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Plasma membranes have a structural property,
ommonly referred to as membrane fluidity, that is
ompositionally regulated. The two main features of
lasma membrane lipid composition that determine
embrane fluidity are the ratio of cholesterol to phos-

holipids and the ratio of saturated to unsaturated
atty acids that are incorporated into the phospholip-
ds. These ratios are determined, at least in part, by
egulation of membrane lipid biosynthesis—particu-
arly that of cholesterol and oleate. It now appears
hat cholesterol and oleate biosynthesis are feedback
egulated by a common transcriptional mechanism
hich is governed by the maturation of the SREBP

ranscription factors. In this article, we briefly review
ur current understanding of transcriptional regula-
ion of plasma membrane lipid biosynthesis by sterols
nd oleate. We also discuss studies related to the
echanism by which the physical state of membrane

ipids signals the transcriptional regulatory machin-
ry to control the rates of synthesis of these structural
omponents of the lipid bilayer. © 2000 Academic Press

Key Words: membrane fluidity; SREBP; oleate.

Several excellent reviews on the transcriptional reg-
lation of plasma membrane cholesterol levels have
een published (1–3). For this reason we will only
rovide a limited overview of this process with empha-
is on its pertinence to regulation of the fatty acid
omposition of plasma membranes. The transcriptional
ontrol of the biosynthesis of plasma membrane lipid
cyl substituents, particularly oleate, has only recently
ecome an active area of investigation. In accord with
ts structural role in membranes, oleate biosynthesis is
esponsive to the levels of the other lipid determinants

1 This work was supported in part by a Scientist Development
rant (9930199N) from the American Heart Association awarded

o D.P.T.
1

cids and oleate itself.

RANSCRIPTIONAL REGULATION OF MEMBRANE
IPID BIOSYNTHESIS BY STEROLS

The enzymes of the cholesterol biosynthetic path-
ay, as well as the low density lipoprotein (LDL) re-

eptor, are all regulated at the level of transcription by
common mechanism (4). The promoters of these

enes contain members of a family of regulatory re-
ions collectively termed sterol responsive elements
SREs), which function with an adjacent binding site,
or another ubiquitous transcription factor, to activate
ranscription (1–3). The transcription factors which
ecognize SREs are designated SRE binding proteins
a, 1c, and 2 (SREBP-1a, SREBP-1c, and SREBP-2) (5,
). They are comprised of three functional domains: an
H2-terminal segment which is a transcription factor

f the basic-helix-loop-helix-leucine zipper family: a
iddle segment composed of two membrane spanning

omains separated by a hydrophilic loop and a COOH-
erminal regulatory segment (5, 6). SREBPs are local-
zed to the membranes of the endoplasmic reticulum
ER) and nuclear envelope, oriented in the membrane
n a hairpin fashion, with the amino and carboxyl ter-

ini projecting into the cytosol (7). In response to de-
lining sterol levels the NH2-terminal half of the
REBP is released from the membrane spanning do-
ains by a two step proteolytic process allowing it to

ranslocate into the nucleus (8). SREBP processing
s regulated by SREBP cleavage activating protein
SCAP) (9) which appears to function in the trafficking
f SREBPs from the ER to compartments within the
ransGolgi network where the processing proteases
S1P and S2P) reside (10, 11).

In addition to the genes of cholesterol homeostasis,
he promoters of several genes of fatty acid biosynthe-
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



sis: acetyl CoA carboxylase (ACC), fatty acid synthase
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FAS), and stearoyl-CoA desaturase (SCD) also contain
equences which confer sterol regulation (12–15).
hese sequences differ slightly from the classically de-
ned SRE found in the promoters of cholesterol homeo-
tatic genes, more closely resembling “E” box motifs
nd SRE half sites. In this regard, it is noteworthy that
REBP-1c was originally cloned from an adipocyte ex-
ression library based upon its binding “E” box motifs
16). Further evidence of SREBP regulation of fatty
cid biosynthetic genes, has been provided by studies
hich examined the effects of ectotopically expressing
truncated, constitutively active, SREBP in cultured

ells or in transgenic mice (17–19). The general con-
ensus from these studies is that SREBP-1a and par-
icularly SREBP-1c are relatively selective activators
f fatty acid synthesis while SREBP-2 is a more potent
ctivator of cholesterol synthesis.

