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The enzyme 3-Hydroxy-3- Methylglutaryl Coenzyme A 

Reductase catalyzes the rate limiting step of hepatic 

cholesterol biosynthesis and is unique among the enzymes 

in the early part of the pathway in that it is membrane 

bound. This gives rise to potential regulation of the 

enzyme through interactions with the endoplasmic reticulum 

membrane. A purification procedure has been developed 

which consistently produces enzyme of high specific acti-

vity. In order to fully characterize the interactions be-

tween HMG-CoA reductase and the lipids in its immediate 

environment, HMG-CoA reductase was purified to homogeneity 

and shown to be a protein-lipid complex. 

The enzyme—lipid complex has been characterized with 

respect to lipid composition and its influence on the 

temperature—dependent activity and conformation of the 

enzyme. The Arrhenius plots are nonlinear which is char-

acteristic of many membrane-bound enzymes and can be 

described by a model in which HMG—CoA reductase can exist 

either as a high temperature conformer (high specific 

activity) or as a low temperature conformer (low specific 

activity). Circular dichroism studies were used to 



investigate changes in structure with different lipid 

compositions and also variations in structure with 

temperature, thus providing physical evidence that HMG-CoA 

reductase underwent a change in conformation that was 

influenced by the lipids in contact with it. By altering 

the lipid composition in vitro we have further defined 

which specific lipids affect HMG-CoA reductase. 

A significant negative correlation between the amount 

of cholesterol bound to the enzyme and enzyme specific 

activity has been obtained in which increasing the amount 

of bound cholesterol results in a lowered activity and a 

concomitant change in the temperature—dependent activity 

and structure of the enzyme. The effect of the in vitro 

addition of cholesterol to the solubilized enzyme on the 

temperature-dependent activity is very similar to that 

seen in vivo when animals were fed a cholesterol-supple-

mented diet. These effects of cholesterol are consistent 

with the regulation of HMG-CoA reductase by enzyme-lipid 

interactions and emphasize the importance of protein-lipid 

interactions in determining the structural and fuctional 

properties of HMG—CoA reductase. 
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CHAPTER I 

INTRODUCTION 

Cholesterol is required by all body tissues and can be 

synthesized in almost every tissue but it is generally 

agreed that the liver is the major site of cholesterol bio-

synthesis (1). The liver is responsible for resulting not 

only cholesterol homeostasis but the fuel supply for the 

whole animal. Cholesterol is a necessary structural com-

ponent of virtually all cellular membranes of higher animals 

and is incorporated into the plasma lipoproteins. In addi-

tion, cholesterol synthesized in the liver serves as a 

precursor for the synthesis of bile acids and steroid hor-

mones. In light of the many metabolic fates of cholesterol, 

its regulation must be precise and therefore it is likely to 

be very complex. 

The enzyme HMG-CoA reductase (mevalonate:NADP+ oxidore-

ductase (acetylating Coenzyme A), EC 1.1.1.34) catalyzes the 

rate limiting reaction of hepatic cholesterol biosynthesis 

under most physiological conditions (2). HMG—CoA reductase 

mediates the first biochemical transformation that is unique 

to cholesterol synthesis and there is an abundance of evi-

dence that reductase activity and C2 flux into cholesterol 

are correlated precisely over a wide range of synthetic 



rates and physiological conditions (3). HMG-CoA reductase 

catalyzes the two step reduction of HMG-CoA to mevalonate 

as shown in Figure 1. The pathological accumulation of 

cholesterol has been implicated in the development of car-

diovascular disease (4). In addition, there are defects 

in the regulation of cholesterol synthesis that occur in 

familial hypercholesterolemia (5) and in hepatic tumors (6). 

Therefore, in recent years there has been substantial 

interest in HMG-CoA reductase since it plays a key role in 

the regulation of cholesterol synthesis in mammalian liver. 

An understanding of the regulation of this enzyme is of 

utmost importance in fully understanding the biochemical 

processes involved in the pathogenesis of heart disease and 

cancer. 

Cholesterol biosynthesis responds to a number of 

dietary and experimental conditions which are summarized 

in Table 1. In general, the activity of HMG-CoA reductase 

is controlled by the nutritional and hormonal state of the 

animal. The major influences on the enzyme include a feed-

back inhibition, a diurnal rhythm, nutritional factors, and 

the sex and age of the animal. Basically, there are two 

modes of in vivo regulation: 1. acute changes m catalytic 

activity which is a short-term response, and 2. alterations 

in enzyme concentration which is a long-term response. 

These two modes of regulation are expressed through the 

following mechanisms: 1. synthesis and degradation of 



Figure 1 

The HMG-CoA reductase catalyzed reaction, 
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TABLE I 

FACTORS INFLUENCING HEPATIC CHOLESTEROL BIOSYNTHESIS 

INCREASE DECREASE 

Feeding 
Dietary fat 
Cholestyramine 
Bile duct obstruction 

Youth 
Female 
Insulin 
Thyroid hormones 
Stress 

Fasting 
Low fat diet 
Bile acids 
Dietary cholesterol 
Oxygenated cholesterol 
derivatives 

Age 
Male 
Diabetes 
Glucagon 
Cyclic AMP 
Glucocorticoids 
Hypophysectomy 



enzyme protein, 2. levels of metabolites, 3. hormonal in 

fluences, and 4. protein—lipid interactions. These mechan-

isms of regulation may act individually or may all take part 

at any one time in regulating HMG-CoA reductase in response 

to a specific physiological influence. The fact that HMG-

CoA reductase is so finely regulated emphasizes the important 

role it has in the regulation of cholesterol biosynthesis 

and the complexity of this regulation. 

Major Influences Over HMG-CoA Reductase 

Feedback Inhibition 

The role of products of sterol metabolism in the regu-

lation of cholesterol biosynthesis has been investigated in 

several laboratories and the site of feedback inhibition 

shown to be the reaction catalyzed by HMG-CoA reductase 

(7-10) . The critical agent exerting the inhibition has been 

postulated to be dietary cholesterol itself, intermediates 

between cholesterol and bile acids including cholesterol 

esters, bile acids, and the low density serum lipoproteins 

which transport cholesterol. Shapiro and Rodwell (11) using 

inhibitors of protein synthesis presented evidence for the 

repression of new enzyme synthesis as the mechanism of 

cholesterol feedback repression. Higgins and Rudney (12) 

proposed a biphasic model for the regulation of rat liver 

HMG-CoA reductase by dietary cholesterol. Four hours after 

rats were fed a one per cent cholesterol diet, HMG-CoA 



reductase activity was reduced significantly and after eight 

hours it was negligible. During this period the quantity of 

HMG-CoA reductase protein measured by immunoprecipitation as 

well as HMG-CoA reductase synthesis as measured by tritiated 

leucine incorporation was identical in cholesterol-fed rats 

and control rats. By contrast after twenty-four hours of 

cholesterol feeding the quantity and synthesis of HMG-CoA 

reductase protein decreased to negligible levels. So dietary 

cholesterol has two effects: a rapid (4-8 hours) inhibition 

of existing HMG-CoA reductase catalytic activity independent 

of protein synthesis and a slower (24-30 hours) reduction of 

quantity of HMG-CoA reductase protein due in part to repres-

sion of protein synthesis. Results of other studies have 

agreed with this model (13,14). Therefore, inactivation of 

existing enzyme as well as repression of enzyme synthesis is 

produced by cholesterol feeding. 

The mechanism by which cholesterol exerts its affects or 

its precise chemical form has not been definitely established. 

Cholesterol may act directly on HMG-CoA reductase as an allo-

steric effector; on the other hand, there is evidence that 

cholesterol may act indirectly by initiating phosphorylation 

HMG-CoA reductase (15,16). Higgins and Rudney (12) were the 

first to suggest that cholesterol may affect HMG-CoA reduc-

tase through changes in the lipid composition of the 

microsomal membrane. Regulation of HMG-CoA reductase 
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quantity by cholesterol may occur at the molecular level by 

interrupting transcription of genes for HMG-CoA reductase 

(12,17) . 

The chemical form of cholesterol that is actually 

inhibitory is still a matter of debate. A number of oxy-

genated cholesterol derivatives such as 25-hydroxycholesterol 

and 7-ketocholesterol are known to be powerful inhibitors of 

cholesterol synthesis, even more so than cholesterol, in 

various types of cells in culture and in vivo (18-22). This 

inhibitory action is directed at HMG-CoA reductase. Some 

of the oxygenated sterols are natural catabolites of choles-

terol and arise in certain organs during bile acid and 

steroid hormone production. However, several oxygenated 

precursors of cholesterol such as derivatives of lanosterol 

are also inhibitory (23) . Further catabolism of these 

oxidized sterols acts to release the inhibition (22,23). 

Bile acids have also been implicated as feedback repressors 

of cholesterol synthesis. However, in several studies (24, 

25) high concentrations of bile acids were used and there-

fore the inhibition was probably non-specific due to their 

detergent-like properties. When bile acids are added at 

physiological concentrations the inhibition may not reflect 

a primary effect in that bile acids facilitate intestinal 

delivery of cholesterol to the liver (26). Harry et al. (27) 

suggested suppression of HMG-CoA reductase activity by 

dietary cholesterol was accelerated by an increase in hepatic 



cholesterol content due mainly to increased levels of choles-

terol esters. Edwards and Gould (14) also observed increases 

in microsomal cholesterol ester content accompanying lower 

HMG-CoA reductase activity. In addition, liver tumors which 

failed to display feedback inhibition also failed to show an 

increased content of microsomal cholesterol ester with cho-

lesterol feeding (28,29). These data suggested that the 

level of cholesterol esters and activity of HMG-CoA reductase 

were inversely related. However, neither total liver cho-

lesterol nor cholesterol ester levels correlated with HMG-

CoA reductase activity and rates of cholesterol synthesis 

under all conditions, i.e., diurnal rhythm (30) or during 

development of young rats (31). Therefore, the possibility 

remains that the accumulation of cholesterol at a specific 

site (near HMG-CoA reductase) in the endoplasmic reticulum 

causes the inhibition. Some of the emphasis has shifted to 

lipoproteins in the regulation of cholesterol synthesis as 

a result of the work of Brown and Goldstein (5) who showed 

that serum LDL inhibited de novo protein synthesis of HMG-

CoA reductase in cultured human skin fibroblasts (32,33) 

and that this inhibition was due to the cholesterol com-

ponent of the LDL. The identification of a feedback mechan-

ism in cultured parenchymal cells such as fibroblasts, 

suggests that cholesterol synthesis in nonhepatic cells is 

also subject to feedback control by cholesterol. This 
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inhibition is defective in fibroblasts from individuals with 

familial hypercholesterolemia due to a deficiency in the 

high affinity cell surface receptor for LDL (34-36). Serum 

lipoproteins have been found to also inhibit hepatic cho-

lesterol synthesis in vivo with chylomicron remnants having 

a greater affect than LDL or HDL (37). 

Diurnal Rhythm 

Rat liver HMG-CoA reductase undergoes a 5-10 fold daily 

variation in activity, achieving a maximum level of activity 

near the midpoint of the dark phase and lowest values at the 

midpoint of the light phase in rats fed ad 1ibiturn and ex-

posed to a normal lighting schedule (12 hours light and 12 

hours dark (12,38,39)). Of the enzymes catalyzing the con-

version of acetate to squalene, only HMG-CoA reductase exhibits 

a diurnal rhythm. The physiological significance for the 

diurnal rhythm in HMG-CoA reductase activity is suggested by 

the presence of a parallel rhythm in the overall synthesis 

of sterols from acetate as measured by in vivo incorporation 

of 14C-acetate (40). Therefore the rhythm in cholesterol 

synthesis appears to arise directly from the rhythm in HMG-

CoA reductase. The time of the rise in activity during the 

daily cycle is adjusted by the feeding period and not by the 

light-dark cycle. The phasing of the rhythm may be altered 

by controlling the timing of the light-dark cycle in rats 

fed ad libitum or by the timing of meals in meal-fed rats. 
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Yet, in normal rats the rhythm persists in continuous light 

or dark (41), during a fasting day (40), and in meal fed rats 

the activity starts to rise shortly before feeding begins or 

is anticipated (40). Since neither the lighting cycle nor 

the actual ingestion of food triggers the rhythm, intrinsic 

factors such as rhythmic changes in the levels of hormones 

probably are responsible for the changes seen (2). 

The diurnal rise in activity is caused by an increase 

in the rate of enzyme formation with no daily variation in 

the rate of degradation (40). The incorporation of tritiated 

leucine into HMG-CoA reductase protein (42) and material pre-

cipitated by antibody to purified HMG-CoA reductase (12) 

rose and fell roughly in phase with diurnal variation in 

HMG-CoA reductase activity. Edwards and Gould (14,39) 

reached the same conclusion using inhibitors of protein syn-

thesis, cyclohexamide and actinomycin D, in which the 

diurnal rise in reductase activity and cholesterol synthe-

sis were blocked, therefore suggesting that both RNA and 

DNA synthesis were necessary. Recently Hardgrave et al. 

(4 3) using immunotitration showed that the diurnal rhythm 

results from increasing rates of enzyme synthesis. The fact 

that protein synthesis is necessary for the expression of 

the rhythm is consistent with the short half life (2-4 hours) 

of the enzyme (39,40). 
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Nutritional Regulation 

Hepatic cholesterol biosynthesis responds to a number 

of dietary factors of which cholesterol feeding, fasting, 

and a fat-free diet all decrease HMG-CoA reductase activity. 

The rapid decline in HMG-CoA reductase activity on fasting 

and its restoration upon refeeding has been documented in a 

number of studies (44,45). The rapid decline may be due to 

the cessation of enzyme synthesis due to the short half-life 

of the enzyme. It appears likely that the decrease in 

activity during fasting is a consequence of increases in 

the serum levels of glucagon, hydrocortisone, and cAMP while 

that of insulin decreases. 

A high proportion of fat in the diet and cholestyramine 

stimulated HMG-CoA reductase activity and cholesterol syn-

thesis (4 5,46) . However fat in the diet did not increase 

cholesterol synthesis if the test diet was fed after a period 

of fasting or if it included cholesterol. Dietary lipid may 

cause a greater need for bile acids to be synthesized in 

order to facilitate their absorption (47). In addition, a 

fatty diet, particularly one high in saturated fats, leads 

to significant changes in the fatty acid composition of the 

liver. These changes may operate on cholesterol synthesis 

via fluidity changes of the microsomal membrane. The work 

of Ide et al̂ . (47,48) provided evidence that the activity 

of HMG-CoA reductase is dependent on the nature of the 
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dietary fat and degree of saturation, as well as the chain 

length of the constituent fatty acids. For example, long 

chain and highly saturated fatty acids are poorly absorbed 

and so there is less efficient absorption of exogenous cho-

lesterol also. For these poorly abosrbed fatty acids, larger 

amounts of bile acids are needed for their solubilization in 

the intestine. Therefore, increased HMG-CoA reductase 

activity results from the need for bile acids and from the 

fact that cholesterol is poorly absorbed thereby releasing 

feedback inhibition. On the other hand, polyunsaturated, 

short chain fatty acids caused a decrease in HMG-CoA reduc-

tase activity since they were more easily absorbed. 

Cholestyramine is an ion exchange resin known to inter-

fere with the absorption of cholesterol due to its interrup-

tion of the enterohepatic circulation of bile acids (49). 

Cholestyramine increases the conversion of acetate to 

cholesterol by liver homogenates (50) that results in a 

strong stimulation of HMG-CoA reductase activity (46) . This 

effect is a consequence of the bile acids sequestering 

action of the drug which acts to release feedback inhibition 

since cholesterol is not absorbed efficiently thus HMG-CoA 

reductase senses the need for bile acid synthesis due to the 

lack of their circulation. The increase in HMG-CoA reductase 

activity resulting from cholestyramine feeding results from 

increases in enzyme synthesis without affecting the rate of 
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degradation (51) as well as producing an enzyme of greater 

catalytic activity (43,51,52). 

Sex and Age 

Cholesterol synthesis in rats is reported to be three 

times greater in females than males due to stimulation by 

the female sex hormones and/or inhibition by the male sex 

hormones (53). Physiological concentrations of estrogen 

stimulate hepatic HMG-CoA reductase regardless of the sex 

of the animal. Cholesterol synthesis in females is lowered 

by ovariectomy, raised in males by estradiol, and in cas-

trates lowered by testosterone. The sex related differences 

are apparent at the time of sexual maturity and persist all 

through the diurnal cycle. 

HMG-CoA reductase activity in rats is highest in the 

fetus during the late stages of pregnancy, decreases rapidly 

after birth, and is lowest when suckling (31). It rises 

again after weaning to a level half of that of late fetal 

life but 2-4 times that of adult levels. After one week it 

then declines sharply to normal adult levels. The overall 

synthesis of cholesterol follows the same pattern thus HMG-

CoA reductase is also rate limiting for cholesterol synthesis 

during development. The low levels during suckling can be 

attributed to the high cholesterol content of rat milk (31). 

The rise at weaning is due to the change in diet since it can 

be delayed or induced by late or early weaning. The rise 
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from the low suckling levels up to those of adult nadir is 

not blocked by cyclohexamide. However, the further increase 

from normal adult nadir to those of peak pup activity is 

blocked. Therefore the rise in activity after weaning appears 

to be due partially to increased HMG-CoA reductase synthesis 

and to other processes such as release of inhibition or con-

version of the enzyme to a more active form. The complex 

developmental pattern appears to reflect dietary factors and 

since dietary changes can influence hormonal levels, it seems 

likely that hormones are involved in these changes as well. 

Cholesterol synthesis by the rat fetal liver is unaffected by 

dietary feedback or by fasting (54) and in this respect it is 

similar to the hepatoma (6). 

The diurnal rhythm is present in suckling rats at the 

earliest stage studied (six days) and persists all through 

development (31). Prior to weaning, the peak is at midlight 

since rats suckle during the day. The amplitude is only two-

fold which is low compared to that of the adult. Soon after 

rats adopt an adult feeding pattern the rhythm approximates 

that of the adult with respect to phase and amplitude (31). 

A study of ageing Wistar rats indicated that there was 

no increase in serum cholesterol with ageing (55). By 

contrast the following decreased with increasing age: from 

2-18 months hepatic cholesterol synthesis from acetate in 

vitro, in vivo incorporation of acetate into hepatic and 

serum cholesterol, biliary and fecal excretion of cholesterol 
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and its metabolites, and gastrointestinal absorption of 

cholesterol. So the turnover of cholesterol was retarded. 

