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ABSTRACT

ATP citrate lyase (ATP citrate (pro-3S)-lyase EC 4.1.3.8.),
an enzyme which produces cytoplasmic acetyl CoA for biosynthetic
pathways, is shown to exist in multiple forms in rat liver and brain.
The enzyme in crude supernatants of both tissues has been separated
into two fractions by ion-exchange chromatography. The first peak of
activity was eluted immediately, without retention, whilst the
remaining éctivity was adsorbed on the column and was eluted by a
salt gradient. Whereas only a minor proportion of the total liver
activity (15 - 20%) was present in the non-retained, basic peak, it
contained 40% of the brain enzyme. Gel filtration of crude liver
extracts revealed the presence of a high molecular weight component
(Mr~107) of ATP citrate lyase, comprising 10% of the total activity,
in addition to the tetrameric enzyme. This high molecular weight
form was absent from brain supernatants. An estimated molecular
weight of 410,000 was obtained for the tetramer using a calibrated
gel filtration column.

Rechromatography experiments with the non-retained, basic
form and the high molecular weight component, from liver, indicated
that both are unstable. High-speed centrifugation of liver homogenates
showed that the minor peak of activity from ion-exchange is not the
same as the high molecular weight activity since removal of the latter
did not result in loss of the non—retained peak. No evidence could be
found for an association of ATP citrate lyase with the enzymes fatty
acid synthetase or acetyl CoA carboxylase, or with mitochondrial
membranes.

Inhibition of ATP citrate lyase activity by L-glutamate

was investigated. The activity in crude supernatants of brain, and
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liver from normal fed rats, was inhibited by 60%; that from liver
of starved and refed rats was inhibited by 36%. Experimental
evidence suggests that this inhibition is not due to a simple

allosteric effect of glutamate.



CONTENTS

LIST OF TABLES

LIST OF FIGURES

ABBREVIATIONS
INTRODUCTION
1. General Introduction
2. Properties of ATP Citrate Lyase
i) Géneral Properties
ii) Reaction Mechanism
iii) Kinetic Properties
iv) Effects of Diet, Hormones and Development on ATP Citrate
Lyase Activity
a) Diet .
b) Hormones
c) Development
v) Regulation of ATP Citrate Lyase Activity
3. Physiological Role of ATP Citrate Lyase
i) Role of ATP Citrate Lyase in Fatty Acid Biosynthesis -
a) Citrate as the Precursor of Cytoplasmic Acetyl CoA
b) Other Mechanisms of Acetyl Group Transfer
c) Importance of ATP Citrate Lyase in Providing
Cytoplasmic Acetyl CoA for Fatty Acid Biosynthesis
d) Role of ATP Citrate Lyase in the Regulation of Fatty
Acid Biosynthesis
ii) Role of ATP Citrate Lyase in Acetylcholine Biosynthesis
in Brain
a) Source of Cytoplasmic Acetyl CoA
b) Role of ATP Citrate Lyase in the Regulation of
Acetylcholine Biosynthesis
4., Aims of this Study

Page
11

13

16

17
18
18
20

22

27
27
28
28
31
35
35
35

38

40

A4

47

48

54

56



MATERIALS AND METHODS

Page
1. Materials 59
2. Animals 59
3. ATP Citrate Lyase Assays 60
i) Spectrophotometric Assay 60
ii) Radiochemical Assay 60
4. Determination of Inhibition of ATP Citrate Lyase Activity by
L-Glutamate 62
5. Preparation of Crude Tissue Extracts 62
6. Ion-Exchange Chromatography 63
i) DEAE-Sephadex 63
ii) CM-Sephadex | 64
iii) Phosphocellulose 64
7. Gel Filtration Chromatography 65
i) Sepharose 6B and Sepharose 2B 65
ii) Sephadex G25 and Sephadex G100 66
8. Marker Enzyme Assays 66
i) Citrate Synthase EC 4.1.3.7 67
ii) Fatty Acid Synthetase System 67
iii) Lactate Dehydrogenase EC 1.1.1.27 ) 67
iv) NADPH Cytochrome c Reductase EC 1.6.2.4 67
v) Pyruvate Kinase EC 2.7.1.40 68
vi) Rotenone~Insensitive NADH Cytochbome ¢ Reductase
EC 1.6.99.3 68
1ii) Succinate Dehydrogenase EC 1.3.99.1 68
9. Subcellular Fractionation 68
10. Statistical Analysis 69



RESULTS

1. ATP Citrate Lyase Activity of Rat Liver and Brain 70
i) Spectrophotometric Assay 70
ii) Radiochemical Assay 78
2. Ion-Exchange Chromatogrpahy of Crude Supernatants 86
i) DEAE-Sephadex 86

a) Liver 86

b) Brain 99

ii) CM-Sephadex ‘ 104
iii) Phosphocellulose 105
3. Gel Filtration of Crude Supernatants 108
i) Sepharose 6B 108

a) Liver 108

b) Brain 116

ii) Sepharose 2B 116

4. Investigation of the Nature of ATP Citrate Lyase Heterogeneity 122
i) Rechromatography Experiments 122
ii) Effect of High-Speed Centrifugation on Ion-Exchange and
Gel Filtration Elution Profiles of Liver ATP Citrate Lyase 128
iii) Elution Profiles of Fatty Acid Synthetase and Acetyl CoA
Cafboxylase in Crude Liver Supernatants, from Sepharose
Gel Filtration Columns 133
iv) Elution Profiles of Marker Enzymes from DEAE-Sephadex Ion-

Exchange and Sepharose Gel Filtration Chromatography of

Liver Supernatants 135
a) Lactate Dehydrogenase 135
b) Rotenone-Insensitive NADH Cytochrome c Reductase 135



c) NADPH Cytochrome c Reductase
d) Succinate Dehydrogenase
v) Subcellular Fractionation of Crude Li&er Supernatants
vi) Sepharose 2B Gel Filtration of Crude Liver Supernatants

Prepared in Sucrose-Free Buffer

vii) Sepharose 6B Gel Filtration of Liver Supernatants in the
Presence of Mg2*

viii) Effect of Proionged Dialysis of Liver Supernatants on Ion-
Exchange Chromatography Elution Profile of ATP Citrate

Lyase

5. Inhibition of ATP Citrate Lyase Activity by L-Glutamate

i) Effect of Glutamate on ATP Citrate Lyase of Crude
Supernatants
ii) Effect of Glutamate on the Different Chromatographic Forms

of ATP Citrate Lyase
iii) Investigation of the Nature of the ATP Citrate Lyase

Inhibition by Glutamate

a) Effect of Preincubation Time

b) Effect of Inhibitors

c) Effect of Sephadex Gel Filtration

d) Effect of Supernatant Dilution
DISCUSSION

1. ATP Citrate Lyase Assays
i) Spectrophotometric Assay
ii) Radiochemical Assay
2. Heterogeneity of Rat Liver and Brain ATP Citrate Lyasé
i) DEAE-Sephadex Anion-Exchange Chromatography

ii) Phosphocellulose Cation-Exchange Chromatography

Page
136

136

140

143

144

149

154

155

158

161
161
165
165

167

170
170
172
17%
175

180



Page

iii) Gel Filtration Chromatography 183

iv) Relationship between the Charge Heterogeneity and the
Two Molecular Weight Forms of Liver ATP Citrate Lyase 186

v) Further Investigation of the Nature of the High Molecular

Weight ATP Citrate Lyase 188
a) Aggregation of ATP Citrate Lyase 188
b) Multi-Enzyme Aggregate 191
c) Membrane Association 193

3. Possible Physiological Significance of ATP Citrate Lyase

Heterogeneity 199

i) Effect of Citrate on ATP Citrate Lyase Activity 201
ii) Phosphorylation of ATP Citrate Lyase 201
iii) Proteolytic Degradation of ATP Citrate Lyase 203
iv) Mitochondrial Membrane Association of ATP Citrate Lyase 205
4, Activation of ATP Citrate Lyase 206
5. Inhibition of ATP Citrate Lyase Activity by L-Glutamate 207
CONCLUSION , 213
APPENDIX 7 214
BIBLIOGRAPHY 215
PUBLICATIONS 226

10



LIST OF TABLES

10.

11.

12.

ATP Citrate Lyase Activity of Crude Supernatants from Rat Fege

Liver and Brain 73
% Total NADH Oxidation due to Endogenous Activity 77
Effect of Dialysis on ATP Citrate Lyase Activity and Endogenous

NADH Oxidation of Crude Liver and Brain Supernatants 79
Comparison of the Radiochemical and Spectrophotometric Assays

for the Determination of Liver ATP Citrate Lyase Activity 89
% Total Recovered Activity found in the First-Eluted Peak

from DEAE~Sephadex Ion-Exchange Chromatography of Liver and

Brain Supernatants 92

Comparison of the Increase in Specific Activity of Liver ATP
Citrate Lyase, obtained by DEAE-Sephadex Ion-Exchange
Chromatography, with that observed by Hoffmann et al. (1979b) 95

Effect of Changing Total ATP Citrate Lyase Activity and/or
Total Protein Applied to DEAE-Sephadex Columns, on% Total
Recovered Activity in the Non-Retained Peak 97

% Total Recovered Activity found in the First-Eluted Peak from
Sepharose Gel Filtration of Liver and Brain Supernatants 111

Elution Volumes of ATP Citrate Lyase in Crude Supernatants of
Liver and Brain from Sepharose 6B and Sepharose 2B 112

Rechromatography of the Various Chromatographic Fractions of

Liver ATP Citrate Lyase on DEAE-Sephadex 123

Effect of High-Speed Centrifugation on DEAE-Sephadex Ion-

Exchange Chromatography Elution Profile of Liver ATP Citrate
Lyase 131
Activity of ATP Citrate Lyase and Two Marker Enzymes in Various

Subcellular Fraqtions from Liver 141

11



LIST OF TABLES - Cont.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Effect of Supernatant Preparation in Sucrose-Free Buffer
on ATP Citrate Lyase Activity and Recovery of High
Molecular Weight Form from Sepharose 2B Gel Filtration

Effect of Mgz* on Liver ATP Citrate Lyase Activity

Effect of 24h Dialysis of Crude Liver Supernatants on ATP
Citrate Lyase Activity in the Two Peaks observed by DEAE-
Sephadex Ion-Exchange Chromatography

Inhibition of ATP Citrate Lyase Activity of Crude Supernatants
by 10mM L-Glutamate

Inhibition by 10mM L-Glutamate of ATP Citrate Lyase Activity
Eluted from DEAE-Sephadex Ion-Exchange Columns

Inhibition by 10mM L-Glutamate of Liver ATP Citrate Lyase
Activity Eluted from Sepharose Gel Filtration Columns

Effect of Increased Preincubation Time on ATP Citrate Lyase
Activity of Crude Liver Supernatants

Effect of Aminooxyacetate (2mM) on the Inhibition of Liver
ATP Citrate Lyase Activity by L-Glutamate

Effect of Sephadex G25 and G100 Gel Filtration of Crude Liver
and Brain Supernatants on Inhibition of ATP Citrate Lyase

Activity by 10mM L-Glutamate

Page

146

150

151

156

159

160

163

166



LIST OF FIGURES

1. Schematic Representation of the Possible Routes of Acetyl Feee

CoA Transport out of the Mitochondria 36
2. 3cheme Showing the Possible Pathways by which ATP Citrate Lyase

can 3upply the Precursors of Fatty Acid Biosynthesis 42
3. ATP Citrate Lyase Activity of Liver and Brain Supernatants:

Activity v Amount of Sample 72
4. Activation of Liver ATP Citrate Lyase by 5mM Dithiothreital 80
5. Amount of 14002 Trapped by Ethanolamine v Amount of NaHlA'CO3

Acidified 83
6. Amount of CO2 Released v Amount of Oxaloacetate Decarboxylated 85
7. Radiochemical Assay of Liver ATP Citrate Lyase: 14002 Released

v Amount of Sample 87

8. Radiochemical Assay of Liver ATP Citrate Lyase: 14002 Released

v Incubation Time 88
9. DEAE-Sephadex Ion-Exchange Chromatography of ATP Citrate Lyase

Activity of Crude Liver Supernatant 91
10. % Total Recovered ATP Citrate Lyase Activity found in the

First-Eluted Peak from DEAE-Sephadex Ion-Exchange Chromatography

of Liver and Brain Supernatants . 93
11. DEAE-Sephadex Ion-Exchange Chromatography of Crude Liver

Supernatants in the Presence of Phenylmethylsulphonyl

Fluoride 101
12. DEAE-Sephadex: Ion-Exchange Chromatography of ATP Citrate

Lyase Activity of Crude Brain Supernatant 103
13. Phosphocellulose Cation-Exchange Chromatography of ATP Citrate

Lyase Activity of Crude Supernatants from Liver and Brain 107

14. Gel Filtration of Crude Liver Supernatant on Sepharose 6B 110

13



LIST OF FIGURES - Cont.

15. % Total Recovered ATP Citrate Lyase Activity found in the raee

First-Eluted Peak from Sepharose 6B Gel Filtration of

Liver and Brain Supernatants 113
16. Estimation of the Molecular Weight of the Major Peak of Liver

ATP Citrate Lyase from Sepharose 6B Gel Filtration 115
17. Gel Filtration of Crude Brain Supernatant on Sepharose 6B 118
18. Gel Filtration of Crude Liver Supernatant on Sepharose 2B 120
19. Rechromatography of the Major Tetrameric, and the Minor High

Molecular Weight Forms of ATP Citrate Lyase obtained from

Sepharose 6B, on the Same Column 127
20. Effect of High-Speed Centrifugation on the Sepharose 6B Gel

Filtration Elution Profile of ATP Citrate Lyase 129
21. Elution Profile of Fatty Acid Synthetase obtained by Sepharose

2B Gel Filtration of Crude Liver Supernatant 134
22. Elution Profiles of RIDCR and NADPH Cytochrome c¢ Reductase

obtained by Sepharose 6B Gel Filtration of Crude Liver

Supernatant 137
23. Elution Profile of RIDCR obtained by Sepharose 2B Gel

Filtration of Crude Liver Supernatant ' 138
24. Elution Profile of RIDCR obtained by DEAE-Sephadex Ion-Exchange

Chromatography of Crude Liver Supernatant 139
25. Sepharose 2B Gel Filtration of Crude Liver Superantant

Prepared in Sucrose-Free Buffer 145
26. Effects of Mg>' and Na' Ions on the Elution of Liver ATP

Citrate Lyase from Sepharose 6B 148
27. Effect of 24h Dialysis of Crude Liver Supernatant on the Elution

of ATP Citrate Lyase from a DEAE-Sephadex Column 183

14



LIST OF FIGURES -~ Cont.

28.

29.

30.

Effect of Preincupation Time on the Inhibition of Liver
ATP Citrate Lyase Activity by L-Glutamate

Effect of Supernatant Dilution on Inhibition of Liver ATP
Citrate Lyase Activity by L-Glutamate

Summary of the Heterogeneity of Rat Liver and Brain ATP

Citrate Lyase

15

Page

162

169

189



ABBREVIATIONS

ADP

ATP

BSA

cAMP
CM-Sephadex
CoA

DCPIP
DEAE-Sephadex
EDTA

NAD

NADH

NADP

NADPH

PPO

RIDCR

SEM

SDS

Tris

adenosine 5'-diphosphate

adenosine 5'-triphosphate

bovine serum élbumin

3',5'-cyclic adenosine 5'-monophosphate
carboxymethyl Sephadex

coenzyme A

2,6-dichlorophenol indophenol

diethylaminoethyl Sephadex
ethylenediaminetetraacetic acid

nicotinamide adenine dinucleotide

reduced nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
reduced nicotinamide adenine dinucleotide phosphate
2,5-diphenyloxazole

rotenone-insensitive NADH cytochrome c reductase
standard error of the mean

sodium dodecyl sulphate

Tris (hydroxymethyl)amino-methane

16



INTROUCTION

1. General Introduction

ATP citrate lyase (ATP:citrate oxaloacetate-lyase (CoA-
acetylating and ATP-dephosphorylating);EC 4.1.3.8) is a cytoplasmic
enzyme which catalyses cleavage of citrate from the mitochondria to
produce acetyl CoA and oxaloacetate.

