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The temperature-dependent catalytic activity of rat 1iver

3-hydroxy-3 -methylglutaryl coenzyme A reductase (HMG-CoA

reductase) displays the nonlinear Arrhenius behavior charac-

teristic of many membrane-bound enzymes. A two-conformer

equilibrium model has been developed to characterize this

behavior. In the model, HMG-CoA reductase undergoes a

conformational change from a low specific activity to a

high specific activity form. This conformation change is

apparently driven by a temperature-dependent phase transi-

tion of the membrane lipids. It has been found that this

model accurately describes the data from diets including rat

chow, low-fat, high-carbohydrate, and diets supplemented

with fat, cholesterol or cholestyramine. The effects

characterized by the model are consistent with the regula-

tion of HMG-CoA reductase by enzyme-lipid interactions.
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CHAPTER I

INTRODUCTION

Cholesterol is a structural component of both cell

membranes and plasma lipoproteins and functions as a pre-

cursor to steroid hormones and bile acids. The liver

plays a major role in the homeostasis of cholesterol in

the body. It supplies eighty percent of the endogenously

synthesized cholesterol, and can alter its rate of syn-

thesis to accommodate the changing need for cholesterol

in the whole animal (1). For example, the liver can de-

crease the rate of hepatic cholesterol biosynthesis when

there is an increase in the dietary intake of cholesterol.

For this reason many studies on the regulation of choles-

terol biosynthesis are centered in the liver.

For almost thirty years, researchers have known that

including cholesterol in the diet of the laboratory rat

results in a decrease in the rate of hepatic cholesterol

biosynthesis (2-5). This effect has been termed "feedback

inhibition", which suggests that a small amount of choles-

terol from the diet entering the liver could produce a

large inhibition in the rate of synthesis (6,7). Hepatic

cholesterol biosynthesis responds to a number of other

dietary factors and experimental conditions (see Table I).

1



TABLE I

FACTORS INFLUENCING HEPATIC CHOLESTEROL BIOSYNTHESISa

Increase Decrease

Feeding
Dietary fat
Glucose
Cholestyramine
Triton
Biliary diversion

Biliary obstruction
Ileectomy
Vitamin C
Allylispropylacetamide
X-ray
Stress
Nephrosis

Youth
Female
Growth hormone
Thyroid hormones
Insulin
Catecholamines

Fasting
Low fat diet
A component of milk
Cholesterol
Bile acids
Intermediates in bile acid

synthesis
Serum low-density lipoproteins
3-Hydroxy-3-methyglutaric acid
Fat soluble vitamins
Nicotinic acid
Ubiquinone
Clofibrate
Cyclohexamide
Puromycin
Actinomycin D
Age
Male
Hypophysectomy
Diabetes
Glucocorticoids
Glucagon
Cyclic AMP
Estrogen

aadapted from ref. 8
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Fasting, a low fat diet, bile acids, clofibrate, and strep-

tozotocin-induced diabetes have all been found to decrease

the rate of hepatic cholesterol biosynthesis; while refeed-

ing, a high fat diet, a high glucose diet, and cholestyr-

amine all increase the rate of hepatic cholesterol biosyn-

thesis (8). These responses to the variety of experimental

conditions tested have been attributed to effects on the

regulatory processes of cholesterol biosynthesis.

The cholesterol biosynthetic pathway consists of

approximately twenty-six reactions beginning with acetyl

CoA (9,10). In the search for a regulatory enzyme, the

first few reactions of the pathway can be eliminated, for

these reactions are common to other pathways and it is

highly unlikely that the regulation of cholesterol biosyn-

thesis should be tied to the regulation of, for example,

ketogenesis. However, the fourth reaction from acetyl CoA

is a branch point from the other pathways and it is a

physiologically irreversible reaction. This candidate for

the regulation of hepatic cholesterol biosynthesis is the

enzyme 3-hydroxy-3-methylglutarylcoenzyme A reductase (HMG-

CoA reductase, E. C. 1.1.1.34) which catalyzes the reduction

of 3-hydroxy-3-methylglutaryl coenzyme A to mevalonic

acid (Fig. 1). Under a variety of experimental conditions,

it has been found that changes in the activity of HMG-CoA

reductase closely parallel changes in the overall rate of

cholesterol biosynthesis (11).



Figure 1

The reaction catalyzed by HMG-CoA reductase
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It has been established and widely accepted that

HMG-CoA reductase catalyzes the rate-limiting reaction of

hepatic cholesterol biosynthesis under most physiological

conditions (11). To fully understand the regulation of

the cholesterol biosynthetic pathway, it is first necessary

to explore the regulation of the enzyme that in turn

regulates the pathway. It is highly unlikely that the

mechanism that the lowers the rate of cholesterol synthesis

in the case of dietary cholesterol is identical to the

mechanism triggered by streptozotocin-induced diabetes.

Accordinly, there have been many theories advanced to

account for the regulation of HMG-CoA reductase. Briefly,

these mechanisms include a cycle of phosphorylation and

dephosphorylation of the enzyme (12), variable rates of

the synthesis and degradation of the enzyme (13), the

interplay of hormones (14), and protein-lipid interactions

(13).

Phosphorylation-Dephosphorylation

The possibility that HMG-CoA reductase might be

regulated by a cycle of phosphorylation-dephosphorylation

has received considerable attention in recent years (12,15).

The initial observation by Beg et. al. (16) that the in-

cabation of microsomal HMG-CoA reductase with Mg +-ATP

and cytosol resulted in the inactivation of the enzyme

activity (16), was soon confirmed by other workers (17-22).
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The sensitivity of the microsomal enzyme to this inactiva-

tion is progressively lost when the microsomes are extracted

repeatedly with buffer (16), or when the microsomes are

incubated at 50*C for fifteen minutes (23). Further evi-

dence has supported the belief that the inactivation process

is due to phosphorylation of the enzyme. Upon incubation

of the inactivated microsomal enzyme with a cytosolic frac-

tion (after removal of ATP and/or Mg ), the enzyme can be

reactivated (21). The reactivation can be blocked by the

presence of fluoride ion, an inhibitor of several phospho-

protein phosphatases (24). Both the inactivation system and

the reactivating system are non-dialyzable and heat sensi-

tive, suggesting that they are proteins (12). More direct

evidence for the phosphorylation of HMG-CoA reductase comes

from experiments in which HMG-CoA reductase was phosphory-

lated with 32P-ATP. Microsomal enzyme inactivated with

2+ 32
Mg - P-ATP was solubilized and purified to homogeneity.

On polyacrylimide gels, the 32P radioactivity co-migrated

with both the HMG-CoA reductase protein and HMG-CoA reductase

activity (25-27). Beg et. al. (28) injected rats with 32P

and then isolated 32p labelled HMG-CoA reductase thereby

demonstrating the in vivo phosphorylation of HMG-CoA

reductase. Briefly, the proposed bicyclic system (Fig. 2)

operates in the following manner: HMG-CoA reductase is

active while dephosphorylated; when it is phosphorylated

by reductase kinase, the enzyme loses activity. A



Figure 2

The bicylic model for the phosphorylation

of HMG-CoA reductase
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phosphatase removes the phosphate group and returns the

enzyme to its active form. Reductase kinase itself may

be phosphorylated to its active form by a protein kinase.

