CoA, BHT, and aspirin
(50 pg/ml) (34). Controls were incubated as above with
the omission of 20:4. The effect of prostaglandin E.
(PGE-:) on CABS topography was accessed by incubating
cells for 20 min in HBSS containing either 107" or 107
M PGE,.

Visualization of Con A Binding Sites

Con A was visualized by employing the hemocyanin
(Hemo) replica technique of Smith and Revel (29). This
technique has been described in detail (23). Briefly,
coverslips were treated with the appropriate fatty acids
and chemicals for the desired time, treated 10 min with
Con A (100 pg/ml, Sigma), rinsed three times with
HBSS, treated with Hemo (Busycon caniculatum, 500 ug/
ml), rinsed as above, and fixed in 2% glutaraldehyde
(Fisher Scientific Co., Pittsburg, Pa.). Fatty acids and
other chemicals were present in the labeling and rinsing
solutions at the same concentrations used for the incu-
bation. Cells were postfixed in 2% aqueous OsO, (Steven
Metalilugical, New York), dehydrated in a series of
graded alcohols, passed through amyl acetate (Fisher),
and dried under a warm air stream emitted from a hair
dryer. The cells were shadowed with platinum and
coated with carbon in a DV-502 evaporator (Denton
Vacuum Inc., Cherry Hill, N.J.), and the replicas were
examined in a Philips 200 electron microscope. For
scoring of binding site topography, the first 55 cells
encountered starting from the lower left-hand corner of
each grid were examined and sorted into four categories:

CLUSTERED: CABS are present in discrete clusters
which are typically absent from cell extensions (pseu-
dopodia, microvilli, and filopodia) and also tend to be
withdrawn from the cell periphery (Fig. 1a).

RETICULATED: CABS are present as a lacy network
which may be absent from the cell periphery in some
regions of a cell, while extending to the margins in other
regions (Fig. 1b).

DISPERSED: CABS are randomly distributed over
the cell surface including microvilli and filopodia. (Fig.
1 ¢) In some cells, CABS extended to all cell edges. In
other cells, the margins were partially cleared of CABS.

INTERMEDIATE: A given cell shows two or more
CABS patterns on different regions of its surface.

Plasma Membrane Isolation

Plasma membrane vesicles (PMVs) were prepared
according to Scott (26). This technique was chosen be-
cause it produces vesicles derived from the dorsal cell
surface, the same surface examined in our lectin binding
site redistribution studies. It was shown previously that
such vesicles are enriched in the plasma membrane
marker 5'-nucleotidase and deficient in NADH-cyto-
chrome c reductase, an enzyme typical of the endoplas-
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mic reticulum (26). Briefly, cells were incubated for 2 h
in PBS containing dithiothreitol (2 mM, Sigma) CaCl;
(0.5 mM, Fisher), and paraformaldehyde (75 mM,
Matheson, Coleman & Bell, East Rutherford, N.J.). Al-
though their plasma membranes bleb and vesiculate
extensively under these conditons, the cells remain intact
and viable as determined by trypan blue dye exclusion
and electron microscopy of cells sectioned perpendicular
to the substrate. The medium containing vesicles was
collected, spun at 2,000 g for 10 min at 4°C, and the
supernate spun at 30,000 g for 30 min at 4°C to harvest
PMVs. PMVs were dialyzed overnight against PBS be-
fore lipid analysis. Purity was assessed by electron mi-
croscopy of thin sections of an aliquot of the sample. The
aliquot was pelleted, fixed for 15 min at room tempera-
ture in 2% glutaraldehyde in 0.1 M cacodylate buffer,
postfixed for 15 min in 2% OsO; in cacodylate, dehy-
drated in ethanol and propylene oxide, and embedded
in Araldite. Thin sections were stained with lead citrate
and examined with a Philips 200 electron microscope.
To rule out the possibility that the PMVs form by a
mechanism that potentially excludes membrane proteins
(12), aliquots of the PMV fraction, as well as VLM cells,
were freeze fractured in a Balzers’ BAF 301 freeze-etch
apparatus (Balzers’ High Vacuum Corp., Santa Ana,
Calif.) to reveal typical intramembrane particles (IMPs)
(Fig. 7) The average number of particles per square
micrometer was calculated on both PMVs and VLM
plasma membrane.