Mg2+

citrate + ATP + COA ———> acetyl CoA + oxaloacetate + ADP + Pi

Cytoplasmic acetyl CoA is required for biosynthesis of fatty
acids, cholesterol, and acetylcholine. Thus, ATP citrate lyase provides
a route of transport between the two separate pools of cellular acetyl
CoA; one in the mitochondria, the site of production of acetyl CoA from
pyruvate, and the second in the cytoplasm, the site of utilisation for
biosynthetic pathways.

Citrate exported from the mitochondria and cleaved in the
cytoplasm by ATP citrate lyase is now considered the major precursor of
cytoplasmic acetyl CoA for fatty acid biosynthesis in liver and adipose
tissue. However, the physiological role of ATP citrate lyase in brain
is less well understood. It has been shown to be involved in the supply
of acetyl CoA for both fatty acid and acetylcholine ‘biosynthesis, and
therefore it appears to have a dual role in this tissue. 1In addition,
although ATP citrate lyase is the first enzyme in thé pathway of both
fatty acid and acetylcholine biosynthesis, no regulatory control mechanism
has yet been found, and the role of the enzyme in the rate-limiting
control of these pathways is still in dispute.

”Hence, ag investigation of the properties of ATP citrate lyase
from liver and brain was undertaken in an attempt to establish whether

the different physiological roles of the enzyme in these two tissues are
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reflected in different properties. Moreover, the possibility that
the enzyme may be specialised in a particular tissue may be an

indication of a regulatory role.

2. Properties of ATP Citrate Lyase

i) General Properties

ATP citrate lyase was first discovered in pigeon liver (Srere
and Lipmann, 1953), and has since been found in several tissues, from a
number of animals (Hoffmann et al., 1979b; Srere, 1959). The highest
activities of the enzyme are found in liver, adipose tissue,lactating
mammary gland and brain, and it has been shown to be cytoplasmic in
liver (Srere, 1959), adipose tissue (Martin and Denton, 1970;
Saggerson, 1974), and brain (Szutowicz and Lysiak, 1980; Tucek, 1967b).
The enzyme has been purified from rat liver (Hoffmann et al., 1979b ;
Inoue et al., 1966; Linn and Srere, 1979; Redshaw and Loten, 1981;
Singh et al., 1976), chicken liver (Srere, 1959), lactating rat mammary
gland (Guy et al., 1980, 1981), and rat brain (Szutowicz et al., 1975).
ATP citrate lyase from adipose tissue has been partially purified from
pig (Mersmann and Houk, 1975); in addition, Ramakrishna and Benjamin
(1979) purified a phosphoprotein from rat adipose tissue which they
identified as ATP citrate lyase.

The highest specific activity that has been obtained for the
pure enzyme was that reported by Linn and Srere (1979); their
purification of liver ATP citrate lyase from starved and refed rats
yielded a specific activity of 9 units/mg protein when measured by the
coupled spectrophotometric assay at 25°C. Other values reported in the
literature for the purified liver enzyme (from starved and refed rats)
range from 3-8 units/mg protein (Alexander et al., 1979; Hoffmann et al.,

1979b; Inoue et al., 1966; Redshaw and Loten, 1981; Singh et al.,
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1976; Vogel and Bridger, 1981; Walsh and Spector, 1969). This
represents the range obtained for the enzyme purified by different
methods, and assayed under different conditions of temperature, pH
and protein determination. Hence, although not directly comparable,
it gives some indication of the activity of the ﬁure liver enzyme.
The specific activity of ATP citrate lyase purified from lactating
rat mammary gland was reported to be 3.8 units/mg protein (Guy et al.,
1981), which is of the same order as that for the liver enzyme. In
contrast, Szutowicz et al. (1975) purified rat brain ATP citrate
lyase and determined that the specific activity was only 0.12 units/
mg protein. Thus, it appears that the activity of the brain enzyme
is somewhat lower than that of liver even taking into account differences
in conditions.

Rat liver ATP citrate lyase has a molecular weight of 4 x 105 -
5 x 105 as determined by ultracentrifugation (Inoue et al., 1966) and by
sedimentation equilibrium (Singh et al., 1976). SDS polyacrylamide gel
electrophoresis of the pure liver enzyme revealed a single band with an’
estimated molecular weight of 1.2 x 105 (Singh et al., 1976). This
indicates that the enzyme consists of four equal sized subunits. Guy
et al. (1981) have recently shown that the enzyme purified from
lactating mammary gland has a subunit molecuiar weiéht similar to that
of the liver enzyme. In addition, they observed that the native enzyme
protein migrated in the ultracentrifuge in a manner identical to that
shown for the liver enzyme (Inoue et al., 1966). No direct determination
of the molecular weight of the enzyme from adipose tissue or brain has
been reported. However, identification of a fat cell phosphoprotein as
ATP citrate lyase (Alexander et al., 1979; Ramakrishna and Benjamin, 1979),

was made partly on the basis of the similarity in subunit molecular weight

of * the two proteins, and the.behaviour of the native protein on sucrose
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gradient centrifugation. Hence, it would appear that adipose tissue
ATP citrate lyase has a similar molecular weight to the liver enzyme.

The amino acid composition has been determined for the liver
enzyme (Inoue et g&., 1966; Singh EE gi.,1976; Srere, 1972) and the
mammary gland enzyme (Guy et al., 1981). Suzuki et al.(1967) studied
the immunochemical properties of the enzyme. Using antibody against
rat liver ATP citrate lyase raised in rabbit, tgey found the enzyme
in crude extracts from other tissues was immunochemically
indistinguishable from the liver enzyme. In contrast, there appears tobe
species specificity, since Iiver ATP citrate lyase from other species showed
only partial reaction with antibody to rat liver enzyme.

ATP citrate lyase is unstable both in crude extracts and in
the purified state. This instability is partly due to oxidation of
essential sulphydryl groups and hence storage in the presence of a
sulphydryl reagent, usually 10mM dithiothreitol, is essential (Cottam
and Srere, 1969). The enzyme is also susceptible to proteolytic attack
(Linn and Srere, 1979), resulting in the formation of a number of small
polypeptides as seen by SDS gel electrophoresis of the pure liver
enzyme (Guy et al., 1981; Linn and Srere, 1979; Singh et al., 1976).
Several different conditions have been used for storage of the enzyme
(Cottam and Srere, 1969; Inoue, et al., 1966; Linﬁ and Srere, 1979;
Mersmann and Houk, 1975; Redshaw and Loten, 1981; Walsh and Spector,
1969). These include storage in the preéence of different sulphydryl
reagents, and salts (e.g. KEl,(NH4) t510) MgClz), in addition to wvarious

2774

pH conditions and temperatures (i.e. 0°C and -20°C).

ii) Reaction Mechanism

The reaction mechanism of the ATP citrate lyase catalysed

cleavage of citrate is complex. Kinetic analysis of the enzyme reaction
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suggested a sequential mechanism (Farrar and Plowman, 197l1a; Plowman and
Cleland, 1967). However, isotopic exchange experiments (Farrar and
Plowman, 1971b; Plowman and Cleland, 1967) indicated that after
phosphorylation of the enzyme by MgATP (Inoue et al.,1968; Plowman and
Cleland, 1967), release of MgADP could occur prior to addition of the
other two substrates indicating a ping-pong mechanism. Therefore it was
proposed that after the initial phosphorylation of the enzyme, the
reaction could proceed by different routes depending on the conditions.
Schematic representation of the reaction mechanism has been presented
by Plowman and Cleland (1967) and Srere (1972). The phosphorylated
enzyme has been isolated and identified as a true intermediate (Inoue

et al.,1968; Plowman and Cleland, 1967).

ATP citrate lyase shows an absolute specificity for the three
substrates, ATP, citrate and CoA (Inoue et al., 1966; Srere, 1961;
Mersmann and Houk, 1975). Thus,'no appreciable activity was observed
when ATP was replaced by another nucleotide triphosphate, or when citrate
was replaced by one of several other organic acids tested; pantotheine
could not replace CoA. Mg2+ is essential for enzyme activity, although
it can be replaced with Mn2+ or Co2+ but with subsequent loss of 20-40%
of activity. There is also a requirement for sulphydryl groups on the
enzyme, demonstrated by the inhibition of activity gy 5,5'-dithiobis(2-
nitrobenzoate) (Cottam and Srere, 1969).

The three substrates of ATP citrate lyase are used in equimolar
amounts to produce the products of the reaction, acetyl CoA,
oxaloacetate, ADP and inorganic phosphate (Srere, 1961). Cleavage »f
citrate by ATP citrate lyase is stereospecific, such that the carbon-carbon
bond broken is the same oﬁe that is formed by the condensation of

oxaloacetate and acetyl CoA by citrate synthase (Srere and Bhaduri, 1964).

Thus, acetyl CoA consists entirely of carbon 1 and 2 of citrate; carbons
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4 and 5 are incorporated into the second cleavage product, oxaloacetate.
The pH optimum of liver ATP citrate lyase is between pH 8.4-8.7
for the rat (Inoue et al.,1966) and chicken (Cottam and Srere, 1969)
enzyme, whereas a lower optimum of pH 8.0 has been reported for pig
adipose tissue enzyme (Mersmann and Houk, 1975). Szutowicz and co-
workers (Szutowicz et al., 1971, 1974b, 1975) repeatedly found a pH

optimum of pH 7.8 for both liver and brain enzymes.

iii) Kinetic Properties

The equilibrium constant for the ATP citrate lyase catalysed
reaction was found to be 1.0-1.5M (Plowman and Cleland, 1967). Although
Srere (1961) failed to demonstrate the reverse reaction (i.e. formation
of citrate), such reversibility was later shown by others (Inoue et al.,
1968; Plowman and Cleland, 1967). However, the reaction was stronger
in the direction of citrate cleayage; Plowman and Cleland (1967) found
that citrate formation proceeded at only 5% of the rate of citrate
cleavage. Therefore, under physiological conditions, the reaction
catalysed by ATP citrate lyase is considered irreversible.

ATP citrate lyase from rat liver shows normal Michaelis-Menton
kinetics with respect to ATP and CoA. Km values for these two substrates
are in the range of 0.17-0.50mM and 1.6-3.0uM respecdtively (Hoffmann et al.,
1979b; 1Inoue et al., 1966; Plowman and Cleland, 1967; Ranganathan et
al., 1980). Similar Km values for ATP were reported for the enzyme from
rat brain and mammary gland (Guy et al., 1981; Szutowicz et al., 1971,
1974§), and Mersmann and Houk (1975) obtained a Km of 0.7mM for ATP using
partially purified'enzyme from pig adipose tissue. Km values for CoA
appear to be more variable; O.7pM for brain (Szutowicz et al., 1974b)
and 12yM for mammary gland (Guy et al., igél). In contrast however, the

kinetics of liver ATP citrate lyase with respebt to the third substrate,
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citrate, were non-linear, exhibiting an unusual biphasic nature.

Thus, Plowman and Cleland (1967), using purified rat liver
ATP citrate lyase, observed non-linear double reciprocal plots of
velocity versus citrate concentration over the range of approximately
0.03-2mM citrate. However, in the presence of a high chloride ion
concentration (0.25M) such plots became linear, and the K.m for citrate
was determined to be 0.071mM. Similar results were later reported by Watson
et al. (1969) who calculated two Km values for citrate; 0.16mM for
low citrate concentrations (<lmM) and S5mM for high citrate concentrations.
In the presence of high chloride ion concentration, they observed a Km
for citrate of 0.14mM i.e. comparable to that for low citrate concentration.
Furthermore, under conditions of high chloride they reported a 50% decrease
in Vmax of the enzyme when measured at low citrate concentrations.

This biphasic nature of the kinetics of the enzyme with respect
to citrate has also beeﬁ observed by Szutowicz and co-workers, for both
liver and brain ATP citrate lyase (Szutowicz and Angielski, 1970;

Szutowicz et al., 1975). Using a much wider range of citrate concentrations
(approximately 0.2-20mM), they obtained biphasic kinetics in the presence
of high chloride ion concentration, conditions which had earlier been
reported by others to linearise the kinetics. However, in contrast to the
work described above, the deviation froﬁ linearity‘ was observed at a
much higher citrate concentration (3-5mM). It would therefore appear that
in the presence of chloride ions a higher concentration of citrate is
required for the conversion of the enzyme from the low Km to the high Km
state. Szutowicz and Angielski (1970) suggested that the enzyme has two
independent sites for citrate, a substrate binding site and a regulatory
site. Thus, in the presence of a high citrate concentration, citréte
binds to the low affinity (high Km) regulatory site in addition to the
high affinity (low Km) substrate binding site, resulting in activation

of the enzyme. No co-operativity of citrate binding was detected
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(Szutowicz and Angielski, 1970). The effect of chloride ions under
these circumstances would be to act as a competitivé inhibitor of
citrate at the regulatory site, thus resulting in lower activity of
the enzyme as observed by Watson et al. (1969). The inhibition could
be overcome by high citrate concentration as indicated by the higher
citrate concentration required in the presence of chloride ions to
observe the high Km for citrate.

An alternative explanation put forward by Plowman and
Cleland (1967), was that there are two forms of ATP citrate lyase each
with a different affinity for citrate. Hence, one form with high
affinity for citrate would use Mg-citrate as the substrate, whereas
the low affinity form would utilise free citrate. The effect of C1~
would then be to inhibit the low affinity form. A similar theory was
proposed by Szutowicz and Angielski (1970) who suggested the existence
of isoenzymes. Hoffmann et al. (1979b) also observed activation of rat
liver ATP citrate lyase in the presence of high citrate concentration
(20mM). However, they also reported activation of the enzyme in the
presence of high chloride ion concentration (0.25M), both at 2mM and 20mM
citrate. They explained these results in terms of a general activation
of the enzyme by various anions; hence, citrate and chloride ions
produced the same effect because of the anionic natﬁre of both. However,
they expressed their results only in terms of percentage activation of
the enzyme, and theref;re comparison with the more detailed results of
Watson et al. (1969) is not possible. Nevertheless, the function of a
relatively non-specific activation, as suggested by Hoffmann and co-workers,
is not readily apparent whereas the more specific activation by the enzyme
substrate citrate proposed by others {(Plowman and Cleland, 1967; Szutowicz

and Angielski, 1970; Watson et §l.,1969) is more favourable in terms of

regulation of enzyme activity.
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Plowman and Cleland (1967) also suggested that the biphasic
kinetics could be explained by a random reaction mechanism which would
result in presence of more than one enzyme-substrate complex to which
citrate could bind. However, the authors pointed out that such a
mechanism required that at least two of the substrates should show
biphasic kinetics. In this respect it is interesting to note that
Mersmann and Houk (197%5) observed biphasic kinetics of partially purified
ATP citrate lyase from pig adipose tissue with CoA as well as with
citrate.

The reports in the literature therefore indicate that the Km
for citrate of ATP citrate lyase is dependent on both the citrate and the
chloride ion concentration. In addition, the kinetics of the enzyme
with respect to citrate and ATP, depend on the Mg2+ concentration
indicating the involvement of MgATP and Mg-citrate complexes (Szutowicz
and Angielski, 1970). Nevertheless, for given concentrations of c1l
and Mg2+, there appear to be two Kﬁ values for citrate, one at low
citrate concentrations, 0.05-0.16mM, and a higher Km, 2-5mM, athigh citrate
concentrations (Plowman and Cleland, 1967; Szutowicz and Angielski, 1970;
Szutowicz etal., 1971, 1974b, 1975; Watson et al., 1969). Interestingly however,
Inoue etal. (19686) failed to observe any biphasic natureof the kinetics of
pure liver ATP citrate lyase with respect to citraté, despite measuring
the activity over a range of 1-10mM citrate. This may have been the
result of the concentrations of €1~ and Mg2+ in>the assay.

There has been very little recent work on the kinetics on ATP
citrate lyase and in particular with respect to citrate. However, it
seems that this is an important area of research especially in view of
the possible regulatory role of citrate. Moreover, citrate is a well-

known activator of acetyl CoA carboxylase. It has long been considered

the major regulator of the activity of this enzyme, which is generally
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accepted as the rate-limiting enzyme of fatty acid biosynthesis. From

a practical point of view, assay of ATP citrate lyase at the usual
optimal citrate concentration (~20mM) may mask regulatory mechanisms
present in vivo where conditions of lower citrate concentrations, 0.05-
2mM (Greenbaum et al., 1971; Siess et al., 1976, 1978), may affect the
Km of the enzyme for citrate, and the rate of the reaction.

