ASBMB

JOURNAL OF LIPID RESEARCH

I

review

Regulation of 3-hydroxy-3-methylglutaryl coenzyme
A reductase by reversible phosphorylation-

dephosphorylation

Peter J. Kennelly and Victor W. Rodwell
Department of Biochemistry, Purdue University, West Lafayette, IN 47907

I. Physical properties and biosynthetic role of
3-hydroxy-3-methylglutary! coenzyme A
reductase

II. HMG-CoA reductase is reversibly in-
activated by covalent phosphorylation and
reactivated by dephosphorylation

HMG-CoA reductase exists in intercon-
vertible active and inactive forms
The interconversion of HMG-CoA re-
ductase between active and inactive
forms is accomplished by covalent
phosphorylation and dephosphoryla-
tion of the enzyme
HMG-CoA reductase is phosphorylated
at multiple sites
III. Modulation of HMG-CoA reductase
activity by reversible phosphorylation-
dephosphorylation in vivo is a physiologi-
cally important mechanism of regulatory
control

IV. Arguments against the regulation of
HMG-CoA reductase by phosphorylation-
dephosphorylation

“HMG-CoA reductase inactivator” is
actually mevalonate kinase, not a
protein kinase

HMG-CoA reductase is refractory to
inactivation/phosphorylation following
solubilization from the microsomal
membrane

The phosphorylation state of HMG-CoA
reductase in vivo does not change in
response to long-term dietary or
pharmacological manipulations

Cells have no need for rapid-acting,
phosphorylation-based regulation of
HMG-CoA reductase

903

904

904

906

906

907

908

909

909

910

910

I. PHYSICAL PROPERTIES AND BIOSYNTHETIC
ROLE OF 3-HYDROXY-3-METHYLGLUTARYL
COENZYME A REDUCTASE

3-Hydroxy-3-methylglutaryl coenzyme A reductase
(HMG-CoA reductase, E.C. 1.1.1.34) catalyzes the reduc-
tion of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) to mevalonate by two equivalents of NADPH. It is
one of only three types of enzymes known to catalyze a
four-electron, pyridine nucleotide-linked oxidoreduction
—the others being histidinol dehydrogenase and the
nucleoside diphosphate sugar dehydrogenases (1). In
mammalian cells, HMG-CoA reductase is integrally
associated with the endoplasmic reticulum (2, 3) with its
active site facing the cytosol (4). The enzyme is made up
of a single, glycosylated (2, 3) polypeptide with M, of
90,000-100,000 (5-8). Whether it exists as a monomer or
as an oligomer in vivo is not yet known.

The amino acid sequence of HMG-CoA reductase,
deduced from the nucleotide sequence of an mRNA clone
obtained from a Chinese hamster ovary cell line which
overproduces the enzyme, indicates a polypeptide of 887
amino acids (5). The N-terminal third of this polypeptide
(residues 1-267) is extremely rich in hydrophobic amino
acids and is therefore thought to anchor HMG-CoA
reductase to the microsomal membrane (5). The enzyme’s
active site is presumed to be located in the more hydro-
philic portion of the enzyme nearer to the C-terminus (5).
The amino terminus of HMG-CoA reductase lacks a
recognizable “signal” sequence of the type frequently
observed on transmembrane and secreted proteins (5).
Membrane insertion is a cotranslational event which
appears to require a signal recognition particle (2), al-
though no cleavage of the N-terminus occurs (2, 5).

Microsomal membranes subjected to a slow freeze-
thaw cycle release their HMG-CoA reductase activity
with high efficiency (9, 10). This release results from the
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freeze-fracture of the lysosomes that contaminate most
microsomal preparations. The freed lysosomal proteases
liberate from the microsomal membrane a soluble,
catalytically active (but extensively proteolytically de-
graded) fragment of the enzyme (Fig. 1) (11) which has a
molecular weight of 50,000-56,000 (as compared to
90,000-100,000 for intact HMG-CoA reductase). This
active fragment, which has been purified to homogeneity
in a number of laboratories (for a review, see 12), was for
many years thought to be the intact, native enzyme.
Recently, the undegraded native form of HMG-CoA
reductase has been solubilized in the presence of inhibi-
tors of proteolysis using nonionic detergents (8, 13).