When the phosphate is removed by a phosphatase, reductase

kinase loses its activity (12). This bicyclic model has

been tentatively accepted by many workers; however, it has

been challenged recently (29,30).

Enzyme Synthesis

The activity of hepatic HMG-CoA reductase follows a

diurnal rhythm. Of the enzymes catalyzing the conversion of

acetate to squalene, it is the only enzyme to display this

behavior. In rats housed under controlled lighting con-

ditions (twelve hours light, twelve hours dark), the peak

of the enzyme activity occurs near the midpoint of the

dark period, while the nadir occurs during the light period.

To determine the possibility that the diurnal rise is due

to protein synthesis, the effects of inhibitors of protein

synthesis were examined. It was shown that both actino-

mycin D (31) and cyclohexamide (32) block the diurnal rise,

suggesting that protein synthesis is necessary. This was

shown conclusively in experiments involving immunoprecipi-

tation of enzyme isolated from rats at various points in the

light-dark cycle. The results showed that the amount of

enzyme protein rose and fell roughly in phase with the

diurnal rhythm (13). This evidence along with the short
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half-life of the enzyme, two to four hours (11), have

led some to propose that much of the regulation of HMG-CoA

reductase can be attributed to alterations in the rate of

synthesis or degradation of the enzyme which in turn leads

to altered levels of enzyme in the experimental conditions

examined (13).

Endocrine Regulation

Hormonal interplay has also been implicated in the

regulation of the activity of HMG-CoA reductase (for a

recent review, see Ref. 14). It has been shown that

diabetes abolishes the diurnal rhythm of HMG-CoA reductase

in rats; however, the diurnal rhythm can be restored in

diabetic rats by the administration of insulin (33). This

increase in the activity of HMG-CoA reductase can also be

seen in normal and diabetic animals when insulin is ad-

ministered at the diurnal nadir. When glucagon is ad-

ministered in conjunction with insulin, the stimulation of

HMG-CoA reductase is completely blocked (34). Glucagon

administered alone will prevent the diurnal rise in HMG-CoA

reductase activity, as will the administration of cyclic

AMP or hydrocortisone (35). The thyroid hormones stimulate

HMG-CoA reductase in normal or in hypophysectomized rats

(32). In summary, some hormones such as insulin, thyroxine,

catecholamines, or growth hormone stimulate HMG-CoA reductase

and cholesterol synthesizing activities in body tissues,
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particularly liver, while glucagon and glucocorticoids

inhibit these activities (14). In view of this evidence,

it seems logical to suggest that these inhibitory and

stimulatory hormones may act in concert to regulate the

activity of HMG-CoA reductase and thus cholesterol

synthesis (33).

Protein-Lipid Interactions

HMG-CoA reductase is unique among the enzymes in the

early part of the cholesterol biosynthetic pathway in that

it is membrane-bound. With this in mind, Higgins and

Rudney (13) hypothesized that the regulation of HMG-CoA

reductase and therefore hepatic cholesterol biosynthesis

could be through enzyme-membrane lipid interactions. This

hypothesis was given support when Heller and Shrewsbury

(36) reported that HMG-CoA reductase purified to homoge-

neity not as a single protein but as a protein-lipid

complex. Further experiments indicated that the rate of

the enzyme catalyzed reaction could be modulated by

altering the lipid composition of the enzyme-lipid complex

(37). In addition, researchers solubilizing and purifying

HMG-CoA reductase reported widely divergent kinetic,

stability, and physical properties of the enzyme. Brown,

et. al. (38) solubilized HMG-CoA reductase and found that

it was both heat stable and irreversibly cold labile.

However, the preparation of Heller, et. al. (39) was
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reversibly cold sensitive. The properties of the enzyme

solubilized and purified by the different procedures were

correlated with differing enzyme conformations which were

in turn dependent upon the lipid composition of the

enzyme-lipid complex (40). This growing body of evidence

for the relationship of HMG-CoA reductase and membrane

lipids led Sabine and James (41) to hypothesize that "the

activity of HMG-CoA reductase is critically regulated by

the fluidity of its supporting microsomal membrane."

Mitropoulos, et. al. (42-44) have further explored this

relationship through the examination of the temperature-

dependence of enzyme activity. The results indicated that

HMG-CoA reductase displays the nonlinear Arrhenius behavior

that is characteristic of many membrane-bound enzymes (45).

Furthermore, it was shown that the shapes of the Arrhenius

plots were dependent upon the feeding regimen to which the

rats were subjected. In this manner, the kinetic behavior

of the membrane-bound enzyme has been related to a physio-

logically relevant experimental condition mediated by

protein-lipid interactions in the membrane.

Objectives

The overall objective of this research has been to

determine whether enzyme-lipid interactions play a role in

the regulation of HMG-CoA reductase. To simplify the re-

search, this objective was broken down into several
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aspects:

1. Identify a sensitive technique for assessing the

influence of membrane lipids on the activity of HMG-CoA

reductase;

2. Develop a model capable of accurately describing

HMG-CoA reductase-lipid interaction data;

3. Determine whether dietary conditions known to

influence hepatic cholesterogenesis alter HMG-CoA reductase-

lipid interactions as predicted by the model;

4. Determine whether compounds known to alter mem-

brane lipid packing alter the catalytic activity of HMG-CoA

reductase;

5. Determine whether the proposed regulation of

HMG-CoA reductase by phosphorylation has any relation to

the regulation by lipid-protein interactions as charac-

terized by the model.
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Chapter II

EXPERIMENTAL

Materials

DL-(3-14C)-HMG-CoA was purchased from New England

Nuclear. (2-3H)-Mevalonolactone was purchased from

Amersham. Desipramine was the generous gift of Dr. J.

Garriott of the Forensic Science Lab at the University of

Texas Health Science Center at Dallas. Filipin (complex

U-5956) was the generous gift of Dr. J. E. Grady of the

Upjohn Company. The purified rabbit muscle catalytic

subunit of cyclic AMP dependent protein kinase was pro-

vided by Dr. Ruthann A. Masaracchia of North Texas State

University. Agarose-hexane-CoA was purchased from

PL Biochemicals. All other chemicals were of reagent

grade or better.

Animals

Male Sprague-Dawley rats were obtained from Timco

Breeding Laboratories, Gibco Animal Resources Lab,

Holtzman Labs, or from an in-house breeding program. All

rats were housed in a room with controlled lighting and

were maintained on an alternating twelve hour light-dark

cycle. The rats were allowed to adapt to the light

18
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cycling for two to three weeks during which time they were

fed ad libitum Ralston Purina Rat Chow. All animals were

killed at the mid-dark point of the light-dark cycle.