ATP citrate lyase of rat liver and brain is inhibited by two
of the reaction products, ADP and inorganic phosphate (Inoue et al.,
1966; Szutowicz and Angielski, 1970; Szutowicz et al.,1974b, 1975). The
inhibition is competitive with respect to ATP and the K.i for ADP is
0.13-0.19mM for both the liver and brain enzyme. The other two products
of the reaction, acetyl CoA and oxaloacetate, had no inhibitory effect
on liver ATP citrate lyase (Inoue et al.,1966).

Szutowicz et g;.(1974a) reported inhibition of ATP citrate
lyase by L-glutamate. The purified enzyme from liver of starved rats,
and from adult rat brain was inhibited by 40% and 80% respectively,
in the presence of 10mM glutamate. They reported that the inhibition
was competitive with respect to ATP, and determined the Ki for the brain
enzyme to be 0.3mM. In contrast, glutamate was without effect on the
enzyme from newborn rat brain,and liver ATP citrate lyase from starved
and refed rats. Szutowicz and co-workers (Szutowicé et al., 1974b, 1975)
also showed inhibition of liver and brain ATP citrate lyase by d -keto-
glutarate, irrespective of the age or dietary condition of the animals
used. 50% ihhibition was obtained in the presence of 10mM d-ketoglutarate,
and the Ki for the brain enzyme was 9mM.

The physiological significance of the inhibition of ATP citrate

lyase by ADP and L-glutamate will be discussed later.
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iv) Effects of Diet, Hormones and Development on ATP Citrate

Lyase Activity

a) Diet

ATP citrate 1lyase activity of liver and adipose tissue is
dependent on the dietary condition of the animals (Barth et al., 1972;
Foster and Srere, 1968; Goodridge, 1968c; Hoffmann et al., 1980c;
Kornacker and Ball, 1965; Kornacker and Lowenstein, 1965a,b; Pearce,

1980; Shrago et al.,1971; Szutowicz et al.,1974b; Takeda et al.,1967;
Vernon and Walker, 1968b). Rats fed a high carbohydrate diet showed

an increased liver ATP citrate lyase activity of 2—13-fold‘after 3-6 days.
The magnitude of the increase was found to be dependent on the composition
of the diet; a diet high in fructose produced a greater response than a
high glucose diet. Glycerol feeding was also effective in producing an
increased ATP citrate lyase activity of the tissue. Moreover, the highest
increase in enzyme activity was observed when rats were refed a high
carbohydrate diet after an initial 48h starvation. In contrast, refeeding
a high fat diet inhibited this increase of activity. Starvation for 48h
produced a 3-fold decrease in liver ATP citrate lyase activity.

Adipose tissue ATP citrate lyase responds to dietary conditions
in the same wav ag liver enzyme, although the magnitude of the changes
in activity appear to be lower. In contrast, the activity of the enzyme
in brain is not affected by the nutritional status of the animal
(Szutowicz et al.,1974b).

The effect of diet on liver an? adinose tissue ATP citrate lyase
can he correlited with the observed alterations in fatty acid synthesis
under the =ame conditions. Thus, Spencer et gl.(1964) measured increased
incorporation of citrate into fatty acids of liver in response to starving
and refeeding, and a decreased incorporation during -starvation. Similar

results were ootained in liver and adipose tissue using labelled glucose
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as the precursor (Goodridge, 1968c; Saggerson and Greenbaum, 1970b).

b)  Horiones

Rat liver ATP citrate lyase activitv has been shown to be
influenccd oy hormones (Kornacker and Lowenstsin, 1985b; Spence et al.,
1979; Szutowicz et gl.,1974b). Insulin injection increased ATP citrate
iyase activity of liver, and a similar responze was observed using
cultured hepatocytes incubated with insulin for 24h. In contrast,
glucagon produced a 68% decrease in ATP citrate lyase activity of
cultured hepatocytes.

ATP citrate lyase activity is decreased in liver of diabetic
animals {(Kornacker and Lowenstein, 1965b; Szutowicz et al.,1974b;
Takeda et al., 1967), in parallel with a decreased rate of fatty acid
synthesis., Insulin administration produced an increase in ATP citrate
lyase activity which was greater than that seen in normal animals.
Furthermore, the enzyme activity of diabetic animals could be increased
by feeding a high fructose or high glycerol diet; feeding a high glucose
diet had no effect. This can be explained to be the result of impaired
glucose metabolism in diabetic animals, whereas utilisation of fructose
and glycerol is unaffected. Hence, feeding fructose or glycerol to
diabetic animals has the same effect as feeding normal rats any high
carbohydrate diet, i.e. increased ATP citrate lyase activity.

No changes have been found in brain ATP citrate lyase in response
to insulin or diabetes (Szutowicz et al., 1974b). The effect of hormones
on the adipose tissue enzyme does not appear to have been studied in any

detail.

C. Development
ATP citrate lyase is also sensitive to deVelopmental changes

(Ballard and Hanson, 1967; Goodridge, 1968b,c; Szutowicz et al.,1974b;
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Taylor et al.,1967; Vernon and Walker, 1968a,b). In early development,
the changes in activify can generally be attributed to the different
dietary conditions. Thus, the enzyme activity is high in liver of
foetal rats when the diet is high in glucose, but decreases rapidly
after birth at the onset of suckling when the diet changes to one high
in fat. At weaning there is a large increase in activity corresponding
to the change to an essentially high carbohydrate diet. Similar results
were obtained by Goodridge (1968b,c) for chicken liver ATP citrate lyase;
in this case enzyme activity increased after hatching, with the change
from the high fat diet of the yolk to the high carbohydrate diet fed to
chicks. As shown for the effects of diet on the enzyme, the changes in
ATP citrate lyase activity can be correlated with parallel changes in
fatty acid synthesis (Ballard and Hanson, 1967; Goodridge, 1968a,c;
Taylor et gl.,1967). However, although these dietary changes play a
large part in determining the ATP citrate lyase activity of the tissue,
Taylor et al. (1967) suggested that the low activity found in suckling
rat may be the result of other factors, since weaning rats onto a high
fat diet did notcompletely prevent the normal increase in activity.

These early developmental changes in ATP citrate lyase do not
appear to have been studied in detail for the adipose tissue enzyme,
although Goodridge (1968b) reported that the enzyme‘activity showed no .
change in hatching chicks. He suggested that this was due to the minor
role of this tissue in lipogenesis in birds compared to rats.

More recently it has been found that old obese rats have
reduced ATP citrate lyase activity in adipose tissue, and a diminished
capacity for induction of the liver enzyme, compared to young lean rats
(Boll et al., 1982; Hoffmann et al., 1979a). However, this was found to
be a result of the obesity of the old rats rather than age (Boll et al.,

1982; Hoffmann et al., 1980b).
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Brain ATP citrate lyasé which, unlike the enzyme from liver
and adipose tissue, does not respond to changes in diet or the presence
of hormones, is affected by developmental changes. Thus, the enzyme
activity was found to decrease in rats from newborn to adult (D'Adamo
and D'Adamo, 1968; Szutowicz et al., 1974b). 1In contrast, Buckley and
Williamson (1973) found no such change in activity. Szutowicz et al.
(1980) however measured ATP citrate lyase activity in the cerebellum
and the cerebrum, rather than the whole brain homogenates used
previously. They found that although there was a decrease in activity
of the enzyme in the cerebellum, the cerebral activity remained
unchanged. They explained these results in terms of a developmental
decrease in lipogenesis in both the cerebellum and the cerebrum, but
an increase in acetylcholine synthesis in the cholinergic cerebrum.
Hence, ATP citrate lyase which is thought to be involved in both
lipoéenesis and acetylcholine biosynthesis in brain, showed reduced
activity in the cerebellum as a result of decreased lipogenesis, but
in the cerebrum, the decreased requirement in this pathway was presumably
balanced by an increased requirement in acetylcholine biosynthesis.

Another tissue containing a high activity of ATP citrate lyase

is mammary'gland from lactating rats. Enzyme activity is low in non-
- lactating tissue, but rises sharply at the start of‘lactation reaching
a maximum by about the fourth day (Baldwin and Milligan, 1966; Howanitz
and Levy, 1965; Martyn and Hansen, 1981). A rapid decrease in activity
back to normal levels occurs at weaning.

Once again the changes in ATP citrate lyase activity can be
correlated with the increased lipogenic capacity of the tissue during

lactation (Martyn and Hansen, 1981; Smith and Ryan, 1979).
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The changes in the level of ATP citrate lyase in various tissues
described here, together with the kinetic properties of the enzyme (see
Section 2iii) will now be discussed in terms of the possible regulatory

properties of the enzyme.

v) Regulation of ATP Citrate Lyase Activity

Until recently ATP citrate lyase has not been seriously
considered as a regulatory enzyme, and hence there has been little
investigation of the possible mechanisms involved in the control of
enzyme activity. However, as shown in the previous section, ATP citrate
lyase activity does change in response to dietary, hormonal and
developmental factors. Furthermore, in common with many regulatory
enzymes, ATP citrate lyase has complex kinetics; citrate appears to act
as an activator as well as a substrate, and the enzyme is inhibited by
two of the reaction products, ADP and inorganic phosphate. Therefore,
there appear to be two possible levels of control of ATP citrate lyase
activity - long-term regulation involved in the overall level of enzyme
activity of the tissue, and short-term control, possibly important in
the regulation of fatty acid and/or acetylcholine biosynthesis.

The long-term regulation of ATP citrate lyase activity is
brought about by Changes in the amount of enzyme protein. Thus, the
dietary induced increase in liver ATP citrate lyase was shown to be the
result of an equivalent increase in the amount of enzyme protein,
determined immunochemically (Suzuki et al., 1967). Conversely, starvation
resulted in an equivalent decrease in enzyme protein. Several workers
demonstrated that the increased ATP citrate lyase activity could be
prevented by the use of inhibitors of protein synthesis, indicating that
increased amount of enzyme was due to increased synthesis (Gibson et al.,

1967; Kornacker and Lowenstein, 1965a; Szutowicz et al.,1974b; Takeda et
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al., 1967). More recently Spence et al. (1979) demonstrated that the
increase in ATP citrate lyase activity of cultured hepatocytes in
response to insulin was accompanied by a similar increase in the amount
of enzyme synthesised. However, the decrease in activity produced by
glucagon did not result in a significant decrease in the enzyme
synthesis. Beins et al.(1980) measured the rate of ATP citrate lyase
synthesis in vivo by pulse labelling with tritiated leucine. They
observed an increased rate of synthesis after feeding a high carbohydrate
diet, and a decreased rate after starvation. However, they did not
comment on whether these changes in the rate of synthesis of the enzyme
completely accounted for the. observed changes in ATP citrate lyase
activity. Therefore, although long-term regulation of ATP citrate lyase
activity appears to be controlled by the rate of synthesis of the enzyme,
the possible involvement of the rate of degradation has not yet been
excluded.

Short-term control of enzyme activity may involve allosteric
regulation by substrates or other cell metabolites, and/or covalent
modification of the enzyme., With reference to ATﬁ citrate lyase, the
biphasic kinetics of the reaction with respect to one of the substrates,
citrate, and the inhibition of activity by ADP, one of the reaction
products, both provide possible mechanisms of allosferic control.

As described earlier ATP citrate lyase has two Km values for
citrate (Section 2iii). One of the possible explanations for this
phenomena is that citrate acts at a regulatory site in addition to the
substrate binding site, although there appears to be no co-operativity
between these sites (Szutowicz and Angielski, 1970).

The concentration of citrate in the cytoplasm varies befween
0.05-2mM depending on the conditions of the experiment (Greenbaum et al.,

1971; Siess et al.,1978, 1978). There appear to be conflicting reports
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however, of the effect of various nutritional conditions on the citrate
concentration (Ballard and Hanson, 1969; Greenbaum et al.,1971;

Saggerson and Greenbaum, 1970a,b; Siess et al.,1976, 1978; Spencer and
Lowenstein, 1967). Nevertheless, the general opinion is that changes in
cellular citrate concentration, if any, do not correlate with changes in
fatty acid biosynthesis. At first sight, therefore, it would appear

that control of ATP cifrate lyase by citrate under physiological conditions,
is unlikely. However, with reference to short-term regulation of enzyme .
activity, the immediate changes in citrate concentration need to be considered.
Moreover, comparison of the two Km values of ATP citrate lyase for citrate
(0.05-0.16mM and 2-5mM), with the range of citrate concentration measured
in the cytoplasm, suggests that depending on the conditions the enzyme

may operate at either Km.

Atkinson and Walton (1967) considered the possibility of control
of ATP citrate lyase by product inhibition. ADP is a competitive inhibitor
of the enzyme with respect to ATP, and the Ki for ADP is similar to the
Km for ATP, i.e. around 0.2mM (Inoue et al.,1966). Comparison of these
values with the cytoplasmic concentrations, ATP ~3mM, ADP ~0.5mM (Tischler
et al., 1977), indicates that although the ATP concentration is sufficient
to saturate the enzyme, the physiological ADP concentration is high enough
to cause some inhibition. Atkinson and Walton (1967) suggested that the
enzyme activity could be controlled hy the ATP/ADP ratio, and proposed
such a mechanism as a model for enzyme regulation by the energy charge
of the cell. Thus, whilst absolute concentrations may change little under
different physiological conditions, a significant change in the ATP/ADP
. may be achieved. Seitz et al. (1977) did in fact report a 2-fold increase
of tﬁis ratio in the cytoplasm, during a 2h period of glucose refeeding.
Hence, if ADP does inhibit ATP citrate lyase under physiological conditions,

such a change would reduce this inhibition and therefore result in the
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expected increase in enzyme activity.

The recent discovery that liver ATP citrate lyase is
reversibly phosphorylated at a site(s) distinct from the phosphorylation
which occurs as part of the enzyme reaction (Linn and Srere, 1979), has
opened up the possibility of regulation of the enzyme by covalent
modification.

Phosphorylation of liver ATP citrate lyase has been demonstrated
in vivo, by injection of [32P] phosphate into rats (Linn and Srere, 1979),
and in vitro, by incubation of hepatocytes with [32P] phosphate (Janski
et al., 1979). This phosphorylation of the enzyme at the structural
site(s) could be readily distinguished from the catalytic phosphorylation
because of its acid stability, in contrast to the lability of the latter
under the same conditions (Linn and Srere, 1979). Incubation of
hepatocytes with insulin or glucagon increased ATP citrate lyase
phosphorylation (Alexander et al., 1979; Janski et al., 1979), and it
was later demonstrated that cAMP-dependent (Alexander et al., 1981; Guy
et al., 1980) and cAMP-independent (Ramakrishna and Benjamin, 1981) protein
kinases are involved. However, the function of ATP citrate lyase
phosphorylation is unclear since it does not produce any detectable
change in enzyme activity (Guy et al., 1981; Janski et al., 1979; Linn
and Srere, 1979). Moreover, comparison of the propérties of the
phosphorylated and dephosphorylated liver enzyme indicated that there
was no difference in molecular weight, kinetic properties, pH optimum
or thermal stability (Ranganathan et al., 1980).

