ASBMB

JOURNAL OF LIPID RESEARCH

I

Isolation and characterization of filipin-resistant LM
cell variants not auxotrophic for sterol

David A. Rintoul,! Neelo Neungton,” and David F. Silbert
Department of Biological Chemistry, Washington University School of Medicine, 660 S. Euclid Avenue,

St. Louis, MO 63110

Abstract A series of LM cell variants resistant to filipin, but
not auxotrophic for sterol, was isolated by plating mutagenized,
filipin-treated cells on soft agar medium containing no sterol.
Cloned variants were assayed for growth in the presence and
absence of sterol or unsaturated fatty acid. Filipin-resistant
clones whose growth rate was unaffected by the addition of
sterol to the medium were further analyzed. Variants were
cultured in minimal medium, and plasma membranes prepared
from these cultures were analyzed for sterol content, phospho-
lipid head group composition, and unsaturated fatty acyl con-
tent. All variants examined showed a decrease in membrane
sterol in conjunction with an increase in unsaturated fatty acyl
chains in the membrane phospholipids. In addition, several
variants exhibited alterations in phospholipid head group com-
position, including changes in the phosphatidylcholine/phos-
phatidylethanolamine ratio, or a decrease in sphingomyelin con-
tent.Bl@ These observations imply that several different metabolic
lesions can give rise to decreased plasma membrane sterol con-
tent (and hence to filipin resistance). The range of phospholipid
alterations observed in these sterol prototrophs emphasizes the
complex interrelationship between membrane sterol and phos-
pholipid structure.—Rintoul, D. A., N. Neungton, and D. F.
Silbert. Isolation and characterization of filipin-resistant LM
cell variants not auxotrophic for sterol. /. Lipid Res. 1982. 23:
405-409.

Supplementary key words phospholipid metabolism ® plasma mem-
branes ¢ unsaturated fatty acid metabolism

It has long been recognized that eukaryotic cellular
membranes are composed of many different species of
lipid (1), and that particular types of membranes from
the same cell often vary widely in lipid composition (1,
2). This heterogeneity extends both to lipid classes, e.g.,
sterols and various types of phospholipids (2); and even
to the level of molecular species, e.g., disaturated vs. diun-
saturated species of glycerophospholipids (3-5). The
function of this structural variability is still relatively
mysterious, although some progress has been made in
recent years. One approach to the analysis of this het-
erogeneity has been to isolate variants that are defective
in synthesis of certain membrane lipids, and ascertain
the effects of this loss on the other membrane lipids. A

particularly fruitful approach in this regard has been the
analysis of LM cell variants which are auxotrophic for
sterol, first reported by Saito, Chou, and Silbert (6). The
selection technique used to obtain these variants relied
on the cytotoxic effect of low concentrations of filipin,
a polyene antibiotic which binds to membrane sterol and
presumably damages the membrane (7). Various clones
of LM cells resistant to this treatment have been char-
acterized; most of them are true sterol auxotrophs and
do not proliferate in the absence of exogenous sterol.
These mutants have been very useful in analysis of the
role of sterol in plasma membrane structure and function
(5, 8, 9). However, this selection scheme also gave rise
to a number of variant clones which did not require
exogenous sterol, but which were filipin-resistant none-
theless. One of these variants, known as S1, has been
previously characterized (5, 6); it seems to be a leaky
auxotroph that can synthesize sufficient sterol to grow,
albeit slowly, in the absence of exogenous sterol. In the
present paper, we analyze several additional filipin-re-
sistant, sterol prototrophic variants in an attempt to gain
some further insight into the role of sterol in eukaryotic
plasma membrane structure.