The enterohepatic circulation of cholesterol appears to be 

retarded in aged rats, nevertheless the homeostasis of serum 

cholesterol level is maintained. Although the rat is con-

sidered as an animal that resists a high cholesterol diet, 

it is possible that hypercholesterolemia might develop more 

quickly in older rats when fed a cholesterol-rich diet. 

Carlson et aJL. (56) reported that serum cholesterol, tri-

glyceride, and phospholipids increased with ageing in 

Sprague-Dawley rats (1-18 months). In Fisher rats, serum 

and liver cholesterol levels did not display the age-related 

gradual increases seen in other rat strains (57). There was 

an increase from 2-6 months, a plateau through 18 months, 

and another increase at 24 months. Cholesterol synthesis 

from acetate decreased 50 per cent between 2 and 9 months 

and fell slightly through 24 months. HMG-CoA reductase 

activity followed the same pattern but did not decrease 

further after 9 months. So genetic differences appear to 

be important factors in the process of ageing. The primary 

changes in cholesterol metabolism with age appear to be 

decreased synthesis, excretion, and turnover of cholesterol 

perhaps due to a decreased secretion of or sensitivity to 

estrogen and other hormones such as insulin and thryoxine. 

These changes with age result in lipid accumulation in 

tissue and blood. 
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Mechanisms of Control 

It has been accepted for many years that enzyme acti-

vity can be controlled at the level of protein synthesis. 

By 1969 the changes in HMG-CoA reductase activity that 

characterized the diurnal rhythm were known to be due to 

changes in the rate of synthesis of HMG-CoA reductase pro-

tein (40). But changes in rates of synthesis could not 

explain all the data. For example, cyclohexamide only 

partially blocked the increase in activity following wean-

ing (31) and the initial affects of dietary cholesterol were 

not due to decreased rates of synthesis (12). In addition, 

several affects on HMG-CoA reductase occurred very rapidly 

such as when oxygenated cholesterol derivatives were admin-

istered to cultured cells (18-22,58-60) and administration 

of mevalonolactone to rats (15,16,61,62). Also rapid 

increases and decreases in activity were observed following 

administration of insulin or glucagon, respectively (6 3). 

The recent use of antibodies to HMG-CoA reductase has aided 

in the comparison of enzyme activity and concentration under 

a variety of experimental conditions (12,15,16,43). It is 

now well established that the regulation of HMG-CoA reductase 

activity occurs through both acute modulation of HMG-CoA 

reductase activity and alterations in the amount of enzyme 

protein. 
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Synthesis and Degradation 

The quantity of enzyme present at any one time is a 

function of both its rates of synthesis and degradation. 

HMG-CoA reductase is synthesized and destroyed in vivo at 

a much faster rate (half-life of 2-4 hours) than the bulk 

of the microsomal proteins (half—life of several days) 

(39,40). This short half-life is consistent with it being 

a peripheral protein of the endoplasmic reticulum (46) and 

possibly provides a means by which alterations in enzyme 

concentration can play an important role in its regulation. 

Changes in rates of enzyme synthesis account for the altera-

tions in HMG-CoA reductase activity that occur during the 

diurnal rhythm (40), following weaning (31), after prolonged 

cholesterol feeding (12) and mevalonolactone administration 

(16,61,62), and perhaps even in ageing (55). 

The role of protein degradation in the regulation of 

HMG-CoA reductase is less certain. The diurnal decline in 

HMG-CoA reductase activity was reported to be blocked (38) 

and unaffected (14,39) by inhibitors of protein synthesis. 

While some data were consistent with degradation by a pro-

tease, isotopic and kinetic data suggested that rates of 

degradation remained constant throughout the diurnal cycle 

(42) . 

Mechanisms by which changes in rates of synthesis and 

degradation might be effected include the following. Cho-

lesterol feeding leads to increases in the amounts of 
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cholesterol bound to chromatin and in addition, the ratio 

of cholesterol/cholesterol esters associated with chromatin 

changes during the diurnal cycle. This ratio is one during 

the rise in activity and increases three-to five-fold as 

enzyme activity falls (17). It has been suggested that 

cholesterol may alter the lipid composition of the membrane 

in such a manner as to cause the enzyme to dissociate into 

subunits thereby facilitating its degradation (12). Phos-

phorylation of HMG-CoA reductase may make it more susceptible 

to the action of proteases. Furthermore, factors that are 

known to affect cholesterol biosynthesis may operate through 

a specific HMG-CoA reductase protease by influencing its 

activity. Therefore, a role for degradation in the regula-

tion of HMG-CoA reductase cannot be ruled out. 

Levels of Metabolites 

One of the mechanisms by which HMG-CoA reductase acti-

vity is regulated is by the supply of substrates and co-

factors and by the intracellular levels of various metabolites 

HMG-CoA reductase is an extrinsic protein of the smooth 

endoplasmic reticulum with its immunogenic and catalytic 

sites positioned towards the cytosolic surface of the mem-

brane (44,64,65) . This positioning is consistent with the 

location of the enzymes immediately preceding and following 

the HMG-CoA reductase reaction which are soluble components 

of the cytoplasm. Acetyl-CoA is the major source of carbon 
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for cholesterogenesis so the supply of cytosolic acetyl-CoA 

can be a limiting factor. Mitochondrial acetyl-CoA is 

released into the cytosol as citrate which is cleaved by 

citrate lyase into cytosolic acetyl-CoA (66). Long chain 

acyl-CoAs which increase in a state of fasting (low choles-

terol synthesis) inhibit citrate synthase and the transport 

of citrate from the mitochondria to the cytosol. Therefore 

changes in the nutritional state of the animal can affect 

cytosolic citrate supply and thus cholesterol synthesis. In 

this respect, there have been several studies on the affect 

of long chain acyl-CoAs on HMG-CoA reductase activity. The 

work of Faas et â L. indicated that polyunsaturated fatty 

acyl CoAs at physiological concentrations caused greater 

inhibition of HMG-CoA reductase than monosaturated and 

saturated thioesters (67). Free fatty acids and free CoA 

caused little or no inhibition. Therefore variations in 

intracellular concentrations of fatty acyl-CoAs may signi-

ficantly alter cholesterol synthesis. Lehrer et al_. (68) 

found that both oleate and oleoly-CoA inhibited HMG-CoA 

reductase but oleoly-CoA was much more potent. Both HMG-CoA 

and NADPH were able to prevent this inhibition if added 

prior to the addition of the lipids but were not able to 

reverse the inhibition once it had occurred. They also 

found that incubation with HMG-CoA inhibited the enzyme 

whereas incubation with NADPH resulted in activation. 
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Activation and stabilization by NADPH had been noted by-

others (69,70). These data suggested that substrates may 

induce conformational changes in the enzyme and that a 

regulatory mechanism possibly exists in cells involving 

substrate levels and naturally occurring inhibitors such 

as fatty acids and their acyl-CoA derivatives. On the other 

hand, Goh and Heimberg (71,72) reported an increase in cho-

lesterol synthesis and HMG-CoA reductase activity in the 

presence of free fatty acids due to stimulation of trigly-

ceride secretion in VLDL of which cholesterol is an obli-

gatory component. 

Since the acetyl-CoA pool supplies carbon for a variety 

of pathways including fatty acid and cholesterol synthesis, 

the regulation of these pathways must be such that the fate 

of acetyl-CoA will depend on the nutritional state of the 

animal. Work from our laboratory has shown that malonyl-CoA, 

a key metabolite which signals an increase in fatty acid 

synthesis, is an effective inhibitor of microsomal HMG-CoA 

reductase in the early phases of lipogenesis. This inhibi-

tion seems dependent on interactions between the enzyme and 

the membrane lipids. Additionally, CoA and acetyl-CoA 

have been shown to inhibit soluble HMG-CoA reductase (7 3) so 

the acetyl-CoA to CoA ratio could be of importance. 

The in vivo ratio of NADPH/NADP+ also could be very 

important in the control of cholesterol synthesis as this 
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ratio changes under various nutritional states. In addition, 

HMG-CoA substrate level regulation is a likely possibility 

since the Km for HMG-CoA (1-4 0 ym) is near the estimated 

cytosolic concentration of 40 ym (74). 

Hormonal Involvement 

The release of various hormones is intimately involved 

in the regulation of hepatic HMG-CoA reductase and choles-

terol synthesis. The major influences on HMG-CoA reductase 

activity may all be mediated via the secretion of certain 

hormones such as the affects of fasting, weaning, and 

ageing as discussed above. In addition, hormones are 

involved in the maintenance of the diurnal rhythm and may 

even mediate the affects of feedback inhibition by choles-

terol. Therefore it is not surprising that results of 

studies suggest that hepatic HMG-CoA reductase activity 

and cholesterol synthesis are regulated by the relative 

concentrations of the stimulatory hormones, insulin and 

L-triiodothyronine, and the inhibitory hormones, glucagon 

and hydrocortisone (63,75,76). 

Insulin markedly and rapidly stimulates HMG-CoA 

reductase activity with a concomitant rise in overall 

synthesis of cholesterol from acetate in both normal and 

diabetic rats (63). Activation was maximal after two hours 

indicating that activation of preexisting enzyme was 

occurring. This stimulation of HMG-CoA reductase by 
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insulin was completely blocked by prior or simultaneous 

injection of glucagon and hydrocortisone which are known 

to elevate intracellular cAMP levels. 

The diurnal rhythm seems to be initiated and main-

tained through the action of hormones. In streptozotocin-

diabetic rats HMG-CoA reductase activity was very low and 

the variation in diurnal amplitude appeared to be abolished 

after seven days (76). Normal activity and amplitude could 

be restored by the administration of insulin. Glucagon 

injection suppressed the diurnal rise in activity as did 

the administration of hydrocortisone and cAMP (76). Since 

the normal rhythm results from changes in the rates of 

protein synthesis, insulin probably promotes the synthesis 

of HMG-CoA reductase protein (63) . Serum levels of insulin, 

like HMG-CoA reductase, vary diurnally and rise following a 

meal (77). Glucagon has a diurnal rhythm opposite to that 

of insulin. Therefore, the feeding pattern of the rat 

produces a diurnal variation in insulin and glucagon which 

in turn may account for the diurnal variation in HMG-CoA 

reductase activity (76). 

The thyroid hormones stimulate HMG-CoA reductase 

activity in normal or hypophysectomized rats (39). This 

stimulation was blocked by injection of cyclohexamide, 

actinomycin D, hydrocortisone, or glucagon (75). In diabet-

ic-hypophysectomized rats insulin alone would not elevate 
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HMG—CoA reductase activity unless there was prior admini-

stration of triiodothyronine (75). This suggested that the 

thyroid hormone may be required for the effects of insulin 

and that the function of these two hormones in stimulating 

HMG-CoA reductase activity may be different. 

In summary, insulin and triiodothyronine participate 

in the events that initiate and maintain the increase in 

the activity and rates and synthesis of HMG-CoA reductase 

while glucagon and hydrocortisone possibly via cAMP may be 

involved in decreasing HMG-CoA reductase activity and 

terminating its synthesis. That hormones are involved in 

modulating HMG-CoA reductase is demonstrated in the main-

tenance of the diurnal rhythm. Yet, as noted above, the 

affects of various hormones can be very rapid. Since 

several hormones control intracellular cAMP levels, hor-

mones might modulate the catalytic activity of HMG-CoA 

reductase through known effectors such as cholesterol, 

cAMP, and MgATP. One such mechanism of control is through 

covalent modification of the enzyme by phosphorylation. 

Considerable research has established covalent modification 

of proteins as a major short-term regulatory response (78). 

In recent years, much attention has focused on the 

modulation of HMG-CoA reductase activity by a reversible 

phosphorylation-dephosphorylation mechanism. In 1973, Beg 

et al. (79) made the initial observation that incubation 
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of microsomal HMG-CoA reductase with MgATP and cytosol 

resulted in a decrease in activity. Activity could be 

returned to pretreatment levels by separating the inacti-

vated microsomes from the MgATP by centrifugation and 

resuspending them in buffer containing a subfraction of 

the cytosol. A number of laboratories (80-84) have since 

confirmed this original observation. That inactivation 

occurred due to a phosphorylation process mediated by con-

verter proteins was supported by studies on the nature of 

the inactivator and activator. Inactivator activity is 

located in both microsomes and cytosol and requires MgATP. 

Activator activity is located in the cytosol and is inhi-

bited by flouride ion, a known inhibitor of protein 

phosphatases (85). Both inactivator and activator are 

proteins as demonstrated by their sensitivity to heat (84) 

and to proteases (81) . The dependence on time, MgATP con-

centration, and temperature plus the need for proteins and 

the inhibition of activator by flouride ion is consistent 

with enzyme mediated reversible covalent modification of 

HMG-CoA reductase. More direct evidence for in_ vitro 

phosphorylation of HMG-CoA reductase came from studies in 

32 
which microsomal HMG-CoA reductase was inactivated by :P 

32 

MgATP and then purified to homogeniety (86,87). The P 

radioactivity was precipitated by antibody to HMG-CoA 

reductase and comigrated with HMG-CoA reductase on poly-

acrylamide gels. Treatment with a partially purified 
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phosphatase led to the release of the 32P from labelled 

HMG-CoA reductase and restoration of activity. Recently 

Beg et al. (88) injected rats with 32P and then purified 

HMG-CoA reductase. SDS gel electrophoresis revealed one 

peak of radioactivity comigrating with the HMG-CoA reduc-

tase protein peak thereby demonstrating the in vivo phos-

phorylation of HMG-CoA reductase. 

The current model for the reversible phosphorylation 

of HMG-CoA reductase is a bicyclic system (for review 

89,90) as shown in Figure 2. The interconversion of HMG-

CoA reductase is dependent upon two modulating enzymes: 

HMG-CoA reductase kinase which phosphorylates thereby 

inactivating HMG-CoA reductase and a broad specificity 

protein phosphatase termed phosphatase C which restores 

activity. HMG-CoA reductase kinase activity itself also 

undergoes reversible phosphorylation being activated by 

phosphorylation catalyzed by HMG-CoA reductase kinase 

kinase and inactivated by phosphatase C (90). HMG-CoA 

reductase kinase and HMG-CoA reductase kinase kinase are 

distinct enzymes and both are cAMP independent. 

The reactivation of HMG-CoA reductase and inactivation 

of HMG-CoA reductase kinase by phosphatase C provides a 

means by which insulin, glucagon, and cAMP may mediate the 

covalent modification of HMG-CoA reductase activity (88, 

91-9 3). There is a phosphatase inhibitor that is itself 
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Figure 2 

The bicyclic model for the phosphorylation 

of HMG-CoA reductase. 
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subject to reversible modulation by phosphorylation (94). 

It is phosphorylated to an active form by a cAMP-dependent 

protein kinase. The activity of the phosphatase inhibitor 

is decreased and that of phosphatase is increased by 

insulin in vivo (95). Glucagon restores the activity of 

the phosphatase inhibitor via cAMP so that the steady-state 

level of the phosphorylated form of both HMG-CoA reductase 

kinase and HMG-CoA reductase is increased thereby inhibiting 

cholesterol synthesis. Recently Beg ejt a_l. (88) injected 

rats with 32P and glucagon and then purified HMG-CoA 

reductase. The administration of glucagon was associated 

with a thirty-five per cent decrease in activity and a ten 

fold increase in cAMP levels. Furthermore, the incorpora-

tion of 32P into HMG-CoA reductase in the glucagon treated 

rats was twice as much as that of the controls. 

That phosphorylation may have a role as an early in 

vivo regulatory response is supported by several recent 

studies (15,16,62) in which the early stages of inhibition 

by cholesterol and mevalonolactone could be reversed by a 

phosphatase and reactivation was inhibited by flouride ion 

or the phosphatase inhibitor. It has been proposed that 

from 75-90 per cent of HMG-CoA reductase is present in vivo 

in a catalytically inactive form, i.e., phosphorylated. So 

it is conceivable that its activity would be capable of 

increasing many fold without de novo protein synthesis (84, 
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96). Although there is evidence for the short-term modula-

tion of HMG-CoA reductase activity by phosphorylation in 

vitro and in vivo, several investigators have questioned 

the role of phosphorylation in the in vivo regulation of 

HMG-CoA reductase under various physiological conditions 

(96-99) . 

Protein-Lipid Interactions 

HMG-CoA reductase is unique among the enzymes in the 

early portion of the cholesterol biosynthetic pathway in 

that it is bound to the endoplasmic reticulum in vivo. 

This gives rise to the potential regulation of the enzyme 

through interaction with the membrane lipids. Interactions 

between membrane bound proteins and lipid components has 

been the subject of several recent reviews (100-10 2) . The 

physiological relevance of protein-lipid associations will 

depend upon the extent to which membrane lipids can affect 

the function of membrane-bound proteins. Conceivably, 

enzyme-lipid interactions can arise from bulk lipid effects 

i.e., changes in membrane fluidity and/or from interactions 

between specific lipids and the enzyme. The concept of 

microheterogeneity (boundary lipids) offers an effective 

way of independently altering the activities of a number of 

enzymes bound in the same membrane (10 3) . 

Higgins and Rudney (12) first proposed control of 

cholesterol synthesis through regulation of HMG-CoA reductase 
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by enzyme-lipid interactions in the membrane. This hypo-

thesis was supported by results of studies by Heller and 

Shrewsbury (64) in which they showed that HMG-CoA 

reductase was purified to homogeneity as a protein-lipid 

complex. Analysis of the purified enzyme showed the pres-

ence of cholesterol, cholesterol ester, free fatty acid, 

and triglyceride. Additional experiments showed that the 

rate of the reaction could be modulated by altering the 

lipid composition of the enzyme-lipid complex (104). Berde 

^t al. (104) determined that the affect of added lipid was 

specific with phosphatidylcholine and phosphotidylethanol-

amine activating HMG-CoA reductase, although the latter was 

much less effective. Addition of phosphatidylserine, 

lysophosphatidylcholine, or palmitate resulted in decreases 

of HMG-CoA reductase activity. The specificity seemed 

related to the head group and not the acyl chain composi-

tion. In addition, the widely divergent kinetic, stability, 

and physical properties of the enzyme solubilized and puri-

fied by the various published procedures were in turn 

dependent upon the lipid composition of the enzyme-lipid 

complex (10 5). 