Therefore, although there are several potential mechanisms for
short-term regulation of ATP citrate lyase, further investigation is
necessary in order to assess the possible physiological significance of

such regulation.
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3. Physiologiéal Role of ATP Citrate Lyase

i) Role of ATP Citrate Lyase in Fatty Acid Biosynthesis

Biosynthesis of fatty acids from acetyl CoA is catalysed by
two enzymes, acetyl CoA carboxylase and fatty acid synthetase complex,
and it takes place in the cytoplasm (Abraham et al.,1963; Spencer:-et
al., 1964). Hence, a supply of cytoplasmic acetyl CoA is required,
together with a source of reducing equivalents in the form of NADPH.
Acetyl CoA is produced in the mitochondria from pyruvate by the enzyme
pyruvate dehydrogenase, and therefore a mechanism for transport of the
fatty acid precursor into the cytoplasm is required. The inner
mitochondrial membrane is considered to be impermeable to acetyl CoA
(Spencer and Lowenstein, 1962) thereby excluding the possibility of
direct transfer. Thus, the supply of cytoplasmic acetyl units must be
derived from mitochondrial acetyl CoA via an indirect route. The possible
pathways of this transfer which have been postulated are shown in Fig.l.
The three metabolites which have received most attention are citrate,
acetate and acetylcarnitine, which require the enzymes ATP citrate lyase,
acetyl CoA synthetase (EC 6.2.1.1), and carnitine acetyltransferase (EC
2.3.1.7) respectively to release the acetyl CoA in the cytoplasm. The
importance of ATP citrate lyase in providing acetyl‘CoA for fatty acid
biosynthesis will now be considered in more detail, and in relation to

the other routes of acetyl group transfer to the cytoplasm.

a) Citrate as the Precursor of Cytoplasmic Acetyl CoA

Citfate was first shown to be an effective precursor of fatty
acids in liver. Using crude extracts of pigeon liver, Formica (1962)
and Srere;ana Bhaduri (1962) both demonstrated incorporation of labelled
citrate into fatty acids. They observed a reduced incorporation in the

presence of unlabelled acetate, and this was interpreted as evidence for
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a common route for both precursors i.e. acetyl CoA. Hence, the
involvement of ATP citrate lyase was implicated, since this cytoplasmic
.enzyme catalyses the cleavage of citrate into acetyl CoA and
oxaloacetate. The incorporation of labelled citrate into fatty acids
has also been demonstrated in adipose tissue (Shrago et al., 1969),
lactating mammary gland (Spencer and Lowenstein, 1962; Spencer et al.,
1964), and brain (Dolezal and Tucek, 1981; Tucek et al., 1981).

Utilisation of citrate as a transporter of acetyl units out
of the mitochrondria was also shown in experiments using glucose or
pyruvate precursors (Bartley et al., 1965; Bressler and Brendel, 1966;
Daikuhara et al., 1968). Bartley et al. (1965) measured incorporation
of 140 and 3H label into the terminal methyl group of fatty acids from
mixed labelled glucose, and found the results were consistent with
incorporation via citrate. Similar results were obtained by Rognstad
and Katz (1968).A Usiﬂg a reconstructed system consisting of
mitochondrial and supernatant fractions, Daikuhara et al. (1968)
measured acetyl CoA formation from pyruvate. They demonstrated, by
addition of ATP citrate lyase antibody to this system, that more than
80% of the cytoplasmic acetyl CoA from pyruﬁate was supplied by ATP
citrate lyase. This confirmed earlier results from Bressler and Brendel
(1966) who concluded from their work that >70% of pyruvate is converted
to fatty acids via citrate.

Further investigation of the utilisation of citrate for fatty
acid biosynthesis revealed that in addition to a requirement for ATP,
Mg2+ and CoA, there was no incorporation of carbon 5 of citrate, only
carbon 1 (Bhaduri and Srere, 1963; Formica, 1962; Spencer and Lowenstein,
1962). This data is consistent with the known substrate requirements
and stereospecificity of ATP citrate lyase, and therefore adds support
to the involvement of this enzyme in the pathway from citrate to fatty

acids.

The importance of ATP citrate lyase, and hence citrate, in
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providing acetyl CoA for fatty acid biosynthesis has also been shown

by the use of the specific inhibitor of this enzyme, hydroxycitrate
(Szutowicz et al.,1976; Watson et al.,1969). Thus, in the presence

of hydroxycitrate, incorporation of labelled citrate and alanine
precursors into fatty acids or lipids was inhibited by 60%-80%, both

in vitro (Sullivan et al., 1972; Watson and Lowenstein, 1970), and in
vivo (Sullivan et al., 1972, 1974). Furthermore, hydroxycitrate also
inhibited total liver fatty acid synthesis measured by the incorporation
of tritiated water into fatty acids (Lowenstein, 1971). Patel and Clark
(1980) observed reduced incorporation of labelled pyruvate into lipids

by brain homogenates, in the presence of hydroxycitrate.

b) Other Mechanisms of Acetyl Group Transfer

Despite the fact that‘there is a large amount of evidence in
support of citrate as the major carrier of acetyl units out of the
mitochondria, other mechanisms do appear to exist (Fig.l). The most
important alternative routes considered are acetate and acetylcarnitine..

Incorporation of acetate into fatty acids has been measured
in liver (Bhaduri and Srere, 1963; Formica, 1962; Srere and Bhaduri, 1962;
Spencer et al., 1964), mammary gland (Spencer and Lowenstein, 1962) and
adipose tissue (Shrago et al.,1969). The enzyme required for acetyl CoA
release from acetate, acetyl CoA synthetase, is found in the cytoplasm
(Barth et al., 1971; Crabtree et al.,1981; Hoffmann et al.,1978; Szutowicz
and Lysiak, 1980), and undergoes adaptive changes similar to those of ATP
citrate lyase in response to diet and hormones (Barth et al., 1972;
Kornacker and ‘Lowenstein, 1565a,b); However, brain acetyl CoA
synthetase increases during development in contrast to the decrease in ATP
citrate lyase activity (Buckley and Williamson, 1973; Szutowicz et al.,
1980).

The transport of acetyl units.in the form of acetylcarnitine has
been investigated and although this pathway has been shown to exist in
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liver, it is not thought to be of any major importance (Bressler and
Brendel, 1966; Daikuhara et al.,1968). The enzyme involved, carnitine
acetyltransferase, is mitochondrial (McCaman et al.,1966; Martin and
Denton, 1970; Saggerson, 1974; Szutowicz and Lysiak, 1980), but it is
thought to be present either on both sides of the inner membrane

or localised within the membrane in such a way as to be accesible to
substrates on either side (Tucek, 1978). However, Bressler and Brendel
(1966) concluded that this enzyme is not involved in fatty acid
biosynthesis because changes in activity of carnitine acetyltransferase
did not correlate with changes in the rate fatty acid synthesis; for

. example, starvation produced a 2-fold increase in enzyme activity in
contrast to a decreased rate of fatty acid synthesis.

Patel and Clark (1980) reported that part of the cytoplasmic
acetyl CoA is provided by N-acetylaspartate in young rat brain. Ketone
bodies, an important source of respiratory fuel for the brain in young
animals, have also been considered as a source of cytoplasmic acetyl CoA.
Thus Patel and Clark (1980) suggested thét acetoacetate formed by
oxidation of 3-hydroxybutyrate ;n the mitochondria could be transported
into the cytoplasm and converted to acetyl CoA. This conversion of
acetoacetate into acetyl CoA in the cytoplasm has been shown to exist in
brain, and it provides a cytoplasmic route for utiliéation of ketone
bodies (Buckley and Williamson, 1973; Patel and Owen, 1976).

A pathway involving transport of acetyl groups out of the
mitochondria in the form of g¢-ketoglutarate and glutamate, with subsequent
conversion to citrate, and then cleavage = citrate by ATP citrate lyase,
has been proposed. Hence ATP citrate lyase is still involved but a more
indirect éarrier of acetyl units is utilized. Although such a pathway
has been shown to operate in liver (D'Adamo and Haft, 1965), mammary gland

(Madsen et al.,1964), and brain (D'Adamo and D'Adamo, 1968), the advantage
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over the direct transport in the form of citrate is unclear.

c) Importance of ATP Citrate Lyase in Providing Cytoplasmic

Acetyl CoA for Fatty Acid Biosynthesis

Although a number of possible pathways of transport of acetyl
units out of the mitochondria have been shown to exist in various
tissues, only citrate and acetate appear to be of importance. Attempts
to determine the relative contribution of these two metabolites in the
formation of cytoplasmic acetyl CoA have included comparison of the rates
of incorporation of the labelled precursors into fatty acids (Bhaduri and
Srere,1963; Spencer and Lowenstein, 1962; Spencer et gi.,1964). Whereas
Bhaduri and Srere (1963) found similar rates of incorporation of the 14C-
labelled precursors, using pigeon liver supernatant, Spencer and co-workers
found greater incorporation of their [140] citrate precursor compared to
the [3H] acetate precursor, using rat mammary gland and liver. Furthermore,
they found that the changes in the amount of the precursor incorporation
in resﬁonse to the nutritional and hormonal state of the animals were
greater for citrate than acetate, suggesting that the former metabolite
is more important. They calculated that the citrate incorporation into
fatty acids in liver was greater than the maximal rate of lipogenesis
measured in vivo. Hoffmann ahd Weiss (1978) measured citrate and acetate
production from pyruvate by isolated rat liver mitochondria and found
citrate production was about 4-fold greater than acetate production.

Comparison of the distribution and activities of the respective
enzymes involved in these two pathways, ATP citrate lyase and acetyl CoA
synthetase, also favours the citrate pathway; Hence, ATP citrate lyase
is exclusively cytoplasmic whereas acetyl CoA synthetase is partially
mitochondrial (Barth et al.,1971; Crabtree et al.,1981; Martin and Denton,

1970; Szutowicz and Lysiak, 1980). The highest activities of ATP citrate
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lyase are found in tissues active in fatty acid biosynthesis i.e. liver,
adipose tissue, lactating. mammary gland, and to é lesser extent, brain
(Hoffmann et al., 1979b; Srere, 1959). 1In contrast, acetyl CoA
synthetase is present in appreciable amounts in other, non-lipogenic
tissues, such as kidney and heart (Barth et al., 1971, 1972). ATP
citrate lyase activity was found to be greater than that of acetyl CoA
synthetase in several lipogenic tissues (Buckley and Williamson, 1973;
Crabtree et al., 1981, Hoffmann et al., 1978; Kornacker and Lowenstein,
1965é,b; Martin and Denton, 1970), a possible indication of the greater
importance of the former enzyme.

Kornacker and Lowenstein (1965a) measured the effect of diet
on both ATP citrate lyase and acetyl éoA synthetase activities of rat
liver supernatants. They concluded that citrate was more important in
acetyl group transfer because changes in ATP citrate lyase were greater
than those of acetyl CoA synthetase. Similar results were obtained by
Hoffmann et al. (1978) using adipose tissue.

Finally, the large inhibition of lipogenesis by hydroxycitrate,
the specific inhibifor of ATP citrate lyase, both in vitro and in vivo,
provides strong evidence in support of a predominant role for citrate.
Thus, cleavage of citrate by ATP citrate lyase is now considered to be
the major pathway by which acetyl CoA is transferreé from the site of
production in the mitochondria, to the cytoplasm, the site of utilisation
for fatty acid biosynthesis, at least in liver and adipose tissue (Fig.2).
Nevertheless, acetate appears to have an important role in such transport
of acetyl units in both liver and adipose tissue of starved animals
(Sugden et al., 1982; Triscari and Sullivan, 1977).

In addition to its role in the production of cytoplasmic acetyl
CoA, ATP citrate lyase can also participate in the supply of a second

requirement of fatty acid biosynthesis, NADPH. Oxaloacetate, the other

41




suwfzua auo urY} axouw SUTATOAUT sAemyled OTTOQB]OW -—————~ fsuorlorax auwlzus oTAUTS

' STSOUJUASOTd DPTIOY A11ed JO SI0SINOaXJ 9yl ATddng umd aselT 91BIITD dIV YOTUM Aq sAemyled a1qTesod 9yl JUIMOUS aWwsyoS

¢ °“DId
91BILTO —~ > 99BI}TIO
//d
i 9seAT 918IX1TO dIV
I
I
i
“ = = == —=— 3}®}80BO0TEX0 Vo) TA380®
| 1
. 1 |
TTOX0 VoL " | eseueSozphuep (T s8R TAX0qTED
| n 81BTRMY - Yop Thye0m
! I
 J ] 4
aERYJULS FBTRU € ST srereU Y00 szodma
2 s 3 £ I (=
91BILTO 88®'US o.wc yap HAVN S i
}el®R S |= !
) Y- e et “
- 9172180B0TEX0 “ m oTTRW mmaz// !
ase1LX0qIR0 “ £ A l
areanxAd M *~ §
g H v ~ xa1duwos 1
VoD 141208 € areanxld e - areanxid \ @selayrufs "
aswusfoapAysp i ,_v “\pProe £19e1
aqeAnIAd ! | SISXTOOXTD N !
| t 2N @
1 ] C Y .
b e » 9s0onTd sptoe £11®e]

XTHLVK TVIMATHCHDOLIW WSVIIOLAD



cleavage product of citrate, although not significantly incorporated
into fatty acids (Bhaduri and Srere, 1963), can be utilised to produce
cytoplasmic NADPH (Fig.2). Thus, conversion to pyruvate via malate by
the successive enzymes malate dehydrogenase (EC 1.1.1.37) and malic
enzyme (EC 1.1.1.40), essentially results in formation of NADPH from
NADH.

NADPH for fatty acid biosynthesis is produced in the cytoplasm
by the glucose-6-phosphate dehydrogenase and S—phosphogluconate
dehydrogenase reactions of the pentose phosphate pathway (Flatt and Ball,
1964; Saggerson, 1974). The activities of both these enzymes are
influenced by conditions known to influence the rate of fatty acid
biosynthesis; the changes observed are consistent with those expected
for enzymes which play an important role in fatty acid synthesis (Baldwin
and Milligan, 1966; Takeda et al.,1967; Taylor et al., 1967; Vernon and
Walker, 1968a,b).

However, it has been estimated that the pentose phosphate
pathway can supply only 50-70% of the NADPH required for fatty acid
biosynthesis (Flatt and Ball, 1964; Saggerson, 1974). Utilisation of
oxaloacetate as described above would therefore provide a source of the
remaining NADPH, as suggested by Young et al. (1964) and Kornacker and Ball
(1965). The activity of oné of the enzymes involveé in this pathway,
malic enzyme, is high in liver and adipose tissue. Furthermore, the
activity of the enzyme has been shown to change in response to dietary
and developmental changes in parallel to the changes in ATP citrate
lyase activitv, both in liver and in adipose tissue (Ballard and Hanson,
1967; Goodridge, 1968b,c; Kornacker and Ball, 1965; Taylor et al., 1967;
Vernon and Walker, 1968a,b; Wise and Ball, 1964). The existence of this

pathway therefore supports the view that ATP citrate lyase is important in fatty

acid biosynthesis since this enzyme not only produces cytoplasmic acetyl
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CoA but can also provide a potential supply of NADPH.

d) Role of ATP Citrate Lyase in the Regulation of Fatty Acid

Biosxnthesis

Acetyl CoA carboxylase is generally accepted to be the rate-
limiting enzyme in fatty acid biosynthesis, and hence the control point
of the pathway (for reviews see Lane and Moss, 1971; Volpe and Vagelos,
1976). The enzyme is activated by citrate as a result of a conversion
from the inactive protomeric form to the active, polymeric state and
control of the polymerisation state of the enzyme in this way is thought
to be basis of the regulation of activity. However, the physiological
importance of such a mechanism is now considered doubtful (Kim, 1979)
since Spencer and Lowenstein (1967) found no correlation between changes
in cellular citrate concentration and acetyl CoA carboxylase activity. A
second, and at present more favoured, mechanism of regulation of acetyl
CoA carboxylase activity is that of covalent modification (Kim, 1979).
Thus, reversible phosphorylation of the enzyme by both cAMP-dependent and
cAMP-independent protein kinases has been shown to alter enzyme activity
(Carlson and Kim, 1973, 1974; Hardie and Cohen, 1978).

ATP citrate lyase can be considered the first enzyme in the
pathway of fatty acid biosynthesis, and is therefore potentially a rate-
limiting step. Moreover, the fact that the enzyme reaction is physio-
logically irreversible (Inoue et al., 1968) and consumes ATP makes it a
suitable control point. However, there appears to be little positive
evidence at present to support a regulatory role of the enzyme in fatty
acid biosynthesis, although no thorough investigation of the possible
regulatory properties of the enzyme has been made.