MATERIALS AND METHODS

Cell culture

Stock cultures of cells were grown in Minimal Eagle’s
Medium (Flow) containing nonessential amino acids and
5% fetal calf or calf serum, in 25-cm? plastic flasks
(Falcon), at 37°C in a CO; incubator. Cloning of cells

Abbreviations: DL.P, delipidated fetal calf serum; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine; PL, phospholipid; SM,
sphingomyelin; TLC, thin-layer chromatography.
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TABLE 1. Generation times of LM cell variants

Medium S1 Wild Type N194 R7
hours
MEM + 3% DLP 24 20 20 35
MEM + 3% DLP + 20
ug/ml Cholesterol 18 18 20 41
MEM + 3% DLP + 10
ug/ml Oleate 52 18 21 N.D.
MEM + 5% Calf Serum 18 17 22 34

Cells were grown in 2.0 ml of medium in 24-well Linbro dishes,
as described in Materials and Methods. Protein concentrations in qua-
druplicate wells were determined daily for 4 days. Generation times
(in hours) were calculated from the slope of a least squares fit to the
data points from days 2-4. N.D. = not determined.

was performed as previously described (6) on soft agar
plates containing 0.5% w/v bovine serum albumin
(Sigma). For plasma membrane preparations, trypsin-
ized monolayer cultures were used to inoculate bottles
of Higuchi medium, a minimal medium containing no
serum and no sterol source. Cells were grown on rotary
shaker baths at 37°C as previously described, and har-
vested by centrifugation (9).

Membrane preparation and analysis

Plasma membranes were prepared as previously de-
scribed (9) with the exception that N, cavitation after
20 min at 720 psi was used to disrupt the cells, rather
than the osmotic lysis procedure described in reference
9. These membranes were assayed for protein according
to the method of Peterson (10), and for Na*, K*-ATPase,
and succinate and NADPH-dependent cytochrome c re-
ductase as previously described (9). Typical preparations
were enriched 4 to 7-fold for Na*, K*-ATPase as com-
pared to the lysate. Membranes were extracted by the
method of Bligh and Dyer (11); lipid classes were sep-
arated on silicic acid columns, and analyzed for sterol
by gas-liquid chromatography (9). Phospholipid phos-
phate was assayed, after ashing in Mg(NO3), (Sigma),
by the method of Muszbek, et al. (12). Two-dimensional
TLC of membrane phospholipids on Silica Gel G was
performed as described by Freter, Ladenson, and Silbert

(5). Quantitation of phospholipid from TLC plates was
achieved by first visualizing the lipid spots with H;O,
scraping the gel, extracting it twice in CHCl;-MeOH-
H,O 5:5:1, and assaying the extract for lipid phosphorus
as described above. Recovery of standard lipids from
Silica Gel G by this procedure was always 95~100%.
Determination of phospholipid acyl groups was per-
formed by transesterifying anhydrous lipids in metha-
nolic-HCI (Supelco), extraction with pentane, and anal-
ysis of this extract by gas-liquid chromatography on a
6-ft diethylene glycol succinate column at 160°C. Quan-
titation was achieved using a Varian CDS 111 integrator.

Growth studies

Serum was delipidated by solvent extraction, as de-
scribed by Rothblat et al. (13). Cells, 1-2 X 10%, were
inoculated into 2 ml of medium containing appropriate
additions, in 24-well Linbro dishes; they were grown at
37°C. for various lengths of time, washed twice with
phosphate-buffered saline, and assayed for cellular pro-
tein by the method of Peterson (10), essentially as de-
scribed by Rintoul, Sklar, and Simoni (14). Generation
times were calculated from a least squares curve-fitting
procedure, using data points from the final 3 days of a
typical 4-day experiment.

Reagents

Chloroform, methanol, and pentane were from Mal-
linckrodt. All other chemicals were from Sigma.