Diets

The low fat high carbohydrate diet was prepared by

ICN Nutritional Biochemicals. The composition is the same

as described by Rudak et. al. (1). All other diets were

prepared by supplementing powdered Purina Rat Chow weight/

weight with either cholesterol, coconut oil, or cholestyr-

amine.

Assay of Microsomal HMG-CoA Reductase

Activity was measured essentially as described by

Shapiro et. al. (2). The reaction mixture contained:

100 mM potassium phosphate (pH 7.2), 10 mM dithioerythritol

(DTE), 3 mM nicotinamide adenine dinucleotide (NAPD), 2.5

units glucose-6-phosphate dehydrogenase, 30 mM glucose-6-

phosphate, 100 iM (3-14C)-HMG-CoA (100,000), and varying

amounts of protein ranging from 100 to 700 pg. The final

reaction volume was one milliliter. Reaction times were

adjusted so that less than ten percent of the substrate was

utilized. The reaction was stopped by the addition of

0.1 ml of 10 N HCl. As an internal standard, (2-3H)-

mevalonolactone was added to the mixture. A thirty minute

incubation at 370C was used to allow the mevalonic acid to
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form the A-lactone. Approximately one gram of sodium

sulfate was added to each sample to aid extraction

efficiency. The reaction mixture was extracted twice with

ten volumes of diethyl ether. After removal of the ether

under a stream of dry N2' the residue was dissolved in

200 pl of acetone and applied to a thin layer chromatog-

raphy (TLC) plate. Mevalonolactone was separated from

unreacted substrate by TLC on Silica Gel 60 G by developing

with benzene:acetone (1:1). The mevalonolactone band was

located under UV light and scraped from the plate into

scintillation vials containing ten milliliters of New

England Nuclear 950-A scintillation cocktail. HMG-CoA

reductase activity is expressed as nanomoles of mevalono-

lactone formed per minute per milligram of protein.

Assay of Purified HMG-CoA Reductase

Purified HMG-CoA reductase was assayed spectrophoto-

metrically by following the oxidation of NADPH at 340 nm.

The reaction volume was two milliliters and contained

50 mM potassium phosphate pH 7.4, 10 pM HMG-CoA, and 60 pM

NADPH. The reaction was begun by the addition of either

enzyme or of HMG-CoA.

Protein Determinations

Protein concentration was determined by either the meth-

od of Gornall, et. al. (3) or by the method of Bradford (4).
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Blood Glucose

The blood glucose was determined using the Worthington

Statzyme Glucose kit which is based on the method of

Trinder (5).

Preparation of Microsomes

The livers were homogenized in two volumes of buffer

(40 mM potassium phosphate pH 7.2, 100 mM sucrose, 50 mM

KCl, 30 mM ethylenediaminetetraacetate (EDTA), 20 mM

2-mercaptoethanol) with a Potter-Elvehjem teflon-glass

homogenizer. The homogenate was centrifuged for ten

minutes at 40 C at 7,800 x g. The resulting supernatant

fraction was centrifuged for fifteen minutes at 7,800 x g.

The microsomes were pelleted by ultracentrifugation at

161,000 x g for sixty minutes at 40 C. The pellet was re-

suspended in buffer, hand homogenized, and ultracentrifuged

at 161,000 x g for sixty minutes. The pellets were re-

suspended in five milliliters of buffer and assayed for

HMG-CoA reductase.

For the phosphorylation experiments, the buffers were

altered. For homogenization, livers were homogenized in

0.25 M sucrose, 10 mM EDTA, pH 7.4. The first pellet from

the ultracentrifugation was suspended in 50 mM imidazole-

HCl pH 7.4, 250 mM NaCl, 1 mM EDTA, 5 mM DTE. The final

pellet was taken up in the same buffer supplemented with

50 mM NaF.
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Purification

HMG-CoA reductase was purified by a modification of

the method of Rogers, et. al. (6). The livers of fifteen

rats fed five percent cholestyramine for three days were

homogenized in two volumes of Buffer A (40 mM potassium

phosphate pH 7.4, 50 mM KC1, 100 mM sucrose, 30 mM EDTA,

10 mM DTE) using a Potter-Elvehjem teflon-glass homogenizer.

Microsomes were isolated as previously described. The

final microsome pellet was resuspended in a minimal volume

of Buffer B (50 mM potassium phosphate pH 7.4, 16 mM DTE)

and homogenized. The microsomes were placed into two

glass tubes and frozen slowly in a dry ice-ethanol bath at

-60*C and held at that temperature for ten minutes. The

frozen microsomes were then thawed at 37*C, and added to

an equal volume of sixty percent glycerol in Buffer C

(50 mM potassium phosphate pH 7.4, 10 mM DTE). The micro-

somes in glycerol were heated at 65*C for five minutes then

immediately cooled in ice. The glycerol content of the

microsomes was diluted to thirteen percent with Buffer D

(25 mM potassium phosphate pH 7.4, 10 percent sucrose, 1 mM

EDTA, 6.5 mM DTE) prior to ultracentrifugation for one hour

at 25*C at 161,000 x g. The supernatant was subjected to a

0 to 55 percent saturation with a solution of saturated

(NH 4 ) 2 So4 at pH 7.4 at 251C, followed by centrifugation at

7,800 x g for fifteen minutes at 25C. The resulting



23

pellet was dissolved in five milliliters of Buffer D and

stored under argon overnight at ambient temperature. The

enzyme solution was centrifuged at 1,000 x g for ten min-

utes to remove any denatured protein, then diluted to a

conductivity less than or equal to 3 x 103 micromhos. The

solution was loaded onto an agarose-hexane-CoA column at

a flow rate of one milliliter per minute. The column was

washed with several volumes of Buffer D, then eluted with

0.5 M KCl in Buffer D. This purified fraction of HMG-CoA

reductase was stored under argon at ambient temperature

until used for assays.

Nonlinear Regression Analysis

The conformer model (equation 1 and 3) was fitted to

the date with AG 0 ' L , AH, and Tm as free parameters.

The curve fitting was done by a FORTRAN package (ARRHEN)

which utilized the nonlinear regression subroutine STEPIT

(7) to minimize a weighted sum of squares. The program

uses a subroutine (FIDO) to compute approximate confidence

half-intervals for fitted parameters by the method of sup-

port planes. The object function is a chi-square estimate

of the quality of the fit (8). A chi-square equal to the

number of degrees of freedom (number of data points minus

the number of adjustable parameters) corresponds to a fifty

percent probability of a worse fit (chi-square probability

equal to one half). A chi-square probability greater than
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approximately 0.1 is considered an acceptable fit by this

criterion. All fits reported herein were acceptable

according to this chi-square criterion for goodness of fit.
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CHAPTER III

RESULTS AND DISCUSSION

In recent years, a number of methods have been used

to characterize protein-lipid interactions. These methods

include: NMR, ESR, flourescence, differential scanning

calorimetry and chemical modification (1). While each of

these methods is informative, they each fail to assure that

the probe is localized at the site of the enzyme in the

membrane and that the probe itself does not influence the

properties of the membrane or the enzyme. For these

reasons, many researchers have turned to studies of the

temperature-dependence of membrane-bound enzymes to char-

acterize protein-lipid interactions.

