[ The study of regulation of biogenesis of cholesterol, an -
isoprenoid compound, has assumed importance in view of its implica-
tion in atherosclerosis and gallstones.  Although * feedback~type
inhibition” of HMGCoA reductase, the rate-limiting key enzyme in
isoprene pathway is known to occur in cholesterol-fed animals for
‘three decades, it has not been possible to demonstrate inhibition of
the enzyme by the end-products or other effectors. This article
summarizes the current work on the inhibition of HMGCoA reductase
by ATP.Mg (ADP.Mg), by cholesterol derivatives and by Fet+, all of
which require cytosolic protein factors. An integrated picture is
emerging on the regulation of cholesterol biogenesis with a heat-
stable activator protein and a heat-labile inhibitor protein, present
in the cytosol, functioning in association with a variety of effectors.
The protein factors have added a new dimension in the study of
control of cholesterol levels.—Ed. ]
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HOLESTEROL is an ubiquitous membrane
component in mammalian tissues, Meta-
bolically, cholesterol provides the nucleus for
bile acids and steroid hormones. Cholesterol,
~a polyprenoid, is continuously synthesized in
all the tissues. In man its synthesis is about
1 g per day, 809 of it being accounted in the
liver. Hepatic cholesterol is packed into
lipoproteins and is transferred to the blood
to maintain a concentration of about 160 mg/
100 mlin the normal individuals. Of this about
2/3 occurs in particles (about 250 A diameter),

called low-density lipoproteins (LDL). The

view that circulating cholesterol is destined
for use by other tissues persists, despite the
“overwhelming evidence of independent capacity
for its synthesis in all tissues. On the other
hand, increased serum cholesterol (as LDL)
is undoubtedly correlated with increased inci-
dence of cholesterol deposits in arteries leading

to atherosclerotic deaths. Inereased cholesterol
in bile secretion leads to the development of
cholesterol  gallstones. These pathological
implications gave cholesterol rnotoriety and 2lso
spurred studies on its absorption, biogenesis
and degradation. Research during the last
three decades was concentrated on the effects
of diets, hormones and drugs, with the major
aim of regulating hepatic biogenesis and

‘reducing blood cholesterol.

EARLY STUDIES ON REGULATION OF
CHOLESTEROL BIOSYNTHESIS

In 1950 Taylor and Gould! using radioactive

‘carbon ftracers, just then introduced - into

biological research, first reported that dietary
cholesterol caused a decrease in hepatic

cholesterol synthesis. Two years later Tomkins
and Chaikoff? found a similar large depression
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of cholesterol synthesis in fasted animals that
was reversed on refeeding with any calorie
source. A large increase in biogenesis of
cholesterol was found by Kandutsch and
Saucier3 to occur at midnight compared to
noon, as a part of circadian rhythm. These
early studies on, large, rapid changes in choles-
terol biogenesis sparked enormous interest
around the world and led to the finding that
the hepatic microsomal enzyme, 3-hydroxy-
3-methylglutaryl CoA (HMGCoA) reductase,
responsible for the synthesis of the key inter-
mediate in the jsoprene pathway, mevalonate,
is the rate-limiting step and the target of regu-
lation®-®.

Metabolic regulation occurs by  feedback
mechanism ** in, which the end-product inhibite
the unique, committed step early in sequénce
of the reactions in the pathway. With
cholesterol, most of these essential conditions
are fulfilled—the end-product, cholesterol,
given in the diet is absorbed and accumulated
in the most significant tissue of its synthesis,
the liver, resulting in decreased HMGCoA
reductase activity, the rate-limiting, unique
step in the isoprene pathway. Yet it is
undecided whether this effect is due to ““feed-
back inhibition> of the enzyme activity or

‘ repression.”” of the enzyme-protein synthesis

‘(see Ramasarmal® for a review of the early
work). In addition to cholesterol, ubiquinone,
" dolichol and isopentenyl adenosing (in t-RNA)
are the end-products of the isoprene pathway.
' The regulatory steps of this branched pathway