Fartty Acid Analysis

Incorporation of 20:4 into both PMV phospholipids
and whole cell lipid extracts was demonstrated by GLC.
Lipids were first extracted according to Bligh and Dyer
(3) in 1:2 chloroform:methanol. The extracts were then
applied in hexane to silicic acid columns (Unisil, 100~
200 mesh, Clarkson Chemical Co., Williamsport, Pa.),
and phospholipids were eluted according to the proce-
dure of Goodman (11). The phospholipid fraction was
then saponified, and the resulting fatty acids were meth-
ylated with boron trifluoride (Applied Science Labs)
(20). The fatty acid methyl esters were analyzed by GLC
using either a 5710A Hewlett-Packard gas chromato-
graph (Hewlett-Packard Co., Palo Alto, Calif.) equipped
with a 6-ft column of 10% Silar 10C on Gas-Chrom Q,
with a programmed run of 160°-200°C, or a Perkin-
Elmer 990 gas chromatograph (Perkin-Elmer Corp., In-
strument Div., Norwalk, Conn.) equiped with a 6 ft
column of 15% diethylene glycol succinate (DEGS) on
Gas-Chrom P, at 170°C. Peaks were identified by com-
paring retention times with those of standards (Supelco,
Inc.,, Bellefonte, Pa.; Applied Science Labs). Areas under
peaks were quantitated by a Ladd Digitizer planimeter
(Ladd Research Industries, Inc. Burlington, Vt.).

Microviscosity Measurements

PMV microviscosity was measured by means of the
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FIGure 1 Three examples of CABS topography on surface replicas of VLM cells. Hemo label binds to
free valences of surface-bound Con A. (a) Clustered CABS distribution. Note clearing of Hemo label
from microvilli (arrows). X 28,300. (b) Reticulated CABS distribution. Note the lacy, interconnected
network of Con A/Hemo on the cell surface, and clearing of Con A/Hemo from cell edges (arrows). X
33,200. (c) Dispersed CABS distribution. Observe labeling of microvilli with Con A/Hemo (arrows).
Although this cell demonstrated no clearing of Con A from the cell margins (asterisk) some dispersed
patterns were also associated with a slight clearing of Con A from cell peripheries. X 23,800.
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fluorescence depolarization of 1,6-diphenyl-1,3,5-hexa-
triene (DPH) incorporated into the membrane bilayer,
according to the method of Shinitzky and Inbar (28). All
polarization measurements were obtained at 25°C with
an Elscint microviscometer, model MV-1a (Elscint Inc.,
Hackensack, N. J.).

The degree of fluorescence polarization P, and the
degree of fluorescence anisotropy, r, can be calculated
from the following equations (28):

_Iyn-1 W
/I +2
;e /1. —-1 @
1||/ I, +2
Iy is the intensity of emitted light as measured through
the polarizer oriented parallel to the polarization plane
of the absorbed light. 7, is the intensity of emitted light
as measured through the polarizer oriented perpendicu-
lar to the plane of the first polarizer. Microviscosity can
be estimated by the following equation (27).

3)

where % is the microviscosity preventing the rotation of
DPH about its longitudinal axis.

RESULTS

The data below are summarized in Table I and
Fig. 2.

Untreated Cells

CELL SHAPE: In an asynchronous popula-
tion, VLM cells are pleiomorphic in shape. Most
cells are fusiform to polygonal with one or more
pseudopodia extending from the nuclear area. The
pseudopodia are characteristically slender as they
leave the cell, flaring out at their terminal ends.
Slim filopodia extend from the margins of the
perikarya as well as from pseudopodia. The cells
are not well spread and are characterized by nu-
merous microvilli (Fig. 3). VLM cells do not show
density-dependent inhibition of cell division and
routinely form multilayers four to five layers thick
if allowed to continue growth after confluence is
reached (5).

The parental embryonic Balb/c fibroblasts, on
the other hand, are polygonal in shape, flattened
onto the substrate, and nearly devoid of microvilli
(Fig. 4). These cells show density-dependent in-
hibition of cell division and movement and form
a stable monolayer (5).

TaBLE |

Percent of Cells Showing a Given Con A Binding Site Distribution After Experimental Manipulations

CABS Distribution

Reticu- Interme-
Incubation Cell Time Clustered lated Dispersed diate
%
PBS VLM 96.3 37 0 0
20:4, ATP, CoA VLM 30 min 24.6 36.0 30.7 8.8
20:4, ATP, CoA, aspirin VLM 30 min 27.8 27.8 37.0 7.4
ATP, CoA VLM 30 min 96.3 1.85 0 1.85
ATP, CoA, aspirin VLM 30 min 944 6.6 0 0
PGE; (1077 M) VLM 20 min 98.15 0 0 1.85
PGE; (107'° M) VLM 20 min 100.0 0 0 0
20:4 VLM 30 min 98.15 1.85 0 0
20:4, ATP, CoA, delipidated (dlpd FCS), BHT, VLM 24 h 0 7.4 87.0 5.6
EtOH
20:4, ATP, CoA, dlpd FCS, BHT, aspirin, VLM 24 h 1.85 3.7 94.4 0
EtOH