A number of workers have measured ATP citrate lyase activity

and acetyl CoA carboxylaée and/or fatty acid synthetase in the same
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sample under optimal assay conditions. Thus, ATP citrate lyase activity
was found to be greater than acetyl CoA carboxylase activity in crude
supernatants of mammary gland (Howanitz and Levy, 1965), and adipose
tissue (Shrago et al., 1969). Shrago et al.(1969) also reported ATP
citréte lyase activity to be greater than adipose tissue fatty acid
synthetase using crude supernatants, and Finkelstein et al. (1979)
observed higher specific activity of purified livef ATP citrate lyase
compared to purified fatty acid synthetase frem rats under different
dietary conditions. These observations therefore suggest that ATP

citrate lyase does not have a rate-limiting role in fatty acid
biosynthesis. However, in all these reports ATP citrate lyase activity
was measured at high citrate concentration (20mM), and as already
discussed (Section 2iii)the kinetics of the enzyme reaction are greatly
influenced by the citrate concentration. Kornacker and Lowenstein (1963)
measured liver ATP citrate lyase under more physiological conditions
(0.5mM citrate), and found the activity to be similar to that of fatty
acid synthesis. In contrast, Howanitz and Levy (1965) observed a greater
reduction of acetyl CoA carboxylase activity than ATP citrate lyase
activity in crude supernatants of mammary glands, under similar conditions

of reduced citrate concentration. They therefore concluded that acetyl
CoA carboxylase was still rate-limiting even at phy;iological citrate
concentrations. Nevertheless, determination of rate-limiting enzymes by
measurement of enzyme activities under optimal, and even sub-maximal
conditions, cannot alone provide conclusive evidence.

Using a different approach, Foster and Srere (1968) also
concluded from their experiments that ATP citrate lyase is not involved
in the regulation of fatty acid biosynthesis.- They measured the time

course of the changes in fatty acid synthesis and ATP citrate lyase

activity produced by alterations of the dietary state of the animals.
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Although they observed parallel changes, the rate of fatty acid
synthesis was found to change before ATP citrate lyase activity.
However, the alterations in the enzyme activity observed under these
conditions are known to be the result of changes in the amount of
enzyme protein, and therefore represents long-term regulation of
enzyme activity. Hence, it is probable that such regulation occurs
as an adaptation to accommodate the altered requirement for fatty acid
synthesising capacity, rather than a meéhanism for direct control of
the pathway. Short-term regulation of enzyme activity by allosteric
modulators and/or covalent modification would not necessarily result
in detectable changes in the total enzyme activity measured, but could
function to regulate the rate of fatty acid biosynthesis. Such regulation
has already been shown for acetyl CoA carboxylase, but the involvement of
ATP citrate lyase in this type of control has yet to be demonstrated.
More recently, Rognstad (1979) investigated the possibility of
a rate-limiting role for ATP citrate lyase by measuring the flux through
the pathway of fatty acid synthesis in hepatocytes, in the presence of
increasing amounts of hydroxycitrate, to inhibit ATP citrate lyase
activity. From their results they concluded that the rate of enzyme
activify was 70% greater than that of fatty acid synthesis, and therefore
ATP citrate lyase was not rate-limiting. However, ;s the authors pointed
out, their results were based on the assumption of simple kinetics of
competitive inhibition of the enzyme by hydroxycitrate. In view of the
known complex kinetics of ATP citrate lyase with respect to citrate this
assumption appears to be unrealistic, and therefrre their results should
be treated with caution.
In conclusion, all these results suggest that ATP citrate lyase
is not involved in the regulation of fatty acid biosynthesis. However,

since most of the research has been directed towards the role of acetyl
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CoA carboxylase as the rate-limiting enzymé, the possibility of a
regulatory function for ATP citrate lyase haé not been fully explored.
Thus, although the enzyme is known to respond to the long-term changes
in the rate of fatty acid synthesis, and therefore plays a major role
in this pathway, short-term control of the activity as a means of
regulation of the pathway requires further investigation particularly
as there appear to be several potential mechanisms for such control

(Section 2v)

ii) Role of ATP Citrate Lyase in Acetylcholine Biosynthesis in

Brain

Acetylcholine is synthesised from choline and acetyl CoA in
brain and nervous tissue. The reaction is catalysed by the enzyme choline
acetyltransferase (EC 2.3.1.6) which is localised in the cytoplasm of
cholinergic nerve endings (Fonnum, 1967; Hebb and Whitacker, 1958; Tucek,
1967a). Hence, acetylcholine biosynthesis requires a source of cytoplasmic
choline and acetyl CoA.

Choline is not synthesised in brain tissue and it is now well
established that extracellular choline is transported into the nerve
endings by a high affinity transport system (for review see Jope, 1979).
However, although it is known that the acetyl CoA precursor of acetyl-
choline originates from glucose, via pyruvate (Browning and Schulman,

1968; Nakamura ét al., 1970; Quastel et al., 1936; Tucek and Cheng, 1970)
the metabolic route from pyruvate to cytoplasmic acetyl CoA is still
disputed (for review see Tucek, 1978).

Acetyl CoA is produced from pyruvate predominantly in the
mitochondria by the éction of the mitochondrial enzyme pyruvéte
dehydrogenase (EC 1.2.4.1). Thus, as for fatty acid biosynthesis, a

method of transport of acetyl CoA out of the mitochondria is required.
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ATP citrate lyase is present in brain (Srere, 1959), and has
been shown to be cytoplasmic (Szutowicz and Lysiak, 1980; Tucek, 1967b).
Therefore, transport of :acetyl units out of the mitochondria in the
form of citrate, with subsequent cleavage of citrate by ATP citrate
lyase, may provide the cytoplasmic acetyl CoA for acetylcholine synthesis.
Since such a pathway exists in liver and adipose tissue to produce
cytoplasmic acetyl CoA for fatty acid biosynthesis (Bressler and Brendel,
1966; Daikuhara et al., 1968; Martin and Denton, 1970), and also appears
to be involved in fatty acid synthesis in brain (Dolezal and Tucek, 1.981;
Patel and Owén, 1980) - it .is. net unreasonable to suppose that it
may operate in a similar manner in acetylcholine synthesis. Furthermore,
the recent interest in ATP citrate lyase with respect to a regulatory
role of the enzyme in fatty acid biosynthesis suggests that it could also
be involved in regulation of acetylcholine biosynthesis. This is of
particular importance as one of the possible mechanisms involved in
regulation of acetylcholine synthesis is thought to be control of the

supply of precursors, acetyl CoA and choline.

a) Source of Cytoplasmic Acetyl CoA

The fact that pyruvate was found to be the most effective
precursor of acetyl CoA for acetylcholine synthesis.indicated that the
supply of acetyl CoA is via the mitochondria, the site of formation from
pyruvate. This was confirmed by the findings that acetylcholine synthesis
was closely linked to oxidative metabolism (Gibson and Blass, 1976; Gibson
et al., 1975; Ksiezak and Gibson, 1981). In contrast to these results
however, Lefresne et al. (1977) found no such correlation between these
two parameters. In view of the fact that pyruvate has been found to be a
better precursor than other metabolites such as citrate, acetate and acetyl-

carnitine, they proposed that cytoplasmic acetyl CoA could be derived from
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pyruvate outside the mitochondria, by a cytoplasmic pyruvate
dehydrogenase-~like enzyme. They later reported indirect evidence in
supportvof such a mechanism (Lefresne gE gi.,1978). However, no
cytoplasmic pyruvate dehydrogenase activity has been detected in brain
(Szutowicz and Lysiak, 1980; Szutowicz gﬁ gi., 1981b). Furthermore,

Jope and Jenden (1980) concluded from their results with specific
inhibitor of mitochondrial pyruvate transport, o—cyano-4-hydroxycinnamic
acid, that utilisation of pyruvate via the mitochondria was necessary

for acetylcholine biosynthesis. There is therefore no direct evidence

in support of the proposed cytoplasmic pyruvate dehydrogenase. The

fact that exogenous pyruvate appears to be a better precursor of
acetylcholine synthesis than other metabolites may simply reflect more
rapid uptake of pyruvate. The rate of uptake of the various precursors,
and the possibility of preferential metabolism in the glial cells rather
than the neurones in experiments with brain slices need to be considered.
Moreover, it has been suggested that exogenous citrate enters a different
compartment to endogenous citrate released from the mitochondria (Sterling
and O'Neil}l,1978; Szutowicz et al., 1981a), and is not utilised for
acetylcholine biosynthesis. Hence, utilisation of exogenous substrates
does not necessarily reflect the situation in vivo, particularly in a
heterogenous tissue such as brain., ,

Having established that cytoplasmic acetyl CoA is derived from
the mitochondria, it was necessary'to determine the mechanism by which
acetyl CoA is transported into the cytoplasm. Since citrate is important
in liver for providing cytoplasmic acetyl CoA for fatty acid biosynthesis,
and may also be involved in fatty acid biosynthesis in brain, a similar
role in providing acetyl CoA for acetylcholine biosynthesis was considered.
However, labelled citrate was found to be a poor precursor of acetylcholine,

both in vitro (Dolezal and Tucek, 1981; Lefresne et al., 1977; Nakamura
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et al., 1970), and in vivo (Tmcek and Cheng, 1970, 1974). Nevertheless,
indirect evidence, using mixed-labelled glucose, suggested that citrate
is involved in acetylébline synthesis (Sollerberg and Sorbo, 1970;
Sterling and 0'Neill,1978).

More recently, use of hydroxycitrate, the svecific inhibitor
of ATP citrate lyase (Szutowicz et al., 1976; Watson et al., 1962), has
provided good evidence for the involvement of this enzyme, and hence
citrate, in acetylcholine biosynthesis. Thus, when cytoplasmic cleavage
of citrate was blocked by inhibition of ATP ~ifrate lyase in the presencs
of hvdroxycitrate, acetylcholine synthasis from glucose wz2s reduced by
25-30% in rat brain slic?s (Gibson and Shimadea, 1980; Sterling and O'Neill,
1978; Tucek et al., 1981), and in rat synaptosomes (Gibson and Shimada,
1980; Szutowicz et al., 1981a). Although no attempt was made to measure
the inhibition of ATP citrate lyase by hydroxycitrate under these conditions,
the concentration of the inhibitor used (1.0-7.5mM) was far greater than
the Ki for the brain enzyme (0.8uM) (Szutowicz et al.,1976). Furthermore,
Tucek et al.(1981) demonstrated that inhibition of acetylcholine synthesis
was >80% when citrate was the sole precursor. The fact that this inhibition
was reduced to only 30% in the presence of glucose precursor, suggested
that citrate is not the only source of cytoplasmic acetyl CoA. However,
Sterling and 0'Neill (1978) who first reported this éffect of hydroxycitrate,
suggested that other pathways of acetyl CoA transport only became operational
when the citrate route was blocked.

Therefore, despite strong indirect evidence in support of citrate
as an acetyl group transporter, direct incorporation of label from citrate
into acetylcholine appeared to argue against the involvement of citrate.
However, the apparent lack of incorporation of these earlier experiments
could be explained by the low uptake of citrate. Although several groups

have demonstrated that citrate does enter synaptosomes and is metabolised
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(Gibson and Shimada, 1980; Lefresne et al.,1977; Szutowicz et al.,
1981a, 1982a), Dolezal and Tucek (1981) found that acetylcholine
synthesis from citrate in rat brain slices was doubled in the absence
of calcium. They suggested that formation of a citrate-calcium complex
prevented entry of citrate into the cells. Nakamura et al.(1970) and
Lefresne gﬁ al. (1977) both used incubations containing calcium and
found poor utilisation of citrate for acetylcholine biosynthesis.
Furthermore, high concentrations of citrate (>2.5mM) have been shown

to inhibit total acetylcholine synthesis from glucose {Gibson and
Shimada, 1980; Tucek et al., 1981).

Studies of the regional and subcellular distribution of ATP
citrate lyase in brain provided further evidence in support of a role
for citrate as the transporter of acetyl groups for acetylcholine
biosynthesis. The activity of the enzyme was found to be higher in
regions containing a high proportion of cholinergic neurones (Hayashi
and Kato, 1978; Szutowicz and Lysiak, 1980; Szutowicz et al., 1980,
1982a, 1982c). Furthermore, subcellular fractionation indicated that
the enzyme 1is localised in synaptosomes (Szutowicz et al.,1977) and
preferentially in cholinergic nerve endings (Szutowicz and Lysiak, 1980;
Szutowicz et al., 1982c). Szutowicz et al.(1982c) demonstrated good
correlation between choline acetyltransferase and AfP citrate lyase
activity of various fractions from different regions of rat brain.

In addition to subcellular fractionation of brain tissue, the
localisation of brain ATP citrate lyase in cholinergic neurones has also
been investigated by the use of lesions to specifically remove cholinergic
terminals. Thus, Szutowicz et al.(1982b) measured a 33% decrease in ATP
citrate lyase activity compared to 70-80% decrease of choline acetyl-
transferase, as a result of such experiments. This was interpreted as

evidence for the presence of the enzyme in cholinergic neurones. No change
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in activity was observed for either acetyl CoA synthetase or carnitine
acetyltransferase, two other enzymes which can produce cytoplasmic acetyl
CoA.

In contrast to this work by Szutowicz and co-workers, others
concluded from the results of their experiments on the enzyme activity
in different brain regions (Harvey et al.,1982), and the effects of
lesion of cholinergic terminals on the enzyme activity (Sterri and
Fonnum, 1980); that there is no correlation between ATP citrate lyase
activity and cholinergic function. However, in both cases the role of
ATP citrate lyase in fatty acid biosynthesis in non-cholinergic nerve
endings and in glial cells, did not appear to have been considered.
Harvey et gl.(1982) measured the relative activities of choline
acetyltransferase and ATP citrate lyase in brain regions containing
high cholinergic activity. They did not however, compare these results
with an area of low cholinergic activity, where the ATP citrate lyase
activity would presumably represent that involved only in fatty acid
biosynthesis. In addition, comparison of their results with those of
Szutowicz and Lysiak (1980), showed that although the specific activities
of choline acetyltransferase in different brain regions were similar, the
specific activity of ATP citrate lyase obtained by Harvey et al.(1982)
was 10-fold lower than that found by Szutowicz and éo—workers. The
authors themselves commented on this difference but could offer no
explanation. Sterri and Fonnum (1980) measured the effect of lesion of
cholinergic neurones on choline acetyltransferase and acetyl CoA producing
enzymes. They concluded that the small decrease in ATP citrate 1lyase
activity (15%) compared to choline acetyltransferase (90%) was evidence
against fhe presence of the former enzyme in cholinergic neurones.
However, they did not measure the effect of lesion on a marker cytoplasmic

enzyme such as lactate dehydrogenase. The decrease in activity of other
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acetyl CoA producing enzymes (pyruvate dehydrogenase and carnitine
acetyltransferase), which they took as evidence for localisation in
cholinergic neurones, was no greater than that of other mitochondrial
enzymes not involved in acetyl CoA metabolism. Their evidence is
therefore not very convincing.

Hence, the results from the different experimental approaches
described here provide strong evidence in support of a role for ATP
citrate lyase in the supply of cytoplasmic acetyl CoA for acetylcholine
biosynthesis. In addition, the developmental changes in brain ATP
citrate lyase described earlier (Section 2iv c¢) can be explained in
terms of the changés in fatty acid and acetylcholine synthesis in
different areas of brain. Nevertheless, experiments with hydroxycitrate
to inhibit ATP citrate lyase indicated that this enzyme is responsible
for the supply of only one third of the cytoplasmic acetyl CoA (Ricny
and Tucek, 1982; Tucek et al., 1981).

Two other methods of acetyl group transport out of the mito-
chondria which have received attention are acetate and acetylcarnitine.
Incorporation of radiocactivity into acetylchbline has been demonstrated
using labelled acetate (Dolezal and Tucek, 1981; Lefresne et al., 1977;
Nakamura et al., 1970; Sollenberg and Sorbo, 1970) and labelled
acetylcarnitine (Dolezal and Tucek, 1981; Tucek et gl., 1981). However,
as with experiments using labelled citrate as a precursor, the
incorporation was poor compared to that from glucose or pyruvate.

Unlike ATP citrate lyase, the enzymes involved in the formation
of acetyl CoA from acetate and acetylcarnitine, acetyl CoA synthetase and
carnitine acetyltransferase respectively, are not found exclusively in the
cytoplasm. In fact, acetyl CoA synthetase is located mainly in the
mitochondria (Szutowicz and Lysiak, 1980; Tucek, 1967b), and Szutowicz

and Lysiak (1980) suggested that most of the brain activity was associated
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with the glial cells rather than neurones. However, there does appear
to be a minor proportion of activity in the cytoplasm, and it is possible
that this may be specifically localised in a compartment associated with
acetylcholine synthesis. Carnitine acetyltransferase is also a
mitochondrial enzyme (McCaman et al.,1966; Szutowicz and Lysiak, 1980).
Although it can catalyse transfer of acetyl CoA across the inner mito-
chondrial membrane, the mechanism involved is not known. It has been
suggested that the enzyme is present either in the inner mitochondrial
membrane, such that it is accessible to substrates on both sides, or
as a soluble enzyme present on both sides of the membrane (Tucek, 1978).
However, there is no evidence to suggest that carnitine acetyltransferase
is specifically localised in cholinergic neurones (Szutowicz and Lysiak,
1980).