In mammals, the production of mevalonate by HMG-
CoA reductase is the third step in the lengthy pathway
that leads from acetyl-CoA to sterols and other iso-
prenoids (Fig. 2). In liver and intestine, the richest tissue
sources of HMG-CoA reductase, the major carbon flux
through the sterol/polyisoprenoid biosynthetic pathway is
directed into cholesterol. Under essentially all experi-
mental conditions examined thus far, the activity of
HMG-CoA reductase is rate-limiting for sterol biosyn-
thesis from acetyl-CoA (14-16). Moreover, manipulation
of the activity of HMG-CoA reductase through altera-
tions of its quantity and/or of its catalytic efficiency
appears to be the most important mechanism by which
cells regulate sterol production (14, 16). Because of its pre-
eminent role in the control of cholesterol synthesis and the
often serious physiological consequences associated with
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Fig. 1. Freeze-thaw solubilization of HMG-CoA reductase relies on
the action of lysosomal proteases. Symbols include: ¢ and A, lyso-
somal proteases; , microsomally bound HMG-CoA reduc-
tase; &/, presumed membrane anchor region of HMG-CoA
reductase %, catalytically active domain of HMG-CoA reductase.
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high levels of cholesterol in the circulation, considerable
effort has been directed towards delineating both the
factors that regulate HMG-CoA reductase activity and
the molecular mechanisms by which they act. These
studies have focused principally on HMG-CoA reductase
in liver and intestine, the tissues responsible for two-thirds
to three-fourths of the body’s cholesterol biosynthesis (17).
Mechanisms implicated in the regulation of HMG-CoA
reductase include the manipulation of enzyme quantity
through transcriptional (18, 19) and post-transcriptional
processes (20-22) and enzyme degradation (23-26), as
well as the alteration of enzyme catalytic activity by
membrane composition and fluidity (27-30), by thiols (31,
32), by microtubules (33, 34), or by cytosolic lipid inhibi-
tors and their binding proteins (35-37). We will review
here another regulatory mechanism, the reversible in-
activation and reactivation of HMG-CoA reductase via
its covalent phosphorylation and dephosphorylation.
Additional information on this topic is available in recent
reviews authored by Beg and Brewer (38), Gibson et al.
(39, 40), Ingebritsen (41), and Ness (42).

II. HMG-CoA REDUCTASE IS REVERSIBLY
INACTIVATED BY COVALENT PHOS-
PHORYLATION AND REACTIVATED

BY DEPHOSPHORYLATION

HMG-CoA reductase exists in interconvertible active
and inactive forms

In 1973 Beg, Allman, and Gibson (43) reported that the
HMG-CoA reductase activity of washed rat liver micro-
somes was dramatically reduced by prior treatment with
Mg, ATP, and a fraction from rat liver cytosol. The
degree of reduction achieved was time-dependent and the
lost activity was restored by treatment with a second
cytosolic fraction. These investigators therefore proposed
that HMG-CoA reductase might undergo interconversion
between two forms of differing specific activity, and sug-
gested protein phosphorylation as a potential mechanism
(43).

Evidence supporting the concept that HMG-CoA
reductase exists in active and inactive (or less active)
forms was soon forthcoming. Goodwin and Margolis (44)
observed that incubation of the post-mitochondrial super-
natant of rat liver homogenates at 37°C prior to assay in-
creased the rate of ['*C]acetate incorporation into sterols
8- to 20-fold without affecting the rate of ['*C]mevalonate
incorporation into sterols. They therefore suggested that
one or more of the enzymes catalyzing the synthesis of
mevalonate from acetyl-CoA had undergone activation.
Higgins and Rudney (45) used antibody to HMG-CoA
reductase to probe the molecular mechanism by which
dietary cholesterol lowers HMG-CoA reductase activity.
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Fig. 2. The sterol/isoprenoid biosynthetic pathway.

They observed an initial decline in the activity of HMG-
CoA reductase which was not accompanied by a decrease
in immunotitratable enzyme molecules. This decrease in
activity was followed at a significantly later time by a
decrease in enzyme quantity. The mechanism by which
cholesterol feeding caused the initial enzyme inactivation
was not, however, apparent.

The MgATP-dependent decrease in HMG-CoA reduc-
tase activity that followed treatment with cytosolic or
endogenous microsomal factors (46-53) and the activa-
tion (or reactivation) that followed treatment with a
cytosolic factor (50-58) have since been confirmed in
numerous laboratories. The phenomenon has been ob-
served in a variety of tissues, including brain (53), liver
(50, 51, 55), leukocytes (59), and intestine (49, 52, 60),
and in a variety of animal species including pigs, dogs,
rodents, chickens, frogs, fish (57), insects (61), and
humans (59, 62). The effect of MgATP treatment on the
kinetic parameters of HMG-CoA reductase, a decrease in

Vmax with no change in the K, values for HMG-CoA or
NADPH, coupled with the inability of dialysis or dilution
to restore the lost activity, suggested direct enzyme in-
activation rather than production of an inhibitory sub-
stance or stimulation of a reaction which competed for
substrate(s) (47, 51). The failure of §8,y-methylene ATP
(an ATP analog incapable of donating its terminal phos-
phoryl group) to inactivate HMG-CoA reductase was
consistent with this observation (47).