RESULTS AND DISCUSSION

Nutritional requirements

Mutagenized cultures were selected in filipin-contain-
ing medium, as described by Saito et al. (6). The selection
procedure was performed twice. These cultures were
plated onto soft agar plates containing minimal medium
and allowed to proliferate for 10-12 days, at which time
10 colonies were picked. These clones were labeled R1-
R10. An additional variant, N194, was isolated during

TABLE 2. Plasma membrane preparation and characterization—
wild type and variant LM cells

Na*, K*, ATPase WT S1 N194

R1 R2 R4 R5 R7 R9

Purification
compared to
particulate lysate 4.0 57 4.3

umol PL/mg protein 0.93 0.96 1.04

23 45 65 33 22 46
0.73 104 084 088 086 0.86

Cells were grown in suspension in Higuchi Medium + 0.5% bovine serum albumin.
Plasma membranes were prepared, assayed for protein, Na*, K*, ATPase, and phos-
pholipid as described previously (9). The data shown are averages of at least two separate

membrane preparations.
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TABLE 3.

Plasma membrane lipid analysis

WT S1 N194

R1 R2 R4 RS R7 R9

Sterol /Phospholipid

(mol/mol) 0.45
% PE 31 29 31
% PC 40 45 43
% SM 15 14 12
% Other PL 14 12 14
% Saturated fatty

in total PL 49 28 32

032 030 028 0.32

32
44

8
15

39

0.28 030 035 0.34
33 35 32 39 33
33 36 43 42 44
14 12 9 5 11
19 17 16 14 12

43 38 37 34 33

Cells were grown in suspension in Higuchi medium + 0.5% bovine serum albumin.
Plasma membranes were isolated, assayed, extracted, and analyzed as previously de-
scribed (9). Percentages of PE, PC, SM, and other PL are calculated as percentages of
total phospholipid in the extract. These data are averages of at least two separate ex-
periments, in which the individual determinations differed by a maximum of 3%.

a mutant search conducted in 1977. All of these variants
were resistant to filipin, and yet could grow in the absence
of sterol. Nutritional requirements of these clones were
established by analysis of cell growth in the presence and
absence of exogenous sterol and/or fatty acid. Repre-
sentative data are shown in Table 1. Clones R3, R6, R8,
and R10 were found to be leaky sterol auxotrophs by
this method, i.e., cell growth was markedly enhanced by
the addition of sterol or 5% calf serum (data not shown).
These clones are nutritionally analogous to the variant
known as St (see Table 1) and were not further char-
acterized. The remainder of the R-series variants, along
with N194, were shown to be unaffected by the addition
of sterol to the growth medium. In fact, addition of 5%
calf serum to the medium, which typically decreases the
generation time of the leaky auxotroph S1, had little or
no effect on the generation time of these variants. Ad-
dition of 10 ug/ml oleate, which had no effect on the
growth of the wild type cells, drastically increased the
generation time of the S1 variant, and had no effect on
the growth of the N194 variant. Such observations imply
that these filipin-resistant cells were not starved for either
sterol or fatty acid, but rather could synthesize adequate
amounts to maintain cell growth in the absence of ex-
ogenous lipid. These variants were different from the
leaky auxotroph S1 in two ways; they were insensitive
to 10 ug/ml oleate, and insensitive to 20 ug/ml choles-
terol.

Plasma membrane isolation and characterization

Plasma membranes were prepared from cells grown
in minimal medium, and were assayed for marker en-
zymes, phospholipid content, and protein content as pre-
viously described (9). These data are presented in Table
2. The plasma membrane preparations from the variant
cells were enriched for the surface membrane marker
enzyme Na*, K*-ATPase, and were seemingly normal
with regard to their phospholipid and protein content.
More detailed lipid analyses were performed on these

enriched plasma membrane preparations. These data are
presented in Table 3. It can be seen that all the filipin-
resistant cells, including the leaky auxotroph S1, were
characterized by a plasma membrane sterol/phospho-
lipid ratio that was, on the average, 30% lower than the
wild type ratio. This lowered sterol content in the plasma
membrane probably accounts for the filipin resistance
of these clones. An additional feature of interest was that
all the filipin-resistant variants had a lower percentage
of saturated fatty acid in the plasma membrane phos-
pholipids. This is consistent with our hypothesis (9, 15)
that a major role of sterol in the LM cell plasma mem-
brane is to disrupt the phospholipids and prevent lateral
phase separations at the physiological temperature. In
the LM cell, lowered plasma membrane sterol is always
associated with a lower percentage of saturated fatty acyl
chains in the phospholipids, unless oxygenated sterols
are used to artificially lower the sterol concentration (16).