To examine the possible influence of protein-lipid

interactions on the activity of HMG-CoA reductase, the

temperature-dependent catalytic activity of the microsomal

enzyme from control rats was determined. The results are

shown in Figure 3. Clearly, the Arrhenius plot is non-

linear. It was not immediately obvious, however, whether

the nonlinearity reflected the effect of protein-lipid

interactions or was in fact, an artifact caused by assay

conditions. To insure that the activity of HMG-CoA reduc-

tase was the limiting factor throughout the temperature

range used for the study, the components of the assay were

26



Figure 3

The temperature dependent catalytic activity of

microsomal HMG-CoA reductase

from control rats

Rats were fed Ralston Purina Rat Chow prior to sacrifice.

The individual measurements of activity are shown as such,

while the smooth curve was computed from equations 1 and 3

using the best-fit parameters reported in Table II.

Activity is expressed as pmoles/min-mg and temperature as

0K.
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examined. Glucose-6-phosphate was present in a large

excess and an increase in its concentration caused no

change in measured HMG-CoA reductase activity. The micro-

somal enzyme glucose-6-phosphase has been shown to be

inhibited by the 0.1 M phosphate present in the assay (2).

The production of NADPH by glucose-6-phosphatase dehydro-

genase (G6PDH) was shown to be in excess of that re-

quired by HMG-CoA reductase under all experimental con-

ditions. This was verified by doubling the G6PDH concen-

tration at selected points throughout the temperature

range and noting no measurable increase in HMG-CoA

reductase activity. The pH profile of HMG-CoA reductase

was examined at 16*, 250, and 37*, and no difference was

observed indicating that variations in pH due to tempera-

ture had no influence on HMG-CoA reductase activity

throughout the temperature range studied. Thus, the

triphasic temperature dependence of the HMG-CoA reductase-

catalyzed reaction is not a result of components in the

assay other than HMG-CoA reductase.

The nonlinear Arrhenius behavior of membrane-bound

enzymes has been related to the phase transition of the

membrane lipids (3). The amphipatic lipids undergo a

characteristic phase transition with an increase in system

temperature; when the hydrocarbon chains of the component

fatty acids "melt", the system changes from a gel (solidus)
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to a liquid crystalline (liquidus) state in which the

fatty acyl chains are liquid-like, whereas the polar

headgroups are still experiencing strong mutual attrac-

tions (4).

The question arises, how does one characterize the

nonlinear Arrhenius behavior caused by these phase

transitions? Historically, the analysis of temperature-

dependence of enzyme catalyzed reaction rates have been

limited to determining the two Arrhenius parameters

(activation energy, Ea; preexponential factor, ln A) from a

single line or from each of a set of intersecting lines

when the data are plotted as the natural logarithm of the

reaction velocity versus reciprocal temperature. For

HMG-CoA reductase temperature-dependent kinetic data,

most workers (5-8) have approximated the curve with a

series of intersecting lines, then computed an activation

energy and a preexponential factor for each line. Using

this method to analyze the data in Figure 1, it can be

seen that there are three linear portions of the curve

separated by two transition temperatures. It is not

clear why the high temperature portion of the curse would

be separated from the low temperature portion of the curve

by a region, intermediate in enzyme activity, characterized

by a much greater energy of activation. Clearly this

method of data analysis is not ideal. Other workers have
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attempted to describe nonlinear Arrhenius plots in terms

of temperature-dependent changes in protein conformation

(9,10) and differential protein solubility in gel and

liquid-crystalline lipid phases (11).

For the analysis of temperature-dependent kinetic data

in this research, it was assumed that HMG-CoA reductase

exists in two conformations. It was further assumed that

the conformational change is mediated by a membrane lipid

phase change between the gel and liquid crystalline states.

Thus at each temperature the total enzyme will be parti-

tioned between the fraction associated with the gel phase

and the fraction associated with the liquid crystalline

phase. The reaction rate measured at each temperature will

be the sum of the fraction of enzyme in each conformation.

Therefore, the measurable reaction rate at each temperature

can be expressed by equation 1,

k = fLO hkT -AG kOG/RT + fHIkB -AGHI/RT
kfo h HI h

where k, kB, h, AG , and R refer to the reaction rate con-

stant, Boltzman's constant, Planck's constant, the Gibb's

free energy for the formation of the activated complex, and

the gas constant, respectively (12). In addition, fLO and

fHI refer to the fraction of the enzyme in the low temper-

ature conformation (gel phase) and to the fraction of the
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enzyme in the high temperature conformation (liquid crys-

talline). To apply equation 1 to enzyme kinetic data, an

independent measurement of fLO is necessary. In fact,

Thilo and coworkers (11) have applied this type of analysis

to membrane transport functions using a fluorescent probe

of membrane fluidity. But as mentioned previously, the

use of artificial probes suffers from two major drawbacks:

the probe and the protein of interest may not be located

in identical lipid enviroments and the presence of the

probe itself may perturb either the protein or the mem-

brane. Thus, the catalytic activity of the enzyme itself

is the most appropriate probe of the lipid enviroment in

the immediate vincinity of the membrane-bound enzyme. For

these reasons, the characterization of enzyme-lipid inter-

actions has utilized a thermodynamic characterization of

the solubility of a solute in two immiscible phases as a

method of evaluating the equilibrium partitioning of the

enzyme between the gel and liquid crystalline phases of a

membrane as a function of temperature.

Using the general relationship describing the ideal

temperature dependent solubility of solids in liquids, the

ratio of the fraction of the enzyme in each conformation

can be readily computed (13).
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f (T ) AC T - T AC Tm (2)
ln H _ T +/ln m

fLO RT Tm R T R T

In equation 2, AH, Tm, and Cp represent the enthalpy

change for the phase change, the melting temperature, and

the difference in heat capacity between the two conforma-

tions. Since there is a neglible variation in MH over the

temperature range studied (5* to 37*C), the heat capacity

term can be assumed equal to zero. The equation is now

considerably simplified:

fLO _ LT
ln - - (3)

f HI RT Tm

Since there are only two conformations, fLO + f =HI =1.

Thus equation 1 can be evaluated at each temperature during

nonlinear regression analysis using equation 3 and the

fitted parameters GLO' HIW AH, and TmL HI'"U n

When this method of analysis is applied to the data

presented in figure 1, a cursory examination reveals that

the model accurately describes the data. While the indi-

vidual measurements are shown as such, the curve was com-

puted according to equations 1 and 3 using the fitted param-

eters. The Gibb's free energy of activation values of

17.36 kcal/mole and 15.02 kcal/mole for the low temperature

conformer and the high temperature conformer respectively,
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are well within the ten to twenty kcal/mole values usually

seen for enzyme catalyzed reactions (14). The melting

temperature of the lipids associated with the change in

enzyme conformation (21.50*C) is characteristic of hydrat-

ed phospholipid (15) as well as hepatic microsomes (16).