Nordstrom, Rodwell, and Mitschelen (51) demon-
strated that the reversible inactivation-reactivation of
microsomal HMG-CoA reductase could be repeated for
several cycles. They partially purified the cytosolic activat-
ing and inactivating factors responsible and identified
them as catalytic proteins (51). These proteins inactivated
and reactivated freeze-thaw solubilized, 1400-fold puri-
fied HMG-CoA reductase, demonstrating that this pro-
cess was not dependent upon the presence of the micro-
somal membrane (51).
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Several laboratories noted that NaF, a potent inhibitor
of protein phosphatases, blocked the activation of HMG-
CoA reductase, suggesting the participation of a protein
phosphatase (51, 52, 55, 56, 58). To determine whether a
phosphatase was indeed responsible, Ingebritsen and co-
workers (50, 63) used a purified cytosolic phosphorylase a
phosphatase to reactivate MgATP-inactivated HMG-
CoA reductase. Thus, it appeared that the interconver-
sion of HMG-CoA reductase between active and inactive
forms was dependent upon a phosphorylation-dephos-
phorylation mechanism.

The interconversion of HMG-CoA reductase between
active and inactive forms is accomplished by covalent
phosphorylation and dephosphorylation of the enzyme

While the ATP-dependence of the inactivation and the
fluoride inhibition of the (re)activation of HMG-CoA
reductase suggested that the enzyme was regulated
by phosphorylation-dephosphorylation, other evidence
raised doubts concerning this interpretation. The require-
ment for both ATP and ADP for inactivation (47, 51) had
no precedent among known phosphorylated enzymes. In
addition, while freeze-thaw solubilized HMG-CoA re-
ductase could be inactivated, this had proved suprisingly
difficult as compared to the microsomally bound enzyme
(47, 51)." Several laboratories therefore asked whether the
MgATP-dependent inactivation of HMG-CoA reductase
was accompanied by the covalent phosphorylation of the
enzyme.

While the first attempt to incorporate radioactivity
from [y-*?P]- or [6-*H]-labeled ATP into HMG-CoA
reductase (48) failed due to an underestimation of the
specific activity of the enzyme (64), Beg, Stonik, and
Brewer (65), Keith and co-workers (64, 66) and Gil et al.
(67) subsequently isolated *?P-labeled HMG-CoA reduc-
tase solubilized via the freeze-thaw method following
inactivation of the microsomally bound enzyme with [y-
32P]ATP.? Since radioactivity comigrated with HMG-
CoA reductase activity on polyacrylamide (64, 67) and
isoelectric focusing gels (66), and with HMG-CoA reduc-
tase protein on SDS-polyacrylamide gels (64-66), the
phosphate appeared to be covalently bound. The *?P-
labeled enzyme was also precipitated by antibodies raised
against the proteolytically solubilized, fragment form of
HMG-CoA reductase (64, 63). Finally, Keith, Kennelly,
and Rodwell (66) definitively established the covalent
nature of the phosphorylation of HMG-CoA reductase by
isolating [**P]phosphoserine from acid hydrolysates of the

' At that time, freeze-thaw solubilized fragment HMG-CoA reductase
was thought to represent the intact, native protein.

“The studies referred to in this paragraph all utilized the catalytically
active fragment of HMG-CoA reductase solubilized by the action of
endogenous proteases.
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32P-labeled active fragment form of the enzyme.?

While the above data documented that HMG-CoA
reductase could be covalently phosphorylated, the associ-
ation of this process with enzyme inactivation remained
less clear. As electrophoretically pure (albeit proteolytical-
ly solubilized) HMG-CoA reductase and purified HMG-
CoA reductase inactivators (kinases) became available, it
was possible to clearly and unambiguously demonstrate
the concomitant inactivation and phosphorylation of the
enzyme. Beg, Stonik, and Brewer (68) and Ferrer and
Hegardt (69) observed parallel inactivation of, and 3?P-
incorporation into, electrophoretically pure HMG-CoA
reductase by electrophoretically pure HMG-CoA reduc-
tase kinase(s) from rat liver microsomes. Harwood,
Brandt, and Rodwell (70) obtained analogous data using
a partially purified HMG-CoA reductase kinase from rat
liver cytosol and observed that this cytosolic HMG-CoA
reductase kinase required ADP as an allosteric activator.
This explained the observations of Brown, Brunschede,
and Goldstein (47) and of Nordstrom, Rodwell, and
Mitschelen (51) that both ATP and ADP are required for
inactivation of HMG-CoA reductase.