Previous observations had led to the conclusion that
an additional metabolic response to sterol depletion in
the LM cell was an increase in the PC/PE ratio, which
should also serve to disrupt or “fluidize” the phospho-
lipid bilayer (5). However, it can be seen from Table
3 that this was not always the case. Three of the variants
did indeed have a higher PC/PE ratio; these were S1,
N194, and R9. Three had normal PC/PE ratios; these
were R1, R5 and R7. Two variants actually had very
low PC/PE ratios, these were R2 and R4. These data
imply that an elevated PC/PE ratio is often observed in
sterol-depleted cells, but is by no means an obligate re-
sponse to sterol depletion. The mechanism of coupling
of this phospholipid alteration to sterol metabolism re-
mains obscure.

An additional means by which the cell could prevent
lateral phase separations in the plasma membrane might
be to decrease the concentration of sphingomyelin (SM)
in this membrane. Previous work had implicated SM as
a component in the gel phase lipid observed upon sterol
loss from the membrane (9). It therefore seems theoret-
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ically possible that a reduction in plasma membrane SM
could lead to lowered plasma membrane sterol. Such a
reduction had not been previously observed, however.
The data in Table 3 suggest that such a response exists
in the case of the variants R1, R5, and R7, where SM
in the membrane was approximately one-third to one-
half that found in the wild type cell. Interestingly, these
variants all had “normal” PC/PE ratios in the mem-
brane. These data imply that the primary defect in these
variants could be a decreased rate of sphingomyelin syn-
thesis, or an increased rate of spingomyelin turnover.

These lipid analyses, coupled with the growth studies,
offer some insight into the role of sterol in the LM cell
plasma membrane. The first conclusion from these data
is that many different types of filipin-resistant variants
can be isolated; the two common denominators among
these variants were a lowered sterol/phospholipid ratio,
and a decrease in saturated fatty acyl content in the phos-
pholipids. Some of these variants were auxotrophic for
sterol, like the S2 clone previously described (5, 6, 8, 9).
Some were leaky auxotrophs, and regained normal
growth and lipid composition upon the addition of suf-
ficient sterol to the growth medium. Still others were
apparently competent in sterol synthesis, as they grew
adequately without sterol and were not affected by the
addition of cholesterol to the growth medium. We in-
terpret this to mean that, in these cells, sterol availability
was not rate-limiting for growth. Such variants could
possibly be partially blocked in sterol biosynthesis, but
this seems unlikely when they are compared to the known
leaky auxotroph S1. Addition of sterol markedly en-
hances the growth of S1, but has no effect on the growth
of the N194 variant or the series of R variants presented
in Table 3. In addition, gas-liquid chromatographic
analysis of the sterol synthesized by these variants (data
not shown) indicated that no unusual sterols were syn-
thesized, again in contrast to S1, which contains a sig-
nificant fraction of an unique sterol component (6). This
result implies that the lowered level of sterol in the
plasma membrane of these cells was not due to a block
or partial block in sterol synthesis, but rather to some
other, undefined, metabolic lesion.