The enthalpy of the conformational transition, 92.44

kcal/mole, is in the same range as the enthalpy for the

small changes in conformation seen in the ionization of

amino acid side chains of ApoA-I (17), the entire ApoA-I

molecule (18), and the substantial change in conformation

seen with the denaturation of ribonuclease (19).

A complete model for the system requires that the

variation of M with temperature be examined. In fact,

equation 2 contains a tCp term. When this more complete

model is fitted to the data, it describes the data well, as

would be expected. However the quality of the fit, as

evaluated by the chi-square values, is only neglibly im-

proved. In addition, the quality of the fit is almost

constant from AC values of negative one to negative
p

five kilocalories per mole. From this, it can be assumed

that the X p parameter has only a slight effect on the

ability of the model to calculate reaction velocities.

Moreover, the best fit values for GO and AGHI are onlyLO HI

altered by a few hundredths with the XCp parameter is

included in the model. These findings are probably the

result of the fact that the data were collected over a
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relatively narrow temperature range and as such the varia-

tion in enthalpy is sufficently small that ACp can not be

adequately determined. For this reason, the simplified

equation 3 was used for all further analyses.

It is noteworthy that the two-conformer equilibrium

model can descirbe the enzyme activity over the entire

temperature range. Data analysis by earlier workers

required at least three conformations corresponding to each

of the "linear" portions of the Arrhenius plot. Once again,

it is not clear why the conformer with intermediate activ-

ity would be characterized by a much greater energy of

activation than that of either the high or low activity

conformations. Of course, the two-conformer model requires

no such assumption. With this two-conformer model, the

first two objectives have been satisfied; however, it

remains to test this model in other experimental conditions.

Dietary cholesterol has been shown to inhibit the

activity of HMG-CoA reductase and it has been suggested

that this occurs through feedback inhibition (20). Since

cholesterol is a common component of cell membranes, it is

possible that a part of the effect of dietary cholesterol

could be mediated through enzyme-lipid interactions. To

test this hypothesis, rats were subjected to two choles-

terol supplemented diets. The first group of rats was fed

two percent cholesterol for three days prior to sacrifice
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(3/0). It is obvious from a cursory examination of figure

4 that the shape of the curve is different from that of the

control. The specific activity at 37*C has decreased from

1.044 nmoles/min-mg in the control group to 0.723 nmoles/

min-mg in the cholesterol-fed (3/0) group. When the model

is fitted to these data, it can be seen that the model ac-

curately describes the data (Table II). The decrease in

specific activity at 37*C is consistent with the slight

increase of the energy of activation of the high temper-

ature conformer (from 15.02 to 15.23 kcal/mole). The ener-

gy of activation for the low temperature conformer has de-

creased when compared to that of the control. The most

striking difference between the control and the cholesterol-

fed (3/0) animals is the enthalpy of the transition, which

decreases from 92.44 kcal/mole in the control to 65.07

kcal/mole in the cholesterol-fed group. The transition

temperature is very similar to that observed in control

animals.

The results of a second cholesterol-feeding experiment

are displayed in figure 5. In this experiment, animals

were fed two percent cholesterol for fourteen days followed

by three days of normal chow prior to sacrifice (14/3).

The trends observed in the three day feeding continue into

this experiment. The specific activity at 37*C is further

decreased to 0.436 nmoles/min-mg consistent with the



Figure 4

The temperature-dependent catalytic activity of

microsomal HMG-CoA reductase from

cholesterol-fed (3/0) rats

Rats were fed two percent cholesterol in powdered chow

for three days prior to sacrifice. The individual measure-

ments of activity are shown as such, while the smooth

curve was computed from equations 1 and 3 using the best-fit

parameters reported in Table II. Activity is expressed as

pmoles/min-mg and temperature as *K.
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Figure 5

The temperature-dependent catalytic activity of

microsomal HMG-CoA reductase from

cholesterol-fed (14/3) rats

Rats were fed two percent cholesterol in powdered chow

followed by three days of normal chow prior to sacrifice.

Individual measurements of activity are shown as such,

while the smooth curve was computed from equations 1 and

3 using the best-fit parameters reported in Table II.

Activity is expressed as pmoles/min-mg and temperature as

*K.
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continued increase in the free energy of activation of the

high temperature conformer. The free energy of activation

for the low temperature conformer has continued to de-

crease. It is interesting to note that the difference in

the free energy of activation between the two conformers

has decreased from 2.34 kcal/mole to 0.22 kcal/mole as the

specific activity decreased. This is consistent with the

decrease in trasition enthalpy until in the animals with

the lowest HMG-CoA reductase activity, the transition

enthalpy is almost neglible (8.63 kcal/mole).

The last column in table II indicates the fraction

of HMG-CoA reductase in the high temperature conformer at

37*C. There is a very slight decrease in this fraction

from the control to the cholesterol-fed (3/0) animals.

But in the cholesterol-fed (14/3) animals, the high con-

former is diluted thirty percent by low temperature

conformer at 37*C.

Cholesterol feeding has very little consequence on

the transition temperature, but has an impressive effect

on the transition enthalpy. Enzyme isolated from control

animals is charcterized by a large transition enthalpy

which is compatible with a substantial change in conforma-

tion over a very small temperature range. This change in

conformation requires more energy as the cholesterol feed-

ing is prolonged with implies that the conformational
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change has been physically affected. These observations

are consistent with a regulatory mechanism exerting its

influence through enzyme-lipid interactions.

There is a parallel decrease in AH for the change in

the enzyme conformation as the activity of HMG-CoA reductase

decreases with cholesterol feeding. This decrease in AH

implies a loss in cooperativity for the process.

Ladbrooke, et. al. (21) have shown that the addition of

cholesterol to dipalmitoyl lecithin vescicles in water

lowers the transition temperature, Tm' between the gel and

liquid crystalline phases at cholesterol concentrations

greater than twenty mole percnet. In addition, there is a

decrease in the transition enthalpy (21). At high (fifty

mole percent) cholesterol concentrations, the endotherm

detected by differential scanning calorimetry (DSC) is

abolished. Evidence from Laser-Raman spectroscopy suggests

that although the cooperative gel to liquid crystalline

transition is not detectable by DSC, the transition in the.

presence of cholesterol is there, although it is now a

diffuse, noncooperative event (22). If this simple model

can be extrapolated to that of microsomal HMG-CoA reductase,

then the data from the cholesterol feeding experiments are

in agreement with the hypothesis advanced by Mitropoulos,

et. al. (6-8) that microsomal cholesterol regulates the

activity of HMG-CoA reductase.
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Higgins and Rudney (23) have concluded that choles-

terol feeding seems to have two effects on HMG-CoA reduc-

tase: first, an immediate inhibition of enzyme activity,

possibly through membrane effects, and second, a subse-

quent inhibition of protein synthesis. Regulation of

HMG-CoA reductase by cholesterol through enzyme-lipid

interactions is a convenient mechanism because of the asso-

ciation of the enzyme with the endoplasmic reticulum.