The availability of *?P-labeled HMG-CoA reductase
also permitted documentation of the concomitant re-
activation and dephosphorylation of previously inacti-
vated HMG-CoA reductase. Using either partially (65,
67, 71-73) or fully (69, 74) purified HMG-CoA reductase
“activators” (phosphatases), three separate laboratories
observed that activation of 3?P-labeled HMG-CoA re-
ductase was accompanied by concomitant release of
[**P]phosphate from the enzyme. The HMG-CoA reduc-
tase “activators” also dephosphorylated known phospho-
proteins such as phosphorylase a (71, 73), acetyl-CoA
carboxylase (71), and glycogen synthase (73), lending
further support to the concept that the activation of
HMG-CoA reductase is the direct result of its dephos-
phorylation. Thus, examination of both the inactivation
and reactivation of HMG-CoA reductase clearly demon-
strated that these processes were accompanied by, and the
consequence of, the covalent phosphorylation and sub-
sequent dephosphorylation of the enzyme, respectively.

HMG-CoA reductase is phosphorylated at
multiple sites

Once it became firmly established that HMG-CoA
reductase was inactivated by phosphorylation, efforts
were directed toward the determination of the number,
structure, and function of its phosphorylation sites. As
previously noted, Keith at al. (66) had determined that

*The proposed amino acid sequence of HMG-CoA reductase (5)
contains 70 seryl residues, about half of which are present in the
hydrophilic, C-terminal half of the sequence.
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the proteolytically solubilized fragment form of HMG-
CoA reductase was covalently phosphorylated exclusively
at seryl residues. Tryptic digestion of *?P-labeled frag-
ment HMG-CoA reductase inactivated with endogenous
microsomal HMG-CoA reductase kinases yielded two
phosphorylated peptides, suggesting that the enzyme
contains at least two structurally distinct types of phos-
phorylation sites (66, 75).*

Recent evidence suggests that these structurally distin-
guishable sites might also be functionally distinguishable.
Treatment of freeze-thaw solubilized fragment HMG-
CoA reductase with a purified microsomal HMG-CoA
reductase kinase yielded 3?P-labeled HMG-CoA reduc-
tase phosphorylated at only one site, as determined by
analysis of the tryptic phosphopeptides (69). However,
phosphorylation at this apparently single site was suf-
ficient to inactivate the enzyme (69). In addition,
when partially inactivated fragment HMG-CoA reduc-
tase phosphorylated with 3?P at multiple sites was treated
with either of two partially purified high molecular
weight, cytosolic HMG-CoA reductase phosphatases, full
reactivation of the enzyme followed release of only
approximately one-half of the bound **P-phosphate (71).
Although further %2P release occurred, this subsequent
release was not accompanied by any further increases in
HMG-CoA reductase activity. HMG-CoA reductase thus
appears to be phosphorylatable at multiple sites, only a
portion of which function in the direct catalytic inactiva-
tion of the enzyme. The function(s) of the remaining
phosphorylation site(s) is presently unclear. Possibilities
include controlling the susceptibility of the “inactivation”
site to phosphorylation or dephosphorylation, or altering
the rate at which HMG-CoA reductase is proteolytically
degraded (76).

III. MODULATION OF HMG-CoA REDUCTASE
ACTIVITY BY REVERSIBLE
PHOSPHORYLATION-DEPHOSPHORYLATION
IN VIVO IS A PHYSIOLOGICALLY IMPORTANT
MECHANISM OF REGULATORY CONTROL

As it became evident that the activity of HMG-CoA

*It is sometimes observed that purification of freeze-thaw solubilized
HMG-CoA reductase can yield two polypeptides that, as judged by
SDS-polyacrylamide gel electrophoresis, differ in molecular mass by
1,000-2,000 Daltons. Detection of multiple tryptic phosphopeptides
might therefore reflect heterogeneity of the HMG-CoA reductase
preparation from which they were derived. For example, if a single
phosphorylation site was located near the C- or N-terminus, multiple
phosphopeptides might reflect the presence of multiple C- or N-termini
rather than multiple phosphorylation sites. While this possibility cannot
be excluded from consideration, the authors consider it unlikely. The
tryptic phosphopeptides are small; only a single phosphopeptide is
produced when the enzyme is digested with cyanogen bromide (75), and
no heterogeneity of the radioactive protein was detectable when the *?P-
labeled HMG-CoA reductase used in these studies was analyzed by
SDS-gel electrophoresis (66, 75).