ATP, CoA, dlpd FCS, BHT, EtOH VLM 24 h 94.4 37 1.85 0
ATP, CoA, dlpd FCS, BHT, EtOH, aspirin VLM 24 h 96.3 3.7 0 0
18:1, ATP, CoA, dlpd FCS, EtOH VLM 24 h 96.3 0 1.85 1.85
16:0, ATP, CoA, dlpd FCS, EtOH VLM 24 h 94.4 5.6 0
19:0, ATP, CoA, dlpd FCS, EtOH VLM 24h 92.6 5.6 1.85 0
20:4, ATP, CoA, dlpd FCS, BHT, EtOH RSV-CEF 24h 1.8 54 89.3 3.6
ATP, CoA, dlpd FCS, BHT, EtOH RSV-CEF 24 h 92.6 7.4 0 0

* Represents count of 55 cells for each experiment.
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CABS DISTRIBUTION: In agreement with
previous observations (6), Con A cross-links its
receptors into large clusters (primary CABS distri-
bution), and these clusters are withdrawn from
microvilli, filopodia, and other cell margins (sec-
ondary CABS distribution) on VLM cells labeled
with ConA/Hemo (Fig. 2, Table I). In contrast,

PERCENT OF CELLS

CABS %

OISTRIBUTION _
PERCENT 204 IN

PMY FRACTION A 68

FiGUure 2 CABS distribution as a function of PMV
arachidonic acid (20:4) content. Lipid data was generated
by GLC. D, dispersed; R, reticulated; C, clustered; I,
intermediate. (Descriptions of these CABS topographies
are given in the Materials and Methods section).

= < i =

the CABS remain completely dispersed after Con
A/Hemo labeling on the normal embryonic
Balb/c fibroblasts (similar to Fig. 1¢).

Effect of a Short-Term Incubation in
Arachidonic Acid (20:4), ATP, and CoA

When VLM cells are incubated in a mixture of .
20:4, ATP, and CoA for 30 min at 37°C before
Con A/Hemo labeling, there is a shift toward the
dispersed pattern of Con A binding typical of the
untransformed parental cell line (Fig. 2, Table I).
While 24.6% of the cells retain the clustered CABS
distribution characteristic of VLM cells, 36.0% of
the cells demonstrate a reticulated appearance of
CABS, and 30.7% attain the dispersed CABS pat-
tern that is characteristic of the normal secondary
embryonic fibroblasts (Fig. 5). In all cases, the
cells maintain the pleiomorphic shape typical of
untreated VLM cells, except for occasional large
bulges which stain with oil red 0 and represent
intracellular lipid droplets.

Control incubations in ATP and CoA (without
20:4) or in 20:4 (without ATP and CoA) for 30
min at 37°C have no effect on either CABS to-
pography or cell shape (Table I).

% = . £

FIGURE 3 Surface replica of untreated VLM cells. Note the underlapping of the three cells (1, 2, and 3)
demonstrating a lack of contact inhibition of movement in the VLM line. It can be seen that the cells are
pleiomorphic in shape, not well spread, and possess numerous microvilli (arrows). X 2,600.
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FIGURE 4 Surface replica of a secondary Balb/c embryonic fibroblast. In contrast to the VLM cell, note
its flattened morphology and the paucity of microvilli. These cells collapse slightly during the dehydration
procedure, revealing an elaborate system of subplasmalemmal microfilament bundles (m). X 2,000.

FIGURE 5 Surface replica of a VLM cell incubated for 30 min with arachidonate, ATP, and CoA. Note
dispersal of Con A/Hemo complexes, as well as the presence of many bulges (L) representing intracellular
lipid droplets. X 30,600.

224 THE JOURNAL OF CELL BIOLOGY - VOLUME 83, 1979



Effect of a 24-h Incubation in Arachidonic
Acid, ATP, and CoA

When VLM cells are incubated in 20:4, ATP,
and CoA for 24 h, the CABS distribution is shifted
quite dramatically to the dispersed configuration
(Fig. 2, Table I). 87.0% of the cells have the
dispersed CABS pattern, while only 7.4% exhibit
the reticulated distribution. There is no obvious
change in cell shape.

Control cells incubated in ATP, CoA, BHT, and
delipidated FCS (in the absence of 20:4) show
typical clustering and clearing of CABS on 94.4%
of the cells (Table I). Such cells exhibit no shape
change.

Effect of Prostaglandin Modulation

When cells are incubated for 30 min in 20:4,
ATP, CoA, and aspirin to inhibit the synthesis of
prostaglandins from 20:4 (34), the CABS distri-
bution is still shifted toward the dispersed config-
uration (Table I): 36.9% of the cells attain the
dispersed CABS topography characteristic of nor-
mal cells, 27.8% show a reticulated CABS distri-
bution, 7.4% an intermediate distribution, and
27.8% a clustered distribution. There is no appar-

W ol e

ent change in cell shape. Cells incubated for 30
min with aspirin alone show a typical clustered
CABS distribution as do cells incubated for 20
min in PGE, (Table I).