Several methods have been used to characterize enzyme-

lipid interactions within the membrane. Although techniques 

such as NMR, ESR, fluorescence, and differential scanning 

calorimetry provide useful information, the results obtained 
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generally reflect the overall characteristics of the mem-

brane and so any localized variation (microenvironment) 

might not be detected. Furthermore, considering membrane 

lipid heterogeniety, and the variable effects of lipid 

phase transitions on the functions of membrane proteins 

(10 6), there is no assurance that the probe and the protein 

are in similar regions of the membrane exposed to the same 

lipid environment and that the probe itself does not in-

fluence the physical properties of the membrane or the 

function of the protein. For these reasons, many investi-

gators have turned to the relatively gentle technique of 

measuring the temperature-dependent catalytic activity of 

the enzyme as a probe of the membrane lipid environment in 

the immediate vicinity of the enzyme. 

The relationship between HMG-CoA reductase activity and 

membrane lipids was examined further by Mitropoulos et. al. 

(107-109) who studied the temperature-dependence of enzyme 

activity. The results demonstrated a nonlinear Arrhenius 

relationship characteristic of many membrane-bound enzymes 

(101). Furthermore, the shape of the Arrhenius plot was a 

function of the feeding regimen of the animals. This series 

of papers confirmed that the lipid composition of the 

microsomal membrane could be altered by diet and that this 

alteration in lipid composition could affect the activity 

of HMG-CoA reductase. 
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Nonlinear Arrhenius plots have most often been analyzed 

by approximating the curve by a series of intersecting lines, 

then computing an activation energy and a preexponential 

factor for each line (107-109,110). Others have attempted 

to describe nonlinear Arrhenius plots in terms of tempera-

ture—dependent changes in protein conformation (111,112) 

and differential protein solubility in gel and liquid-

crystalline phases (113). Work from our laboratory (114, 

115) supports a model in which HMG-CoA reductase undergoes 

a change from a low—temperature, catalytically less active 

conformer to a high-temperature catalytically more active 

conformer as the temperature is increased. This change in 

conformation has been shown to be influenced by the membrane 

lipid composition in the case of microsomal enzyme and the 

lipid composition of the protein-lipid complex in the case 

of homogeneous enzyme. 

This two-conformer model accurately describes the 

temperature—dependence of membrane—bound HMG—CoA reductase 

activity isolated from control animals and from animals 

fed two different cholesterol supplemented diets plus diets 

rich in cholestyramine, triglyceride, or carbohydrate (114, 

115). Rats fed an unsupplemented chow diet exhibited a 

triphasic Arrhenius plot and the data appeared to be well 

described by the model (Table 2) . The value for the Gibbs 

free energy of activation (15.2 kcal/mole) is within the 
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10-20 kcal/mole range usually seen for enzyme catalyzed 

reactions. The transition temperature of lipids associated 

with the change in enzyme conformation (21.5°C) is charac-

teristic of hydrated phospholipids (116) . The enthalpy 

change for the conformational change (9 2.44 kcal/mole) is 

in the same range as the enthalpy change for the small 

changes in conformation associated with the ionization of 

amino acid side chains of Apo A-l (117), the entire Apo A-l 

molecule (118), and the more substantial change in confor-

mation associated with the denaturation of ribonuclease (119) 

Because cholesterol is a common component of cell 

membranes, it is possible that part of its inhibitory 

effect on the enzyme is mediated through enzyme-lipid 

interactions. Cholesterol generally appears to induce an 

intermediate degree of fluidity in the bilayer (120,121). 

In animals fed a two per cent cholesterol supplemented 

diet for three days, the specific activity at 37°C was 

depressed which was consistent with the modest increase 

in the activation energy for the high-temperature conformer 

(Table 2). The activation energy of the low-temperature 

conformer was less than that for the control animals. 

The most remarkable difference was in the enthalpy of 

the transition which had decreased by 27 kcal/mole. 

After fourteen days on the cholesterol diet, the trend 

continued. The specific activity was substantially 
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less than that of control animals, the free energy of acti-

vation for the high-temperature conformer continued to 

increase while that of the low—temperature conformer 

continued to decrease. It is interesting to note that the 

difference in energy of activation between the low— and 

high-temperature conformers decreased from 2.34 kcal/mol 

to 0.22 kcal/mole as the specific activity decreased. This 

was consistent with the decrease in transition enthalpy 

until, in the animals with the lowest HMG-CoA reductase 

activity, the transition enthalpy was negligible. In 

effect, this decrease in transition enthalpy diluted the 

high activity form of the enzyme thirty per cent by the low 

activity form, thus decreasing the net velocity of the HMG-

CoA reductase catalyzed reaction at 37^C. With prolonged 

cholesterol feeding the conformational change was complete 

only at much higher temperatures implying that the con-

formational change had been physically influenced. All 

this is consistent with the regulatory mechanism exerting 

its effect through enzyme-lipid interactions. Thus the 

kinetic behavior of the enzyme has been related to a physi-

ologically relevant experimental condition mediated by 

protein-lipid interactions within the membrane which can 

be characterized by a two-conformer model (114,115). 
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History of the Purification 

The purification of an enzyme to homogeniety is often 

the first step towards an understanding of the physical and 

chemical properties of an enzyme and of the physiological 

mechanisms involved in its regulation. HMG-CoA reductase 

being bound to the endoplasmic reticulum requires solubi-

lization from the membrane prior to its purification. 

The earliest reported solubilization procedure in 1967 

utilized the buffer extract of an acetone powder of the 

microsomes (122). Kawachi and Rudney (123) later reported 

solubilization by deoxycholate. However, other investi-

gators found both of these methods gave enzyme of low 

specific activity, low yield, and the procedures were 

difficult to reproduce. Alternative methods were developed 

in order to obtain a more reliable solubilization. Several 

of these methods relied upon freeze-thawing of the micro-

somes. Heller and Gould (124) described a slow freeze of 

the microsomal pellets (8-10°C/minute) down to -50°C and 

then thawing. They later reported that repetition of the 

slow freeze-thaw procedure with the residual microsomal 

membrane doubled the yield of solubilized HMG-CoA reductase 

activity in addition to increasing the specific activity 

(69). In 1973, Brown et al. (125) reported on three methods 

of solubilization which included treatment of the micro-

somes with phospholipase, incubation of the microsomes 

in a buffer containing 4 M KC1 for a 24 hour period, 
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and glycerol extraction of microsomes that had been quickly 

frozen in liquid nitrogen. Ackerman (126) solubilized 

HMG-CoA reductase by a rapid freeze followed by lyophiliza-

tion. For a summary of these and more recent methods refer 

to Table 3. 

These various methods of solubilization resulted in 

enzyme preparations having different specific activities as 

well as different properties. For example, all three solu-

bilization procedures of Brown et al. (125) yielded enzyme 

that was irreversibly cold labile unless extremely high con-

centrations of KCl (4M) were present. Neither HMG-CoA 

nor NADPH prevented the cold inactivation, the 4 M KCl gave 

the enzyme a marked heat stability to temperatures up to 

65°C for ten minutes. In contrast, the solubilized enzyme 

produced by the freeze—thaw technique of Heller and Gould 

was reversibly inactivated by cold temperatures and incu-

bation at 37°C for twenty minutes restored full activity 

(69,127). This reversible cold inactivation was prevented 

by NADPH and NADP+ although the latter was less effective 

(69). The deoxycholate and lyophilization procedures 

yielded solubilized preparations that were not irreversibly 

inactivated by cold. And whereas the Brown preparation 

was stabilized by very high salt concentrations, the others 

were not. Heller and Gould suggested that cold temperatures 

caused HMG-CoA reductase to dissociate into inactive 



39 

U 4J 
Of O Q 
0. < w 

O 00 

T 

_ u
 >> 

2 >•" 
0 
JC •> 
O v o 

•H 
u 

0 -
JS 
V 

« - s 
u « 

J >« >1 
o *» n 
•C « « o 
u « *•« » 

o w 

•u n ® >* 
« <q 

i : 
y * -

V u 
M 9) 
V XX 

fl»<T3 
U C 
* <0 

JC jC 
o u 
n « 

S 3 

3 
J3 r * 

> s 

J M 

J 2 

r» 
ot 

r -
o* 

I I 
P s i i 

; 
C<Q 
H C 
« <0 « 

w o 
4> C 
u 4 

<w 

3 . " 
•W 4J 
•H 4>1 

3 1 

w u 
<M y 

0 *3 

w 
« 41 

ja -» 
3 « 

0 
j c c 

s - 8 
o m 

<J c 

X V4 «•« s 
« — 2 5 

x : oa 
a. ~ 

a *» —» 

• i 

« 4 i | 
JC 411 

O « 
N —< 
4» « 
4> *J 
u e 

$ u 
•H W 
t/1 — 

£ « | 

H 

<U J* 
V 4) 
u 2 

s S 
-H 3C 
(A 

0 * O -

N W « | 
41 3 
41 O « 
U JZ <o 

O h<Q 
^ O W 

2 ? 

a . 4> 

2 5 

• U ^ l 
t <oi 
V 

« v i 
11 
u « 



40 

subunits due to the weakening of hydrophobic bonds (127) . 

However, Kleinsek and Porter later showed that upon cold 

inactivation the molecular weight of HMG-CoA reductase did 

not change (128). Similarities in these different solu-

bilization procedures included a requirement for sulfhydryl 

compounds to protect the enzyme from oxidation, a pH optimum 

of 6.4-7.5, and a molecular weight of 200,000 daltons. 

Higgins and Rudney (51) compared the purified HMG-CoA 

reductase prepared by deoxycholate treatment, 4 M KC1 

extraction, and the slow freeze-thaw procedure. Despite 

major differences with respect to specific activity, cold 

lablity, and a requirement for high salt concentrations, 

these preparations were shown to be immunologically indis-

tinguishable. Therefore, it is likely that the different 

physical properties of the enzyme arise from the various 

isolation techniques and not from the existence of more 

than one species of native enzyme. 

Numerous purification procedures have been published 

for rat liver HMG-CoA reductase (51,64,70,123-125). 

Included in these are the procedures of Heller and Gould 

(64) and Srikantaiah et al. (70) which were later shown to 

yield impure enzyme (104) . Nonetheless, they were a 

definite improvement upon earlier methods and provided 

insight into the purification. The advantages of the Heller 

and Gould purification were that the enzyme was kept in an 
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active state by frequent exposure to 37°C and most steps 

were conducted at room temperature. In addition, sucrose 

was used in the buffer which had a stabilizing affect on 

HMG-CoA reductase. The procedure of Srikantaiah et al. was 

the first to purify HMG-CoA reductase from rats fed choles-

tyramine. The advantages of this procedure included the 

utilization of the freeze-thaw technique for solubilization, 

stabilization of the enzyme with NADPH, no dialysis was 

necessary, a high temperature heat step was used, a blue 

dextran/Sepharose 4-B affinity column was employed, the 

complete purification could be done in a twelve hour day, 

the yield was good, and the enzyme was of higher specific 

activity than that previously reported. 

Recently, homogenous enzyme of high specific activity 

has been obtained by combining standard fractionation 

techniques with affinity chromatography (52,65,128-132). 

The results of these procedures are shown in Table 4. All 

of these methods have in common a slow freeze-thaw of the 

microsomes in order to solubilize HMG-CoA reductase, an 

ammonium sulfate fractionation step, a heat step, and at 

least one specific affinity chromatographic separation. 

The major differences among these procedures are listed in 

Table 5 and include differences in the slow freeze pro-

cedure, in the per cent saturation with ammonium sulfate, 

in the temperature and duration of the high temperature 
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heat step, and in the choice of chromatography materials. 

The increased yields of these more recent procedures re-

sulted in part from more starting material due to the use 

of cholestryamine in the feed. As seen in Table 4, enzyme 

purified from cholestryamine fed rats by the procedures of 

Kleinsek and Edwards is similar in specific activity, yet 

Edwards obtained the enzyme in significantly higher amounts. 

This is possibly due to a 3-5 fold increase in the amount 

of starting enzyme units. The high microsomal activity 

resulted from feeding five per cent cholestryamine instead 

of two per cent. The increased yields of Edwards et al. 

(52,65), Ness et al. (131), and Rogers et al. (132) com-

pared to that of Kleinsek et al. (129) were in part due 

to better solubilization of the enzyme and better yields 

from the heat and ammonium sulfate fractionation steps. 

Another important variation in these procedures was in the 

buffer compositions for the various steps of the purifica-

tion. HMG-CoA reductase is very sensitive to buffer com-

position as first noted by Heller and Shrewsbury (64,127) 

The concentrations of sucrose, dithioerythritol, KC1, and 

glycerol are critical to the success of the purification. 

The specific activity of purified HMG-CoA reductase 

prepared by different procedures has been shown to vary 

substantially (Table 4). Possible reasons for this large 

variation include the following. HMG-CoA reductase may have 
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copurified with another protein. Although the molecular 

weight of HMG-CoA reductase has been reported to be about 

200,000 daltons by most investigators (51,52,123-125,129), 

Edwards et al. (65) recently determined the molecular weight 

to be 104,000. The subunit molecular weight has been 

determined to be 52,000 daltons (70,128,132,133). However, 

Higgins et al. reported a molecular weight of 65,000 (51) 

and Heller and Shrewsbury determined it to be 120,000 (64). 

Therefore, HMG-CoA reductase has been shown to be a 

tetramer (52,128,131,132), a trimer (51), and a dimer (64, 

65). These variations in molecular weights may be indica-

tive of impure preparations of the enzyme. Differences in 

specific activities could also have arisen if the enzyme 

was a mixture of active and inactive enzyme species (84,129) 

Kleinsek and Porter reported that a protein fraction that 

passed through the CoA affinity column without binding was 

immunologically identical to HMG-CoA reductase and it also 

comigrated with HMG-CoA reductase on an SDS gel (129) 

Since HMG-CoA reductase has been reported to purify as a 

protein-lipid complex (64,65,70,114), variations in the 

amounts of bound lipid could be the cause of differences 

in specific activities. Berde et al. (104) showed a three-

fold activation of the enzyme purified by the procedure of 

Heller and Shrewsbury (64) by addition of phospholipid 

dispersions. In contrast, the enzyme purified by Srikan-

taiah et_ al_. (70) was not activated by phospholipids. This 
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difference in activation was due to the fact that the enzyme 

of Srikantaiah et al. had twenty-eight times the amount of 

lipid bound to it on a mole/mole basis. In addition, 

Srikantaiah et al. (70) reported that the enzyme purified 

from cholestryamine fed rats had a specific activity 3-4 

times greater than that purified from chow fed rats and 

had thirty-six per cent less cholesterol bound to it. They 

concluded that the decreased amount of cholesterol was 

responsible for the higher specific activity of the enzyme 

purified from cholestryamine fed rats. The results de-

scribed in Chapter 3 support the fact that variations in 

the amount and kind of bound lipid can affect the activity 

of the purified enzyme. And as mentioned earlier, differ-

ences in buffer composition used in the various procedures 

can affect the enzyme's stability and activity, and also 

may contribute to suboptimal assay conditions for the 

solubilized enzyme (130). 

Objectives 

The main objective of this research has been to char-

acterize the enzyme-lipid interactions involved in the 

regulation of HMG-CoA reductase. In order to achieve this 

goal, the research was divided into several phases: 

1. Development of a reproducible and successful means 

of purification of HMG-CoA reductase in order to have a 

stable and homogeneous enzyme to study. 
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2. Characterization of the enzyme-lipid complex with 

respect to the identification of bound lipids, temperature-

dependent catalytic activity, and secondary structure. 

3. Alteration of the lipid environment of the enzyme 

in vitro and a reexamination of the properties of the enzyme 

compared to the native enzyme. 

4. Determination as to which lipids are crucial to 

the regulation of HMG-CoA reductase activity. 



CHAPTER 2 

EXPERIMENTAL 

Materials 

14 
DL-(3- C)-3-hydroxy-3-methylglutaryl Coenzyme A (HMG-

3 

CoA) was purchased from New England Nuclear. (2- H-meva-

lonolactone was purchased from Amersham. HMG-CoA, 

nicotinamide adenine dinucleotide phosphate-reduced (NADPH), 

Sephacryl S-300 gel filtration column material, cholesterol 

esterase, and the molecular weight standards were purchased 

from Sigma Chemical Company. The agarose-hexane-Coenzyme A 

column material was obtained from P-L Biochemicals. Blue 

dextran/Sepharose 4-B was prepared according to Ryan and 

Vestling (133). Cholesterol and dihexanoyl phosphatidyl-

choline were purchased from Applied Science Laboratories. 

Cholesterol acetate was purchased from Eastman Kodak Company. 

Thin layer chromatography (TLC) solvents were glass distilled 

and were obtained from Burdick and Jackson Laboratories. TLC 

plates and Silica Gel G-HY were obtained from Brinkman. 

Defatted bovine serum albumin was prepared as described by 

Chen (134). Cholestyramine resin was purchased from Mead 

Johnson Laboratories. All other chemicals used were of 

reagent grade or better. 

48 
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Cibacron blue F3GA (originally purchased from Poly-

sciences, Inc.) was a generous gift from Dr. Ben Harris 

(Biochemistry Department, NTSU/TCOM). In view of the reported 

heterogeniety of commercial preparations of Cibacron blue 

F3GA, the dye was chromatographed according to the procedure 

of Weber et al. (135) in order to check the purity. There 

was a minor contaminant estimated to be less than ten per 

cent of the blue dye and therefore, the commercial prepara-

tion was used in subsequent studies. 

Animals 

Male Sprague-Dawley rats were obtained from Timco Breed-

ing Laboratories, Gibco Animal Resources Lab, Holtzman Labs, 

or from an in-house breeding program. The animals were 

housed in a room with controlled lighting in which the dark 

period was maintained from 2 a.m. to 2 p.m. The rats were 

allowed to adapt to the light cycle for a minimum of two 

weeks during which time they were fed Ralston Purina Rat Chow 

ad libitum and allowed free access to water. For purification 

of HMG-CoA reductase, the rats were fasted one day and then 

fed a five per cent (w/w) cholestyramine supplemented powdered 

chow diet ad libitum for three days to effect maximum liver 

HMG-CoA reductase activity (46) . Animals were sacrificed on 

the fourth day at the mid-dark point of the light cycle by 

decapitation. 
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Preparation of Microsomes 

Thirty rats were used for each enzyme purification but 

the microsomes were prepared in sets of 15. The liver of 15 

rats (ca 165g) were excised and immediately homogenzied in 

two volumes of buffer A (40 mM potassium phosphate pH 7.4, 

100 mM sucrose, 50 mM KC1, 30 mM EDTA, 10 mM DTE) with a 

motor driver Potter-Elvejhem teflon-glass homogenizer. The 

homogenate was centrifuged for ten minutes at 4°C at 

7,800 x g. The pellet was resuspended in one volume of 

buffer A and then this suspension and the supernatant from 

the previous spin were centrifuged at 7,800 x g for ten 

minutes at 4°C. The resultant supernatants were pooled and 

ultracentrifuged at 161,0 00 x g at 4°C for one hour. The 

microsomal pellets were washed by resuspension in buffer A 

using a hand held Potter-Elvejhem homogenizer followed by 

ultracentrifugation at 161,000 x g for one hour at 4°C. The 

washed pellets were suspended to a total volume of about 70-80 

mis (50-60 mg protein/ml) in buffer B (50 mM potassium phos-

phate pH 7.4 containing 16 mM DTE). The microsomes were 

placed into three Corex conical tubes and frozen slowly to 

-50°C in a dry ice-ethanol bath as described by Heller and 

Gould (124). They were held at -50°C for ten minutes. 