RANSCRIPTIONAL REGULATION OF MEMBRANE
IPID BIOSYNTHESIS BY FATTY ACIDS

The finding that SREBPs regulate fatty acid synthe-
is genes, suggest that fatty acid biosynthesis is inhib-
ted by sterols. This presents somewhat of a metabolic
aradox. That is, since fatty acids, as precursors to
hospholipids, are vital components of the plasma
embrane, cell growth would be inhibited when exog-

nous sterol levels were high but fatty acids were low.
et this is not the case, as cells cultured in fatty acid

ree media supplemented with cholesterol have normal
roliferation rates. This means that there must be a
echanism by which the regulation of these pathways

an be uncoupled in situations when the synthesis of
nly one of these lipids is required. We were able to
rovide evidence for such an uncoupling mechanism by
emonstrating that the response of reporter constructs
earing classical SREs to sterols is diminished in
HO-K1 cells cultured in the absence of exogenous
leate (20). Even in the absence of sterols, oleate is
apable of down regulating reporter constructs con-
aining classical SREs (unpublished data and 21).

Mammalian plasma membranes contain an approx-
mate 1:1 ratio of saturated to unsaturated fatty acids.
ltering this ratio produces changes in membrane flu-

dity and can have dramatic effects on membrane func-
ions, thus maintaining the optimal ratio is of great
hysiological importance. The predominant saturated
atty acids found in plasma membranes are palmitate
nd stearate. Endogenous palmitate is the end product
f the activities of ACC and FAS, while stearate is
roduced from palmitate by the fatty acid elongation
nzyme complexes associated with microsomes. Palmi-
ate and stearate (as fatty acyl CoAs) are the precur-
ors of the predominant unsaturated fatty acids found
n plasma membrane lipids, the monounsaturated
2

atty acids, palmitoleate and oleate. Monounsaturated
atty acids can be obtained from exogenous sources or
ynthesized endogenously by SCD which catalyzes the
9-cis desaturation of palmitoyl-CoA and stearoyl-CoA,
roducing palmitoleoyl-CoA and oleoyl-CoA, respec-
ively(reviewed in 22).

SCD is the rate-limiting enzyme in the production of
nsaturated fatty acids and has been studied primarily

n lipogenic cells and tissues (reviewed in 23 and 24). A
rime candidate for feedback regulation of SCD is oleic
cid, as the end product of desaturase activity is oleoyl-
oA. However, it has been well documented that in

ipogenic tissues (hepatic and adipose), saturated and
onounsaturated fatty acids, such as stearate and

leate, have little or no regulatory effect on SCD gene
xpression.
In contrast, we have found that reporter constructs

or the two stearoyl-CoA desaturase genes (SCD1 and
CD2) are repressed by oleate, as well as oxysterol, in
HO-K1 cells (Fig. 1). We suggest that lipogenic tis-
ues may have tissue specific SCD regulatory mecha-
isms and that the regulation by oleate observed in
apidly proliferating, cultured fibroblasts reflects its
se as a substrate for membrane phospholipid syn-
hesis. The importance of oleate in proliferation is
nderscored by the isolation of a CHO-K1 mutant
uxotrophic for oleate (25), demonstrating that oleate
ynthesis is required for cellular proliferation in the
bsence of exogenous oleate.

IPID SIGNALING AND LIPID STRUCTURE

The feedback transcriptional regulation by sterols
nd fatty acids is reflected in both the rates of synthe-

FIG. 1. Regulation of stearoyl-CoA desaturase gene transcrip-
ion by sterols and oleate in CHO-K1 cells. The vectors, pSCD1-589
nd pSCD2-588 (15), contain luciferase reporter genes, each driven
y one of the two stearoyl-CoA desaturase gene promoters, SCD1 or
CD2, respectively. CHO-K1 cells stably transfected with pSCD1-
89 or pSCD2-588 were incubated for 12 h in Hams’ F-12 medium
upplemented with 5% organic solvent-delipidized FBS (Control)
nd either 300 mM oleate (Oleate) or 1 mg/ml 25-hydroxycholes-
erol 1 10 mg/ml cholesterol (Sterols). Results are the mean of trip-
icate samples 6 SEM.
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hese membrane lipid components. This is most clearly
emonstrated with mutants of CHO-K1 cells (26, 27)
hat express either constitutively activated SREBPs or
re deficient in SREBPs. These mutants are, respec-
ively, defective in transcriptional down-regulation by
terols, or upregulation by sterol starvation, of genes
ncoding enzymes of cholesterol biosynthesis.
Somatic cell mutants resistant to killing by oxy-

terols in delipidized media exhibit constitutively acti-
ated SREBPs (27) and fall into two classes: class 1
utants which produce a truncated SREBP-2 (28, 29)

nd class 2 mutants which are defective in signaling by
CAP (9, 30). CR1, a class 2 mutant isolated by our

aboratory (31), exhibits defective regulation of choles-
erol biosynthesis and plasma membrane cholesterol
evels (31, 32) and a dramatically increased proportion
f plasma membrane oleate (32) when cells are grown
n medium supplemented with serum.