In a long-term experiment, cells were incubated
in 20:4, ATP, CoA, BHT, delipidated FCS, and
aspirin. Under these conditions, 94.4% of the cells
display a dispersed CABS configuration and retain
their characteristic shape. A minority of the cells
(3.7%) have a reticulated CABS distribution (Ta-
ble I). These are essentially the same results ob-
tained when cells were incubated for 24 h in 20:4
without aspirin. CABS of control cells, incubated
for 24 h in ATP, CoA, delipidated FCS, and
aspirin (no 20:4), were for the most part clustered
(94.4% of the cells, Table I).

Lipid Analysis

PMVs were prepared from cells grown in 20:4,
ATP, and CoA for 1 h and in 20:4, ATP, CoA,
BHT, and delipidated FCS for 24 h. Electron
microscopy revealed a pure pellet (Fig. 6). Freeze
fracture of the pellet revealed the presence of IMPs
(Fig. 7). Importantly, the particle/area ratios of

plasma membranes and PMVs are similar.
Whereas PMVs had 416.8 IMPs/um®, plasma

- L]

FiGURE 6 Thin section through the top of a pellet of a typical PMV preparation. The bottom of the
pellet showed the same degree of purity. X 11,900. (/nset) Higher magnification of portion of two adjacent
PMVs showing the trilaminar structure of the plasma membrane. X 517,000.
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Ficure 7 Freeze-fracture electron micrographs. (@) Replica of P face of a freeze-fractured surface of a
VLM cell showing IMPs. P plasma membranes averaged 348 IMPs/um®. m, microvilli. X 82,500. (b)
Replica of the P face of a freeze-fractured PMV showing IMPs which are present at a density of 417
IMPs/um?, X 116,900.
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membranes had 347.8 IMPs pm? indicating that
PMVs are not selective of protein-poor domains.
Fatty acid profiles of PMV phospholipids from
cells treated as described above as well as those
from control cells incubated in DME-5% FCS are
shown in Table II. The salient features of these
profiles are as follows: (a) 20:4 accounted for only
1.7% of the phospholipid acyl chains in cells grown
in DME with 5% FCS. PMVs from such cells had
a microviscosity of 331 ¢P (Table III), and could
redistribute their CABS into patches (Fig. 2, Table
I). (b) Following a 1 h incubation in 20:4, ATP,
and CoA, PMV 20:4 was elevated to 6.8%. Cells
grown under such conditions showed partial re-
striction of CABS mobility expressed as either a
reticulated CABS distribution or a dispersed
CABS distribution (Fig. 2, Table I). (c) After a 24-
h incubation in 20:4 ATP, CoA, BHT, and deli-
pidated FCS, 20:4 accounted for 15.8% of the
phospholipid fatty acid in PMVs. Unexpectedly,
enrichment in 20:4 was associated with microvis-
cosity of 404 cP (Table IIT). Cells with elevated
PMYV microviscosity and elevated 20:4 in PMVs
showed a marked restriction of CABS mobility,
with complete dispersal of CABS occurring in 87%
of the cells (Fig. 2, Table I).

TaBLE 11

Relative Fatty Acyl Composition of PMV Phospholip-
ids After 1- and 24-h Incubations of VLM Cells in
Arachidonate

Fatty acid Control* 1 hi 24 h§

%
16:0 337(163) 152 282(2L.2)
16:1 10.3 (14.8) 7.4 0.4 (8.7)
18:0 11.3 (14.8) 17.7 16.9 (11.8)
18:1 36.2 (39.6) 337 19.5(35.5)]
18:2 1.7 (5.6) 3.2 32
18:3%+ —(29) 35 1.8 (0.9)
203 0.3 (1.4) 16 0509
20:4 1.7 (42) 6.8 15.8 (10.8)

* Cells were incubated in DME-5% FCS for 2 d.

¥ Cells were treated for 1 h with HBSS containing ATP
(1.25 X 107® M), CoA (5.0 x 107® M), and 20:4 (10
ug/ml).

§ Cells were incubated for 24 h in DME containing
ATP (1.25 X 107 M), CoA (5.0 X 107 M), 20:4 (10
ug/ml), BHT (10 pg/ml), and 5% delipidated FCS.

[ Numbers in parentheses represent fatty acyl compo-
sition of phospholipid extracts of homogenates of cells
after PMV production. Control cells grown in 10%
FCS.

1 Value represents sum of 18:1 and 18:2.

** Represents total of 18:3w3 and 18:3w6.
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TaBLE 111

Microviscosity of PMVs of VLM cells Before and
After a 24-h Incubation in Arachidonate, ATP, CoA,
and Delipidated FCS

p* %
Before incubation 0.286 331
After incubation 0.306 404
Ay
* Fluorescence polarization =~
I
—+1

1.

1 Microviscosity = . Microviscosity is expressed

Ar
0.362 — r
in cP.

Phospholipids of cells were analyzed after PMV
production. These whole cell phospholipid extracts
also showed enrichment in 20:4 after the 24-h
incubation in 20:4, ATP, and CoA (Table II).
Thus, there was probably no gross selection of
arachidonate-rich domains during the vesiculation
process.