Moreover, the temperature-dependent kinetic data gathered

from the cholesterol feeding experiments appear to support

this hypothesis. Perhaps most important, the proposed two-

conformer model demonstrates changes in thermodynamic pa-

rameters induced by cholesterol feeding which are consis-

tent with lipid mediated regulation of HMG-CoA reductase.

In effect, the temperature-dependent conformational change

is altered such that the equilibrium between a high spe-

cific activity (high temperature) conformer and a low

specific activity (low temperature) conformer is changed at

370C. As a consequence, the decrease in transition enthalpy

dilutes the high activity form of the enzyme with the low

activity form producing a net decrease in the measured ac-

tivity of HMG-CoA reductase.

Thus far, the two-conformer model of data analysis has

satisfactorily described the data from both the normal and

the cholesterol-fed experiments. But it remains to test
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the model in other dietary experiments. The first exper-

imental condition tested after these experiments was cho-

lestyramine feeding. Cholestyramine is an anion exchange

resin (specifically, Dowex 1-X2-Cl) which binds bile acids.

In the intestine it serves to reduce cholesterol absorp-

tion and to decrease the size of the enterohepatic bile

acid pool (24). This necessitates increased hepatic

cholesterogenesis with an accompanying increase in the

activity of HMG-CoA reductase (25). Mitropoulos and

Venkatesan (6) have demonstrated that dietary cholestyr-

amine not only increases the specific activity of HMG-CoA

reductase at 37C, but also alters the shape of the

Arrhenius curve for the HMG-CoA reductase catalyzed reac-

tion. This implies that cholestyramine can directly or

indirectly influence the interaction of HMG-CoA reductase

with membrane lipids. If this is the case, then the two-

conformer model should be able to characterize these

changes. Rats were fed five percent cholestyramine for

three days prior to sacrifice, the microsomal HMG-CoA red-

uctase isolated and the temperature-dependent activity

determined (Fig. 6). These data were analyzed according to

the two-conformer model and the thermodynamic parameters

determined (Table III). The large increase in specific

activity at 370 C (a 6.5 fold increase) is accompanied by a

decrease in the free energy of activation of the high



Figure 6

The temperature-dependent catalytic activity of

microsomal HMG-CoA reductase from

cholestyramine-fed rats

Rats were fed five percent cholestyramine for three days

prior to sacrifice. Individual measurements of activity

are shown as such, while the smooth curve was computed

from equations 1 and 3 using the best-fit parameters

reported in Table III. Activity is expressed as pmoles/

min-mg and temperature as OK.
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temperature conformer. The free energy of activation has

also decreased for the low-temperature conformer. The

melting temperature of the transition has increased in

parallel with the specific activity at 370 C. This implies

that whatever factors decrease HMG-CoA reductase activity

concomitant with a decrease in AH for the phase transition

(as seen in cholesterol feeding) can be reversed in the

activation of HMG-CoA reductase by cholestyramine feeding.

This effect is consistent with a regulatory mechanism that

alters the enzyme-lipid interactions.

Ide, et. al. (26,27) have shown that dietary -fats de-

crease the activity of HMG-CoA reductase and result in

changes in both the total liver content of cholesterol and

the fatty acid composition of microsomal lipids. Altera-

tions in microsomal lipid composition suggest that enzyme-

lipid interactions may have a role in decreasing the activ-

ity of HMG-CoA reductase. To test this hypothesis, rats

were fed ten percent coconut oil for three days prior to

sacrifice. The temperature-dependent activity of HMG-CoA

reductase is shown in figure 7 and the thermodynamic param-

eters summarized in table III. It can be seen that the

model accurately describes the the data in this experiment as

well. The increase in the AG of the high-temperature con-

former is consistent with the decrease in the specific

activity at 370 C when compared to the control. The AG

for the low-temperature conformer has decreased from that



Figure 7

The temperature-dependent catalytic activity of

microsomal HMG-CoA reductase from

fat-fed rats

Rats were starved for two days, followed by three days of

ten percent coconut oil in powdered chow. Individual

measurements of activity are shown as such, while the

smooth curve was computed from equations 1 and 3 using the

best-fit parameters reported in Table III. Activity is ex-

pressed as pmoles/min-mg and temperature as *K.
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of the control. While the melting temperature has shown

no significant change, the enthalpy of transition has

decreased dramatically, which is consistent with the rela-

tion between enthalpy and specific activity seen previously.

These changes in the thermodynamic parameters are consis-

tent with dietary fat exerting its effect on HMG-CoA red-

uctase through enzyme-lipid interactions.

Tepperman and Tepperman (28) and Rudak, et. al. (29)

have shown that a low-fat, high-carbohydrate diet stimu-

lates lipogenesis; while the same diet has been shown to

decrease the activity of HMG-CoA reductase (30,31). This

suggests the possibility of regulation of HMG-CoA reductase

by enzyme-lipid interactions once again. To test this

hypothesis, rats were fed a low-fat, high-carbohydrate

diet (described in Experimental) for three days prior to

sacrifice. The temperature-dependent enzyme activity is

shown in figure 8 and the thermodynamic parameters are

summarized in table III. It is clear that the model can

describe the data in this experimental condition and the

results are consistent with regulation by enzyme-lipid

interactions. The decrease in specific activity at 370 C

is compatible with the increase in AG of the low-tempera-

ture conformer. As seen previously, the melting temperature

of transition has increased, and the enthalpy of transition

has increased, although the trend set earlier would predict



Figure 8

The temperature-dependent catalytic activity of

microsomal HMG-CoA reductase from rats

fed a low fat, high carbohydrate diet

Rats were starved for two days, followed by three days of

a low fat, high carbohydrate diet. Individual measurements

of activity are shown as such, while the smooth curve was

computed from equations 1 and 3 using the best-fit parame-

ters reported in Table III. Activity is expressed as

pmoles/min-mg and temperature as *K.
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a decrease in this value. In spite of this unexpected

result, the model has satisfactorily described the data

in all dietary conditions tested.

A disease state was also examined to determine

whether protein-lipid interactions played a role in the

effect on the activity of HMG-CoA reductase. Rats were

injected with streptozotocin (80 mg/ 100 gm body weight),

and diabetes was confirmed by blood glucose values. The

specific activity of HMG-CoA reductase at 370 C was de-

pressed to 0.08 nmoles/min-mg. This low level of HMG-CoA

reductase activity in diabetic rats is consistent with the

values reported by Nakayama, et. al. (32) and Lakshamanan,

et. al. (33). Due to this low level of HMG-CoA reductase

in the diabetic rats, it was not possible to obtain a

temperature dependent enzyme actity profile as was ob-

tained in the other experiments. From the incomplete

results, it was clear however that the shape of the curve

had changed from that seen in the control. This sketchy

evidence from the diabetic animal suggests that the de-

crease in the activity of HMG-CoA reductase produced by

the diabetes is at least in part related to interaction

between the enzyme and the membrane lipids. It is not yet

known how diabetes affects other factors which in turn

regulate HMG-CoA reductase through enzyme-lipid inter-

actions.
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To summarize this portion of the research, it has

been shown that as with cholesterol feeding, other altera-

tions in diet, and possibly disease state, are capable of

influencing HMG-CoA reductase by a mechanism which in-

volves interactions between the enzyme and lipids within

the membrane to which it is bound in vivo. Moreover, it

has been shown that the temperature-dependent kinetic

behavior of HMG-CoA reductase can be adequately described

by a two-conformer model in which a phase change in the

membrane lipids induces a conformational change in HMGM-CoA

reductase. This model has now been shown to describe the

temperature-denpendence of the microsomal HMG-CoA reductase

catalyzed reaction in every situation for which it has been

tested.