~with multiple end-products are shown in

" Fig. 1, based cn the information available in
the animal systems. The primary control
appears to be at the step of HMGCoA reduc-
tase but it was not possible to show inhibition
of this enzyme by adding emulsions of

.cholesterol®® or other end-products to micro-

'somes. But Higgins and Rudney!! made an

.important observation that dietary cholesterol

_effected HMGCoA reductase in two stages—

.80% decrease of activity, but not of immuno-

. _precipitable protem within the first 6 hr and

a decrease of both after 24 hr. An inhibition
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Fic. 1. Isoprene pathway in mammalian tissues.
About 30 steps are involved in cholesterol synthesis
from acetyl CoA of which 2/3 occur in microsomes
including HMGCoA reductase and reactions after
farnesyl-PP (shown by solid arrows). The end-pro-
ducts and their major functions are shown in blocks.
Thin broken arrows denote control of the steps by
products, with the sign (—) indicating decrease. In
the absence of clear demonstration, branching for
ubiquinone is shown at isopentenyl-PP. This is
adapted from Ramasarma'® and newer information
on dolichol and isopentenyl adenosine is included.

UBIQUIN NE
ELECTRON TRANSPORT

of the enzyme activity is certainly indicated

- by this, and, a demonstration of. physiologi-

cally meaningful effector(s), capable of showing
inhibition of microsomal HMGCoA reductasc
activity in vitro, is necessary.

INHiBITION OF HMGCOA. REDUCTASE BY
ATP. MG

An, important observation on regulation
in vitro of HMGCoA reductase by ATP. Mg
was made by Beg er @/.'*. When microsomes
were preincubated with. ATP.Mg, pronounced
inhibition of HMGCoA reductase activity
was found. The temptation to bring the
concept of interconvertible forms of the
enzyme  through phosphorylation is under- -
standable once an effect with ATP. Mg 'was
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obtained. It will then be possible to explain
the hormonal responses. Typical of the
hormone effects is the example of insulin which,
in normal animals had no effect on hepatocyte
HMGCoA reductase activity but reversed its
depression obtained on treatment with strepto-
zotocin®®.  Treatment with nonadrenaline
increased  HMGCoA reductase activity In
normal, cholesterol-fed or starved animals, but
this action was direct at the cytosolic level
and not mediated through adrenergic receptors
of the plasma membrane'!. But there are
no compelling reasons to believe that these
or any of the hormonal effects on HMGCoA
reductase are through adenyl cyclase-cyclic
AMP system.

Extensive data have been obtained on the inhi-

bitory effect of ATP. Mg on HMGCoA reduc-

tase fitted with a phosphorylation mechanism.
This scheme is diagrammatically shownin Fig. 2
and is based on the following observations:
ATP and Mg were both required and EDTA
prevented the inhibition; removal of residual
ATP.Mg after preincubation by dialysis
of microsomes did not restore the activity;
washing microsomes repeatedly —decreased
progressively the sensitivity to ATP. Mg
inhibition'®'5; ATP.Mg inhibition required
another protein present in microsomes as
well as cytosol (m.w. 2,00,000 daltons),
possibly a protein kinase'™'; under condi-
tions of inactivation, the enzyme was found,
labelled with 32P-y-ATP after precipitating
with specific antibodies developed by Rudney’s
group!?; reactivation was obtained when incu-
bated with another cytosolic protein (m.w.
20-30,000 daltons) or a phosphatase!®'s. All
these were sufficient evidences for phosphory-
lation of the enzyme by a protein Kkinase
leading to inactivation and dephosphorylation
by a phosphatase to restore the activity. Further
evidence on another reversible phosphory-
Jation of the inactivator-protein—a purported
protein kinasel®—was also obtained. Thus the
analogy with the well-established phosphorylase
system is complete and therefore HMGCoA
reductase has now been included in the list of
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FiG. 2. Bicyclic system of reversible phosphoryla-
ttion of HMGCoA reductase and its inactivator
protein (reductase kinase 7) ‘based on the work
described in Refs. 12, 15-18.

enzymes regulated by reversible phosphory-
lation.