Therefore, the subcellular localisation of these two enzymes
acetyl CoA synthetase and carnitine acetyltransferase, does not appear
to be consistent with a major role for either in acetylcholine
biosynthesis. In addition, the activities of both enzymes increased during
development in the cerebellum and the cerebrum, with no significant
differences between these two regions (Szutowicz et al., 1980). Hence,
there is no evidence for a specialised role for either enzyme in
acetylcholine synthesis since there was no greater ihcrease in acéivity
in the cholinergic cerebrum compared to the cerebellum, despite an

increase in acetylcholine biosynthesis in this region.

b} Role of ATP Citrate Lyase in the Regulation of Acetylcholine

Biosynthesis

The mechanism involved in the regulation of acetylcholine
biosynthesis is at present unknown. However, there are currently four
alternative possibilities under consideration: regulation by control

of the high affinity choline transport system; product inhibition of
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choline acetyltransferase} control of the supply of precursors, acetyl
CoA and choline; control by changes in the concentrations of substrates
and products, governed by the Law of Mass Action. Jope (1979) published
a model of control of acetylcholine synthesis based on the data
available at that time.

Clearly, knowledge of the immediate source of cytoplasmic ‘
acetyl CoA for acetylcholine synthesis is important in order to establish
the possible sites of control. The evidence to date suggests that ATP
citrate lyase is important in providing a supply of cytoplasmic acetyl
CoA via citrate, but it does not appear to be the only route, as already
discussed. The fact that ATP citrate lyase activity is much greater than
that of choline acetyltransferase activity in synaptosomes and brain
homogenates led Szutowicz and co-workers to conclude that the enzyme
does not have a rate-limiting role (Szutowicz and Lysiak, 1980; Szutowicz
et al., 1977, 1980, 1982a). However, choline acetyltransferase is
specifically located in cholinergic neurones which represent only 10%
of synaptosomes. Therefore comparison of total activities may not
reflect the relative activities of the two enzymes in cholinergic neurones.

Szutowicz et al. (198la) suggested that citrate transport was
posgibly the rate-limiting factor since they calculated that the rate of
endogenous citrate cleavage by ATP citrate lyase wa; greater than the
rate of the endogenous citrate flux to acetylcholine via ATP citrate
lyase. However, this may™ also reflect rate-limiting control by choline
acetyltransferase.

Ricny and Tucek (1980, 1981) measswred the content of acetyl CoA
and acetylcholine in rat brain slices under different conditions. They
found a linear relationship between these two parameters and concluded
that synthesis of acetylcholine is controlled by the Law of Mass Action.

Further investigation by these workers (Ricny and Tucek, 1982) indicated

that an increased supply of citrate may increase the synthesis of
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acetylcholine. This implies that since ATP citrate lyase is required
for the utilisation of citrate for acetylcholine synthesis it may be
involved in the regulation of the pathway.

In conclusion, although there is good evidence for the
involvement of ATP citrate lyase is acetylcholine biosynthesis, there
is as yet, no positive evidence to suggest a regulatory role for the
enzyme in this pathway. The high activity of the enzyme compared to
choline aéetyltransferase has suggested that it is not rate-limiting
in acetylcholine biosynthesis. However, ATP citrate lyase is also
involved in fatty acid biosynthesis in brain, and is present in non-
cholinergic synaptosomes and glial cells, in addition to cholinergic
synaptosomes. In contrast, choline acetyltransferase is found
exclusively in cholinergic synaptosomes where it functions only in
acetylcholine biosynthesis. Therefore, comparison of these two enzymes
with respect to their roles in acetylcholine biosynthesis must take into
account these differences, and clearly, a rate-limiting role for ATP

citrate lyase cannot yet be excluded.

4. Aims of this Study

ATP citrate lyase is known to be involved in the supply of
acetyl CoA for both fatty acid and acetylcholine bi;synthesis. However,
the role of the enzyme in the regulation of these pathways, if any, has
not been established.

In view of the dual role of ATP citréte lyase in brain, a
comparison of the enzyme from rat liver and brain was considered
important since any difference in properties may reflect the involvement
of the enzyme in the two separate biochemicalApathways. Moreover, such
an investigation may reveal evidence in support of a regulatory role of

the enzyme. Hence, two aspects of the enzyme were considered in this
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study: 1. Does the enzyme exist in different forms, possibly
isoenzymes, which would correspond to the two functions i.e. supply
of acetyl CoA for fatty acid and acetylcholine biosynthesis?
2. Is there any evidence for short-term control of the enzyme in
either liver or brain, which may be involved in regulation of either
fatty acid or acetylcholine biosynthesis? The latter point is
particularly important in view of the recent discovery of reversible
phosphorylation of the enzyme, the significance of which is unknown.

A full understanding of the physiological role of ATP citrate
lyase is important for several reasons. The enzyme from liver, and to a
lesser extent from adipose tissue, undergoes long-term changes inactivity
in response to diabetes and obesity. Although this is thought to
represent adaptation of:the enzyme as a result of decreased fatty acid
biosynthesis, knowledge of any regulatory properties of the enzyme
would be of benefit when considering the treatment of these two
conditions. Moreover, the specific inhibitor of ATP citrate lyase,
hydroxycitrate, has been considered as a possible anti-obesity drug
(Cawthorne and Arch, 1982; Sullivan and Triscari, 1977),and for use
in the treatment of hypertriglyceridemia (Sullivan et al., 1977), as a
result of its inhibition of ATP citrate lyase and hence fatty acid
biosynthesis. Obviously, an understanding of the regulation of fatty
acid biosynthesis, and the effects of any other sites of action of
hydroxycitrate, for example inhibition of ATP citrate lyase involved
in acetylcholine biosynthesis in brain, would be necessary before such
treatment could be considered for clinical use. The role of brain ATP
citrate lyase in acetylcholine biosynthesis is particularly important
since the supply of precursers is thought to be involved iﬁ'the
regulation of this pathway. ©€learly, understanding the control of this

pathway would be of value in establishing the causes, and possible
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treatment of diseases in which acetylcholine biosynthesis is impaired
such as Alzehiemer's disease {Marchbanks, 1982).

ATP citrate lyase activity has been determined in human liver
and adipose tissue (Hoffmann et al., 1980a; Shrago et al., 1969, 1971;
Suzuki and Okuda, 1981). However, as a result of the low activity of
the enzyme compared to that of corresponding rat tissues, and the
apparent lack of response to nutritional status, it was suggested that
the enzyme has no significant role in human tissues. Nevertheless;
if ATP citrate lyase is found to be an important regulatory enzyme in
rat, its physiological function in human tissues would have to be

re-evaluated.
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MATERIALS AND METHODS

1. Materials

The reagents for the ATP citrate lyase assay, NADH (disodium
salt), malate dehydrogenase (pig heart, mitochondrial, (NH4)2SO4
suspension), 2-mercaptoethanol, and the substrates,ATP, coenzyme A
(disodium salts), and citrate (tripotassium salt) were obtained from
Sigma (St. Louis, USA). Substrates and cofactors for other enzymes,
commercial enzyme preparations, L-glutamate (monopotassium salt),
glycylglycine, potassium cyanide, aminooxyacetate hemihydrochloride,
dithiothreitol, oxaloacetate (free acid), rotenone, phenylmethylsulphonyl
fluoride, bovine serum albumin and molecular weight standard proteins
were also from Sigma. DEAE-Sephadex A-25, CM-Sephadex A-25, Sepharose 6B,
Sepharose 2B, Sephadex G100 (superfine grade), Sephadex G25 (medium grade)
and Blue Dextran 2000 were from Pharmacia (Uppsala, Sweden);
phosphocellulose was from Carl Schleicher and Schiill (Dassel, West
Germany). Radiochemicals [1,5—140]citric acid monohydrate and sodium
940] bicarbonate were purchased from Amersham International (Amersham UK).

All other chemicals were from BDH (Poole, UK).

2. Animals

Adult female Wistar rats (200-250g) were obtained from the
departmental animal house, maintained at 21°C on a 12h light/dark cycle.
Newborn rats were taken from two litters at 1-2 days old irrespective of
their sex. All animals were killed about 2h after the start of the light
cycle. Three different dietary conditions were used: i) normal fed,
ad libitum} a standard laboratory PRD diet (see Appendix for diet
composition), 1ii) starved for 48h, but allowed water only, iii) starved

for 48h with water only, and refed ad libitum, a high carbohydrate diet
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consisting of PRD diet, plus 5% sucrose (w/v) added to the drinking

water, for 72h.

3. ATP Citrate Lyase Assays

i) Spectrophotometric Assay

The enzyme was assayed by the coupled spectrophotometric assay
of Srere (1959)‘following a method similar to that of Szutowicz et al.
(1974a). The assay mixture contained 50mM Tris/HC1 buffer pH 7.8, 10mM
MgClZ, 100mM KCl, 5mM ATP, 0.2mM CoA, 20mM citrate, 0.15mM NADH, 10mM
mercaptoethanol, malate dehydrogenase, 2iu/ml, and enzyme sample in a
final volume of 1ml. A stock solution of buffer containing Mg012 and
KC1 was stored at 4°C. The pH was checked before use and adjusted if
necessary with concentrated HCl. Stock solutions of the other reagents
were made in the assay buffer. ATP, NADH, CoA and malate dehydrogenase’
were all stored at -20°C and used within 5 days, citrate was kept at
4°C, and mercaptoethanol was freshly prepared each day.

Assays were preincubated in lcm path length plastic cuvettes
for 7 min at 37°C to enable determination of endogenous NADH oxidation,
and then the reaction was started by the addition of CoA. The oxidation
of NADH was followed continuously at 340nm in a Beckmann spectrophotometer
at 37°C. One unit of enzyme activity is defined as that amount of enzyme

required to transform one umole NADH per min at 37°C GENADH = 6.22 x 103

cm—lM—l).

ii) Radiochemical Assay

This aséay was performed by a modification of the method of
Suzuki et al. (1967), using Warburg flasks (3.5cm base diameter) equipped
with a side arm and a centre well. The assay components were the same as

for the spectrophotometric assay except that NADH and malate dehydrogenase
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were omitted, and citrate was replaced by 20mM [1,5—140] citrate (0.01
pCi/umole). A total volume of 1ml was used.

The flasks containing the assay mixture were preincubated for
7 min in a shaking water bath at 37°C, and the reaction was started by
the addition of ATP or CoA. After a suitable incubation at 37°C,
usually 10 min, the reaction was stopped by addition of 0.2ml1 2M HC1
from the side arm of the flask. Small glass tubes (0.5 x 1.5cm)
containing 0.15ml ethanolamine/ethylene glycol monomethyl ether (1:2
v/v) to absorb [140] carbon dioxide (Jeffay and Alvarez, 1961), were
placed in the centre wells and the flasks were sealed with subaseal
stoppers. Oxaloacetate produced by the ATP citrate lyase reaction was
decarboxylated by injection of 0.5ml 0.75M phthalate buffer pH 4.5
(15.3g potassium hydrogen phthalate + 1.8g sodium hydroxide in 100ml

water), followed by 0.5ml A12(804) solution (33.3% w/v) as described

3
by Krebs and Eggleston (1945).
After a further incubation period of 60 min at 25°C in a sﬁaking
water bath, the glass tubes and contents were removed from the flasks and
placed in scintillation vials containing 10ml toluene PPO (Sg/1) /
ethylene glycol monomethyl ether (2:1 v/v). Radioactivity was measured
in a Packard scintillation counter. One unit of enzyme activity is
defined as that amount of enzyme required to produce‘one umole 14C02 per
min at 37°C.
The efficiency of carbon dioxide absorption by ethanolamine
was determined by acidification of a standard SmM NaHl4CO3 solution
(0.004 uCi/pmole). Varying amounts of NaHl4CO3 in 50mM Tris/HC1l buffer
pH 9.0 (1ml final volume) were acidified by addition of 0.2ml 2M HC1
from the side arm. After incubation for 25 min at 37°C, radioactive

carbon dioxide trapped by the ethanolamine/ethylene glycol monomethyl

ether in the centre well was measured.
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The efficiency of oxaloacetate decarboxylation was measured
using a standard manometric technique (Umbreit et al., 1972).
Oxaloacetate in a final volume of 1.2ml containing 50mM Tris/HC1
buffer pH 7.8, and 0.2ml 2M HC1l, was decarboxylated as described above.
The reaction was performed in double-armed Warburg flasks, containing
phthalate buffer in one arm and the A12(804)3 solution in the other.
After 10 min equilibration at 25°C, the contents of the side arms were
tipped into the main compartment and readings were taken at intervals

until carbon dioxide evolution was complete.

4, Determination of Inhibition of ATP Citrate Lyase Activity by

L-Glutamate

Assay mixtures containing all the components of the
spectrophotometric assay except CoA, were incubated for 30 min at 37°C,
in the presence or absence of 10mM L-glutamate. The reaction was started
by the‘addition of CoA, and ATP citrate lyase activity was determined by
measurement of NADH oxidation at 340nm.

In addition, a modified assay used by Szutowicz et al. (1974a)
was also employed, in which the concentrations of ATP, citrate, and
Mg012 were changed from 5mM, 20mM and 10mM to 1mM, %mM, and 13mM

respectively.

5. Preparation of Crude Tissue Extracts

Initially, crude supernatants of rat liver and brain were
obtained by homogenisation of the tissue in 4 vol. and 2 vol. (w/v)
respectively, of 5mM Tris/HC1l buffer pH 7.4, containing 0.2M KCl and
ImM dithiothreitol. Homogenisation was performed using a power driven
Potter-Elvehjem glass-Teflon homogeniser, and the resulting homogenates

were centrifuged at 30,000g for 30 min at 4°C (Szutowicz et al., 1974a).
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For partial purification of the enzyme by ion-exchange
chromatography, supernatants were prepared by a procedure similar to
that used by Hoffmannet al. (1979b). Tissues (liver 1:4 (w/v), brain
1:2 (w/v)) were homogenised in 20mM Tris/HC1l buffer pH 8.0, containing
1imM EDTA, 1mM dithiothreitol, and 0.25M sucrose, and homogenates were
centrifuged at 45,000g for 30 min at 4°C. All subsequent crude tissue
extracts were obtained by this method. In addition, for some liver
supernatant preparations, a prespin at 2,000g for 10 min at 4°C, was

performed prior to centrifugation at 45,000g.

6. Ton-Exchange Chromatography

i) DEAE-Sephadex

ATP citrate lyase from liver and brain was partially purified
on DEAE-Sephadex A-25 following the method of Hoffmann et al. (1979b).
Crude superhatants (prepared as above) were dialysed against 30-50 vol.
20mM Tris/HC1 buffer pH 8.0, containing 1mM EDTA, 1mM dithiothfeitol,
and 0.25M sucrose, for about 2h at 4°C, prior to application to the
column.

Three different column sizes were routinely used: 2.26 x 22cm
(bed volume 88ml) and 1.6 x llcm (bed volume 22ml), using glass columns
(Wright Ltd.), and 0.9 x 5cm (bed volume 3ml) columns made in 2ml
plastic syringes. All columns were packed and equilibrated with 20mM
Tris/HC1 buffer pH 8.0, containing>1mM EDTA, and 1mM dithiothreitol, at
a flow rate of 30ml/h.