Purification 

The frozen microsomes were allowed to thaw at 37°C, 

rehomogenized and quickly frozen at -50°C for ten minutes. 
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The refrozen microsomes were allowed to thaw at 37°C and 

transferred to a flask to which an equal volume of sixty per 

cent (v/v) glycerol in buffer B was added and stirred well. 

The microsomes, at this point thirty per cent in glycerol, 

were incubated at 37°C for thirty minutes and then at 65°C 

for six minutes in a shaking water bath and immediately cooled 

on ice. The glycerol content of the microsomes was diluted 

to twelve per cent with buffer C (25 mM potassium phosphate 

pH 7.4, 10 percent (w/v) sucrose, 1.34 mM EDTA, 6.5 mM DTE) 

and then ultracentrifuged for one hour at 25°C at 161,000 x g 

to remove denatured protein. The supernatant fraction was 

subjected to a 0-55 per cent saturation with a saturated 

solution of (NH4)2SC>4 pH 7.4 containing three ml of 2-mer-

captoethanol per liter. The fractionation was carried out 

at room temperature followed by centrifugation at 7,800 x g 

for fifteen minutes at 20°C. The resulting protein pellet 

was dissolved in five ml of buffer C and stored under argon 

overnight at room temperature. 

The following morning the enzyme solution was centrifuged 

at 1000 x g for ten minutes to remove any denatured protein. 

The supernatant was diluted with buffer C to a conductivity 

of less than or equal to 3 x 10^ micromhos. The solution 

was loaded onto a agarose-hexane-CoA column (two ml of gel) 

and eluted at a flow rate of one ml/minute at room tempera-

ture. The column was washed with fifteen ml of buffer C 

followed by ten ml of buffer C containing .5 MKC1 to elute 
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the enzyme. One ml fractions were collected and assayed for 

protein at 280 nm. The eluted enzyme fraction (contained in 

the 0.5 M KC1 wash) was diluted to 0.2 M KC1 with buffer C and 

loaded onto a column of blue dextran/sepharose 4-B and eluted 

a "̂ a fl°w rate of one ml/minute. The enzyme was eluted in 

the same manner as described for the agarose-hexane-CoA 

column. The eluted enzyme was then loaded onto a Sephacryl 

S-300 gel filtration column (1.4 x 60 cm) at a flow rate of 

forty-four ml/hour. The column had been equilibrated with 

buffer C containing 0.5 M KC1. One ml fractions were collected 

and assayed for protein at 280 nm and for HMG-CoA reductase 

activity. The fractions containing enzyme activity were 

pooled and diluted to 0.2 M KC1 with buffer C and then loaded 

onto the blue dextran/sepharose 4-B column (eluted as de-

scribed above) in order to concentrate the enzyme. The 

resulting enzyme fraction was judged homogeneous by poly-

acrylammide gel electrophoresis and specific activity of the 

enzyme. 

Assay of Microsomal HMG-CoA Reductase 

Activity was measured essentially as described by 

Shapiro et al. (136). The reaction mixture contained 100 mM 

potassium phosphate pH 7.2, 10 mM dithioerythritol, 30 mM 

glucose-6-phosphate, 3 mM NADP+, 2.5 units glucose-6-

phosphate dehydrogenase, 100 yM DL-3-14C) -HMG-CoA (100,000 

dpm), and varying amounts of protein ranging from 100-500 yg. 
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The final volume was one ml. For the temperature studies, 

incubations were performed over a range of temperatures 

(5-37°C) and incubation times were adjusted so that less 

than ten per cent of the substrate was utilized. The reac-

tion was stopped by the addition of 0.1 ml of 10 N HCL. As 

an internal standard, (2— H)-mevalonolactone was added to 

the mixture. A thirty minute incubation at 37°C was used to 

allow the mevalonic acid to lactonize. 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 ^ / the dry residue was 

dissolved in 200 yl of acetone and applied to a TLC plate. 

Mevalonolactone was separated from unreacted substrate by 

TLC on Silical 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 contain-

ing ten ml of New England Nuclear 950-A scintillation cock-

tail. HMG-CoA reductase specific activity was expressed as 

nmoles of mevalonolactone formed per minute per mg of 

protein. 

Assay of Solubilized and Purified Enzyme 

Purified HMG-CoA reductase was assayed using a Cary 210 

spectrophotometer with a thermostatted cuvette holder. The 

£"&te of oxidation of NADPH was followed at 340 nm and 37^C. 
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The two ml reaction volume contained 50 mM potassium phos-

phate pH 7.4, 10 yM HMG-CoA, and 60 yM NADPH. The reaction 

was initiated by addition of HMG-CoA. Only initial velocities 

were measured and units of activity were defined as nanomoles 

of mevalonate formed per minute at 37^C. 

Protein Determination 

Microsomal protein was determined by the biuret method 

(137). Soluble HMG-CoA reductase protein was determined by 

the method of Bradford (138). 

Polyacrylamide Gel Electrophoresis 

Disc gel electrophoresis of the enzyme was carried out 

using a modification of gel system No. 6 of Maurer (139) 

An acrylamide concentration of five per cent was used for 

the resolving gel and three per cent for the stacking gel. 

The stacking gel was polymerized using riboflavin. Electro-

phoresis was run at pH 8.9 using a Tris-glycine buffer system 

at room temperature. The stacking gel was run at two mA per 

gel and the resolving gel was run at six mA per gel. Protein 

was detected by staining with Coomassie blue G-250 (140) 

Lipid Extraction 

Lipids were extracted using a modification of the chloro-

form:methanol procedure of Folch et â L. (141). Enzyme solu-

tion containing at least 50 yg of pure protein or 10-30 mg 

of microsomal protein was homogenized in a hand held 
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Potter-Elvejhem teflon glass homogenizer in ten volumes of 

chloroform:methanol (1:1) containing a known amount of 

cholesterol acetate as the internal standard. Then twenty 

volumes of chloroform were added and the solution homogenized, 

This solution was then filtered with filter paper that had 

been washed with chloroform:methanol (1:1). The volume of 

extract was measured and .2 volume of .1 M KC1 was added and 

centrifugation was carried out at 2500 rpm, for fifteen 

minutes at room temperature. In the case of pure enzyme, the 

filtering was omitted and the volume of extract measured 

directly. The aqueous top layer was aspirated and the 

organic layer washed twice with upper phase, chloroform: 

methanol:water (3:48:47), and this was aspirated. The 

organic layer was then evaporated to dryness under a stream 

of nitrogen. 

Thin Layer Chromatography 

Thin layer chromatography was carried out using a modi-

fication of the Wilson (14 2) procedure. Brinkman Silica Gel 

G-HY plates with a plastic support (20x20 cm) were developed 

18-20 hours in solvent 1, chloroform:methanol:glacial acetic 

acid:water (50:30:8:4). On the day of use 6x8 cm plates 

were cut from the larger plates and washed in solvent 1 for 

forty-five minutes. They were then heat activated at 50°C 

for fifteen minutes. Thereafter the plates were kept at 37°C 

when not in use. The samples diluted up to 1.5-2 ml for 
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microsomal lipids and up to 50 yl for pure enzyme lipids were 

applied with a 5 yl syringe. In order to resolve all the 

neutral lipids and phospholipids, solvent 1 was allowed to 

run up three cm from the origin and then the plate was dried 

two minutes at 37°C. Then solvent 2, n-hexane:diethyl 

ehter:glacial acetic acid (80:20:1) and finally solvent 3, 

n-hexane:diethyl ether (95:5) were allowed to run up six cm 

from the origin, drying the plates at 37°C for one-two 

minutes after each solvent run. if just neutral lipid 

separation was desired, solvent 1 was omitted. For visuali-

zation of the resolved lipids, the plates were sprayed with 

twenty per cent (w/v) ammonium bisulfate in fifty per cent 

ethanol in water and then dried at 37°C for ten minutes. 

The plates were then heated at 170°C for two hours to effect 

charring. For quantitation of the resolved lipids, the 

plates were scanned on a Helena densitometer using a 64 5 nm 

filter. A Helena Quick Quant 11 computer was connected to 

the scanner so that the areas beneath the peaks could be 

automatically integrated. Standard errors were calcu-

lated for all lipid analyses. For microsomal lipids, there 

was on the average an error of twenty per cent and for the 

homogeneous enzyme errors were on the average about thirty 

per cent. The calculated errors included those in plating 

procedure, scanning, and counting of the scans. Any errors 

in extraction of the lipids were accounted for by the use of 

cholesterol acetate as an internal standard. 
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Arrhenius Studies 

HMG-CoA reductase activity was measured spectrophoto-

metrically at least in duplicate at temperature ranging from 

^ ^ ^ ^ increments of 2—3 C. When the assay mixture 

in the cuvette had reached the desired temperature, it was 

allowed to incubate for ten minutes prior to assay. HMG-CoA 

and NADPH concentrations were determined spectrally at 260 nm 

and 340 nm, respectively. The concentrations used for HMG-

CoA and NADPH were 10 ym and 60 ym, respectively. Assays at 

37°C were done at the beginning and end of the experiment in 

order to monitor for any enzyme activity loss as a function 

of time. The time elapsed between each assay was also noted. 

Several other precautions were taken in such a long experi-

ment (twelve hours). Fresh substrates were made midway 

through the experiment and the previous assay was redone 

with the new substrates to guarantee that any apparent enzyme 

activity change was not due to the change in substrates. The 

enzyme was incubated at 37°C throughout the duration of the 

experiment. HMG—CoA and NADPH were kept on ice. The 

reaction was started with HMG-CoA by adding a volume of 20 yl 

or less. This volume was shown to have a negligible affect 

on the temperature of the incubation mixture. The absorbance 

of NADPH was shown to be independent of temperature in the 

temperature range studied. At both 7°C and 37°C the con-

centration of each substrate was doubled to confirm that the 
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concentrations being used for the study were well above 

their Michaelis constant values. At the colder tempera-

tures, drierite was placed in the sample compartments to 

prevent condensation along the sides of the cuvette and 

spectrophotometer windows. 

Analysis of Temperature-Dependent Kinetic 

Data - Theory 

Absolute reaction rate theory predicts that the rate 

of a reaction (k) is related to the absolute temperature 

of the system according to equation 1 where k , h, AG, and 

kR T -ArA „ , 
(1) 

k = B - A G V R T 

R are Boltzman's constant, Planck's constant, the Gibb's 

free energy for the formation of the activated complex, and 

the gas constant, respectively (14 3). For the analysis of 

temperature-dependent activity data it was assumed that HMG-

CoA reductase existed in two conformations. At any tempera-

ture the total enzyme would have been divided between the 

low temperature form and the high temperature form. 

Therefore the measurable reaction rate at each temperature 

would have been the sum of the velocities of both conformers 

weighted by the fraction of enzyme in each conformation and 

could be expressed by equation 2 where the subscript i refers 
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k = ^ HT- e"AGi+/RT (2) 
. i h 

i=l 

to the fraction of enzyme in the low temperature conformer 

(i=l) or in the high temperature conformer (i=2). 

The ratio of the fraction of,enzyme in each conforma-

tion can be readily computed using the general relationship 

describing a temperature-dependent protein conformational 

change (144). In equation 3, AH, T , and f represent the 

F 2 AH 
l n f̂ " = RT (3) 

enthalpy change for the conformational change, the transi-

tion temperature for the conformational change, and the 

fraction of enzyme in each conformation, respectively. 

Therefore equation 2 can be evaluated at each temperature 

during nonlinear regression analysis using equation 3 and 

the fitted parameters AG L+, AG R+, AH, and Tm where AGl+ and 

AGHi a r e t h e f r e e energies of activation for the reactions 

catalyzed by the low temperature conformer and the high 

temperature conformer, respectively. 

Nonlinear Regression Analysis 

The two-conformer model (equations 2 and 3) was fitted 

to the data with AG L+, AG H+, AH, and Tm as free parameters. 
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The curve fitting was done by a FORTRAN package (ARRHEN) 

which utilized the nonlinear regression subroutine STEPIT 

(145) to minimize a weighted sum of squares F defined by 

equation 4, where Y.^eXp was the measured reaction velocity, 

Yi,calc w a s t h e comPuted reaction velocity, N was the num-

ber of data points, and ck was the standard error in the 

measured velocity of the ith data point. 

N 

F ~ } I Yi,exp Yi,calc ) (4) 

^ = r \ "i 

The program uses a subroutine (FIDO) to compute approxi-

mate confidence half-intervals for fitted parameters by the 

method of support planes. The objective function, F, is a 

chi-square estimate of the quality of the fit (149) . A 

chi-square equal to the number of degrees of freedom (number 

of data points minus number of adjustable parameters) corre-

sponds to a fifty per cent probability of obtaining a worse 

fit (chi-square probability = 0.5). A chi-square probability 

greater than approximately 0.1 is considered an acceptable 

fit by this criterion. All fits reported herein were 

acceptable according to this chi-square criterion for good-

ness of fit. 

Of course the confidence in each parameter estimate is 

related to the range (temperature in thise case) over which 

data were collected. Since our data were limited to a 
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relatively narrow, but constant range, the standard errors 

estimated for each best-fit parameter value will vary from 

parameter to parameter and from experiment to experiment. 

Circular Dichroism 

Circular dichroism measurements were obtained on a 

JASCO J-40A spectropolarimeter calibrated using D-panta-

lactone (146). A jacketed 1 cm or 0.2 cm quartz cuvette 

was used m order to obtain measurements at various tempera-

tures. The baseline was set using buffer C containing 0.5 M 

KC1. Mean residue ellipticities were calculated using the 

following formula: 

[9] = (9) observed (mean residue weight) 
10(pathlength) (gm/ml protein) 

The far UV spectral data were analyzed according to the 

modified (147) procedure of Chen and Yang (148) using the 

nonlinear regression analysis package HELIX 1.1. This 

method of analysis will estimate the fraction a-helix, 

B-pleated sheet, and remaining structure based on standard 

data derived from X-ray diffraction data from several well-

characterized proteins. 

Difference Spectroscopy 

Difference spectral measurements with Cibacron blue 

were obtained at 37°C and 5°C using a Cary 210 spectropho-

tometer with a thermostatted cuvette holder. The Cibacron 

blue concentration was determined spectrally (e610 = 12.5 
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liter/mMole-cm). The baseline was set with one ml of buffer 

C containing 0.5K KC1 in both the sample and reference cells. 

Then one ml of enzyme was placed in the sample cell and the 

difference spectrum recorded. Identical volumes of a con-

centrated solution of Cibacron blue were added to both the 

sample and reference cuvettes and the difference spectrum 

recorded at each temperature. 

Cholesterol Esterase Experiments 

The amount of cholesterol esterase necessary for the 

inhibition desired was determined before each experiment 

and was usually added at a ratio of about 0.015 units of 

cholesterol esterase/mg HMG-CoA reductase protein. Choles-

terol esterase was disolved in 50 mM potassium phosphate 

buffer, PH 7.4 warmed to 37°C. Small volumes were added to 

the enzyme to avoid any large dilution of HMG-CoA reductase. 

For the time course studies using purified HMG-CoA reduc-

tase, the timing was begun as soon as the cholesterol 

esterase was added to the HMG-CoA reductase and this mixture 

was kept incubating at 37°C. As a control defatted bovine 

serum albumin was also added to the assay cuvette in varying 

amounts ranging from 0-1 mg per two ml cuvette volume. 

Experiments in which half of the enzyme eluted from the 

agarose-hexane-CoA affinity column was treated with choles-

terol esterase and the purification continued from that 
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point will be described in more detail in Chapter 3. For 

these experiments, a preliminary time course study was 

carried out in which enzyme eluted from the agarose-hexane-

CoA affinity column was treated with .015 units cholesterol 

esterase/mg of protein to monitor the loss of activity with 

time. The HMG-CoA reductase should not be inhibited too 

much (greater than twenty per cent) at this stage of the 

purification since the enzyme will continue to lose activity 

as it is further purified. The cholesterol esterase (MW 

80,000) is separated from the HMG-CoA reductase (MW 200,000) 

on the Sephacryl S-300 gel filtration column. 

Solvent Extraction Experiments 

These experiments utilized glass distilled hexane in a 

2:1 (v:v) ratio of hexane to aqueous buffer containing HMG-

CoA reductase. Acid cleaned vials were used along with 

teflon lined screw caps. The vials containing the enzyme 

and hexane solutions were attached to a mechanical rotator 

that rotated the vials end over end at seventy rpm for the 

indicated times. The rotation was done at 37°C. After the 

sample mixture had rotated for the designated period of 

time, the hexane layer was removed carefully with a Pasteur 

pipette and reserved for lipid analysis. The aqueous 

enzyme layer was immediately assayed for enzyme activity at 

37°C and then reserved for circular dichroism studies and 

lipid analysis using the chloroformrmethanol procedure 
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described above. Control experiments included enzyme alone 

rotated for the various times and in the experiments in which 

a hexane solution of cholesterol was added to the enzyme, 

enzyme was rotated with hexane alone for the various times. 

When the hexane was analyzed for lipid by the usual TLC 

procedure, the internal standard (cholesterol acetate) was 

added to the hexane after the hexane was removed from the 

aqueous layer so as not to interfere with the actual 

experiment. 



CHAPTER 3 

RESULTS AND DISCUSSION 

Solubilization and Purification of Rat 

Liver HMG-CoA Reductase 

The first step in the purification of HMG-CoA reductase 

was the solubilization of the enzyme from the endoplasmic 

reticulum. The livers were homogenized by a motor driven 

homogenizer. The remainder of the microsomal homogeniza-

tions were all done manually. For optimal solubilization, 

the microsomal pellets were suspended in a phosphate buffer 

containing a high concentration of DTE (16 mM) for stabil-

ity. The microsomal protein was at a concentration of 50-

60 mg/ml at the time of freezing as higher concentrations 

reduced the yield of solubilized enzyme by as much as 40-

50 per cent. The freeze-thaw step was repeated so as to 

increase the yield of enzyme (69,131). Via this technique 

30-50 per cent of the enzyme was solubilized routinely. 