The CR1 mutant illustrates the regulatory nature of
alancing plasma membrane cholesterol and unsatur-
ted fatty acid levels. When grown in medium supple-
ented with serum—i.e. an exogenous source of both

leate and cholesterol—the increased plasma mem-
rane levels of both lipids is structurally compensatory
onserving the order parameter of the membrane lipid
ilayer (32). When the CR1 mutant is grown in me-
ium supplemented with cholesterol alone, the mem-
rane lipid ordering is no longer maintained, resulting
n altered function of such membrane enzymes as the
a1/K1-ATPase (33) and adenylate cyclase (34).
Experiments such as these, suggest that it is the

rdering/fluidity of cell membranes, particularly the
lasma membrane, which may be the regulated end-
roduct of membrane lipid biosynthesis rather than
he chemical composition of these membranes. This
oncept, known as “homeoviscous adaptation” has been
ell described for both prokaryotic and eukaryotic or-
anisms (35). In support of this idea, we have observed
36) that two reagents which fluidize membranes, the
uaternary ammonium amphiphile, cetyl trimethyl-
mmonium bromide (CTAB) and ethanol, can stimu-
ate cholesterol biosynthesis and membrane choles-
erol levels.

A reporter construct for SRE1 can be shown to be
p-regulated in response to CTAB treatment (Fig. 2A)
onsistent with the hypothesis that it regulates sterol
iosynthesis transcriptionally (36). Noteworthy, is that
his up-regulation does not occur in CR1, which has a
efect in SCAP (37), suggesting that CTAB signaling
roceeds through SCAP to activate SREBP processing.
Consistent with these findings on CTAB, Lange,

teck and co-workers have demonstrated that a struc-
urally diverse array of amphiphiles (38) can upregu-
ate sterol biosynthesis in cultured cells. These work-
rs have presented evidence (39) that this effect is
roduced by inhibiting the internalization of plasma
3

embrane cholesterol, thereby reducing the pool of
terol in the endoplasmic reticulum which regulates
REBP maturation. These observations are inter-
reted to suggest that the plasma membrane contains
“sensor” of the physical state of the plasma mem-

rane lipid bilayer which above a certain threshold
evel of cholesterol results in a portion of the excess
holesterol being trafficked to the endoplasmic reticu-
um. A candidate sensor is the multidrug-resistant
MDR) P-glycoprotein, which has been shown by sev-
ral laboratories to facilitate the internalization of
lasma membrane cholesterol (40, 41). Such a model
ould explain how compounds as chemically diverse,
s sterols, unsaturated fatty acid enriched phospholip-
ds and amphiphiles can transcriptionally regulate
enes whose promoters contain an SRE. The common
egulatory feature is the physical state of the plasma
embrane lipid bilayer.
In considering such a model, it should be noted that

n many cells, cholesterol is not uniformly distributed
n the plasma membrane. Rather, cholesterol is be-
ieved to be enriched in detergent-insoluble microdo-

ains of two sorts: rafts and caveolae (for reviews see
1, 42). Both structures have been shown to participate
n the internalization of plasma membrane cholesterol
43) to endocompartments. Also noteworthy, are re-
orts (44, 45) that the candidate structural sensor,
DR P-glycoprotein, is enriched in caveolae. Treat-
ent of cells with polyene antibiotics which bind cho-

esterol, such as filipin, disrupts the caveolar structure
46) and blocks the internalization of molecules which
ind to receptors in the caveolae. We have found (Fig.
B) that filipin treatment, which has previously been
hown to block internalization of various receptors,
ocalized to caveolae in CHO cells (47–50), also acti-
ates a reporter for SRE1 in these cells. This observa-
ion confirms the notion that cholesterol trafficking

FIG. 2. Activation of transcription from SRE-1 by CTAB (A) or
lipin (B). CHO-K1 and CR1 cells were stably transfected with
TK(KX3)LUC, a luciferase reporter gene driven by an artificial
romoter bearing three tandem repeats of the LDL receptor SRE-1
nserted into the thymidine kinase promoter. Cells were incubated
or 12 h in Hams’ F-12 medium supplemented with 5% FBS and
ither 5 mM CTAB (A) or 1.3 mg/ml filipin (B).
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e modulated by structural organization of plasma
embrane lipids. It also, suggests that the regulatory

tructure may be plasma membrane, cholesterol-rich
icrodomains.
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