Some questions remain unanswered. The
inactivation of microsomal HMGCoA. reduc-
tase was obtained also with ADP: Mg,15:19,20
but not with other nucleotides. No known
kinase can use ADP. Mg in place of ATP. Mg.
A compromise of dual requirement of the
nuclectides was suggested’®?. We conclu-
sively showed that ADP itself was effective
under conditions where even minor conversion
to ATP was prevented®. In an exclusive
meeting on HMGCoA. reductase in the JUB
Congress in Toronto- (July 1979) many have
agreed on the equal effectiveness of - ATP
and ADP but went on implicating the
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“reductase kinase”, despite my Strong plea
for restraint. Loss of activity and phosphory-
lation of HMGCoA. reductase no doubt occurs
coincidentally but this does not constitute
proof that phosphorylation caused the inhi-
bitory effect. The proportion of phosphory-
lated enzyme, in fact, remained constant in
animals under conditions of 50-fold variation
of cholesterol biogenesis casting doubt on its
physiological utility®. The issue of identical
inhibition with ADP. Mg, wherein phosphory-
lation i unlikely, has to be resolved. Reacti-
vation by a cytosolic protein of the ATP. Mg-
inastivated enzymel may also be due to a
machanism. independent of dephosphorylation.
There is some recent evidence that the inhi-
bition of purified, solubilized HMGCoA
reductase by ATP. Mg in the presence of a
cytosolic inactivator protein was not through
covalent modification?®2.

INHiBITION OF HMGC0A. REDUCTASE
BY FEi+ AND CYTOSOL

Another interesting inhibitor of HMGCoA
reductase became apparent in our recent
studies. We noted that EDTA was needed
in the homogenizing medium and not in the
assay medium. In fact ATP. Mg effect was
obtained only in the absence of EDTA and
its addition stopped the inactivation. Pecu-
liarly, Fett substituted for Mgt in ATP
inhibition®. It then occurred to us that Fe'+
may be the inhibitor, with or without ATP
and the essentiality of EDTA during homo-
genization may even be to prevent Fett from
jnactivating the enzyme. This hypothesis was
proved true by demonstrating inhibition of
HMGCoA reductase by added Fet. More
important, Fef*-inhibition in washed micro-
somes was found to be dependent on a cyto-
solic protein® having properties similar to

that of the purported ‘reductase kinase”,

Irreversibility on washing or dialysis, preven-
tion by EDTA, dependence on a protein present
in unwashed microsomes and also the cytosol

and the heat-lability of this protein are all -

.features common between inhibitions by

ATP.Mg and Fe'+,

RELATIONSHIP TO LiPID PEROXIDATION

It is instructive to note at this point that
ATP and ADP, but not other nucleotides,
were capable of promoting lipid peroxidation.
This was traced to contamination of Fe'+
found in the commercial samples of these two
nucleotides® 25,  Lipid peroxidation with
ATP was also enhanced by Mg and could
give a misleading impression of Mg-dependent
phosphorylation. In fact in our experiments
on HMGCoA reductase, the maximum inhi
bitory effect was obtained in the presence of
Fett, ATP (or ADP) and the cytosolic factor®
and these were ideal conditions for lipid

eroxidation which required chelated Fet+-
ADP (or ATP), NADPH and microsomes,
‘Lack of effect -of ATP.Mg on purified
HMGCoA. reductase may even be due to the
absence of the membrane and the lipids
needed for peroxidation. Therefore inhibition
of HMGCoA reductase by ATP-Mg may be
due to any one of these pcssibilities: lipid
peroxidation aided by chelated Fe'"—ATP, or
binding of Fe*+ and the protein factor, or
due to phosphorylation, or a combination of
these. Large decrease in HMGCoA reductase
activity occurs in the liver (the major choles-
terol-producing as well as Fe-storage tissue)
and thus Fe'+-inhibition becomes highly signi-
ficant. The release ¢f Fe'" from ferritin as a
consequence of starvation or cholesterol-
excess may form the basis of the rapid inacti-
vation observed. This type of inhibition,
obtain’d by naturally occurring cytosolic
components offers a novel mechanism of
regulating cholesterol biogeneis.