After sample application, wne 2.26 x 22cm columns were washed
with 150ml (v1.5 bed volumes) of the above buffer, followed by a linear
KC1 gradient (0-0.4M) in 400ml of elution buffer. A flow rate of 15ml/h
was routinely used, although this was sometimes reduced when running

gradients to enable the run to be continued overnight. 8ml fractions
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were collected into tubes containing 1ml (0.125 vol.) of 1M Tris/HC1l
buffer pH 8.0, containing 10mM dithiothreitol. For the smaller columns
these volumes were reduced in proportion to the bed volume, except that
for the 3ml columns, 1ml fractions were collected into 0.125ml 1M
Tris/HC1 buffer pH 8.0, containing 10mM dithiothreitol. Step gradients

were routinely used for this size column.

ii) CM-Sephadex

3ml bed volume columns (0.9 x 5cm) of CM-Sephadex A-25 were
packed and equilibrated with 20mM sodium phosphate buffer pH 7.0 or pH
8.0, containing 1mM EDTA and 1mM dithiothreitol. Crude liver
supernatants prepared in 20mM Tris/HC1l buffer pH 8.0, céntaining 1mM
EDTA, 1mM dithiothreitol and 0.25M sucrose, were dialysed against 100
vol. of the above phosphate buffer containing 0.25M sucrose, at either
pH 7.0 or pH 8.0, for 12h at 4°C.

After application of the sample (1ml), columns were washed with
iOml phosphate buffer (without sucrose), followed by two 10ml step

gradients of 0.1M and 1M NaCl. 1ml fractions were collected.

iii) Phosphocellulose

Ton-exchange chromatography of rat liver and brain supernatants
on phosphocellulose was performed in a similar way to DEAE-Sephadex
chromatography. Before preparing the columns, the phosphocellulose was
precycled with NaOH and HCl. After allowing the gel to swell in distilled
water overnight at room temperature, the water was replaced with excess
0.5M NaOH, and stirred gently for 30 min. The gel was then washed with
distilled water on a Buchner funnel until neutral before being gently
stirred for a further 30 min in the presence of excess 0.1M HCl. Following

repeated washing with distilled water to remove the acid, the gel was

equilibrated first with 0.4M Tris/HC1l buffer pH 7.0 containing 20mM EDTA,
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and finally with column elution buffer, 20mM Tris/HCl buffer pH 7.0,
containing 1mM EDTA and 1mM dithiothreitol. 1.6 x Bcm columns (bed
volume 12ml) were packed and equilibrated with this buffer at a flow
rate of 30ml/h.

Crude supernatants of liver and brain were prepared as
described for DEAE-Sephadex ion-exchange chromatography and were then
dialysed at 4°C against 50 vol. of the homogenisation buffer at pH 7.0
instead of pH 8.0, for 2h. After sample application, the columns were
washed with 25ml1 20mM Tris/HCl1 buffer pH 7.0, containing 1mM EDTA and
1mM dithiothreitol at a flow rate of 15ml/h. A linear gradient of NaCl
(0-1M) in 100ml of the same buffer was then applied, followed by 25ml
2M NaCl in the elution buffer. The linear gradients were run at a flow
rate of 15ml/h or 6ml/h for experiments with liver or brain supernatants,
respectively. 1ml fractions were collected into tubes containing 0.125ml

1M Tris/HC1 buffer pH 7.0, containing 10mM dithiothreitol.

7. Gel Filtration Chromatography

i)  Sepharose 6B and Sepharose 2B

Gel filtration of crude tissue supernatants was performed using
Sepharose 6B and Sepharose 2B columns (2.26 x 27.5cm, bed volume 110ml).
5ml samples of liver supernatants were applied, without dialysis, to
columns equilibrated with 20mM Tris/HC1 bgffer pH 8.0, containing 1mM
EDTA and 1mM dithiothreitol. For gel filtration of brain supernatants,
the sample volume was increased (10-13ml) because of the lower activity
of brain ATP citrate lyase. ATP citrate lyase activity was eluted with
the same buffer at a flow rate of 8ml/h. 2.5ml fractions were collected
into tubes containing 0.3ml 1M Tris/HCl buffer pH 8.0, containing 10mM
aithiothreitol. The void volumes of both columns were determined from

the elution volume of Blue Dextran 2000.
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The Sepharose 6B column was calibrated acéording to the method
of Andrews (1965), using the molecular weight standard proteins, catalase,
210,000 (bovine liver), pyruvate kinase, 237,000 (rabbit muscle),
ferritin, 440,000 (horse spleen), and thyroglobulin, 669,000 (porcine,
Type II), in 5ml of elution buffer; Elution of these marker proteins
was determined by absorbance at 280nm except for pyruvate kinase which
was measured enzymatically (see Section 8v). In addition, elution of
lactate dehydrogenase activity present in liver supernatants was also

used for column calibration.

ii) Sephadex G25 and Sephadex G100

Sephadex G25 (1.6 x 9cm, bed volume 18ml) and Sephadex G100
(1.6 x 6.5cm, bed volume 13ml) columns were packed and equilibrated with
20mM Tris/HC1l buffer pH 8.0, containing 1mMEDTA and 1mM dithiothreitol,
at a flow rate of 35-40ml/h. Crude supernatants of liver or brain
(1-4ml) were eluted with 1.5 bed volumes of the above buffer. 1ml

fractions were collected.

All chromatographic procedures were performed at 4°C. Livers
were from normal fed, starved, or starved and refed rats, as described
in Results; brains from normal® fed rats were routinely used. Linear
ionic gradients used in ion—éxchange chromatography, were measured using
a portable conductivity meter. Protein concentrations were determined by
the method of Lowry et al. (1951), using bovine serum albumin as a

standard.

8. Marker Enzyme Assays

All enzyme assays were performed at 37°C except pyruvate kinase
activity which was measured at 30°C. A final volume of 1ml was used for

all assays and the reactions were followed continuously in a Beckmann
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spectrophotometer. One unit of enzyme activity is defined as that
amount of enzyme required to produce one umole of product,or transform
one umole of substrate per min. Molar extinction coefficients used
3 3 3
3 6.2
were'EﬁADH 2 x 107, Ebyt c red. 18.5 x 107, and EbCPIP 21 x 10
-1 -1

cm M .

i) Citrate Synthase:EC 4.1.3.7.

The assay mixture contained 50mM Tris/HC1 buffer pH 8.0, 6.7mM
L-malate, 0.2mM NAD, 0.13mM acetyl CoA, malate dehydrogenase, 125iu/ml,
and enzyme sample. The reaction was started by addition of acetyl CoA

and the reduction of NAD was followed at 340nm (Ochoa, 1955).

ii) Fatty Acid Synthetase System

The assay mixture contained 100mM potassium phosphate buffer
pH 6.5, 2.5mM EDTA, 10mM eysteine, 0.06mM acetyl CoA, 0.07mM malonyl CoA,
0.15mM NADPH, BSA, 0.3mg/ml, and enzyme sample. The reaction was started
by addition of malonyl CoA and oxidation of NADPH was followed at 340nm

(Lynen, 1969).

iii) Lactate Dehydrogenase EC 1.1.1.27

The assay mixture contained 0.1M potassium phosphate buffer
pH 7.0, 2mM pyruvate, 0.15mM NADH, and enzyme sample. The reaction was
started by addition of pyruvate and oxidation of NADH was followed at

340nm (Stolzenbach, 1966).

iv)  NADPH Cytochrome c Reductase EC 1.6.2.4

The assay mixture contained 33mM potassium phosphate buffer
PH 7.3, :eytochrome ¢ (Type III), lmg/ml, O.lmM NADPH, 1mM KCN, and
enzyme sample. The reaction was started by addition of NADPH and
reduction of : cytochrome ¢ was followed at 550nm (modified from Masters

et al., 1967).
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V) Pyruvate Kinase EC 2.7.1.40

The assay mixture contained 40mM triethanolamine buffer pH 7.4,
8mM Mg2804, 70mM KC1,0.15mM NADH, 1mM ADP, 0.67mM phosphoenolpyruvate,
lactate dehydrogenase in 1% BSA, 2iu/ml, and enzyme sample. The reaction
was started by addition of phosphoenolpyruvate and oxidation of NADH was

followed at 340mm (Blicher and Pfleiderer, 1955).

vi) Rotenone-Insensitive NADH ' Cytochrome ¢ Reductase EC 1.6.99.3

The assay mixture contained 12mM glycylglycine buffer pH 7.5,
cytochrome ¢ (Type III), 1lmg/ml, rotenone, 2ug/ml, NADH, 1lmg/ml, 1mM KCN
and enzyme sample. Rotenone was added to the assay as a solution in
methoxyethanol (0.2mg/ml). The reaction was started by addition of enzynme
sample and reduction of cytochrome c was followed at 550nm (Smoly et al.,

1971).

vii) Succinate Dehydrogenase EC 1.3.99.1

The assay mixture contained 50mM potassium phosphate buffer
pH 7.6, 1mM KCN, 0.04mM DCPIP, 20mM succinate and enzyme sample. The .
reaction was started by addition of succinate and the reduction of DCPIP

was followed at 600nm (Earl and Korner, 1965).

9. Subcellular Fractionation

Crude mitochondrial fractions were prepared by a simple two-
step procedure. Rat liver was homogenised in 4 vol. 20mM Tris/HC1 buffer
pH 8.0, containing 1mM EDTA, 1mM dithiothreitol and 0.25M sucrose, using
a power driven Potter-Elvehjem glass-Teflon homogenisér with O.25mm
clearance. The homogenate was centrifuged at 600g for 10 min and the
supernatant obtained was then centrifuged at 15,000g for 15 min (Johnson
and Lardy, 1967). The pellet obtained from this centrifugation was

resuspended in homogenising buffer, and centrifuged at 15,000g for 15 min.
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This was repeated, and the final pellet, the crude mitochondrial
fraction after two washes, was resuspended in a suitable volume of

buffer. All steps were performed at 4°C.

10. Statistical Analysis

Standard error of the mean (SEM) was calculated from the
sample standard deviation i.e. @h-1/v/n whefe n = number of observations.
Significance of the results was tested at the 5% level by Student's t
test. However, because the data was obtained from independent experiments,
and the assumptions of the parametric t test may not be valid, results
were also analysed by non-parametric statistics, at the same significance
level. The Mann-Whitney U test was used for independent samples and the

Wilcoxin matched-pairs signed-ranks test for paired data (Siegel, 1956).
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RESULTS

1. ATP Citrate Lyase Activity of Rat Liver and Brain

i) Spectrophotometric Assay

ATP citrate lyase activity was measured by a coupled
spectrophotometric assay as described in Methods. Oxaloacetate
produced by the enzyme reaction is converted to malate by exogenous
malate dehydrogenase, and the oxidation of NADH is followed
spectrophotometrically at 340nm. CoA was routinely used to start
the reaction after an initial preincubation period at 37°C, but one
of the other substrates, ATP or citrate, could also be used without
affecting the result. ATP citrate lyase activity was determined by
subtracting the rate of endogenous NADH oxidation, measured during
the preincubation period in the absence of one of the substrates,
from'that obtained with the complete assay mixture. All three
substrates ATP, CoA and citrate, were required for enzyme activity,
and using this assay the minimum change in optical density which
could be measured corresponded to oxidation of 3 x 10-4 umoles NADH
per min. Enzyme activity was directly proportional to the amount of
crude tissue supernatant (0-50 ul liver; 0-100 ul brain), equivalent
to approximately 0-1 mg total protein (Fig. 3).

The activity of ATP citrate lyase in crude supernatants
from liver and brain is shown in Table 1. The specific activity of
the liver enzyme from normal fed rats, 0.016 units/mg protein,
corresponds to literature values, for similar crude extracts, ranging
from 0.004 - 0.013 units/mg protein (Pearce, 1980; Vernon and Walker,.
1968b; Shargo et al., 1971; Ramakrishna and Benjamin, 1979; Kornacker
and Lowenstein, 1965a3: Hoffmann et al., 1979b).  When rats were starved

for 48h, a 50% decrease in the liver enzyme activity was obtained,
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FIG. 3

ATP Citrate Lyase Activity of Liver and Brain Supernatants: Activity

v Amount of Sample

Crude supernatants of a) liver and b) brain from normal fed
rats were prepared by homogenisation of the tissue in 4 vol. and 2 vol.
respectively of 5mM Tris/HC1l buffer pH 7.4, containing 0.2M KCl and
1mM dithiothreitol, followed by centrifugation of homogenates at
30,000g for 30 min. Brain supernatant was dialysed against ~500 vol.
homogenising buffer at 4°C overnight. ATP citrate lyase activity was
measured at 37°C by the coupled spectrophotometric asséy using
different amounts of the supernatant sample.\The reaction was started
bf addition of CeA after a 7 min preincubation at 37°C. Results are
from two separate experiments, a) and b), and were obtained from

duplicate assays.
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whereas refeeding a high carbohydrate diet for 72h after an initial
48h starvation produced an average 5-fold increase in activity. Such
diet-induced changes in ATP citrate lyase activity originally reported
by Kornacker and Lowenstein (1965a), were subsequently shown to be the
result of changes in the amount of enzyme (Suzuki et al., 1967;

Takeda et al., 1967). Literature values for the specific activity of
liver ATP citrate lyase in crude extracts from 48h starved rats
averagé 0.003 units/mg protein (Kornacker and Lowenstein, 1965a;
Hoffmann et al., 1980c),. representing a 2-9-fold decrease. Induction
of the enzyme by starving and refeeding produces increases in activity
of 2-13-fold with specific activities of the enzyme in crude extracts
ranging from 0.012 - 0.16 units/mg protein (Plowman and Cleland, 1967;
Hoffmann et al., 1979b;: Inoue et al., 1966; Kornacker and Lowenstein,
1965a;; Linn and Srere, 1979; Redshaw and’Loten, 1981).

ATP citrate lyase activity of crude brain supernatants from
adult, normal fed rats, was <10% that of liver extracts from similar
animals, when compared on a tissue weight basis. The specific activity,
0.0058 units/mg protein, was 36% of the value for the liver enzyme
(Table 1). Literature values for brain ATP citrate lyase specific
activity in crude extracts vary from 0.0016 - 0.0070 units/mg protein
Wmmemmmwmmmggnmmﬁmm%gg,
1975; Simpson, 1981; Szutowicz and Lysiak, 1980). In contrast to the
liver enzyme, no change in the activity of brain ATP citrate lyase was
obtained when natsAwere starved for 48h and refed a high carbohydrate
diet for 72h (Table‘l), an observation previously reported by Szutowicz
et al. (1974b).. Furthermore, the -enzyme from newborn rat brain had
the same speqifgq‘activitygas;that‘fnomradultﬁbrain (Table 1). This
result is in agneemenf wn.th that of_;Buclg:l‘_ey and Williamson (1973), but

N
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a_decrease in brain ATP citrate lyase activity from newborn to adult
has been observed by others (D'Adamo and D'Adamo, 1968; Szutowicz

et al., 1974b). However, Szutowicz et al. (1980) recently

presented evidence which indicated that apparent developmental changes
in enzyme activity differ in different brain areas. Thus, in the
essentially non-cholinergic cerebellum, ATP citrate lyase activity was
found to decrease during development, in parallel with réduced
lipogenesis. In the cholinergic cerebrum however, no change in the
enzyme activity was observed and this was explained to be due to an
increase in activity to accommodate the increased acetylcholine
synthesis, together with a decrease in activity of the enzyme involved
in lipogenesis.Therefore, developmental changes of the enzyme cannot be
determined using whole brain extracts since such regional changes would
ﬁot be taken into consideration.

Crude extracts of liver and brain were prepared by
homogenisation.of the tissue in one of two isolation buffers, a (Hoffmann
et al., 1979b) and b (Szutowicz et al., 1974a).. Tris/HCl was used as
the buffer in both media but at different concentrations and pH,

a, 20mM, pH 8.0; b, 5mM pH 7.4 . In addition, one contained non-ionic
sucrose (0.25M) as the osmotic support (a), whereas the other (b), was
made isotonic by addition of O.ZHgKCI. However, as ;hown in Table 1,
neither liver nor brain ATP citrate lyase activity‘was significantly
affected by the extraction method used. The method of Hoffmann et al.
(1979 ) was routinely employed.