The second conclusion that can be drawn from these
data is that the several lipid compositional alterations
correlated with sterol depletion, first observed in the S2
auxotroph, can also be detected in non-auxotrophic fi-
lipin-resistant clones. It should be emphasized that these
plasma membrane lipid alterations are merely correlated
with sterol depletion. Further investigations will be re-
quired to demonstrate unequivocally any obligate cou-
pling of sterol depletion with the plasma membrane lipid
changes observed in these variants. However, all these
variants showed a decrease in saturated fatty acyl chains
in the membrane phospholipids. In addition, several vari-
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ants had an increased PC/PE ratio. A novel correlate
of sterol depletion, which was predicted from previous
observations (9), was a decrease in plasma membrane
SM. All these alterations have the common property of
decreasing the probability of lateral phase separation in
the membrane. However, two of the variants, R2 and
R4, had a lowered PC/PE ratio and nearly normal levels
of SM in the membrane. It is possible that these two
mutants have an increase in very long-chain, polyun-
saturated fatty acyl groups, or perhaps an increase in
other disruptive phospholipid species such as lyso-
glycerophospholipid. It is noteworthy that both these
mutants had a slightly elevated percentage of “other”
phospholipids in the membrane. The nature of this al-
teration is not understood at present and will require
further investigation. In addition, it should be empha-
sized that these several phospholipid alterations did not
necessarily all occur in each variant. Coupling of sterol
depletion with decreased saturation of the phospholipids
seems to be fairly tight, since all the variants examined
so far exhibited this correlation. However, alterations in
phospholipid head group composition were not necessary
correlates of sterol depletion. The increase in the PC/
PE ratio was sometimes seen; at other times a decrease
on the SM content was observed. It is interesting to note,
however, that in no case were both these types of phos-
pholipid alterations detected in the same variant. Finally,
the existence of variants where decreased sterol is as-
sociated with both a lowered PC/PE ratio and a normal
amount of SM also implies the existence of hitherto un-
suspected mechanisms for modulation of plasma mem-
brane lipid structure.

In conclusion, the above observations generally rein-
force our previous hypothesis that a major role of sterol
in LM cell plasma membranes is to prevent the formation
of gel phase domains at the physiological temperature.
Lowered plasma membrane sterol content is always as-
sociated with an increase in unsaturated fatty acid con-
tent of membranes, and often associated with phospho-
lipid head group alterations of a nature that should
decrease the probability of such gel phase formation (2).
The growth inhibition by unsaturated fatty acid, ob-
served in the case of the leaky sterol auxotroph S1 (Table
1), is also intriguing. It is possible that this observation
provides evidence for a “condensing” function of sterol
in the LM plasma membrane under conditions where
the phospholipids are very unsaturated. In this case fur-
ther incorporation of unsaturated acyl groups, in con-
junction with limited sterol, might lead to increased pas-
sive membrane permeability.> This increased permeability
might be the basis for the observed decrease in growth
rate. However, other unexplained alterations in plasma

3 Baldassare, J. J. Unpublished observations.
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membrane lipid composition were also noted, and their
existence implies regulatory mechanisms that are not
clearly defined at present. The interrelationship between
plasma membrane phospholipids and sterol is obviously
very complex, and mechanisms that regulate sterol and
phospholipid metabolism may be coupled at several
points (16-18). Further analysis of the variants described
in this report should enable us to gain further insight
into the functional consequences of membrane lipid het-
erogeneity. 0l

The authors would like to thank Shuh-Mei Chou for assistance
in the preparation of membranes from LM cells. This research
was supported by grants 1 F32 GM06641-01 and GM 16292
from the National Institutes of Health, and grant BC198D
from the American Cancer Society.

Manuscript received 24 August 1981 and in revised form 20 November
1987.

REFERENCES

1. Rouser, G., G. Nelson, S. Fleischer, and G. Simons. 1968.
Lipid composition of animal cell membranes, organelles
and organs. In Biological Membranes. D. Chapman, ed-
itor. Academic Press Inc., London, New York. 5-69.

2. Boggs, J. M. 1980. Intermolecular hydrogen bonding be-
tween lipids: influence on organization and function of lip-
ids in membranes. Can. J. Biochem. 58: 755-770.

3. Rothfield, L. I. 1971. Biological membranes: an overview
at the molecular level. In Structure and Function of Bio-
logical Membranes. L. I. Rothfield, editor. Academic Press,
Inc., New York. 3-9.