Efforts to solubilize HMG-CoA reductase by other methods 

(130,131) had been less successful, yielding only 3-20 per 

cent of the microsomal enzyme. Solubilization was per-

formed the same day as the microsomes were isolated and the 

purification was immediately begun. We had found that the 

microsomes slowly lost activity when stored in the freezer. 

65 
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This was in contrast to reports by others in which there was 

a delay from two hours to two months before the enzyme was 

solubilized (129-131). 

After attempting to purify HMG-CoA reductase by other 

methods, it was realized that a new procedure based on the 

most successful steps of the published methods would have 

to be designed. The optimization of buffer constituents, 

heat steps, column chromatography, and salt fractionation 

appeared essential to the development of a new and efficient 

scheme. 

All steps of the purification were carried out at room 

temperature since HMG-CoA reductase is most stable at room 

temperature for prolonged periods of time. It is well docu-

mented that HMG-CoA reductase can be activated at 37°C (69, 

127); thus exposure of both microsomal and solubilized 

enzyme to 37°C is an important part of the preparation of 

pure enzyme and has been incorporated into many procedures 

(52,64,65,70,130,131). The frozen microsomes were heated 

at 37°C for thawing and prior to the 65°C heat step. This 

high temperature heat step had been used by others (52,65, 

70,129,131,132) in order to denature contaminating proteins. 

However, the temperatures used have varied from 60-65°C and 

there has been variation in the time of heating. This 

procedure was unique in that the microsomes were heated at 
o 

C instead of the solubilized enzyme as in the other 

procedures (52,65,70,129,131,132). The time and temperature 
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of heating were varied and it was found that 65°C for six 

minutes yielded solubilized enzyme of greatest specific 

activity in agreement with a report by Kleinsek et al. 

(128). The enzyme obtained after the 65°C heat step was the 

result of heating and solubilization. Therefore the activ-

ity lost by heating alone was not established. The combina-

tion of heating and solubilization resulted in a yield of 

30-50 per cent. Therefore, the yield of solubilized enzyme 

was most likely an underestimate since some loss from the 

heat step was likely. In order to insure the enzyme's 

stability at 65°C, the microsomal suspension was made thirty 

per cent in glycerol and heated at 37°C for thirty minutes 

immediately prior to the 65°C heat step. In addition, the 

buffer already had a high concentration of DTE (16 mM) at 

this stage. The addition of glycerol to the enzyme before 

heating at high temperatures has been employed by others 

(52,65,129,131,132). However, they added 1 M KC1 and did 

not heat at 37°C prior to the heat step. It was found that 

this high salt concentration destroyed all activity of our 

enzyme preparation which was still exposed to the microsomal 

membrane. The procedure used for heating was similar to 

that of Srikentaiah et al. (70) in which they also heated 

at 37°C prior to the heat step but whereas they included 

NADPH in the buffer for stability, we have chosen to use 

glycerol. 
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After completion of the heat step, the microsomal 

suspension was diluted in another stability buffer (termed 

affinity buffer) similar in composition to that of Kleinsek 

and Porter (129) containing a high concentration of DTE 

and sucrose. This dilution was necessary in order to 

decrease the glycerol concentration so that proper pelleting 

could occur and a clear supernatant containing solubilized 

enzyme could be obtained after the 65°C heat step. The 

solubilized enzyme contained many contaminants as judged 

by its low specific activity and yellow color. These con-

taminants were eliminated through the use of standard 

fractionation techniques. 

Salting out is a procedure commonly used to separate 

proteins on the basis of their solubility in a high con-

centration of neutral salts and has been used in the 

P^rification of HMG—CoA reductase as both a purification 

and concentration step (52,65,129,131,132). A 0-55 per 

cent saturation with ammonium sulfate was carried out at 

room temperature in which HMG-CoA reductase was found in 

the precipitate. A small amount of affinity buffer was 

used to dissolve the precipitate and this solution was 

stored overnight at room temperature under argon (52) to 

protect the enzyme from oxidation. This overnight storage 

was beneficial in that more denatured protein precipitated. 

The salt fractionation resulted in just a twenty per cent 
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loss in activity and an approximate two-fold increase in 

purification which was comparable to the results of others 

(52,65,129,131,132). in addition the ammonium sulfate 

precipitation served to concentrate the enzyme. The 

solution was then simply diluted with affinity buffer to 

a low conductivity so that it could be retained onto the 

first affinity column. 

In recent years, affinity chromatography has been used 

extensively in the purification of various biologically 

active macromolecules including insulin receptors, hormones, 

antibodies, and enzymes (for a review see 150). The use of 

affinity chromatography for the purification of HMG-CoA 

reductase was first reported by Beg and Brewer (151) for 

rat liver HMG-CoA reductase and by Quershi (152) for yeast 

HMG-CoA reductase in which an agarose—hexane—CoA affinity 

column was used. Since then several investigators have 

used affinity chromatography to purify HMG-CoA reductase 

(52,65,129,131,132). The CoA affinity column step is the 

most crucial step in the purification procedure as a puri-

fication of 12—18 fold is routinely obtained with a yield 

of about sixty per cent. Important to this step is that 

sufficient column material is used so as not to overload 

the column, since at this stage there is a large amount of 

protein to be applied. In the fraction that does not bind 

to the column, there is negligible HMG-CoA reductase 
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activity, only about 2-6 per cent. All enzyme activity can 

be found in the 0.5 M KC1 affinity buffer wash as described 

by others (52, 129,132). 

The blue dextran/Sepharose 4-B affinity column also pro-

vided a unique selectivity for HMG-CoA reductase. This separa-

tion was dependent upon the interaction of HMG-CoA reductase 

with Cibacron blue F3GA, the chromaphore of blue dextran. 

Cibacron blue is a polysulfonated polyaromatic blue dye whose 

structure resembles that of mono-and di-nucleotides (153, 

figure 3). Therefore, it mimics the natural substrate for 

HMG-CoA reductase, NADPH and perhaps even HMG-CoA. The dye 

also interacts with proteins that possess the supersecondary 

structure termed the dinucleotide fold (154) . These latter 

proteins that bind are eluted by buffers of low ionic 

strength so HMG-CoA reductase can be selected for since a high 

ionic strength buffer is needed for its elution (154) . This 

affinity column material was first used by Srikantaiah et al. 

(70) for the purification of HMG-CoA reductase and has since 

been used by others (52,131,132). This step yielded anywhere 

from 80-100 per cent of the activity and produced a two-to 

three-fold purification. Any time a high yield from a column 

is obtained such as 100 per cent or higher, and the specific 

activity is increased one can postulate that some inhibitor of 

HMG-CoA reductase has been eliminated. One can also postulate 

that the activity is measured due to a change in conformation 

of the enzyme upon binding to an affinity resin that resembles 
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Figure 3 

The structures of NAD+ and Cibacron blue, 
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the substrate. All enzyme activity could be found in the 

0.5 M KC1 affinity buffer wash as described by others (70, 

52,131,132) and there is no activity in the fraction not 

binding to the column. 

The Sephacryl S-300 gel filtration column was employed 

m order to include another separation step, in this case, 

based on molecular size. Figure 4 is a representative elu-

tion profile from the Sephacryl S-30 0 column. The absorbance 

at 280 nm was determined for each one ml fraction and then 

fractions throughout a peak were assayed for HMG-CoA reduc-

tase activity. Those fractions having the highest HMG-CoA 

reductase specific activity were pooled. In this way, only 

those fractions with similar specific activity were retained 

insuring a homogeneous preparation. From a large column like 

the Sephacryl S-300 column the fractions pooled were spread 

out in a volume of 8-12 mis and this especially posed a prob-

lem for HMG-CoA reductase. HMG-CoA reductase is most stable 

in the pure form at higher protein concentrations. Concentra-

tions of 0.1 mg/ml or higher are optimal. The per cent yield 

from the Sephracryl S-300 column was often an underestimate 

since the HMG-CoA reductase in this diluted state exhibited 

less activity (and not all units of activity were pooled-

just those of highest specific activity). Therefore the next 

step had to be a concentration of the enzyme since the enzyme 

solution was unstable in this form and a protein determination 

was difficult at the low concentration of protein. 
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Figure 4 

Gel filtration pattern of the blue dextran/sepharose 

4-B fraction on a Sephacryl S-300 column. 

The experimental details were described in Chapter 2. 

Enzyme activity is expressed as nmoles/min. Fractions 

4 7-54 were pooled for application to the second blue 

dextran/sepharose 4-B column. 

/ protein absorbance at 280 nanometers. 

X X, HMG-CoA reductase activity 
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Several different concentration techniques were attempted 

in our laboratory without much success. These included 

ultrafiltration and lyophilization. The recovery of activity 

from ultrafiltration was at best fifty per cent and was 

usually much less. Lyophilization was equally deleterious 

to the enzyme as all the buffer constituents were also con-

centrated and this left the enzyme in a high concentration 

of salt since the affinity buffer used to elute the enzyme 

from the Sephacryl S-300 column contained 0.5 M KC1. In an 

attempt to find a nondestructive means of concentration 

while still obtaining good yields, affinity chromatography 

was chosen. The blue dextran/Sepharose 4-B column was used 

because of its excellent yields and as an additional advan-

tage, further purification could be achieved. Furthermore, 

by using a column for this last step, if need be, the buffer 

could be changed to meet the needs of the subsequent experi-

ment. HMG-CoA reductase was stored at room temperature 

under a layer of argon for maximum stability (5 2). 

A representative purification is outlined in Table 6 

starting with the solubilized enzyme. The values for the 

specific activity of the solubilized enzyme and the units/ 

gram of liver solubilized were similar to those obtained 

by other purification procedures (Table 3). The final 

specific activity was also comparable to those recently 

reported (Table 4). The overall yield from the solubilized 
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enzyme was 21 per cent and there was a 129-fold purification 

from the solubilized enzyme. The microsomal protein content 

for this purification was 6261 mg and if a solubilization of 

30 per cent was assumed, then the microsomes contained 31668 

units of activity and the specific activity was 5 nmoles/min/ 

mg which is what was usually found for cholestyramine fed 

rats. Therefore the overall yield was 6.3 per cent and there 

was a 2275-fold purification from the microsomal enzyme. 

These values are in agreement with those obtained by recent 

purification procedures (Table 4). The enzyme was judged 

homogeneous by polyacrylamide gel electrophoresis in which 

only one band of protein was detected (Figure 5). The spe-

cific activity of the final concentrated enzyme eluted from 

the second blue dextran/Sepharose 4-B column was consistent 

with that published in the literature in which a single band 

of protein was also obtained. 

An estimation of the molecular weight of HMG-CoA 

reductase was obtained by gel filtration on the Sephacryl 

S-300 column used in the purification. Standard proteins 

of known molecular weight were eluted from the column and 

the molecular weight of HMG-CoA reductase was determined 

by comparing relative elution volumes (Figure 6). A molec-

ular weight of 229,00 0 was obtained which was in the range 

obtained by others (51,52,64,123,129,118) by using gel 
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Figure 5 

Polyacrylamide gel electrophoresis of HMG-CoA reductase, 

The experimental details were described in Chapter 2. 

Approximately 15 ug of protein was applied to the gel. 
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Figure 6 

Determination of the molecular weight of HMG-CoA reductase 

on a Sephacryl S-300 column 

The protein standards were detected by absorbance at 280 

nanometers. HMG-CoA reductase was detected by determination 

of enzyme activity. 

The protein standards were: 

THY - thyroglobulin (669,000) 

APF - apoferritin (443,000) 

LDH - lactate dehydrogenase (140,000) 

BSA - bovine serum albumin (67,000) 

MYG - myoglobulin (17,300) 

*HMGR - HMG-CoA reductase (229,000) 
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filtration or sucrose gradient density centrifugation tech-

niques . 

The UV absorption spectrum for HMG-CoA reductase is 

shown in Figure 7. The main peak of absorption is at 279 nm 

with shoulders to the left at 259 nm and 267 nm and a 

shoulder to the right at 283 nm. 

The homogeneous enzyme exists as an enzyme-lipid com-

plex as has also been shown by others (64,65,70). Lipid 

analysis revealed the presence of various amounts of cho-

lesterol, cholesterol ester, free fatty acid, triglyceride, 

diglyceride, and monoglyceride. These results were con-

sistent with earlier reports on the lipid composition of 

soluble HMG-CoA reductase-lipid complexes (64). Each enzyme 

preparation was characterized by a unique lipid composition 

and this will be discussed in more detail in the next 

section. 

HMG-CoA reductase displays reversible cold lability. 

Some form of cold sensitivity may be an intrinsic property 

of all preparations of HMG-CoA reductase since no method 

of solubilization or purification has yielded HMG-CoA 

reductase that has been conclusively shown to be cold 

insensitive (64) . The cold sensitivity may be attributed 

to conformational changes that affect the active site of 

HMG-CoA reductase due to a temperature-induced phase transi-

tion of the lipid moieties as first suggested by Heller and 
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Figure 7 

UV absorbance spectrum of HMG-CoA reductase. 

The baseline was set with .5 M KC1 affinity buffer. The 

sample cuvette contained .52 mg of protein. 
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Gould (64) and Kleinsek and Porter (128). In addition, 

intramolecular conformational changes could also result from 

cold temperatures due to weakening of hydrophobic bonds which 

play an important role in the conformation of membrane-bound 

enzymes. 

One important property of HMG-CoA reductase is its 

instability especially in the purified state. A delicate 

balance of buffer components, as stressed earlier, aids in 

the stabilization of the enzyme during various steps of the 

purification. HMG-CoA reductase is most stable in affinity 

buffer containing 0.5 M KC1 for prolonged periods of time 

and in fact, this is the buffer used in the elution of all 

the columns. Higher concentrations of salt destroy all 

activity. The purification was designed to be relatively 

fast with few manipulations. The isolation of HMG-CoA 

reductase from microsomes to pure enzyme takes less than 

three days. The sensitivity of HMG-CoA reductase to protein 

concentration has also been noted by others. Both Heller 

and Gould (64,127) and Kleinsek and Porter (12) reported 

that enzyme of higher protein concentration was less sensi-

tive to cold inactivation and that the rate of reactivation 

at 37°C was greater. Srikentaiah et ajL. (70) were also 

aware of the instability of HMG-CoA reductase in dilute 

solution and so protected the enzyme against dilution by 

incubation of the enzyme at 37°C first. Precautions were 
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also taken in the purification procedure outlined in Table 

6. The affinity columns were all small (two ml of material) 

so that the only reason the enzyme was diluted was to 

decrease the salt concentration for application to the next 

affinity column. The Sephacryl S-300 column results in 

diluted enzyme due to the nature of the column size, but 

the enzyme is immediately applied to the blue dextran/ 

Sepharose 4-B affinity column for concentration. 

The low stability of HMG-CoA reductase was further 

demonstrated by a guanidinium hydrochloride (GuHCl) titra-

tion (Figure 8). HMG-CoA reductase was completely denatured 

at a concentration of 300 mM GuHCl. This is a much lower 

concentration than is required to denature other enzymes 

(155). Once HMG-CoA reductase is pure, it typically exhibits 

a stepwise loss of activity as shown in Figure 9. Generally, 

the higher the protein concentration of the purified enzyme, 

the less activity is lost with time. It is not unusual 

for there to be a large drop the first twelve hours, little 

or no decrease the second twenty-four hours, and then 

another decrease. This pattern of decline in activity may 

be the result of conformational changes the enzyme undergoes 

while losing activity. Each plateau may represent a con-

formation of HMG-CoA reductase which is different than that 

of the next plateau. 
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Figure 8 

Guanidinium hydrochloride titration of 

HMG-CoA reductase 

Enzyme specific activity is expressed as nmoles/min/mg, 
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Figure 9 

Stepwise decline of HMG-CoA reductase activity 

Enzyme specific activity is expressed as nmoles/min/mg, 
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Study of the Homogeneous Enzyme 

In order to fully characterize the lipid-mediated regu-

lation of HMG-CoA reductase, the homogeneous enzyme-lipid 

complex was studied with respect to the lipid composition, 

temperature-dependent catalytic activity, and protein 

secondary structure. The lipid composition of the micro-

somal fraction (Table 7) is in agreement with published 

values (157) and is consistent from preparation to pre-

paration as expected. In contrast, the isolated enzyme-

lipid complex consists of a different lipid composition 

each time it is prepared (Table 8). These enzyme-lipid 

complexes differing in lipid composition were correlated 

with differences in the temperature dependence of enzyme 

activity and protein secondary and tertiary structure. 