The physiological relevance of the response of

HMG-CoA reductase to dietary experiments may not be imme-

diately obvious. The importance of the liver in maintain-

ing the homeostasis of not only cholesterol, but also the

fuel supply for the whole animal must be recalled. As the

rat is starved for two days, the liver glycogen is rapidly

depleted. Thus, a different energy source must be mobi-

lized, i.e. ketone bodies. As the rat is refed on a high

fat diet, there is increased synthesis of ketone bodies

from acety CoA. It is therefore important that the

acetyl CoA pool not be drained by cholesterol biosynthesis
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which is compatible with the decrease in the activity of

HMG-CoA reductase. In contrast, in the rat which is refed

a low-fat, high-carbohydrate diet, there is increased

synthesis of fatty acids from the dietary carbohydrate

which is also a drain on the acetyl CoA pool necessitating

decreased cholesterol biosynthesis. The decrease in the

activity of HMG-CoA reductase is consistent with the need

for fatty acid biosythesis. The decrease in HMG-CoA re-

ductase activity in both cases demonstrates that regula-

tion by enzyme-lipid interactions can be physiologically

relevant.

Since this research has demonstrated that dietary

conditions can alter the catalytic activity of HMG-CoA

reductase, it was of interest to attempt to modify the

protein-membrane lipid interactions in vitro. Several

methods are in use currently that can alter these inter-

actions. These methods include: catalytic hydrogenation

of unsaturated membrane lipids (34); phospholipase treat-

ment of membrane lipids (35); and, the addition of divalent

or multivalent cations (36). In addition, there are

several compounds that alter membrane lipid packing and

thus influence protein-lipid interactions. Desipramine,

a tricyclic antidepressant, alters the packing of the

polar headgroups (37); adamantane, a hydrophobic quasi-

spherical molecule, cooperatively hinders the axial order-
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ing of phospholipid alkyl chains (38), while filipin, a

polyene antibiotic, complexes cholesterol in the membrane

(39). The structures of these compounds are shown in

figure 9.

For the preliminary studies with these compounds,

microsomes were prepared from normal and cholesterol-fed

(seven percent for one day) rats. Microsomes were incu-

bated in the presence of the appropriate compound for one

hour at 37C, then assayed for HMG-CoA reductase. In the

first experiment, normal microsomes were incubated in the

presence of 3.5 mM desipramine and the activity of HMG-CoA

reductase decreased to 5.6 percent of the activity observed

in the control incubation (Table IV). In a separate experi-

ment, microsomes from cholesterol-fed rats were incubated

with 1.5 mM desipramine and the activity of HMG-CoA reduc-

tase decreased to 87.1 percent of the activity of the

desipramine-free incubation.

In studies using a dipalmitoyllectihin-water system,

Cater, et. al. (39) demonstrated that desipramine abolished

the pretransitional endotherm observed using differential

scanning calorimetry (DSC); this same effect has been ob-

served in the presence of small amounts (seven mole percent)

of cholesterol. In addition, these workers found that

desipramine lowers the transition temperature of the system

at concentrations as low as two mole percent, with an in-

creased effect observed as the concentration of desipramine



Figure 9

The structures of the compounds used to alter

lipid-packing
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TABLE IV

EFFECTS OF COMPOUNDS THAT ALTER
LIPID PACKING

Control Cholesterol-fed
Additions

percent activity remaining

None 100 100

+ Desipramine

1.4 mM 87.1

3.5 mM 5.6

+ Adamantane

1.4 mM 95.9

2.2 mM 106.4

2.7 mM 107.8

+ Filipin

.15 mM 85.6

1.3 mM 48.2
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increased. Ladbrooke and Chapman (40) suggested that the

pretransitional endotherm observed by DSC can be attributed

to a rotation of the polar headgroups of the lipid molecules

resulting in an increase in mobility of the polar groups.

This proposal is consistent with the effect of cholesterol

and desipramine, since both are known to interact with

polar headgroups. While the two microsomal experiments can

not be directly compared, the results suggest that the

packing of polar headgroups in the membrane is important to

the activity of HMG-CoA reductase.

Microsomes isolated from normal and cholesterol-fed

rats were incubated in the presence of adamantane. However,

as shown in Table IV, none of the incubations in the

presence of adamantane had a significant effect on the

activity of HMG-CoA reductase. Eletr, et. al. (38) were

able to detect an effect by adamantane by both Arrhenius

plots of 02 uptake in Saccharomyces cerevisiae and spin-

label motion in cell membranes. They concluded that

adamantane lowered the transition temperature by coopera-

tively hindering the axial ordering of the fatty acyl

chains. From the results of the microsomal admantane

incubations, it can be concluded that 1) the fact that

adamantane is not water-soluble kept it from entering the mem-

brane; 2) adamantane entered the membrane, but in concentra-

tions too low to be effective; or 3) the acyl chain
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perturbations produced by adamantane do not have any effect

on the activity of HMG-CoA reductase.

The data displayed in Table IV indicate that filipiri

(0.15 mM) produces no effect upon incubation with normal

microsomes, possibily due to their low cholesterol content.

This is consistent with the findings of Bittman and Rottem

(41) that the interaction of filipin with cholesterol is

dependent upon cholesterol concentration. In a separate

experiment, microsomes prepared from rats fed cholesterol

were incubated in the presence of 1.3 mM filipin which

resulted in a decline in the activity of HMG-CoA reductase

to 48.2 percent of that seen in the control. While these

results are preliminary, it is likely that the effects of

filipin on HMG-CoA reductase are similar to its effects

on ATPase activity of Acholeplasma laidlawii. De Kruijff,

et. al. (42) found that the addition of filipin increased

the energy content of the phase transition and had a slight

effect on the transition temperature.

In addition to the effect of desipramine, adamantane,

and filipin on the activity of HMG-CoA reductase at 37*C,

a preliminary temperature dependent enzyme activity profile

was examined. An Arrhenius plot of these data, demonstra-

ted that the larger the effect of the test compound on the

activity of HMG-CoA reductase at 37*C, the more dramatic

the alteration in the shape of the curve. While it is clear
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that more experiments are needed, these preliminary data

suggest that alterations of protein-lipid interactions in

vitro can influence the activity of microsomal HMG-CoA

reductase. These test compounds may prove to be valuable

tools for the further investigation of enzyme-lipid inter-

actions.