reductase could be modulated via covalent phosphoryla-
tion-dephosphorylation in vitro, it was asked whether this
represented a physiologically operative means of regula-
tory control. The appropriate use of protein kinase and
protein phosphatase inhibitors and of HMG-CoA reduc-
tase phosphatases permits measurements of both the
quantity of HMG-CoA reductase molecules present and
the proportion of these that are in the active, dephos-
phorylated form (51, 57, 77). This latter quantity is
referred to as the modulation state (or its reciprocal, the
phosphorylation state) of HMG-CoA reductase (51, 57,
77). Ingebristen and co-workers (77) used this methodol-
ogy to ask whether insulin and glucagon, hormones
known to regulate sterol biosynthesis, do so by altering
the modulation state of HMG-CoA reductase in vivo.
They observed that treatment of rat hepatocytes with
these hormones or with cyclic AMP (the second mes-
senger of glucagon) rapidly altered the fraction of HMG-
CoA reductase present in the active (dephosphorylated)
form (77). These alterations occurred within 30 min—
long before changes in the total quantity of HMG-CoA
reductase could be detected —and were accompanied by
parallel changes in the rate of sterol biosynthesis. The rate
of cholesterol biosynthesis was thus controlled by the
modulation state of HMG-CoA reductase. We have
confirmed these observations and have shown, in addi-
tion, that cyclic GMP is capable of regulating rat hepato-
cyte cholesterol biosynthesis via changes in HMG-CoA
reductase modulation state. Moreover, we have observed
that the modulation state of HMG-CoA reductase
responds to physiological concentrations of these effectors
within as little as 10-15 min of their administration
(77a).

Panini and Rudney (60) observed that exposure of rat
ileal epithelial cells to bicarbonate ions decreased the frac-
tion of HMG-CoA reductase present in the active
(dephosphorylated) form. This decrease became apparent
within 30 min, was complete within about 60 min, and
was reversed by removal of bicarbonate. As was previous-
ly shown in rat hepatocytes, the change in the modulation
state of HMG-CoA reductase was reflected in a parallel
change in the rate of sterol biosynthesis.

Changes in the modulation state of HMG-CoA reduc-
tase in vivo were also demonstrated in intact animals.
Erickson et al. (56) Beg, Stonik, and Brewer (78), and
Arebalo and co-workers (79, 80) observed that intragastric
administration of mevalonolactone to rats produces a
rapid decrease in the proportion of their hepatic HMG-
CoA reductase in the active (dephosphorylated) form.
Arebalo and coworkers (80, 81) also asked whether the
rapid inactivation of HMG-CoA reductase observed in
rats fed cholesterol (45, 82) was a consequence of in-
creased enzyme phosphorylation. They observed that
within 20 min after feeding rats cholesterol the fraction of
their hepatic HMG-CoA reductase in the active (dephos-
phorylated) form decreased (80, 81). Holloway et al. (83)
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reported that feeding rats diets containing either excessive
or deficient quantities of ascorbic acid for 9 weeks altered
the amount of active (dephosphorylated) hepatic HMG-
CoA reductase without any change in total enzyme activ-
ity. Such diets elevated body cholesterol levels consequent
to depressed bile acid biosynthesis. Stacpoole and co-
workers (84) administered dichloroacetate to rats, a drug
that reduces serum cholesterol levels in human subjects.
This decreased hepatic HMG-CoA reductase activity and
increased the fraction of the enzyme in the inactive (phos-
phorylated) form within 1 hr after administration (84).
Finally, Kelley and Story (85) observed that the modula-
tion state of rat hepatic HMG-CoA reductase was sensi-
tive to the feeding regimen and to the composition of the
diet.

Leoni et al. (86) examined changes both in the rate of
cholesterol biosynthesis and in the modulation state of
HMG-CoA reductase in rat hepatocytes isolated at vari-
ous stages of pre- and postnatal life. The modulation state
of the enzyme, as well as total quantity, underwent large
variations during development. Significantly, the rate of
sterol biosynthesis correlated best with the HMG-CoA
reductase present in the active (dephosphorylated) form,
indicating that during early developmental stages the
modulation of HMG-CoA reductase activity plays a
major role in the control of cholesterol biosynthesis.

Most cancerous and precancerous cells exhibit defec-
tive or impaired regulation of cholesterol biosynthesis
characterized by high levels of HMG-CoA reductase
activity and lack of responsiveness to normal feedback
regulation by cholesterol (for a review see 87). Feingold et
al. (88) observed that in several rats with Morris hepato-
mas the fraction of their hepatic HMG-CoA reductase
present in the active (dephosphorylated) form (53-75%)
greatly exceeded that of normal cells (10-20%), indicating
that the rise in HMG-CoA reductase activity in cancerous
cells results, at least in part, from changes in its phos-
phorylation state.

Detection of changes in the modulation state of HMG-
CoA reductase requires care in the selection of the experi-
mental time frame and of assay techniques. Many investi-
gators asked whether the diurnal variation in HMG-CoA
reductase activity reflects a diurnal variation in the
modulation state of the enzyme. Only recently have these
efforts met with success. By using a rapid sampling tech-
nique involving cold-clamping of liver tissue, Easom and
Zammit (89) observed that the modulation state of HMG-
CoA reductase varies in parallel with the diurnal variation
of enzyme activity and quantity.