AcTivATION oF HMGCoA. REDUCTASE BY
CyYTOSOLIC PROTEIN

Activation of HMGCoA reductase activity
in microsomes by cytosol was first reported by
Bucher and * McGarrahan?, Gaylor and
coworkers®: % described ‘the coordinated acti-
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vation of two microsomal enzymes in choles-
terol biogenesis—HMGCoA. reductase and
methyl sterol oxidase—by a cytosolic protein.
This belongs to a set of proteins (m.w. about
13,000 daltons) variably described as Z-protein,
sterol carrier protein (SCP) or fatty acid
binding protein. They ligand to a variety of
compounds®—heme, fatty acids, steroids,
organic anions, bile pigments, azo-dyes and
carcinogens. These proteins, constituting
3-4%, of the tissue protein, are heat-stable and
are inducible, e.g., by clofibrate, an anti-
hypercholesterolemic  drug that decreases
HMGCoA reductase® and increases ubiqui-
noné in the liver3?2. The activator protein
(m.w. 12,000 daltons) was found to be heat-
stable and its effect was further increased by
heme or hemoglobin, but not cytochrome
C®. Also the very same protein was able to
inhibit HMGCoA. reductase in the presence

of oxidized derivatives of cholesterol or choles-.

terol linoleate®, the protein Serving, a non-
catalytic role by aiding the binding of the
effector to the enzyme. This first report on
““ feedback inhibition™ had not received due
attention.

INTEGRATED REGULATORY MECHANISM
wiITH CyTOSOLIC PROTEINS

Our cytosolic protein inhibitory factor also
acts in a similar manner by binding to the
microsomal enzyme and the effector. In
addition to Fe'' other effector molecules such
as steroids and ubiquinone (Menon, AS.,
unpublished data) were also found to inhibit
the enzyme activity in the presence of the
cytosol. Inhibitory protein factors of
HMGCoA reductase in serum lipoproteins,
kidney and fibroblasts?® are known. The
relationship of these to our protein factor
and the needed effector molecules remain to
be established. The inhibitory protein factors
appear to be of high molecular weight (1,00,000
daltons) and heat-labile, reminding of the
properties of ATP. Mg-dependent inacti-
vator. The activating protein of Gaylor 1s
of small molecular weight and heat-stable
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FiG. 3. Protein factors and effectors in the regu-
lation of HMGCoA reductase. Three levels of
activily are shown schematically. The cytosolic
proteins are described in the references 23 and 28 and
identificd by the names in parenthesis. The boundary
conditions may be determined by the activater protein
on the one side and inaciivator protein - Fett on
the other. v

(Fig. 3). An integrated picture is cmerging
on the regulation of HMGCoA reductase
with a heat-stable activator protein and a
heat-labile inhibitor protein, both present in

 the cytoscl, possibly related to the lipc-

protiens, and functioning in association with a
variety of effectors to coordinate the activities
of microsomal enzymes in isoprenc¢ pathway.

It would be of interest to find out how these
protein factors affect the activity of HMGCoA
reductase and also how the effectors of a
variety of chem’cal nature—metalions, stexoids,
drugs and others—modify the protein factors.
It is possible that the regulation of the acti-
vity seen in the animals—in the circadian
rhythm, in drug treatment or in starvation—
may be through changes in and/or interaction
between these protein factors and effectors.
The protein factors have thus added a new
dimension to the research on regulation of
cholesterol biogenesis.
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