Response of RSV-CEF to Arachidonate

CABS of another transformed cell line, RSV-
CEF, responded the same as those of VLM cells
after cells were incubated for 24 h in 20:4, ATP,
CoA, BHT, and delipidated FCS (Table I). Before
the 20:4 treatment, 84.4% of the cells showed
clustering and clearing of CABS; after the 20:4
treatment, this was shifted to 1.8% with 89.3% cells
showing the dispersed CABS topography.

It should be pointed out that, for the most part,
untransformed CEF have a dispersed CABS dis-
tribution, with clearing from the edges. 64.3% of
the cells show a dispersed CABS topography with
binding sites incompletely extended to the cell

periphery.
Effect of Other Fatty Acids upon CABS
Mobility

Incubation of VLM cells in DME containing
nonadecanoic acid (19:0), palmitic acid (16:0), or
oleic acid (18:1), with ATP, CoA, and delipidated
FCS for 24 h had essentially no effect upon CABS
mobility. In all three cases, CABS were clustered
and cleared in >90% of the cells examined (Table
I). However, conclusions concerning the effects of
these fatty acids on lectin-binding site redistribu-
tion cannot be drawn until the extent of incorpo-

ration of these fatty acids into PMV phospholipids
is ascertained.
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DISCUSSION

A number of reports have indicated that total
membrane phospholipids in general, and in some
cases plasma membrane phospholipids in partic-
ular, of several different types of neoplastic cells
are deficient in arachidonic acid (15, 35, 40, 41).
We have extended these observations to murine
cells, using secondary cultures of Balb/c embry-
onic fibroblasts, and VLM cells, their SV-40 trans-
formed, tumorigenic derivatives. PMV phospho-
lipids of VLM cells contain 3.0% (£0.3) arachi-
donate when grown in DME-10% FCS (1.1% when
grown in DME-5% FCS) whereas the PMV phos-
pholipids of the parental cells, secondary Balb/c
embryonic fibroblasts, contain 8.9% (+0.9) arach-
idonate (P = 0.00005). Interestingly, PMVs of
normal fibroblasts are more viscous, even though
they are enriched in arachidonate relative to PMVs
of transformed cells.'

To determine whether such lipid differences
might affect the redistribution of membrane gly-
coproteins, we assessed CABS topography as a
function of PMV and whole cell phospholipid
arachidonate content. Incubation of both VLM
cells and RSV-CEF in arachidonate, ATP, and
CoA inhibited the lectin-induced clustering of
CABS that is typically observed on these cells.
The topological distribution of Con A surface
receptors might be affected by several possible
mechanisms.

(a) Arachidonic acid is a precursor of and pro-
motes the synthesis of certain prostaglandins (34)
which have been shown to stimulate the synthesis
of cyclic AMP (cAMP) in many systems including
fibroblasts (17). Elevated cAMP levels cause re-
version of many plasma membrane properties of
transformed cells to those of parental cells includ-
ing reduction of Con A-mediated agglutination
(39), increased cell spreading (6, 21, 39), and in-
hibition of Con A-induced clustering (6). Thus,
arachidonate might exert its effect by elevating
cytoplasmic prostaglandin and/or cAMP levels.
However, when aspirin (50 pg/ml) was included
in both the 30-min and 24-h arachidonate, ATP,
CoA incubations, CABS topography remained
dispersed and there was no change in cell shape,
indicating that the effect is not due to prostaglan-
din-mediated pathways. Furthermore, incubation
"Hill, D. J, and J. Z. Borysenko. 1979. Lipid and
microviscosity differences between normal and trans-
formed cells. Manuscript in preparation.
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in PGE; itself did not inhibit patching of CABS.

(b) Free fatty acids, including arachidonate,
have been shown to stimulate guanylate cyclase in
cultured fibroblasts (36). It is unlikely that in-
creases in cyclic GMP (cGMP) levels could ac-
count for the inhibition of CABS mobility ob-
served in arachidonate/ATP/CoA-treated VLM
cells because it has been demonstrated previously
that cGMP not only fails to restrict CABS mobility
in VLM cells but actually promotes receptor mo-
bility resulting in more closely packed CABS clus-
ters (6).