In all of the above experiments, changes in the propor-
tion of HMG-CoA reductase in the active form in vivo were
interpreted as reflecting changes in its degree of phos-
phorylation, as was the case in vitro. Beg et al. (68) direct-
ly demonstrated changes in the amount of phosphate
bound to HMG-CoA reductase in vivo following exposure

908 Journal of Lipid Research Volume 26, 1985

to the hormone glucagon. They observed that rats fed
[**P]phosphate incorporated *?P radioactivity into im-
munoprecipitable hepatic HMG-CoA reductase. Further-
more, when these rats were injected with glucagon, which
decreases the proportion of HMG-CoA reductase in an
active form in rat hepatocytes (77), the amount of *?P
radioactivity bound to HMG-CoA reductase increased as
expected (68). This demonstrated not only that covalently
phosphorylated HMG-CoA reductase exists in vivo, but
that its in vivo phosphorylation state responds to effectors
in the direction predicted.

The above studies, which derive from numerous in-
dependent laboratories, indicate that modulation of
HMG-CoA reductase activity by phosphorylation-de-
phosphorylation constitutes a physiologically important
mechanism of regulatory control. Phosphorylation-de-
phosphorylation produces rapid changes in response to
appropriate dietary, hormonal, or pharmacological effec-
tors, usually within 10 to 30 min. These changes in phos-
phorylation state are often transient. Ingebritsen et al.
(77), Erickson et al. (56), Arebalo and co-workers (79-81),
and our own laboratory have noted that the modulation
state of HMG-CoA reductase returned to near control
values within 1 to 2 hr following an initial stimulus. Sub-
sequently, a reduction in the quantity of HMG-CoA
reductase appeared to supersede phosphorylation-de-
phosphorylation as the major mechanism of regulatory
control. Phosphorylation-dephosphorylation of HMG-
CoA reductase allows cells to rapidly adjust their rate of
cholesterol biosynthesis, often prior to a subsequent
adjustment in the quantity of enzyme protein present.
The latter represents the major mechanism of long-term
regulatory control (14). Once this long-term adjustment
becomes manifest, the phosphorylation state of reductase
apparently returns to a “ready” position to await the
arrival of further stimuli.

IV. ARGUMENTS AGAINST THE REGULATION
OF HMG-CoA REDUCTASE BY
PHOSPHORYLATION-DEPHOSPHORYLATION

The proposition that HMG-CoA reductase is subject to
reversible, covalent phosphorylation-dephosphorylation,
and that this process performs an important regulatory
function in vivo, has been the subject of continuing
controversy. Despite the accumulation of a large body of
supporting evidence, the physiological importance of the
reversible, covalent phosphorylation of HMG-CoA reduc-
tase is still questioned in some quarters. We will, there-
fore, review the four main arguments that have been
raised against the phosphorylation-based regulation of
HMG-CoA reductase and detail the relevant evidence
concerning them.
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“HMG-CoA reductase inactivator” is actually
mevalonate kinase, not a protein kinase

Most assays of HMG-CoA reductase, and hence of the
modulation of its activity by phosphorylation-dephos-
phorylation, measure mevalonate formation. In 1982,
Ness and co-workers (90) purported to account for the
apparent “MgATP-dependent inactivation” of HMG-
CoA reductase as the phosphorylation of mevalonate by
mevalonate kinase. They reported that the apparent
MgATP-dependent decrease in mevalonate production
was solely due to the subsequent conversion of mevalonate
to mevalonate-5-phosphate in the presence of the added
MgATP. They therefore suggested that the MgATP-
dependent inactivation of HMG-CoA reductase was
attributable to the presence of mevalonate kinase, rather
than to covalent phosphorylation of the enzyme (42, 90).

While mevalonate kinase can indeed, under appropriate
conditions, mimic the activity of HMG-CoA reductase
kinase (“HMG-CoA reductase inactivator”), these two
phenomena have proved to be both distinct and readily
distinguishable. Nordstrom, Rodwell, and Mitschelen
(51) and Harwood and Rodwell (91) reported that no
mevalonate-5-phosphate was formed following the in-
activation of HMG-CoA reductase with MgATP and an
HMG-CoA reductase kinase from rat liver cytosol, and
Ferrer and Hegardt (69) reported that purified micro-
somal HMG-CoA reductase kinase was devoid of mevalo-
nate kinase activity. In addition, the MgATP-dependent
inactivation of HMG-CoA reductase has been demon-
strated in the presence of mevalonate trapping pools
(52) or of trace quantities of a radioactively labeled
mevalonate internal standard (51, 70, 92). In neither case
was mevalonate-utilizing activity detected. In our own
laboratory, the reversible modulation of HMG-CoA
reductase activity has also been observed using a spectro-
photometric assay that monitors the utilization of NADPH
rather than the production of mevalonate — a process with
which the presence of mevalonate kinase cannot interfere®
(D. Sherban, unpublished observations). Moreover, the
techniques used by Ness and co-workers (90, 93) sig-
nificantly differed from those utilized by other investi-
gators. Most investigators employ two separate incuba-
tions for assay of HMG-CoA reductase kinase activity
(91, 92). During the first, HMG-CoA reductase is in-
activated, in the absence of substrates, with HMG-CoA
reductase kinase. In the second, the residual HMG-CoA
reductase activity is then measured. It has been consis-
tently observed that the degree of inactivation of HMG-
CoA reductase depends directly upon the duration of the
first incubation, during which no mevalonate is present or
can be formed (51, 70, 92). The second incubation is then