HMG-CoA reductase was purified to homogeneity and both 

the far-and near-UV circular dichroism spectra were obtained 

at two temperatures. Figures 10 and 11 show the results of 

that study. These C.D. spectra were typical of many others 

obtained for different HMG-CoA reductase preparations in 

that there was a difference in ellipticity at the two 

temperatures. Analysis of the far—UV C.D. spectra using the 

three component model described in Chapter 2 indicated that 

at 5°C the conformation of the enzyme was characterized by 

29.72 per cent a-helix while at 36.5°C a different confor-

mation of the enzyme was characterized by 23.00 per cent 



93 

Q) 
CP 
n3 
<u 
<D > 

< 

W •J 

ffl < 

vo CO in ON ro O 
CM VO r-H rH o r-̂  ro ro rH 
• • • • • • • • • 

o o rH o o o o o o 

+ 1 + i -fi + 1 + 1 + i + 1 + i + 1 

ro o in ro vo in vo 00 
00 in vo in rH in rsi vo CM 
• • • • • • • • • 

ro CM ro rH rH 
rH rH 

ro ro O CM 00 TP CN ON m 
in 00 r- rH 00 rH rH CM 
• • • • • • • • • 

CM r-H CM rH CM 
rH rH 

ro O "3* O CM O O O 00 
00 o> r>- in ro 00 ro CM 
• • • • • • • • • 

ro CM ro rH rH 
rH rH 

VO in in rH vo o o a 
00 O 00 rH vo r* r- rH 
r- • • • • • « • • 
• ro CM rH rH 

rH rH 

00 in O ro rH rH CM o 
CM 00 T3» ro rH O ro VO CM 
• • • • • • • • « 

iH ro ro rr rH rH 
rH rH 

00 vo in rH ro CN o 
as in in VO rH vo r- o CM 
• • • • • • • • • 

CM rH (N CM 
rH rH 

T O in rH in O rH O 00 
00 rH r» ro rH CN o 

ro rH rH 
rH rH 

<<* O TT ro rH CM C* CM ar\ in CM in in rH <T> CM 
• # • • • • • t • 

rH CM rH 
rH rH 

0) 
c 
•H 
rj 

rH 
a> rH 0 
c 0 •P 
•H C •H U 

CO a) 
0 .c 0 4J 
x: -P c •H CO 

c o <1) •H a> 0 « 
•H rH rH rH T3 < a> 

« 
rH >1 >1 >i •H rH rH 
0 T> 0 >I •H 0 
>1 •H -H •H <D u U u u 
e •P 4J 4J O V 4J a) (U 
0 <TJ >» 4J fd u -p 
CP X3 x: x: rH Cfl Pu >1 (0 
c a a a 0 rH <v 
•H u> w (0 0 rH <u t7> rH 
J3 0 0 0 c O a> •H 0 
a x: x: .C 0 x: M M x: 
C/} CU 04 CU X o CM c* u 

4J 
•H 
C 
3 

D 
W 

<u 
£ 
>i • 
N 0) 
c to 
a) <c 

4J 
w o 
<D 3 
M T3 
o a) 
s* u 

< 
• o 

*0 u 
•H I 
a o 
•H £ 
rH K 

A) MH 
x: o 

MH -H 
o c 

-P ,Q 
x: 3 
C7> UJ 

•H 
0) Q) 
*5 
U 
(D H 
•H O 
D UH 
U 
Q) O 
rH o 
0 o 
s -

O 
0) in 

(d MH 
M 0 
Q) 
> 4J 
<d sz & 
Q) »H 
x: a) 
•P £ 

c H 
O 

r-H 
ro 3 
<D U 
CO <U 
ro rH 
XJ O 

£ 
T3 
Q) (d 
-P 
<TJ C 
^ o 
a 
U n3 
rH O 
ro tn 
o d 

X3 
a) 
•H T3 

a> 
••d -p 
•H (0 
flu 'H 
•H 3 
rH O 

rH 
C/3 ffl 
a> o 
rH 
O CO 
S -H 



A 
3 

94 

N 

z 
w 

in 
pq 

• J 
O 
2 

w 

o 
2 

< 

P3 
2 
>h 
csi 
2 
W 

D 
O 
W 
2 
W 
o 
o 
s 
o 

CD 
C 

•H 
CD r-i 

TJ -P 0 

OJ 
* r-i 
O 

UJ 
« 

u 
T3 < <D 

UJ 
« 

• H rH c T5 ,—1 >1 
U C -H c 
CD - P >-i 
U o u -P 0 a ' •P 
> , -1-3 0) u - p 05 

r—i V) u Cn >< CD 
tr> CD >. D p. | 
0 <—1 rH CD Cn to 
c 0 Cn 0) •H 0 0 
0 x ; i-i x 

s D Pu EH u a 

<D • 
CD 

V) CO 
(1) 03 

rH 4J 
0 U 

X 3 
T> 
<D 

' O 
•H < 
a o 

•H u 

o 
0) s 

x : s : 
- P 

U-l 0 
0 

4J 
- P -r-i 
x c 
Cr> D 

•H X! 
OJ a 
5 00 

'H c 
n x 

•—i - P 
D 
u n 
CD 0 

rH u_! 
0 
E o 

o 
(1) O 
cn •« 
03 O 
M ID 
CD 
> M-J >, 
tU 0 r—1 

cn 
CD - P •3 

X X o 
•P CP c 

•H CD 
C CD &• 
0 S 0 

X 
T3 VH CD 
a) 03 
In rH TJ 
fd D 0 

XI O 1 3 
CD 1 3 

T3 -H 03 
CD 0 

e to 
fd fd 

«—1 rC 
3 
u c 0 

rH 0 c 
ft! •H 
U ' O rH 

0) 0 
i/) to X 

•H 03 u 
X5 rH 

T3 >1 
•H rQ 
a a» • H 

•H - P . p 
rH fC fd 

i—L X 
U) D a 
^ u CTi 

C 
O 0) X 
s u CM 



95 

Figure 10 

Near UV circular dichroism spectra for HMG-CoA reductase 

(Experiment 1) 

The mean residue ellipticity, [0], is expressed as deg 

cm^/dmole. 

5°C 

36.5°C 
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Figure 11 

Far UV circular dichroism spectra for HMG-CoA reductase 

(Experiment 1) 

The experimental details were described in Chapter 2. The 

2 
mean residue ellipticity, [0], is expressed as deg cm /dmole, 
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a —helix (Experiment 1 in Table 9) . The spectra, provided 

evidence that soluble HMG-CoA reductase underwent at least 

one temperature-dependent change in conformation. When the 

specific activity of this homogeneous enzyme was measured 

as a function of temperature, a nonlinear Arrhenius rela-

tionship was obtained (Figure 12). This is common among 

membrane-bound enzymes (101). The two-conformer model, 

using the best-fit parameters shown in Table 10 was con-

sistent with the data. 

Once having shown that the homogeneous enzyme underwent 

a temperature-dependent conformational change, the lipid 

environment of the enzyme was altered and an attempt was 

made to monitor concomitant changes in temperature-dependent 

activity and structure of the enzyme. Finkel and Volpe 

(157) observed that when C-6 glial cells were grown in the 

presence of N,N-dimethylethanolamine there was an accumula-

tion of phosphatidyl-N,N-dimethylethanolamine at the expense 

of phosphatidylcholine (PC). This was accompanied by a loss 

in HMG-CoA reductase activity and cholesterogenesis. This 

observation was supported by the work of Berde et al. (104) 

which suggested that enzyme associated with phosphatidyl-

choline was more active. Work from our laboratory has shown 

that rats fed a choline-supplemented diet had a 1.80-fold 

increase in the microsomal PC/PE ratio compared to rats fed 

a choline-deficient diet. There was also a positive corre-

lation between microsomal HMG-CoA reductase specific activity 



100 

w 
A CQ < 
E* 

W 
cc 
D 

U D 
E-« 

3 
2 
O 
u w w 
Q 
W 
EH 
D 
04 s o 
u 

tr> a? 
c H 
•H o 
C -P 
•H O 
f0 3 
e M 
0) 4J 
oscn 

73 
a) 
•P 
<TJ Q) 4J rH 0) 
a, a> 
i x: 
ca w 

a> 
JC 
I 
3 

rH CM 
•H cr> 

00 ON 
in vo 

o o 
CN vo 
EN CM 
rH 00 

in vo 
o ̂  
in CM 
CN oo 

CN CN ^ CN 
oo r- rH *3* 
ON oo *5T ON 

oo rr 

oo en vo r-
O (N 
CM ̂  

O VO 
vo 
AN A\ 

rH CM 
VO 00 CN ON r- co 

oo o 
CM CN vo o o m oo 

o o CN <3* 
oo vo 

a in 
00 vo rp oo O rH 

ro r» in oo rH rH rH rH CN 00 a. rH o o 
+1+ 1 + l+l + I+I + l + l + l+l + 1+1 +1+ i + l + l 
r* co 
rH O 

o o 
R- CM 

rH VO CO CN CN O vo vo 
in rr rr m vo r* oo vo r-» o in o 

o o o o 
r- r-»H rr vo 

rH rH TT f>. ro <N ON in 
CN CM in oo 

00 (N 16
.
 

0.
 

in o o o 

rH rH CM 00 • • rH VO o • • rr oo 
oo cn 
<N CN 

00 o 
CM 00 

00 o oo r- rH 
in 

00 ON O rr 
iH (N rH rH rH CN © o o o O rH oo o o o 
+ l+l + 1+1 + L+L + H- 1 + 1 + 1 +1+1 + 1+1 + l + l 
CM O r- o 

o o 
rH <N CN ro oo in oo 00 ON 00 TT 

CN R* 
O 00 
O 00 

O rH 
00 CN 

O RY 
in 

cn oo 
CM CM VO rH vo in 

CN CN in vo in rH TJ* Tj» 
in CN 
in in ON ON rr TT oo r-r- in 

o o 
ON 03 

0 u 
3 •p 
A3 ̂  in u u . 
00 in '.o a— 00 6 
0 6* 

vo oo no 
in in 
o oo r* r-

ro 

4J 
C 
0 g 

•H 

0 a x w 

CN 
-P »o 
£ 0 
0 M e 0 o 
•H 4J 0* 
M rH EC 
0 (0 Q a c 
X D + ca — 

TJ 
0 -P 
fd 
0 00 rH H 

0 ̂  -P 'Q ^ 1 fl 0 0 0 0 u -P 01 s 0 CO A3 •H 4J 0 ̂  M rH »H <U 0 <0 0 4-1 04 C jc m 
X D o w 
W —' 

in vo 
-P 4J •p a d c 
0 0 0 a 6 e 
•H •H •H M u 5H 0 0 0 a cu a 
X X X w w w 



101 

Figure 12 

Temperature-dependent catalytic activity of HMG-CoA reductase. 

(Experiment 1) 

The experimental details were described in Chapter 2. The 

individual measurements are shown as such while the smooth 

curve was computed as described in Chapter 2 from equations 

2 and 3 using the best fit parameters reported in Table 10. 
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^nd the PC/PE ratio in which the specific activity increased 

1.56-fold, suggesting that the enzyme activity was dependent 

upon the phosphatidylcholine content of the membrane. It 

has also been demonstrated in our laboratory that membrane 

phospholipid packing as well as the PC/PE ratio was capable 

of influencing membrane-bound HMG-CoA reductase. This was 

accomplished by introducing the antidepressant drug desipr-

amine (159) into the membrane which altered the packing of 

polar lipid headgroups. While the drug inhibited soluble 

enzyme activity forty per cent, the inhibition was more 

than double for membrane-bound enzyme. This indicated that 

membrane phospholipid packing as well as the PC/PE ratio 

was capable of influencing membrane-bound HMG-CoA reductase. 

To further investigate the effect of phosphatidylcho-

line, a pure preparation of the enzyme was incubated in the 

presence or absence of 0.9 mM dihexanoyl phosphatidylcholine 

(DHPC), a short chain, water soluble polar compound. Figure 

13 shows the Arrhenius plots of the untreated and the 

treated enzyme. Upon addition of DHPC, the nonlinear 

Arrhenius relationship was abolished indicating no detect-

able change in the enzyme conformation with temperature. 

The best-fit thermodynamic parameters (Table 10) show that 

the specific activity at 37 C was decreased thirty per cent 

by DHPC and there was no evidence of a thermotropic transi-

tion in the temperature range used for the experiment; The 
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Figure 13 

Temperature-dependent catalytic activity of HMG-CoA reductase 

in the absence and presence of DHPC 

(Experiment 2) 

The individual measurements are shown as such while the smooth 

curve was computed as described in Chapter 2 from equations 2 

and 3 using the best fit parameters reported in Table 10. 
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fact that the phosphorylcholine portion of the molecule was 

incapable of activating homogeneous HMG-CoA reductase (in 

fact DHPC inhibited) in the absence of long hydrocarbon 

chains suggested the importance of the hydrophobic moiety 

of the phosphatidylcholine molecule as well as the head 

group. The far-UV C.D. spectra (Figure 14 and Table 9) 

showed an altered secondary structure after the enzyme had 

been treated with DHPC. The treated enzyme exhibited 

6.78 per cent less a-helix at 6°C and 11.33 per cent more 

a-helix at 38°C than the unaltered enzyme. Even though the 

treated enzyme did show a change in secondary structure with 

temperature, the ot—helix content did not change as much as 

for the unaltered enzyme (3.2 per cent versus 14.9 per cent, 

respectively). This is consistent with the linear Arrhenius 

relationship seen for the DHPC treated enzyme and indicates 

that a small change in secondary structure can occur with 

little influence on the temperature—dependent enzyme cataly-

tic activity. 

As mentioned earlier different enzyme preparations 

P^spared the same manner (no exogenous alterations) con-

tained inherently different lipid compositions as seen in 

Table 8. This feature of HMG-CoA reductase was demonstrated 

by comparing the enzyme of Experiment 1 with the unaltered 

enzyme of the DHPC experiment (Experiment 2). A noticeable 

difference i-n their Arrhenius plots and in the thermodynamic 
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Figure 14 

Far UV circular dichroism spectra for control and DHPC treated 

HMG-CoA Reductase 

The experimental details were described in Chapter 2. The 

mean residue ellipticity, [6], is expressed as deg cm2/dmole. 
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parameters was seen (Figures 12 and 13, and Table 10). The 

midpoint for the conformational change of the enzyme of 

Experiment 2 was 13.55°C higher than that for Experiment 1. 

The enthalpy change (96.4 3 kcal/mole) for the conformational 

change of the enzyme in Experiment 2 was less than that for 

Experiment 1 (117.06 kcal/mole). Even though the enzyme of 

Experiment 1 and the unaltered enzyme of Experiment 2 were 

prepared in the same way, they differed in their lipid com-

positions as shown in Table 11. The enzyme of Experiment 1 

had only cholesterol esters bound to it while the enzyme of 

Experiment 2 had a variety of neutral lipids bound to it. 

In fact, no two enzyme preparations had the same lipid com-

position and as a result the temperature-dependence of the 

activity and secondary structure were also different. In 

comparing the secondary structure of several enzyme prepara-

tions, a very interesting trend was seen. It appeared that 

those enzyme preparations having the highest content of lipid 

were characterized by a greater amount of ordered structure, 

i.e., alpha-helix and beta-pleated sheet (correlation coeffi-

cient of +.839) and in most cases, also a higher specific 

activity (correlation coefficient of +.884, see Table 12). 

This finding is consistent with the helix-disorder transition 

hypothesis proposed by Lux et al. (159) . Circular dichroism 

studies on high density lipoprotein (HDL) apoproteins led 

Lux et al_. to suggest a helix-disorder transition upon lipid 
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TABLE XI 

LIPID ANALYSIS FOR EXPERIMENTS 1, 2, and 4 
(MOLES LIPID:MOLES ENZYME SUBUNIT)* 

Experiment 1 Experiment 2 
(unaltered) 

Experiment 4 

Monoglyceride .... 1.49 
• • • • 

Cholesterol .... 2.76 .114 

Diglyceride .... 12.67 1.74 

Free Fatty Acid 4.87 1.10 

Triglyceride 3.30 1.28 

Cholesterol Ester 1.8 3 3.10 8.00 

Moles lipid is calculated based on the average molecular 
weight of the lipid. Moles enzyme subunit is calculated 
tSSo ? n a

J
m o l e c u l a r weight of 50,000 for the subunit of 

HMG-CoA reductase. 
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TABLE XII 

ANALYSIS OF DATA-TOTAL MOLE LIPID/MOLE ENZYME SUBUNIT 
VERSUS TOTAL ORDERED STRUCTURE* 

Total Ordered Structure 
(%) at 37°C 

Total Mol. 
Mol. Enzyme 

Lipid/ 
Subunit 

Specific 
Activity 

00 
o
 • 

o
 

ro 1.83 3754 

00 
LD 23.00 3209 

50.50 12.34 4732 

57.21 14 .37 6730 

67.40 28.00 5425 

L
O
 • 

o
 

00 <vO 
L
O
 • 

<
D
 

C
O
 11362 

*Total ordered structure consists of a-helix plus 3-pleated 
sheet• 
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restoration or removal. Amino acids involved at or near the 

lipid binding sites are affected by delipidation. When the 

lipids are bound, there is a decrease in the local polarity 

at these sites and the nonpolar environment favors the forma-

tion of a-helix in which the peptide groups are hydrogen 

bonded to each other to protect themselves from the nonpolar 

environment. Upon delipidation, the residues are exposed at 

the lipid binding sites and this favors a transition to a 

more disordered structure in which the peptide groups inter-

act with the aqueous solvent. This hypothesis describes what 

is seen in terms of the amount of lipid bound to the enzyme 

and the amount of ordered structure. The untreated enzyme of 

Experiment 2 had 15.4-fold (on a mole/mole basis) more lipid 

associated with it and exhibited 2.24 times as much ordered 

structure at 37 C and 1.72 times at 6°C compared to that of 

Experiment 1. So not only is the conformation of the enzyme 

dependent upon the amount of lipid associated with it but it 

is also temperature-dependent. It was noted that the spe-

cific activity of the enzyme in Experiment 1 was thirty-

three per cent less than that of Experiment 2 indicating that 

lipids were important in maintaining the structure of the 

enzyme and therefore, its activity. The results of several 

other C.D. experiments are shown in Table 9 (Experiments 4-6) 

and further emphasize the fact that although all unaltered 

enzyme-lipid complexes were isolated in the same manner, they 
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ed in their secondary structure and in the temperature— 

dependence of their secondary structure which was consistent 

with their differing temperature-dependent activities and 

thermodynamic parameters which were in turn dependent upon 

the varying lipid compositions of the complexes. For example, 

the Arrhenius plot for Experiment 4 is shown in Figure 15 and 

the best-fit parameters are listed in Table 10. The dif-

ferences in the conformation of this enzyme compared to the 

other preparations is demonstrated not only by the different 

secondary structure as shown in Table 9 but also in the 

varying thermodynamic parameters (for lipid analysis see 

Table 11). This type of variation was demonstrated for each 

enzyme prepartion. 

Additional evidence for a conformational change of the 

enzyme with temperature came from spectroscopic studies 

utilizing the binding of Cibacron blue F3GA to HMG-CoA reduc-

tase. Cibacron blue itself has a maximum absorption at 610 nm 

(Figure 16). A difference spectrum was obtained for Cibacron 

kill® binding to HMG—CoA reductase at two temperatures 

(Figure 17). As seen in the spectra, when Cibacron blue was 

bound to the enzyme, its absorption properties were altered. 

A red shift of the Cibacron blue absorption spectrum was 

induced upon binding to what was probably the apolar pyridine 

nucleotide coenzyme binding domain. At 5°C, the difference 

spectrum was shifted to longer wavelengths compared to that 
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Figure 15 

Temperature-dependent catalytic activity of HMG-CoA reductase 

(Experiment 4) 

The experimental details were described in Chapter 2. The 

individual measurements are shown as such while the smooth 

curve was computed as described in Chapter 2 from equations 

2 and 3 using the best fit parameters reported in Table 10. 
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Figure 16 

Absorption spectrum of Cibacron blue F3GA 

The Cibacron blue concentration was 3.97 um in 50 mM potassium 

phosphate buffer, pH 7.4. 
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Figure 17 

Difference spectra of HMG-CoA reductase plus Cibacron 

blue F3GA 

The experimental details were described in Chapter 2. The 

Cibacron blue concentration was 28.4 i_im. 