(c) Cytoskeletal elements have been widely im-
plicated in topographical control of various surface
receptors (2, 7, 10, 31). We have demonstrated,
however, that modulation of membrane fatty acyl
composition can inhibit ligand-induced patching
of CABS without altering cell shape. The inde-
pendence of a cell shape change from a change in
ligand-induced CABS topography is of interest
because in most of the cases examined to date,
changes in receptor topography have been associ-
ated with cell shape changes. These cell shape
changes were produced by pharmacologically al-
tering the cytoskeleton (6, 31). For instance, ele-
vation of cAMP in VLM cells causes flattening of
the cells in association with a restriction of CABS
mobility (6) possibly due to an effect of cCAMP
upon the cytoskeleton (21, 38). These studies, as
well as others, imply that a given cell shape is
associated with a particular kind of cytoskeletal
organization, and that cytoskeletal organization
may control CABS mobility. The absence of a cell
shape change in VLM cells and RSV-CEF after
incubation in arachidonate ATP CoA suggests
that the restriction of lectin-induced patching does
not involve gross changes in cytoskeletal organi-
zation. However, we can not exclude the possibility
that the fatty acid manipulations cause subtle re-
organizations in the cytoskeleton, such as changes
in the amount of actin or tubulin associated with
the plasma membrane. Such subtle changes might
not result in recognizable changes in cell shape.

(d) We have demonstrated that after VLM cells
are incubated for 1 h in HBSS containing arachi-
donate, ATP, and CoA, arachidonate comprises
6.8% of PMYV phospholipids (1 h was chosen be-
cause the addition of arachidonate, ATP, and CoA
to the labeling solutions following the original 30-
min incubation results in a 60-min total incuba-
tion). Furthermore, increasing the incubation time
to 24 h results in PMV phospholipids containing
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15.8% arachidonate. Thus, the degree of restriction
of CABS mobility seems to vary directly with
percent elevation in phospholipid arachidonic acid
present in the plasma membrane-derived vesicles
(Fig. 3, Table II). Elevations in arachidonate and
reductions in oleate are also observed when total
cell phospholipids are analyzed. Other studies in-
vestigating either total cell phospholipids (37) or
phospholipids of plasma membranes produced by
the procedure of Perdue (cited in 40) have likewise
reported a decrease in oleate when polyunsatu-
rated fatty acids are increased. These data suggest
that plasma membrane produced by the vesicula-
tion technique of Scott (26) does not select for
specific membrane domains rich in arachidonate
and poor in oleate. That the vesiculation proce-
dure does not select for protein-poor domains (12)
was demonstrated by the presence of the full com-
plement of IMPs in the PMVs when quantitated
by freeze-fracture.

Alterations in membrane fatty acyl composition
may influence receptor mobility by changing
fluidity of the cell surface. Mobility of CABS is. in
fact, correlated with fluidity of the cell surface in
our model system. Increased microviscosity, both
in normal cell and in transformed cell PMVs after
arachidonate treatment, is associated with restric-
tion of ligand-induced CABS patching. The mech-
anism by which elevations in arachidonate may
both increase PMV microviscosity and restrict
CABS clustering is currently obscure. However, it
is possible that the elevated microviscosity and
inhibition of receptor site movement may involve
interaction between cholesterol and arachidonic
acyl chains within the membrane. Cholesterol in
a polyunsaturated environment increases the vis-
cosity of artificial membranes (8, 35). It is inter-
esting that some transformed cell lines show in-
creases in plasmalemmal cholesterol upon trans-
formation (1). Although increased plasmalemmal
cholesterol has not as yet been demonstrated in
VLM cells, it is possible that arachidonate might
exert its effect by such an interaction with choles-
terol. It is also possible that cholesterol levels may
increase in the plasma membrane after arachidon-
ate incorporation in a manner similar to the com-
pensatory increase in oleate and decrease in cho-
lesterol that takes place in Mycoplasma mem-
branes when the temperature is lowered (24).

In conclusion, altered plasma membrane fatty
acyl composition is associated with both altered
membrane microviscosity and altered membrane

Davip J. HiLL AND JOAN Z. BORYSENKO

glycoprotein mobility. These data suggest that
plasma membrane fatty acyl composition is an
important determinant in the maintenance of re-
ceptor site topography.

We would like to express our appreciation to: William
Woods, for technical assistance; Doctors T. Beringer, M.
Schaechter, H. Wortis, and N. Krinsky for helpful dis-
cussions; Doctors S. Tevethia, D. Rifkin, and J. Coffin
for supplying some of the cells used in these experiments;
Doctors W. Olsen and N. Krinsky, for technical advice
concerning GLC; Doctors R. Hoover and M. Karnovsky
for performing the fluorescence polarization measure-
ments, and last but not least, Deborah Hemenway and
Barbara White for their patience and skill in typing and
proof reading this manuscript.

This investigation was supported by United States
Public Health Grant CA 17328 from the National Cancer
Institute.

Some of these results were reported at the 17th Annual
Meeting of the American Society for Cell Biology, San
Diego, Calif. This paper is presented to the Department
of Anatomy, Tufts University, by David Hill in partial
fulfillment of the requirements for the degree of Doctor
of Philosophy.

Received for publication 19 January 1979, and in revised
Jform 29 May 1979.

REFERENCES

. ApaMm, G., H. Arpes, K. BLASER, and B. NEUBERT. 1975. Cholesterol
and phospholipid content of 3T3 cells and transformed derivatives. Z.
Naturforsch. Sect. C Biosci. 3:638-642.