®Mevalonate kinase might actually stimulate, rather than inhibit,
HMG-CoA reductase activity by removing the mevalonate produced.

performed in the presence of the kinase inhibitor EDTA.
Harwood and Rodwell (91) demonstrated that the high
EDTA concentrations generally used to assay HMG-CoA
reductase activity, and hence its inactivation and reactiva-
tion, effectively inhibit mevalonate kinase and preclude it
from interfering with the assay of HMG-CoA reductase.
Significantly, Ness and co-workers (90, 93) attempted to
simultaneously inactivate and assay HMG-CoA reduc-
tase in a single incubation in the absence of added EDTA,
conditions under which any mevalonate kinase present
would be active and have access to the pool of mevalonate
formed by HMG-CoA reductase. Lastly, both Harwood
and Rodwell (91) and Beg and Stonik (94) demonstrated
that mevalonate kinase and HMG-CoA reductase kinase
are physically distinct enzymes separable by either ion-
exchange or size-exclusion chromatography.

Thus, even ignoring the experiments that demonstrate
the incorporation of covalently bound [32P]phosphate into
HMG-CoA reductase protein with parallel enzyme in-
activation, the MgATP-dependent inactivation of HMG-
CoA reductase clearly cannot be attributed to the
presence of mevalonate kinase. However, care must be
taken to ensure that interference from this source does not
occur. This can be accomplished by use of spectrophoto-
metric assay techniques or by inclusion of sufficiently high
qualities of EDTA during the assay of HMG-CoA reduc-
tase activity following its prior inactivation.

HMG-CoA reductase is refractory to inactivation/
phosphorylation following solubilization from
the microsomal membrane

While the activity of microsomal HMG-CoA reductase
is readily reduced by treatment with MgATP and HMG-
CoA reductase kinase, early attempts to inactivate HMG-
CoA reductase following its freeze-thaw solubilization
met with difficulty and, in some instances, failure. Re-
cently, however, several investigators have successfully
inactivated freeze-thaw solubilized HMG-CoA reduc-
tase (47, 51, 68-70). In certain of these studies *P-labeled
ATP was used to observe the concomitant incorporation
of *?P into HMG-CoA reductase protein (68-70). How-
ever, in many instances the investigators were unable to
obtain rates or extents of inactivation of solubilized
HMG-CoA reductase comparable to those achieved with
the microsomally bound form of the enzyme (47, 51, 70).
Other investigators reported an inability to detect either
inactivation of, or **P incorporation into, solubilized
HMG-CoA reductase (93, 95). Harwood and co-workers
(70) noted that, while rapid and complete inactivation of
the fragment form of HMG-CoA reductase could be
achieved, this required far higher concentrations of
HMG-CoA reductase kinase than those required to in-
activate the microsomally bound form of the enzyme.
Under the conditions employed, the activity of HMG-
CoA reductase kinase toward the fragment form of the
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enzyme was estimated to be only 5% that displayed
toward the microsomal form as a result of a lower affinity
of HMG-CoA reductase kinase for the proteolytically
solubilized form of the enzyme (70).

The disparity in the facility with which microsomal and
solubilized HMG-CoA reductase are inactivated sug-
gested to some that the MgATP-dependent inactivation of
HMG-CoA reductase was the result of the formation of
a microsomally associated, MgATP-dependent inhibitor,
the presence of mevalonate kinase, or an MgATP-stimu-
lated HMG-CoA and/or NADPH-utilizing activity,
rather than a phosphorylation-dependent inactivation of
the enzyme (42). It was argued that any [*?*P]phosphate
incorporation seen might represent a nonspecific, non-
regulatory phosphorylation event (42, 93, 95). The
explanation for this difficulty came to light with the dis-
covery by Ness, Way, and Wickham (11) that the solu-
bilized HMG-CoA reductase used for the above experi-
ments was a proteolytic fragment (M, 50,000-55,000) of
the native enzyme (M; 90,000-100,000). Recent experi-
ments with the solubilized native form of HMG-CoA
reductase show that it can be rapidly and completely
(90% +) inactivated by an ADP-dependent, cytosolic
HMG-CoA reductase kinase with a facility approaching
that displayed toward the microsomal enzyme (13). The
proteolytically solubilized fragment form of HMG-CoA
reductase thus may lack structural moieties present on the
intact native enzyme important for its recognition by, or
its binding to, HMG-CoA reductase kinase.