4. Sklar, L. A., G. Miljanich, and E. A. Dratz. 1979. Phos-
pholipid lateral phase separation and the partition of cis-
parinaric acid and {rans-parinaric acid among aqueous,
solid lipid and fluid lipid phases. Biochemistry 18: 1707-
1716.

5. Freter, C. E., R. C. Ladenson, and D. F. Silbert. 1979.
Membrane phospholipid alterations in response to sterol
depletion of LM cells: metabolic studies. /. Biol. Chem.
254: 6909-6916.

6. Saito, Y., S-M. Chou, and D. F. Silbert. 1977. Animal cell
mutants defective in sterol metabolism: a specific selection

10.

11.

12.

13.

14.

15.

16.

17.

18.

procedure and partial characterization of defects. Proc.
Natl. Acad. Sci. USA. 74: 3730-3734.

. DeKruyff, B., P. W. M. Jan Dijck, R. W. Goldbach,

R. A. Demel, and L. L. M. Van Deenen. 1973. Influence
of fatty acid and sterol composition on the lipid phase tran-
sition and activity of membrane-bound enzymes in
Acholeplasma laidlawri. Biochim. Biophys. Acta. 330: 269~
282.

. Baldassare, J. J.,and D. F. Silbert. 1979. Membrane phos-

pholipid metabolism in response to sterol depletion: com-
pensatory compositional changes which maintain 3-0-
methylglucose transport. /. Biol. Chem. 254: 10078-10083.

. Rintoul, D. A, S-M. Chou, and D. F. Silbert. 1979. Phys-

ical characterization of sterol-depleted LM cell plasma
membranes. /. Biol. Chem. 254: 10070-10077.

Peterson, G. L. 1977. A simplification of the protein assay
method of Lowry et al. which is more generally applicable.
Anal. Biochem. 83: 346-356.

Bligh, E. G., and W. J. Dyer. 1959. A rapid method of
total lipid extraction and purification. Can. J. Biochem.
Physiol. 37: 912-917.

Muszbek, L., T. Szabo, and L. Festus. 1977. A highly
sensitive method for the measurement of ATPase activity.
Anal. Biochem. 77: 286-288.

Rothblat, G. H., L. Y. Arbogast, L. Ouellette, and B. V.
Howard. 1976. Preparation of delipidized serum protein
for use in cell culture studies. In Vitro. 12: 554-557.
Rintoul, D. A.,, L. A. Sklar, and R. D. Simoni. 1978.
Membrane lipid modification of Chinese hamster ovary
cells: thermal properties of membrane phospholipids. /.
Biol. Chem. 253: 7447-7452.

Welti, R., D. A. Rintoul, F. Goodsaid-Zalduondo, S.
Felder, and D. F. Silbert. 1981. Gel-phase phospholipid
in the plasma membrane of sterol-depleted mouse LM cells:
analysis by fluorescence polarization and X-ray diffraction.
J. Biol. Chem. 256: 7528-7535.

Wattenberg, B., C. E. Freter, and D. F. Silbert. 1979.
Sterol depletion of LM cells using chemical inhibitors and
genetic defects. A comparison of secondary phospholipid
alterations. J. Biol. Chem. 254: 12295-12298.

Limanek, J., J. Chin, and T. Y. Chang. 1978. Mammalian
cell mutant requiring cholesterol and unsaturated fatty acid
for growth. Proc. Natl. Acad. Sci. USA. 75: 5452-5456.
Bard, M., R. A. Woods, and J. M. Haslam. 1974, Por-
phyrin mutants of Saccharomyces cerevisiae: correlated le-
sions in sterol and fatty acid biosynthesis. Biochem. Bio-
phys. Res. Commun. 56: 324-330.

Rintoul, Neungton, and Silbert Filipin-resistant LM cells 409

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