It has been proposed that phosphorylation of HMG-CoA

reductase is one means of regulating cholesterol biosyn-

thesis. Thus, an attempt to investigate the phosphoryla-

tion phenomena and its possible relation to regulation by

lipid-protein interactions was begun.

For the following experiment, microsomes were pre-

pared from rats fed five percent cholestyramine for three

days prior to sacrifice. The activity of microsomal HMG-CoA

reductase was constant during the 37C incubation if the

microsomes were first prewarmed at that temperature. The

presence of endogenous protein phosphatase activity in the

microsomes required that all incubations include 50 mM

sodium fluoride. Microsomes incubated in the presence of

10 mM MgCl2 -200 yM ATP displayed a time dependent inactiva-

tion of the activity of HMG-CoA reductase. The addition of

the catalytic subunit of cAMP-dependent protein kinase

resulted in a slight increase in the rate of inactivation

(Fig. 10). The presence of catalytic subunit with Mg-ATP

in the incubation did not influence the activity of HMG-CoA



Figure 10

Inactivation of HMG-CoA reductase in unwashed microsomes

Microsomes with the indicated additions were incubated for

varying time periods, then assayed for HMG-CoA reductase

activity. All incubations contained 50 mM NaF. Activity

is expressed as nmoles/min-mg.

o , Microsomes alone

, + 10 mM MgCl2-200 pM ATP

, + catalytic subunit of cAMP-dependent

protein kinase ("C")

* , + "C" and Mg-ATP
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reductase. Microsomes were heated at 37*C for two hours,

then reisolated by ultracentrifugation to reduce the amount

of endogenous protein phosphotransferase activity (43).

These depleted microsomes incubated in the presence of

Mg-ATP displayed inactivation in a time-dependent manner,

although not to the same extent as the untreated microsomes.

Depleted microsomes incubated in the presence of Mg-ATP and

catalytic subunit displayed an increase in the rate of

HMG-CoA reductase inactivation (Fig. 11).

Purified HMG-CoA reductase was also found to be

susceptible to inactivation. Purified HMG-CoA reductase

was incubated in the presence of Mq-ATP and catalytic

subunit (2 pg; 0.8 ymoles/min-mg). The HMG-CoA reductase

activity decreased by fifty percent after a thirty minute

incubation (Fig. 12).

From these experiments, several conclusions can be

drawn: 1) An endogenous protein phosphotransferase

present in the microsomes inactivates HMG-CoA reductase in

a time-dependent manner; 2) The activity of the microsomal

protein phosphotransferase can be reduced by washing the

microsomes; 3) The addition of the catalytic subunit of

cyclic AMP-dependent protein kinase to washed microsomes

results in an increased rate of the inactivation of HMG-CoA

reductase; and, 4) Purified HMG-CoA reductase can be in-

activated by incubation with Mg-ATP and the catalytic

subunit of cyclic AMP-dependent protein)kkinase.



Figure 11

Inactivation of HMG-CoA reductase in washed microsomes

Washed microsomes with the indicated additions were incu-

bated for varying time periods, then assayed for HMG-CoA

reductase activity. All incubations contained 50 mM NaF.

Activity is expressed as nmoles/min-mg.

o , Microsomes alone

+ 10 mM MgCl2 -200 lM ATP

O ,+ catalytic subunit of cAMP-dependent

protein kinase ("C")

* , + "C" and MgCl2-ATP
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Figure 12

Inactivation of purified HMG-CoA reductase

Purified HMG-CoA reductase was incubated with Mg-ATP

and the catalytic subunit of cAMP-dependent protein

kinase for varying periods of time, then assayed for

HMG-CoA reductase activity. Activity is expressed

as nmoles/min.
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These results suggest that the phosphorylation of

HMG-CoA reductase is potentially important as a signigicant

regulatory mechanism for hepatic cholesterol biosynthesis.

In order to determine whether there is a relationship

between phosphorylation of HMG-CoA reductase and protein-

lipid interactions, microsomes from normal rats were pre-

pared simultaneously in the presence of 50 mM NaCl or

50 mM NaF. The presence of fluoride serves to inhibit

dephosphorylation of HMG-CoA reductase during the isolation

of microsomes. The two microsomal preparations showed

specific activities for HMG-CoA reductase at 370 C in

which the fluoride-treated microsomes had only forty per-

cent of the activity of the chloride-treated microsomes.

Temperature-dependent kinetic data were obtained on both

microsomes preparations and data from the chloride-treated

microsomes were analyzed according to the two-conformer

model. The specific activity data from the fluoride-

treated microsomes were multiplied by a factor of 2.5

(the ratio of activities of chloride-treated to fluoride-

treated microsomes at 37C) and then these data were sub-

jected to analysis. The results are summarized in Table V.

Comparing each fitted parameter of the chloride-treated

microsomes to the equivalent fitted parameter for the

fluoride-treated microsomes, it can be seen that the values

are nearly :dentical. This indicates that the phospho-



TABLE V

COMPARISON OF MICROSOMES PREPARED IN NaCl AND NaFa

Diet GO AGH AH T

(kcal/mole) (kcal/mole) (kcal/mole) (*C)

+NaC1 17.36+.08 15.02+ 4 92.44+6.20 21.5+.47.06 -.04 -6.20 2 .47

+NaF 17.35 .e04 14.98+02 0+3.86 13+o23tt04dt s02 103s.t i -386s2t* .23

a The fitted parameters are presented with standard error.
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rylation of HMG-CoA reductase is independent of protein-

lipid interactions in this case and simply served to

remove sixty percent of the microsomal enzyme from con-

tributing to the total activity throughout the temperature

range and did not influence the remaining enzyme.

Conclusions

The temperature-dependent catalytic activity of

HMG-CoA reductase has been identified as a sensitive

technique for assessing the influence of membrane lipids

upon the activity of HMG-CoA reductase. To characterize

the activity, a model has been developed. In this model,

HMG-CoA reductase undergoes a conformational change from

a low specific activity (low temperature) conformer to a

high specific activity (high temperature) conformer. This

change in conformation is apparently induced by a tempera-

ture dependent phase transition in the membrane lipids.

In the case of cholesterol feeding, it has been shown that

both the equilibrium between the two conformers and the

phase transition are affected resulting in a decrease in

the activity of HMG-CoA reductase. Several other dietary

conditions have been demonstrated to alter the activity of

HMG-CoA reductase in a manner consistent with regulation

through enzyme-lipid interactions. In addition, the two-

conformer model has accurately described the data in every

situation in which it has been tested.



75

An in vitro alteration of protein-lipid interactions

has been shown to affect the activity of HMG-CoA reductase.

In addition, it has been demonstrated that the regulation

of HMG-CoA reductase by phosphorylation is unrelated to

regulation by protein-lipid interactions. Overall, it

has been demonstrated that enzyme-lipid interactions can

regulate the activity of HMG-CoA reductase.
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