The phosphorylation state of HMG-CoA reductase
in vivo does not change in response to long-term
dietary or pharmacological manipulations

In many studies in which rats or cultured cells have
been subjected to a particular dietary manipulation,
drug, etc. for hours or days, no change in the phos-
phorylation state of HMG-CoA reductase was detected
(14, 96-98). While changes in HMG-CoA reductase
activity were observed, these were adequately accounted
for by alterations in the quantity of HMG-CoA reductase
protein present. Some investigators have interpreted this
as evidence that changes in the phosphorylation state of
HMG-CoA reductase do not occur in vivo, and that phos-
phorylation-dephosphorylation of the enzyme is a phe-
nomenon of no physiological import. This conclusion is
not justified when all of the evidence is considered.

Numerous studies using intact animals or cultured cells
have shown that the modulation state of HMG-CoA re-
ductase changes rapidly in response to dietary or pharma-
cological factors (see part III, above). Moreover, when
both the rate of sterol biosynthesis and the modulation
state of HMG-CoA reductase were examined, both
changed in parallel (60, 77, 86), indicating that the rate
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of sterol biosynthesis was regulated by phosphorylation-
induced changes in the activity of HMG-CoA reductase.
In addition, these experiments have consistently revealed
that, in order to measure changes in the modulation state
of HMG-CoA reductase, due consideration must be given
to the selection of both experimental techniques (51, 57,
89) and time frame (56, 77, 79-81). For example, besides
being rapid, changes in activity resulting from phos-
phorylation-dephosphorylation are oftentimes transient,
rarely persisting for over an hour. This transience
probably accounts for the majority of cases in which
changes in reductase modulation state were not detected.
Lengthy treatments allow the phosphorylation state of
HMG-CoA reductase to revert to its original value and be
superseded by the relatively slow-acting, long-term
control mechanism of regulation of enzyme quantity.

This is not to say that changes in the modulation state
of HMG-CoA reductase are always transient. During pre-
and postnatal development, the modulation state of
HMG-CoA reductase appears to regulate cholesterol bio-
synthesis (86), and modulation of HMG-CoA reductase
activity by phosphorylation-dephosphorylation may
function in controlling the diurnal cycle of sterol biosyn-
thesis (89). In Morris hepatoma cells (88) and rats
chronically fed diets containing excessive or deficient
quantities of ascorbic acid (83), changes in HMG-CoA
reductase modulation state were persistent over time.
However, present evidence points to long-term changes in
HMG-CoA reductase modulation state as being the
exception, rather than the rule. Phosphorylation-dephos-
phorylation appears to act in concert with other, more
slowly responding mechanisms to provide cells with a
rapid and verstaile mechanism of broad dynamic range
for virtually instantaneous control of sterol biosynthesis.
Phosphorylation-dephosphorylation provides for an
immediate, rapid response to many physiological stimuli,
but generally persists only long enough to allow the long-
term adaptive response, a change in the actual quantity
of HMG-CoA reductase, to occur. At this point, the
modulation state of HMG-CoA reductase reverts to a
“ready” position to await new stimuli. Failure to observe
changes in the modulation state of HMG-CoA reductase
were, we suggest, probably the result of examining an in-
appropriate time period or, perhaps more rarely, an in-
appropriate stimulatory effector.

Cells have no need for rapid-acting, phosphorylation-
based regulation of HMG-CoA reductase

It has been suggested that regulation of sterol biosyn-
thesis via the phosphorylation and dephosphorylation of
HMG-CoA reductase must not occur because there is no
clear reason why it should be needed. Rather, it is argued,
regulation of HMG-CoA reductase occurs exclusively via
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changes in the quantity of enzyme protein (14, 42). While
this teleological argument is difficult to address experi-
mentally, several important observations do bear on this
issue. Although changes in HMG-CoA reductase protein
levels appear to represent the predominant mechanism
for long-term adjustment of sterol biosynthetic rates, such
changes require time periods on the order of hours to
make themselves felt. Modulation of HMG-CoA reduc-
tase activity by phosphorylation-dephosphorylation
permits cells to respond within minutes to physiological
effectors. Therein lies the apparent raison d’etre. It is also
significant that two other regulatory enzymes that partici-
pate in cellular cholesterol homeostasis, acyl-CoA:choles-
terol O-acetyltransferase and cholesterol-7-a-hydroxyl-
ase, appear to be regulated by phosphorylation-dephos-
phorylation mechanisms (99). This suggests that co-
ordinate regulation of these enzymes by phosphorylation-
dephosphorylation may play an important role in main-
taining appropriate levels of unesterified cholesterol (99).
While we cannot, at present, categorically state why
HMG-CoA reductase is regulated by phosphorylation-
dephosphorylation, it is apparent that this does in fact
occur. Further research will, in time, provide the defini-
tive answer to this important question.
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