37°C 

5°C 
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at 37°C and there was no maximum at 680 nm evident at 37°C. 

Thus with a change in temperature, the change in enzyme con-

formation resulted in a change in the absorbance properties 

of the bound Cibacron blue. The differences in the absorbance 

p^ops^ties of Cibacron blue at the two temperatures could 

have been the result of differences in the amount of Cibacron 

blue bound and/or a change in the wavelength of maximum 

absorption. Cibacron blue could have indicated changes occur-

ring at the active site in response to changes in temperature. 

Whatever the explanation for the differences in the absorbance 

properties of Cibacron blue at the two temperatures, it was 

shown that HMG-CoA reductase underwent a conformational 

change. 

The next series of experiments that will be described 

were done for the purpose of examining which naturally bound 

specific lipids affected HMG-CoA reductase activity. This 

goal was approached by two different experiments involving 

changing the lipid composition of the pure enzyme. In par-

ticular, attention was focused on cholesterol. The membrane 

association of the enzyme offers a mechanism for the feedback 

inhibition by cholesterol through membrane-mediated HMG-CoA 

reductase-lipid interactions especially since cholesterol is 

a common component of cell membranes. As discussed earlier, 

dietary cholesterol was shown to alter HMG-CoA reductase-

lipid interactions (114,115). In addition to the affects of 

cholesterol on the phospholipid bilayer (160) i.e., the 
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decrease of the transition enthalpy for the conformational 

change, cholesterol also may interact directly with the enzyme 

in which a cholesterol-HMG-CoA reductase complex would have 

a lower specific activity than the cholesterol-free enzyme. 

This has been demonstrated for soluble enzyme (10 5) . This 

effect of cholesterol would be in addition to the effect 

produced by the broadened phase transition region, char-

acterized by a decreased enthalpy change. Cholesterol and 

cholesterol ester have been found to be bound to the pure 

enzyme and a change in the concentration of these two lipids 

bound to the enzyme should change its activity and perhaps 

alter the C.D. spectrum as well. The following two experi-

ments were designed for the purpose of altering this ratio 

and looking at the resultant changes in the properties of 

the enzyme. 

The first experiment involved the utilization of the 

enzyme cholesterol esterase from bovine pancreas (sterol-

ester acylhydrolase; 3.1.1.13). Figure 18 shows the time 

course of treatment of HMG-CoA reductase with cholesterol 

esterase. There was a sixty-three per cent decrease in 

enzyme activity after incubation of the enzyme with cho-

lesterol esterase for thirty minutes. In order to minimize 

inhibition by free fatty acids, defatted bovine serum albumin 

was added to the assay mixture in varying amounts to bind the 

free fatty acids. HMG-CoA reductase was then prepared as 
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Figure 18 

Time course study of treatment of HMG-CoA reductase with 

cholesterol esterase 

The experimental details were described in Chapter 2. 
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usual through the CoA affinity column in which the eluted 

enzyme was divided in half. The untreated portion was taken 

through the rest of the purification as usual. The next 

step was to treat the other portion of the enzyme with cho-

lesterol esterase and then to purify as usual. But first it 

was necessary to monitor the loss of activity as a function 

of the incubation time with cholesterol esterase as described 

in Chapter 2. A 100 y1 aliquot of the enzyme eluted from 

the CoA affinity column (.0702 mg) was incubated with choles-

terol esterase at a level of .015 units of cholesterol 

esterase per mg of enzyme protein. The results of this pre-

liminary study are shown in Figure 19. At nine minutes, the 

activity had decreased by about twenty per cent, so the 

remaining enzyme (4.49 3 mg) was incubated with .067 units of 

cholesterol esterase at 37°C for nine minutes. Then this 

treated enzyme was applied to a blue dextran/separose 4-B 

column and the purification continued as usual. A comparison 

of the purifications of both the untreated and treated 

enzymes is shown in Table 13. The resulting purified choles-

terol esterase-treated enzyme had a specific activity twenty-

fold less than its untreated counterpart. The Arrhenius 

plots shown in Figure 20 revealed a marked difference in the 

temperature-dependent activity data between the untreated 

and cholesterol esterase treated enzymes. The untreated 

enzyme exhibited a nonlinear relationship characteristic of 
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Figure 19 

Preliminary time course study of treatment of HMG-CoA 

reductase for Experiment 3 

Experimental details were described in Chapter 2. 
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Figure 20 

Temperature-dependent catalytic activity of untreated 

HMG-CoA reductase and HMG-CoA reductase treated 

with cholesterol esterase 

(Experiment 3) 

The experimental details were described in Chapter 2. The 

individual measurements are shown as such while the smooth 

curve was computed as described in Chapter 2 from equations 

2 and 3 using the best fit parameters reported in Table 10. 
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membrane-bound enzymes whereas the Arrhenius plot of the 

cholesterol esterase-treated enzyme can be best described by 

a straight line. The best-fit parameters are shown in Table 

10. This decrease in transition enthalpy was similar to that 

seen in the Arrhenius plots of microsomal enzyme isolated from 

cholesterol-fed animals (114,115, Table 2). Circular dichro-

ism studies (Figures 21,22) showed a change in the secondary 

structure upon treatment with cholesterol esterase. Treatment 

with the esterase resulted in the increase in the amount of 

a-helix (Table 9). Therefore, even though cholesterol has the 

effect of lowering the AH for the conformation change so that 

it appears that there is a linear relationship, the enzyme 

still undergoes a conformational change with temperature as 

shown by the C.D. spectra thus supporting the two-conformer 

model. Additional evidence for an alteration of the enzyme 

conformation as a result of the cholesterol esterase treat-

ment came from UV-spectra obtained for both the untreated and 

treated enzymes. The treated enzyme exhibited almost twice 

as much absorbance at the main peak of absorbance (274 nm) 

as seen in Figure 23. Proteins experience an increase in 

their molar absorptivity when exposed to a more nonpolar en-

vironment (160). It is possible that the cholesterol esterase-

treated enzyme may have undergone a conformational change 

which transferred the aromatic amino acids to a more non-

polar environment within the enzyme. The lipid analysis for 
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Figure 21 

Far UV circular dichroism spectra of untreated HMG-CoA reductase 

(Experiment 3) 

The experimental details were described in Chapter 2. The mean 

2 
residue ellipticity, [6], is expressed as deg cm /dmole. 
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Figure 22 

Far UV circular dichroism spectra of cholesterol esterase 

treated HMG-CoA reductase 

(Experiment 3) 

The experimental details were described in Chapter 2. The 

2 
mean residue ellipticity, [0], is expressed as deg cm /dmole. 
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Figure 23 

UV absorbance spectra of untreated and cholesterol 

esterase-treated HMG-CoA reductase 

(Experiment 3) 

Both spectra were obtained at 37°C. 

, untreated HMG-CoA reductase 

/ cholesterol esterase-treated HMG-CoA reductase 
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this experiment is presented in Table 14 and as expected there 

was a large difference in the lipid compositions of the two 

enzymes. The cholesterol esterase—treated enzyme was 

characterized by significantly more cholesterol and free fatty 

acids. There was more cholesterol ester in the untreated 

enzyme but this difference was within the experimental error 

of the analysis. The increase in free fatty acids in the 

treated enzyme has been shown not to produce the inhibition 

as discussed earlier. First, when defatted bovine serum 

albumin was added to the assay in excess no change in enzyme 

activity occurred. Secondly, this cholesterol esterase 

experiment has been done several times in our laboratory, 

each time producing similar changes in enzyme activity 

and conformation, not always having a significant increase 

in the free fatty acid content but always having a signifi-

cant increase in cholesterol. Finally, in a recent paper by 

Lehrer et al. (68) , it was shown that 2 nmol of oleic acid/ 

unit of enzyme activity was necessary for fifty per cent 

inhibition by free fatty acids. Our calculations showed that 

for the untreated enzyme there was 0.011 nmole free fatty 

acids/unit of enzyme activity and for the treated enzyme 

there was 0.1187 nmole free fatty acids/unit of enzyme activ-

ity. So the level of free fatty acids bound to the treated 

enzyme was well below the amount causing fifty per cent 

inhibition as described by Lehrer et al. (68). The amount of 
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TABLE XIV 

LIPID ANALYSIS (MOLES LIPID:MOLES ENZYME SUBUNIT) 

Untreated Enzyme 

Sphingomyelin 

Phosphatidylcholine 

Cholesterol 

Diglyceride 

Free Fatty Acid 

Triglyceride 

Cholesterol Ester 

Cholesterol Esterase 
Treated Enzyme 

. 1 3 3 

. 5 3 3 

. 5 7 1 + . 3 7 
* * 

. 1 7 . 2 7 0 + 

00 
o • 

00 
i—1 • 2 . 1 1 + . 5 5 

. 4 7 

. 16 . 2 4 7 + . 1 4 

Moles lipid is calculated based on the average molecular 
weight of the lipid. Moles enzyme subunit is calculated 

? n a ™ o l e c u l a r weight of 50,000 for the subunit of 
HMG-CoA reductase. 

**Standard errors were calculated based on greater than 5 
values for each lipid class. 
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phosphatidylcholine and sphingomyelin that were found on the 

cholesterol esterase-treated enzyme were very low and not 

found in duplicate. Therefore this finding of phospholipid 

on the cholesterol esterase-treated enzyme was not signifi-

cant taking into account the experimental error. 

The cholesterol esterase-treated enzyme also displayed 

less stability with time compared to the untreated enzyme as 

seen in Figure 24. Both enzymes exhibited a stepwise loss of 

activity with time as is usually seen for HMG-CoA reductase, 

but step to step the treated enzyme lost a greater amount of 

activity. The untreated enzyme lost only forty-five per cent 

over three days whereas the treated enzyme lost ninety per 

cent overall. It thus appears likely that bound cholesterol 

induces a conformation of HMG-CoA reductase that is less 

stable than that of untreated enzyme. Thus we have gently 

altered the cholesterol/cholesterol ester ratio on the 

enzyme resulting in the changes seen in enzyme activity, 

conformation, and stability. 

In an attempt to determine whether the cholesterol 

effect was reversible, enzyme eluted in the 0.5 M KC1 affinity 

buffer wash from the blue dextran/sepharose 4-B column was 

divided in half. One half of the enzyme was treated with 

cholesterol esterase until the activity had decreased by 

forty-four per cent and then the rest of the purification was 

continued as usual. The other half was incubated with choles-

terol esterase for the same period of time (14 minutes) and 
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Figure 24 

Stability comparison of untreated and cholesterol esterase 

treated HMG-CoA reductase 

(Experiment 3) 

Specific activity is expressed as nmoles/min/mg, 

untreated HMG-CoA reductase 

*****, cholesterol esterase treated HMG-CoA reductase 



( C D i v a a i ) A i i A i i o v o i d i o a d s 

142 

Q 
LU 
(J) 
CL < 

-J 
LU 

CO 
< 

Q 

( • 3 ± V 3 & ± N f D A 1 I A I 1 3 V 3 I d I 3 3 d S 



143 

an excess (8-fold, w/w) of defatted bovine serum albumin was 

added to the incubation mixture. This mixture was then 

applied to the Sephacryl S-300 column which served to separate 

HMG-CoA reductase from the BSA and the rest of the purifica-

tion was continued as usual. The results of the purification 

are shown in Table 15. The specific activity of the BSA-

treated enzyme was 2.6 2-fold higher than that treated with 

cholesterol esterase but not BSA. Lipid analysis (Table 16) 

revealed that the BSA-treated enzyme contained significantly 

less cholesterol (2.6-fold less), slightly more free fatty 

acid (1.5-fold more), and a 1.4-fold decrease in cholesterol 

ester content compared to untreated enzyme. Only the change 

in cholesterol appeared significant. The lipid content of 

the BSA fraction was also analyzed and compared to the lipid 

content of defatted BSA (Table 17). The defatted BSA con-

tained negligible amounts of cholesterol, free fatty acids, 

and cholesterol ester in accordance with the data of Chen et 

al. (134). The BSA fraction showed a quantitative increase 

m the amount of (yg) of cholesterol transferred to it from 

the cholesterol esterase plus BSA-treated enzyme. The trans-

fer of cholesterol ester from the enzyme to BSA was also 

quantitative although as seen in Table 16, the change in 

cholesterol ester content did not change significantly on 

the enzyme. The large increase in free fatty acids was 

possibly due to exchange of the fatty acids from the Sephacryl 
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TABLE XVI 

LIPID ANALYSIS (MOLE LIPID:MOLE ENZYME SUBUNIT) 
* 

-BSA +BSA 

Cholesterol .399 + .099** .154 + .080 

Free Fatty Acid 1.696 + .226 2.520 + .275 

Cholesterol Ester .617 + .128 .450 + .120 

SP- A c t- 1437.0 3764.40 

*Moles lipid is calculated based on the average molecular 
weight of the lipid. Moles enzyme subunit is calculated 
based on a molecular weight of 50,000 for the subunit of 
HMG-CoA reductase. 

**Standard errors were calculated based on greater than 5 
values for each lipid class. 
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S-300 column to the BSA. This type of lipid exchange has been 

observed previously in our laboratory. This experiment has 

shown that by removing free cholesterol from the enzyme the 

specific activity has greatly increased thereby reversing the 

effect of the cholesterol esterase treatment. Since choles-

terol esterase is a pancratic enzyme, contamination with 

proteases is a possibility. However, these results tend to 

minimize the possibility that there was contamination of the 

esterase with proteases since the inhibition could be reversed. 

Thus, inhibition by cholesterol could be reversed by removing 

the cholesterol from the enzyme. This indicates that inhibi-

tion by cholesterol may be physiologically important. 

Another technique used to alter the lipid composition of 

the enzyme utilized a hexane extraction. An aqueous solution 

of enzyme was mixed (see Chapter 2) with hexane at a 2:1 (v/v) 

ratio of hexane to aqueous phase enzyme for various periods of 

time. As shown in Figure 25, this treatment with hexane re-

sulted in a progressive decrease in enzyme activity with time 

as diglyceride and cholesterol ester were extracted. These 

neutral lipids may have been important in maintaining HMG-CoA 

reductase in an active form. Note that from 0-10 minutes, 

there was practically no change in activity and in this time 

frame only a small amount of the lipids were extracted com-

pared to 40 minutes. The hexane provided a good medium to 

attempt an exchange of an exogenous lipid onto the enzyme. 

This was accomplished in the following experiment. A sample 
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Figure 25 

Treatment of HMG-CoA reductase with hexane 

The experimental details were described in Chapter 2, 
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of homogenous enzyme was divided into seven fractions con-

taining 0.130 mg of protein per fraction. The hexane was 

added in a 2:1 (v/v) ratio. The control experiments con-

sisted of enzyme mixed alone and enzyme mixed with hexane. 

The control experiments and the enzyme plus hexane and 

cholesterol experimental samples were mixed for 6, 15, 25, 

35, and 55 minutes each. The hexane plus cholesterol solu-

tion was prepared so that 28 yg of cholesterol was in each 

fraction of hexane added. This amount of cholesterol pro-

vided a ratio of 25:1 mole cholesterol:mole enzyme subunit 

which was in great excess of that usually bound to the 

soluble enzyme. After each sample was mixed for the indi-

cated times, the hexane layer was aspirated and the enzyme 

assayed as described in Chapter 2. The circular dichroism 

studies and lipid analysis were done as described in Chapter 

2. The plot of specific activity versus time (Figure 26) 

shows that enzyme mixed alone for the various times did not 

lose activity and that enzyme treated with hexane alone also 

retained constant activity. In contrast, there was a dra-

matic decrease in activity when the enzyme was treated with 

hexane plus cholesterol. This loss in activity was not due 

to the hexane alone as shown by the enzyme plus hexane con-

trol experiment. Therefore cholesterol must have been inhi-

biting the enzyme. Results from the circular dichroism 

studies agree with the observed changes in activity. Looking 

at the plot of [0] at 220 nm versus time (Figure 26) it is 
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Figure 26 

Treatment of HMG-CoA reductase with hexane plus cholesterol 

The experimental details were described in Chapter 2. For 

specific activity versus time of rotation: 

control- enzyme rotated alone 

X control- enzyme plus hexane 

o enzyme plus hexane plus cholesterol 

For [9]220 v e r s u s time of rotation 

* enzyme control at 5°C 

o enzyme control at 37°C 

enzyme plus hexane at 5°C 

o enzyme plus hexane at 37°C 

A enzyme plus hexane plus cholesterol at 5°C 

• enzyme plus hexane plus cholesterol at 37°C 
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clear that for enzyme mixed alone and enzyme mixed with hexane 

the structure of the enzyme remained virtually unchangec corre-

sponding to the constant specific activity of HMG-CoA reductase 

with time. But for the enzyme treated with hexane plus cho-

lesterol, as the activity decreased with time so did the 

ellipticity (also see Figures 27 and 28 for the circular di-

chroism spectra). The ellipticity at 25 minutes compared to 

the initial ellipticity had decreased by a factor of 2.70 and 

the activity had decreased by 2.33-fold during this period of 

time (this agreed with the cholesterol esterase experiment in 

which after treatment of the eluted enzyme from the CoA affin-

ity column for 25 minutes, the activity had decreased by 2.21-

fold) . So the addition of cholesterol has resulted in changes 

in both the activity and the structure of the enzyme. The 

lipid analysis provided the conclusive evidence for the 

transfer of the cholesterol onto the enzyme from the hexane. 

The results of the lipid analysis are shown in Table 18. A 

significant difference in the amount of cholesterol left in 

the hexane was seen at 25, 35, and 55 minutes. By 25 minutes 

there was approximately 9 yg of cholesterol that had been lost 

from the hexane. The hexane itself did not extract any detec-

table lipid which was consistent with the fact that the enzyme 

activity did not decrease as a result of hexane samples with 

cholorform:methanol (2:1) showed conclusively that the 

cholesterol was quantitatively transferred to the enzyme by 
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Figure 27 

Far UV circular dichroism spectra of HMG-CoA reductase-

hexane plus cholesterol experiment 

The experimental details were described in Chapter 2. The 

mean residue ellipiticity, [0], is expressed as deg cm2/dmole, 

Both spectra were obtained at 37°C. 
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Figure 28 

Far UV circular dichroism spectra of HMG-CoA reductase 

Hexane plus cholesterol experiment 

The experimental details were described in Chapter 2. The 

mean residue ellipticity [0], is expressed as deg cm^/dmole. 