. ALBERTINL D. F., and E. ANDERSON. 1977. Microtubule and microfil-
ament rearrangements during capping of Con A receptors on cultured
ovarian granulosa cells. J. Cell Biol. 73:111-127.

3. BucH, E. G, and W. J. DyER. 1959. A rapid method of total lipid

extraction and purification. Can. J. Biochem. Physiol. 31:911-917.

4. BoonE, C. W. 1975. Malignant hemangioendotheliomas produced by
subcuteaneous innoculation of Balb/3T3 cells attached to glass beads.
Science (Wash. D.C.) 188:68-70.

5. Borysenko, J. Z, and W. Woobs. 1979. Density, distribution, and
mobility of surface anions on a normal/transformed cell pair. Exp. Cell
Res. 118:215-227.

6. BoRrYSENKO, J. Z., T. E. UKENA, and M. J. KaARNOVSKY. 1977. Effects
of db-cAMP and theophylline on concanavalin A binding site distri-
bution on transformed and protease-treated cell lines. Exp. Cell Res.
107:253-260.

7. BOURGUIGNON, L. Y. W,, and S. J. SINGER. 1977. Transmembrane

interactions and capping of surface receptors by their specific ligands.

Proc. Natl. Acad. Sci. U.S.A. 74:5031-5035.

CHaPMaN, D, and D. F. H. WALLACH. 1968. Recent physical studies

of phospholipids and natural membranes. In Biological Membranes,

Physical Fact and Function. D. Chapman, editor. Academic Press, Inc.,

New York. 125-202.

CurTIS, A. 8. G., C. CHANDLER, and N. PicToN. 1975, Cell surface

lipids and adhesion. III. The effects on cell adhesion of changes in

plasmalemmal lipids. J. Cell Sci. 18:375-384,

10. FLANAGAN, J., and G. L. KocH. 1978. Crosslinked surface Ig attaches

to actin. Nature (Lond.) 273:278-281.
11. GooDMAN, D. 1969. Hydrolysis and formation of cholesterol esters in
rat liver. Methods Enzymol. 15:522-537.

12. Hasty, D. L, and E. D. HaY. 1978. Freeze-fracture studies of the

developing cell surface. III. Particle-free membrane blisters on glutar-

aidehyde-fixed corneal fibroblasts are artefacts. J. Cell Biol 78:756-

768.

[}

o

hd

Arachidonic Acid Inhibits Con A Patching 229



20.

21.

22.

23.

24,

25.

26.

230

. Hoover, R. L, R. D. LYNCH, and M. J. KARNOVSKY. 1977. Decrease

in adhesion of cells cultured in polyunsaturated fatty acids. Cell 12:
295-300.

. Horwitz, A. F,, M. E. HATTEN, and M. M. BURGER. 1974. Membrane

fatty acid replacements and their effect on growth and lectin induced
agglutinability. Proc. Natl. Acad. Sci. U.S.A. T1:3115-3119,

. Howarp, B. V., and D. KRITCHEVSKY. 1969. The lipids of normal

diploid (WI-38) and SV-40 transformed human cells. /nt. J. Cancer. 4:
393-402.

. Jacoss, 8., and P. CUATRECASAS. 1977. The mobile receptor hypothesis

for cell membrane receptor action. Trends Biochem. Sci. 2:280-282.

. MaGANIELLO, V., and M. VAUGHAN. 1972. Prostaglandin E, effects on

adenosine 3’5’ cyclic monophosphate concentration and phosphodies-
terase activity in fibroblasts. Proc. Natl Acad. Sci. U.S.A. 69:269-273.

. MaHONEY, E. M., A. L. HaMiLL, W. A. ScoTT, and Z. A. Coun. 1977,

Response of endocytosis to altered fatty acyl composition of macro-
phage phospholipids. Proc. Natl. Acad. Sci. U.S.A. 74:4895-4899.

. MAXFIELD, F. R., J. SCHLESSINGER, Y. SCHECHTER, I. PASTAN, and M.

C. WILLINGHAM. 1978. Collection of insulin, EGF, and a-2-macroglob-
ulin in the same patches on the surface of cuitured fibroblasts and
common internalization. Cell. 14:805-810.

MorrisoN, W. R, and L. M. SMiTH. 1964. Preparation of fatty acid
methyl esters and dimethylacetals from lipids with boron fluoride
methanol. J. Lipid Res. 5:600-608.

PorteR, K. R, T. T. Puck, A. W. Hsig, and D. KELLY. 1974. An
electron microscope study of the effects of dibutyryl cyclic AMP on
Chinese hamster ovary cells. Cell. 2:145-162.