Both spectra were obtained at 37°C. 



157 

0 + - -

- 4 + 

- 8 --

CO 
I S 

X 

5 ) - 1 2 --

- 1 6 + 

- 2 0 H H 

200 210 

1 H 

220 230 

H h 

240 250 

WAVELENGTH (NANOMETERS) 



H 
H 
H > 
X 

W 
1-3 
PQ 

e 

w 
£ 

s 
w 
ffi 

w 
ffi 
Eh 

Q 
H 

H 

cn 
H 
CO 
>H 
in 

s 
c 

Q 
H 
Ph 
H 

rH 
rH 

•a fd 
•H 

•d £ 
•H 

< Cn 
•H 

rH U 
0 O 
M 
CD CD 
•P C 
CO fd 
CD X 
rH CD 
o m 

u CD 
XJ 

tr>-P 
p. 

0 
-P 

O 
u 
CD 

tn-P 
P- CO 

CD 
•—I 

o 

u 

o 
U fi 
0 -H 
•P 0 
CO -P 
CD O 
• I M 
o a* & 
O Cn 

£ 
Cn p. 

158 

O o o O O O 
• • • • • • 

o 00 00 00 00 00 
CM CN CN CN CN 

o O LO o o 
00 in <D CT\ CN 
t • • • • 

CO rH CN CN 

+ 1 + 1 + 1 + | + 1 

o CO o O O 
O KD 00 CO 00 
• • • • • • 

o LO l> LO 
CN CN 1—1 i—1 rH 

CN o o 
• • • • • 

rH CN r-
rH i—1 CO CM i—i 

+ 1 + 1 + 1 + 1 + 1 

O CO r~- o VD CO 
• • • • • • 

O 00 00 CO rH KD 
00 G\ CO CN CN 
I—1 rH rH rH H 

rH CO CO CO CO CO 
0 CD CD CD CD CD 
u -p -P -P •P •P 
+> 3 3 
fi a fi £ G a 
0 •H •H •H •H •H 
u 6 6 E e e 

'' 

vo LO LO LO LO 
CD rH CN CO LO 
B 

LO 

>i 1—1 rH rH rH i—1 
N 0 0 0 0 0 
G Sh u u M u 
W CD CD CD CD CD 

•P -P •P -P •P 
+ CO CO CO CO CO 

CD 
CD <D CD CD CD 

CD rH i—1 rH i—1 rH 
G 0 0 0 0 0 
fd JG •a rG A A 
X 
A) 

u u u u U VI/ ffi + + + + + 

a) 
i—I 
CX g 
fd 
co 

O 
td 
CD 

M 
o 
MH 

CO 
CD 

rH 
fd > 

LO 

C 
fd 
X! +) 

CD 
+3 
rd 
CD 
u 
Cn 

G 
O 

'd 
0 
CO 
fd 
xi 

CD -p 
fd 
i—i 
3 
O 
H 
fd 
o 

CD 
U 
CD 
£ 

CO 

o 

U 
CD 

T5 
H 
fd 
TJ 
C 
fd 
-P 
* 



159 

25 minutes. These results are shown in Table 19. By 25 

minutes there was approximately 9 yg increase in the amount 

of cholesterol bound to the enzyme. The other bound lipid 

did not change as a function of the time of mixing with 

hexane plus cholesterol (data not shown). We thus conclude 

that as the enzyme was gently treated with the hexane plus 

cholesterol the decrease in activity was due to the addition 

of cholesterol as shown by the lipid analysis. As the cho-

lesterol was added, the secondary structure of the enzyme 

was altered concomitantly with the decrease in activity. 

Another important observation was that the enzyme used for 

the hexane experiment shown in Figure 25 lost ninety-five 

per cent of its activity by forty minutes whereas the enzyme 

used in this last experiment remained stable to hexane extrac-

tion. The explanation may lie in the fact that different 

enzyme preparations were used for each of these two experi-

ments. These two purified enzyme preparations had different 

lipid compositions and so the effect of hexane on each of 

them would be expected to be different depending on which 

lipids were bound to the enzymes initially. 

The experiments utilizing cholesterol esterase and 

cholesterol addition in hexane showed that cholesterol 

influenced both the change in conformation of the enzyme 

that occurred with changes in temperature and secondary 

structure of HMG-CoA reductase. Additional evidence for 

the influence of lipids on HMG-CoA reductase came from an 
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TABLE XIX 

LIPID ANALYSIS - LIPID ON THE ENZYME 

Cholesterol Cholesterol Sp. Act. 
(yg/mg protein) (yg) 

Control enzyme 32.24 .54 3 3400 

+ Cholesterol 25 
minutes 121.30 9.460 1505.7 
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extensive examination of data obtained from the various 

enzyme-lipid complexes purified through the course of this 

work. A summary of this data analysis is shown in Table 20. 

The only significant correlation of enzyme specific activity 

with any lipids was that seen with cholesterol (Figure 29) 

There was a negative correlation of specific activity with 

mole cholesterol/mole enzyme subunit. However, there were 

two distinct forms of the enzyme. One form was characterized 

by higher specific activities and greater ellipticities at 

37 C. This group of points had a correlation coefficient of 

-0.734 and extrapolation to cholesterol-free enzyme gave a 

specific activity of 1.3212 units/mg. The other form of 

enzyme was characterized by lower specific activities and 

lower ellipticities at 37°C and had a correlation coeffi-

cient of -0.6 35. Extrapolation to cholesterol-free enzyme 

gave a specific activity of 4087 units/mg. It is interesting 

to note that it is our experience that when the enzyme was 

purified either specific activities of 3000-6000 units/mg 

were obtained or the specific activities were in the 11,000-

13,000 units/mg range. Very seldom was there a specific 

activity in between these ranges. It appears that the 

cholesterol content of the purified enzyme-lipid complex 

determines the specific activity for each particular form of 

enzyme-lipid complex. More interesting is the factor that 

causes two clusters (differences in ranges of specific 

activities) of enzyme-lipid complexes to be isolated. 
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Figure 29 

HMG-CoA reductase specific activity versus mole 

cholesterol/mole enzyme subunit 

High specific activity form 

* Low specific activity form 
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Phosphatidylcholine has been shown to increase the alpha 

helical content of proteins (159). It was of interest to 

note that five of the enzyme-lipid complexes in the high 

specific activity group contained phosphatidylcholine which 

was consistent with their greater ellipticities. No corre-

lation was evident with the mole ratio of phosphatidylcholine 

to enzyme. It seemed that just the presence of phosphatidyl-

choline was enough to increase the enzyme specific activity. 

In the lower specific activity group, only two enzyme-lipid 

complexes contained any phosphatidylcholine. One of these 

contained an exogeneously added phosphatidylcholine (egg) 

which apparently was not as effective as a naturally bound 

phosphatidylcholine. From this type of data analysis, it 

was concluded that the more cholesterol bound to the enzyme, 

the lower the specific activity. This supported the results 

of the above in vitro experiments utilizing cholesterol 

esterase and hexane. Furthermore, there were two forms (or 

conformations) of the enzyme isolated that were both nega-

tively affected by cholesterol. A high specific activity 

conformation could be isolated that contained phosphatidyl-

choline and was characterized by a greater amount of ordered 

structure. This form of the enzyme was inactivated only by 

higher concentrations of cholesterol. Thus the phosphatidyl-

choline may aid in stabilizing HMG-CoA reductase against 

inactivation by cholesterol. The low specific activity and 



166 

greater sensitivity to cholesterol of the other group could 

be attributed to its lack of phosphatidylcholine. This 

activating effect on HMG-CoA reductase by phosphatidylcholine 

is consistent with results from other studies (104,157). 

This effect of cholesterol on the homogeneous enzyme 

is supported by studies done in our laboratory on the membrane-

bound enzyme. These studies were aimed at assessing the 

relationship between microsomal membrane lipid composition 

and HMG-CoA reductase activity. Rats were fed cholesterol-

supplemented chow for a varying number of days up to fourteen. 

Correlation coefficients were calculated for the estimated 

mole fraction of each lipid and HMG-CoA reductase specific 

activities. The most significant correlation was -0.89 for 

membrane cholesterol content. 



CHAPTER 4 

SUMMARY 

Regulation of HMG-CoA reductase by enzyme-lipid inter-

actions is a convenient mechanism for regulation because of 

the association of the enzyme with the endoplasmic reticulum. 

This membrane association offers a mechanism for a variation 

of feedback inhibition by cholesterol through membrane-

mediated HMG-CoA reductase-lipid interactions. It is well 

known that protein-lipid interactions in membranes can 

influence enzyme activity and that the type and extent of 

influence varies from enzyme to enzyme (106). This implies 

specific enzyme-lipid interactions within the membrane and 

necessitates a technique for assessing the extent to which 

enzyme-lipid interactions regulate HMG-CoA reductase activ-

ity. We have utilized studies of the temperature-dependence 

of HMG-CoA reductase activity as a monitor of the influence 

of membrane lipids on HMG—CoA reductase activity. 

A two-conformer model has been developed to character-

ize the nonlinear Arrhenius behavior of HMG-CoA reductase 

in which the conformation of the enzyme is dependent upon 

association with either the membrane lipids or in the case 

of pure enzyme, the lipids of the enzyme-lipid complex 

167 
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(114,115). The model is supported by its ability to describe 

the temperature—dependence of reaction velocity as diet 

composition altered the membrane lipid composition (114,115) 

and by the results of circular dichroism studies in which 

pure enzyme-lipid complex was shown to undergo a conforma-

tional change, the Tm and AH of which were dependent upon the 

lipid composition of the complex. 

A purification procedure for HMG-CoA reductase has been 

developed which is reproducible and consistently yields 

enzyme of high specific activity. The isolation of homo-

geneous enzyme in large amounts allowed for the detailed 

examination of the structure and function of this important 

regulatory enzyme. The homogeneous enzyme-lipid complex 

has been characterized with respect to lipid composition and 

its influence on the temperature-dependent activity and 

protein secondary structure. Different enzyme preparations 

contain inherently different lipid compositions even though 

the purification procedure was performed in the exact same 

way each time. HMG-CoA reductase most likely binds certain 

lipids specifically, however if lipid binds nonspecifically 

to lipid this would explain the fact that different enzyme-

lipid complexes are isolated each time. This is consistent 

with the variable thermodynamic parameters and circular 

dichroism spectra associated with the different enzyme-

lipid preparations. Both the far-and near-UV C.D. spectra 
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show a variation in protein secondary and tertiary structure, 

respectively, with temperature which is influenced by the 

lipid composition of the enzyme-lipid complex. 

Alterations of the native enzyme-lipid complex has 

aided in the further characterization of the enzyme-lipid 

interactions. By changing the lipid composition of the 

enzyme in vitro, we have further defined which specific 

lipids affect HMG-CoA reductase. The experiment using cho-

lesterol esterase showed that the formation of cholesterol 

had a profound affect on both activity and structure of the 

enzyme. Extraction with hexane showed that the neutral 

lipids bound to HMG-CoA reductase could be selectively 

extracted with time resulting in changes in enzyme activity 

and structure. In the cholesterol plus hexane experiments, 

addition of cholesterol to the enzyme caused a decrease in 

enzyme activity as in the cholesterol esterase experiments. 

Both of these experiments resulted in increases in the cho-

lesterol/cholesterol ester ratio on the enzyme which 

influenced the temperature-dependent activity and secondary 

structure of the enzyme. 

That the membrane lipids influence the temperature-

dependent activity of HMG-CoA reductase is confirmed by 

the following observation. Although the temperature-

dependent catalytic activity of both the membrane bound 

enzyme and the soluble enzyme can be described by the 
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two-conformer model, there is evidence that the membrane 

lipids influence the temperature-dependent activity of 

HMG-CoA reductase bound to the membrane. The soluble 

enzyme conformational change was characterized by a AH which 

is in the range seen for microsomal enzyme isolated from 

chow-fed animals. Cholesterol-fed animals, however, showed 

decreasing values for the change in conformation which 

mimics the effect of increasing cholesterol content of 

phospholipid bilayers (161) . In addition, for membrane-

bound enzyme the free energy of activation for the reaction 

catalyzed by the low-temperature conformer is greater than 

that for the high-temperature conformer. Aqueous enzyme, 

however, is characterized by a free energy of activation 

for the reaction catalyzed by the low-temperature conformer 

that is less than that of the high-temperature conformer. 

This is an important difference and is evidence for the 

influence of membrane association on the conformation of 

HMG-CoA reductase. Below the phase transition temperature, 

the membrane is predominately in the gel phase and the 

hydrocarbon chains of the phospholipids are in a structured 

configuration with substantially less freedom of motion than 

in the liquid crystalline phase. For a protein associated 

with these lipids, the gel phase would be likely to restrict 

protein motion as well. It is not unlikely that catalysis 

would be less effective when enzyme mobility is restricted 
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and^this could quite reasonably translate into an elevated 

AG^q. Thus, the location of HMG-CoA reductase in the gel 

phase of the membrane could increase AGT from less than 

f L o 4 

for aqueous enzyme to greater than AGh^ as we observe. 

An alternative explanation is also consistent with the 

data. It has been suggested that cholesterol preferentially 

interacts with the phospholipids in the liquid-crystalline 

state(162). If this is true, then as the temperature drops 

below the for the phase change, cholesterol will be 

released from the cholesterol-phospholipid complexes (161). 

This increased concentration of free cholesterol would be 

available to associate with HMG-CoA reductase in the gel 

phase and thereby alter its properties. It is not unreason-

able that a cholesterol-HMG-CoA reductase complex would 

have a lower specific activity than cholesterol-free HMG-

CoA reductase. This has been demonstrated for soluble 

enzyme (10 5) and in the work presented in this dissertation. 

The inhibited enzyme would have an increased AG^0 when 

compared with soluble enzyme. This is in addition to the 

effect produced by the broadened phase transition region, 

characterized by a decrease in AH, which dilutes the more 

active high-temperature conformer with the less active low 

temperature conformer at 37°C. Thus, even though an effect 

of lipid association can be demonstrated on both the 

membrane-bound enzyme and the purified enzyme as shown by 
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various diets and their different affects on the temperature-

dependent activity of membrane-bound enzyme and by altering 

the lipid composition of the soluble enzyme, respectively, 

the membrane association does confer different properties 

upon the microsomal enzyme. The fact that the soluble 

enzyme could be effected by altering the amount of choles-

terol bound to it as demonstrated by the differing tempera-

ture-dependent activity and structure of the enzyme when 

cholesterol was bound, provided evidence that the cholesterol 

was the factor perturbing the microsome-bound enzyme in 

microsomes isolated from cholesterol-fed animals. Therefore 

this effect of cholesterol was related to a physiologically 

relevant experimental condition mediated by protein-lipid 

interactions in the membrane. 

Our observations suggest that lipids in the environment 

of the enzyme are capable of influencing the conformational 

change of the enzyme leading to the observed kinetic modifi-

cations and alterations in the structure of HMG-CoA reductase, 

The influence of the lipids could arise from their phase 

transitions or through their direct interaction with HMG-CoA 

reductase. However, temperature-dependent changes in 

observed rates could also arise from a temperature induced 

conformational change of the protein independent of a change 

in the physical properties of the membrane lipids (16 3) . In 

order to determine the cause of the breaks in the Arrhenius 

plots one could study the lipid-free enzyme and then look at 
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the Arrhenius plots and see if the breaks in the plot had 

disappeared. If they had, of course, then they would have 

been due to the influence of lipids on the enzyme. But up 

to now a stable lipid-free HMG-CoA reductase has not been 

obtainable. 

One must be cautious in interpreting changes in rate due 

to temperature. Temperature-dependent changes in observed 

rats could also arise from a changing AH with temperature. 

When a ACp term is included in the two-conformer the quality 

of the fit, as evaluated by the chi-square values, is only 

negligibly improved. The best-fit values for GLJ and C^t 

51̂-0 only altered by a few hundredths when the ACp parameter 

is included in the model. These findings are probably the 

result of the fact that the data were collected over a rela-

tively narrow temperature range and so the variation in AH 

is sufficiently small that ACp is negligible. Furthermore, a 

significant ACp would not necessitate a change in conformation 

as is observed. If the rate limiting step of the enzyme 

catalyzed reaction had changed, this would also produce a 

nonlinear Arrhenius relationship. However, this would also 

not require a change in conformation of the enzyme with 

temperature. Another possible cause of the nonlinear 

Arrhenius plots could be due to the presence of isoenzymes 

of HMG-CoA reductase. Isoenzymes differ in their physico-

chemical properties so that their catalytic activity, 
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sensitivity to heat, the effects of inhibitors and reactions 

with coenzymes and substrates analogues, and their electro-

phonetic properties also differ. During the course of the 

purification if there were two forms of HMG-CoA reductase, 

these forms would have behaved differently during the various 

steps. In addition, techniques such as polyacrylamide gel 

electrophoresis and affinity chromatography would have 

distinguished between two forms of the enzyme. 

The studies reported herein have shown that HMG-CoA 

reductase undergoes at least one conformational change that 

is influenced by interactions with the bound lipids. This 

has been demonstrated through differences in shapes of the 

Arrhenius plots of enzyme activity, by circular dichroism 

studies, by UV absorption spectroscopy, and by dye-binding 

studies. Furthermore, it has been shown that HMG-CoA 

reductase is affected specifically by interactions with 

cholesterol. The fact that dietary factors affect the 

temperature-dependent activity of HMG-CoA reductase can be 

related to changes in lipid composition of the membrane and 

supports this hypothesis. The effects of cholesterol on 

the solubilized enzyme were very much like that of the 

membrane-bound enzyme and a change in structure was demon-

strated by the circular dichroism studies. Future investi-

gation into the mechanism of enzyme-lipid interactions will 
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be necessary to fully elucidate this type of regulation. 

The work reported herein is a step in that direction. 

It is probably not reasonably to suppose that a 

metabolic pathway as important as hepatic cholesterol 

biosynthesis is regulated by a single mechanism. However, 

regulation by enzyme-lipid interactions is a convenient 

mechanism of regulation because of the association of the 

enzyme with the endoplasmic reticulum membrane. This in-

vestigation has shown that the structure and specific 

activity of HMG-CoA reductase as well as the temperature-

dependence of that activity is influenced by interactions 

between HMG-CoA reductase and the lipids most intimately 

in contact with the enzyme. Thus there is evidence that 

at least one mechanism of control in the regulation of 

hepatic cholesterol biosynthesis is the interaction between 

HMG-CoA reductase and the membrane lipids. 
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