RosensLITH, J. Z., T. E. Ukena, H. H,, YIN, R. D. BERLIN, and M. J.
KARNOVSKY. 1973. A comparative evaluation of the distribution of
concanavalin A binding sites on the surface of normal, virally-trans-
formed, and protease treated fibroblasts. Proc. Natl. Acad. Sci. U.S.A.
70:1625-1629.

ROSENBLITH-BORYSENKO, J. Z. 1976. Hemocyanin labelling for visual-
ization of Concanavalin A on platinum-carbon replicas of the cell
surface. /n Concanavalin A as a Tool. H. Bittinger and H. P. Schnebli,
editors. John Wiley & Sons, Ltd., Chichester, Sussex. England. 123~
136.

RotTEM, S., W. L. HUBBELL, L. HavFLICK, and H. M. MCCONNELL,
1970. Motion of fatty acid spin labels in the plasma membrane of
Mycoplasma. Biochim. Biophys. Acta. 219:104-113.

Scanu, A. M., and C. EDeLSTEIN. 1971. Solubility in aqueous ethanol
of the small molecular weight peptides of the serum very low density
and high density lipoproteins: relevance to the recovery problem during
delipidation of serum lipoproteins. Ann. Exp. Biochem. 49:576-588.
ScotT, R. E. 1976. Plasma membrane vesiculation. A new technique
for isolation of plasma membranes. Science (Wash. D.C.) 194:743-745.

27.

28.

29.

30.

3L

32.

33.

34,

35.

36.

37

38.

39.

40.

41.

THE JOURNAL OF CELL BI1OLOGY - VOLUME 83, 1979

SHINITZKY, M., and Y. BARENHOLZ. Fluidity parameters of lipid regions
determined by fluoresence polarization. Biochim. Biophys. Acta. 515:
367-394.

SHINITZKY, M., and M. INBar. 1974. Difference in microviscosity
induced by different cholesterol levels in the surface membrane lipid
layer of normal lymphocytes and malignant lymphoma cells. J. Mol.
Biol. 85:603-615.

SmiTH, S. B, and J. P. REVEL. 1972. Mapping of Concanavalin A
binding sites on the surface of several cell types. Dev. Biol. 27:434-44],
TEVETHIA, 8. S, and V. L. McMILLAN. 1974, Acquisition of malignant
properties by SV40-transformed mouse cells. Relationships to type-C
viral antigen expression. Intervirology. 3:269-276.

Ukena, T. E, J. Z. BORYSENKO, M. J. KARNOVSKY, and R. D. BERLIN.
1974. Effects of colchicine. cytochalasin B, and 2-deoxyglucose on the
topographical organization of surface bound Concanavalin A in normal
and transformed fibroblasts. J. Cell Biol. 61:70-82.

UkeNa, T. E., E. GoLbMaN, T. L. BENJAMIN. and M. J. KARNOVSKY,
1976. Lack of correlation between agglutinability, the surface distri-
bution of Concanavalin A, and postconfluence inhibition of cell divi-
sion in ten cell lines. Cell. 7:213-222.

UNaNUE, E. R, K. A. AuLT, and M. J. Karnovsky. 1974, Ligand-
induced movement of lymphocyte surface macromolecules. III. Stim-
ujation of cell motility by anti Ig and lack of relationship to capping,
J. Exp. Med. 139:297-312.

Vang, I. R. 1976. The mode of action of aspirin and similar compounds.
J. Allergy Clin. Immunol. 58:691-712.

VaN HoOEvEn, R. P, and P. EMMELOT. 1973. Plasma membrane lipids
of normal and neoplastic tissues. /n Tumor Lipids R. Wood, editor.
American Oil Chemists Soc.. Champaign, I1l. 126-138.

WaLLACH, D)., and L. PAsTAN. 1976, Stimulation of guanylate cyclase of
fibroblasts by free fatty acids. J. Biol. Chem. 251:5802-5809.
Wirtiams. R E., B. J. Wisniesk1, H. G. RitTensousk, and C. F. Fox.
Utilization of fatty acid supplements by cultured anima! cells. Biochem-
istry. 13:1969-1977.

WiLLINGHAM, M. C,, and L. Pastan. 1975, Cyclic AMP and cell
morphology in cultured fibroblasts. J. Cell Biol. 67:146-159.
WILLINGHAM, M. C.. and L. Pastan. 1975. Cyclic AMP modulates
microvilli formation and agglutinability in transformed and normal
mouse fibroblasts. Proc. Natl. Acad. Sci. U.S.A. 72:1263-1267.

Yau, T. M, T. Buckman, A. H. Hatk, and M. J. WEBER. 1976,
Alterations in lipid acyl group composition and membrane structure in
cells transformed by Rous sarcoma virus. Biochemistry. 15:3211-3219.
Yau, T.M..and M. J. WEBER. 1972, Changes in acyl group composition
of phospholipids from chicken embryonic fibroblasts after transfor-
mation by Rous sarcoma virus. Biochem. Biophys. Res. Commun. 49:
114-120.