The endogenous NADH oxidation prgsent in crude supernatants
of liver and-brain was measured, and,gxpressed as a percentage of the
total NADH oxidation obtained for the complete assay mixture (Table 2).
For liver superngtaﬁtsgﬁrQM normal fed rats, this background activity

represented 17% of the- total activity whereas after induction of ATP
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TABLE 2

% Total NADH Oxidation due to Endogenous Activity

Crude % Total Rate due to
Supernatant Endogenous NADH Oxidation
Liver
Normal fed 17 2 (11)
Starved/refed 7.5 X o.5 (22)
Brain +
- 4 (6)

Normal fed 33

ATP citrate lyase activity was measured atv37°C by the .
coupled spectrophotometric assay, as described in Methods. |
Cuvettes containing all the assay components except CoA were
incubated at 37°C for 7 min prior to starting the enzyme reaction.
During this time NADH oxidation was measured, and the amount of
this endogenous activity is expressed as a percentage of the total
NADHioxidation obtained after addition of CoA. Supérnatan;s were
prepared by homogenisation of tissue (liver 1:4 vol: w/v; brain
1:2 vol. w/v) in 20mM Tris/HCl buffer pH 8.0, containing 1mM EDTA,
1mM dithiothreitol, and 0.25M sucrose, and centrifugation of

homogenates at 45,000g for 30 min at 4°C. Results are means I sEm

with nhumber of determinations in brackets.
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citrate lyase by starving and refeeding rats, it was reduced to 8%.
Crude supernatants of brain however, contained a high background
activity comprising 33% of the total NADH oxidation. In addition,
this endogenous activity was non-linear, thereby making determination
éf brain ATP citrate lyase more difficult.
Attempts to reduce the background activity by dialysis,
particularly for brain supernatants, were not effective (Table 3).
In fact, dialysis of supernatants against 30-50 vol. homogenising.buffer
for 2h at 4°C appeared to increase the endogenous activity of liver
supernatants from normal fed rats. The background activity of liver
supernatants from ~starved and refed rats, and of brain supernatants,
was not affected by dialysis. No change in ATP citrate lyase activity
was observed after dialysis of either liver orbrain supernatants
| (Table 3).

| Crude supernatants were routinely stored at 4°C and maintained
maximum activity for 3-4 days. However, activity could be restored
after this period by incubatién with 5mM dithiothreitol for several
hours at 0-4°C. This phenomenon was described by Cottam and Srere (1969)
and occurs due to reduction of essential sulphydryl groups on the enzyme.
The degree of activation obtained varied from sample to sample such that
the‘enzyme activity was increa§Ed‘to 30-70% of the &riginal activity.
Typical activation curves are shown in Fig. 4. In addition, this
activation was also observed in the cuvetté when using aged samples,
and is probably due'to'the‘presencegéf meréapfoethanol and CoA, two

sulphydryl reagents presenﬁ in the assay.

-

i&) 'Radiochemical.Assay
This_assay-was‘deveIOped as an alternative‘to the coupled
speé%fophotdmetriC=assay.[4;1%C]6xaloaceta%e produced’ffbm the cleavage

=
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a Loss of activity with age b Activation by dithiothreitol
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2
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0 2 4 6 8 0 100 200 300 40
Age of sample (day) Incubation time (min)
FIG. 4

Activation of Liver ATP Citrate Lyase by 5mM Dithiothreitol

The graph shows a) loss of activity of liver ATP citrate lyase
of samples étored at 4°C, and b) reactivation of the same samples by
incubation with dithiothreitol at 4°C. Results are from three experiments
‘and are expressed as the % initial activity (part a, day 0). Each sample
was incubated with 5mM dithiothreitol in buffer on the last day shown in
part a, and aliquots (50 ul) were removed for enzyme assay at the times
indicated. All samples were‘from DEAE~Sephadex ion;exchange chromatography
of liver supernatants from hormal‘fed rats (see Methods); e column
fraction from firsf—éiuted enzyme peak; & column fraction from second-
eluted enzyme peak;;l,é fractidns containing maximum activity of second-
eluteé enzyme peak;‘péqied and éoncenfraféd to 0.5 original volume with
polyethyl;ne gl&égl.j ATP éi¥réﬁe-iyase»activity wgs ﬁéasured by the

spectropﬁotémétficféséay‘éf 37°C3; results are averéges of duplicate
assays except ® part b.
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14 . . .
of [1,5- c] citrate by ATP citrate lyase is decarboxylated to release
[140] carbon dioxide, which is trapped and the radioactivity
determined. The enzyme shows stereospecificity for the substrate

citrate (Srere and Bhaduri, 1964), such that only carbon 5 of citrate is

incorporated into oxaloacetate.

¥*
*COOH CH,, COCGA’
CH
| 2 ATP,Mg>t
HO-C-COOH —— 5 +
CH,, CoA COOH COOH
|
*COOH co AL,(S0,), CO
*
CH > . *t 0
2 3
*C = 140 *COOH

The assay procedure was modified from that of Suzuki et al.
(1967) using the components of the séectrophotometric assay but
wifhout the coupling system, malate dehydrogenase and NADH. The reaction
mixture was incubated in Warburg flasks, and the oxaloacetate produced
was decarboxylated using the method of Krebs and Eggleston (1945)
employed by Suzuki et al. (1967). The amount of [140] carbon dioxide
released was determined using the ethanolamine/ethylene glycol
monomethyl ether/toluene PPO trapping and counting system described by
Jeffay and Alvarez (1961). This method has Several édVantages tompared to
the methanolic hyamine employéd by Suzuki et al..- (1967), such as less
severe quenching and higher carbon diexide trapping capacity. (1ml
ethanolamine can react with 8 mmoles‘COz).‘ In addition, ethanolamine
is less expensive .and more readily\aQailable than hyamine. A further
advantage of—absarﬁing Ehé carbor dioxide 'directly ‘is that the
hgmogpneus&scintillatipnjmixture obitdined enables greater counting
efficiency -:than'mirie"‘clgc;a"ds involving gas dbsorption on paper.:

j‘aEthaanaminé!.mhieh'traps>dafbon ﬂidkide‘byuformatiQHJOf a

f



| by Al 2‘( S0 a

carbonate, is a quenching agent and therefore it is necessary to use
the minimum volume required to trap all the carbon dioxide prodﬁced.
Moreover, as the carbonate formed is insoluble in the toluene PPO
scintillation mixture, ethylene glycol monomethyl ether is required
to act as a solubilising agent. Thus, [140] carbon dioxide was
trapped in the 1:2 (v/v) ethanolamine/ethylene glycol monomethyl
ether solution suggested by Jeffay and Alvarez (1961). A total
volume of 0.15ml was used which contained excess ethanolamine to trap
[14C] carbon dioxide but had no quenching effect. This trapping

solution was placed in small glass tubes held in the centre wells of

the Warburg flasks. At the end of the assay, these tubes were

transferred to scintillation vials containing the toluene PPO/ethylene

glycol monomethyl ether (2:1 v/v) scintillant. Thus, all the [140]
carbon dioxide trapped by the ethanﬁlamine was transferred quickly
and without loss. The presence of the glass tubes in the scintillation
vials had no effect on the measurement of radicactivity.

The efficiency of 140 determination was 78-82%, and
40

correction was made using a quench curve, which was obtained with 1
hexadecane standard (0.39 uCi/ml), and chloroform as a quenching agent.
The scintillation mixture was the same as that used for the assay,
toluene PPO/ethylene glycol momomethyl ether (2:1 v/v). Recovery of
[1401 carbon dioxide released by acidification of standard NaH14CO3
was 100% when determined by the metHod described above, and the
radioactivity measured was directly propertional to the amount of

bicarbonate (0~0.02 uCi) (Fig.5).

Release of [140]‘carbon dioxide from the assay mixture was

obtained by decarboxylation of the oxaloacetate produced during the

engyme reaction. This invoived'injectian of phthalate buffer, followed

)31 inté:s&&led Wafbhfg»flasks containing the enzyme assay
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‘FIG. 5

Amount of 14002 Trapped by Ethanolamine v Amount of NaHl4CO3 Acidified

Varying amounts of 5mM NaHlACO3 (0.004yCi/umole) and 50mM Tris/

HC1 buffer pH 9.0 (1ml final volume) were inctibated at 37°C in the main
compartment of a séaled Warburg flask, containihg 0.2ml 2M HC1l in the
side arm. After 5 min equilibration, the acid was %ipped into the main
compartment and iricubation was continued for a further 25 min. The

14002‘released was trapped by 0.15ml ethanolamine/ethylene glycol

monomethyl ether (1:2 v/v), present in a giass tube held in the centre

well of the flask. 14

C radioactivity (e) was determined a8 described
in Methods. Results are from one experiment and are typical of three,

ofigdicatés7tne“expéc%ed‘l4d'ra&ioactivifyvassuming 100% efficiency of

N .
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AT AT T



'.::'n"'_l .

mixture and the carbon dioxide trapping solution (Krebs and Eggleston,
1945). Decarboxylation of standard oxaloacetate solutions was
measured manometrically because [4—140] oxaloacetate is not readily
available. The amount of carbon dioxide evolved was directly
proportional to the amount of oxaloacetate (0-5 umoles) (Fig. 6).
Recovery of carbon dioxide was 82% and appropriate correction was
made in the enzyme assays.

Since the procedures involved in the measurement of
oxaloacetate were found to operate with high efficiency, this assay
system appeared to be suitable for the determination of ATP citrate
lyase activity. However, when crude supernatants of liver or brain,
from normal fed rats, were used in the assay, the 140 radioactivity
measured was lower (>50%) than that expected from spectrophotometric
assays of the same samples; duplicate assays were inconsistent and
fhere was no increase in the amount of {140} carbon dioxide detected
with increased amounts of the sample. Control assays performed in the
absence of enzyme sample revealed a high and variable background (150 -
350 dpm) compared to vials containing scintillation mixture only (50 -
60 dpm). Further investigation indicated that this was due to
decarboxylation of [1,5-140] citrate, since it could be produced by

1401 citrate and buffer alone. Although this [17C]

incubation of [1,5-
carbon dioxide released represented <0.1% of the total citrate it was
sufficient to produceuas much as a 7-fold increase in the background
radioactivity.

Howévér, despiée this high background radioactivity, the
abtivity-of ﬁartially purified liver ATP citrate lyase from DEAE-
Sephadex iaﬁ—ekéhange;éhromatognaﬁhy (activity eluted by the gradient)
could be meaéu%éélﬁiﬁh tﬁisfégsayu ‘Tﬁué,'the amount of [14C]>carbon

dioxide was shown to be directly proportional to the amount of sample
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FIG. 6

Amount of COszeleased v Amount of Oxaloacetate Decarboxylated

Oxaloacetate in SOmM Tris/HCl buffer pH 2:8 (1ml final
volume), and 0.2ml 2M‘HCl, were equilibrated at 25°C in double-armed
Warburg flasks. After 10 min, oxaloacetate was decarboxylated by
addition of 0.5ml1 0.75M phthalate buffer pH 4.5, followed by 0.5ml
A126804)3 solution (35.3%vw/v) from the side arms. 002 evolution (e)
was;measufed manometrically at 25°C. Results are from one experiment
and are~tybical of two. o indicates the expected amount of 002

evolved assuming IOO%‘effieiency of decarboxylation.

R
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(0-75ul) and to the incubation time at 37°C (0-40 min) (Figs. 7
and 8). The enzyme activity measured was in good agreement with
results from the coupled spectrophotometric assays of the same
samples (Table 4), and reactions started with either ATP or CoA
produced the same result.

Although this assay was suitable to use with partially
purified samples of liver, it could not be used to measure ATP
citrate lyase activity of crude supernatants, possibly due to
utilisation of the [14C] oxaloacetate produced by other enzymes.
Therefore, because of its limited use, and the fact that it was more
time consuming than the spectrophotometric assay, it was not used in

any further experiments.

2. Ion-Exchange Chromatography of Crude Supernatants

i) DEAE~-Sephadex

a)  Liver

DEAE-Sephadex anion-exchange chromatography of liver
supernatants from normal fed rats revealed two peaks of ATP citrate
lyase activity. The first peak was eluted immediately, within a single
bed volume, followed by the major proportion of the recovered activity,
which was eluted with the gradient (Fig. 9). A similar two-peak profile,
with the same distributidn of activity, was observed for the enzyme from
liver of starved and refed rats., In both cases about 16% of the total
regqvered activity was present in the~ponaretained, basic peak (Table 5
gnleig. 10).

These results are ;n contrastitc‘thqsezof Hoffmann et al.
(;QZSb);‘ who used this method in the purification of liver ATP citrate
lyasg ?nom“stgrygd and r§£§d ;atsk andtobaeryeg pn;y a‘single peak of

activity which was elutedlbj‘the gradienf; Comparison with their results
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FIG. 7

Radiochemical Assay of Liver ATP Citrate Lyase: l4002 Released v

Amount of Sample

ATP citrate lyase activity was measured by the radiochemical
assay as described in Methods. Enzyme samples were preincubated in the

assay mixture for 7 min at 37°C before the reaction was started by the

addition of ATP, followed by a.further 10 min incubation at 37°C. 1400

released by decarboxylation of the [4—l4c] oxaloacetate produced by the

2

enzyne reaction, was trapped by ethaﬁolamine/ethylene glycol monomethyl
ethep,>and.the,radioactivity determined. Assays‘without enzyme sample
were used as blanks. The ATP-citrate lyase activity of the sample
measured by the spectrophotometric assay, using a 50 pl sample, was
0.093 units/ml., The enzyme sampile used was a column fraction containing
ATP'CitrateJlyagenaativity‘eluted,ﬁmeﬁ a DEAE-Sephadex column by the
salt gpadient. Rﬁsu;ts‘grggfrcm,ghe{exggpimegﬁ and are typical of four.
Values have been }g.g,rg*eétgd for the 829,6‘«.7‘e;§ff?i~9ier}ey of oxaloacetate

decarboxylation. , . = .. -

' R el e
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FIG. 8

Radiochemical Assay of Liver ATP Citrate Lyase: l4002 Released v

Incubation Time

ATP citrate lyase activity was measured by the radiochemical
assay as described in Methods. Enzyme samples (100ul) were
preincubated in the assay mixture for 7 min at 37°C before the reaction

was started by the addition of ATP, followed by further incubation for

10-40 min as indicated. _14002 released by decarboxylation of the [4—140]

oxaloacetate produced by'the enzyme reaction, was trapped by ethanolamine/
ethylene glycol monomethyl ether, and the rad10act1v1ty determined.

Assays in whlch.the enzyme reactlon was stopped immediately after

addltlon of ATP were used as blanks. The enzyme sample used was a

1 " Lo

column fractlon contalnlng ATP 01trate lyase act1v1ty eluted ~.om a
St L
DEAE-Sephadex column by the salt gradient and concentrated to half the
original-volume with polyethylene glycol. Results are from a single
experiment, and 'h;a’rve been Accrﬁfectefd for the 82% efficiency of
oxaloacetate decarboxylation..

.ﬁﬂ
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TABLE 4

Comparison of the Radiochemical and Spectrophotometric Assays

for the Determination of Liver ATP Citrate Lyase Activity

Radiochemical Assay Spectrophotometric
Assay
Hmoles COz/lomin Units/ml Units/ml
0.028 0.056 0.044
0.041 0.082 0.092
0.098 0.20 0.19

Results are from three experiments using three different
samples of partially purified liver ATP citrate lyase, and are
averages of duplicate assays. The first two values were obtained
using individual fractions eluted from DEAE~Sephadex ion-exchange
columns.by a KC1l gradient; for the third value, the enzyme sample
used consisted of several fractions eluted from a DEAE-Sephadex
column,which had been pooled and concentrated with ﬁolyethylene
glyéol. Both assays were performed using 50ul. samples, as described
in Methods. Results from the radiochemical assay were obtained after
a 10 min incubation at 37°C, and the reaction was started with ATP.
Values have been corrected for the 82% efficiency of oxaloacetate

decarboxylation. Spectrophotometric assays were started with CoA.
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TABLE 5

% Total Recovered Activity found in the First-Eluted Peak from

DEAE-Sephadex Ion-Exchange Chromatography of Liver and Brain

SuEernatants

Dialysed Supernatant % Total Recovered Activity
Liver
Normal fed 14.2 1.6 (5)
Starved/refed 17.7 < 3.6 (7)
. - + ¥
Brain 39.9 - 7.4 (3)

*# Significantly different from liver, normal fed and starved/
refed, p € 0.02 (Mann~Whitney U test).

DEAE-Sephadex ion-exchange chromatography of dialysed liver
and brain supernatants was performed as described in Methods. The
total enzyme activity (units) in the non-retained peak was determined
and is expressed as a percentage of the total re00v§red activity from
the two peaks. Results were obtained using different column sizes
(see Methods) and are means % SEM for the number of experiments in

brackets. Brains were from normal fed rats.
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% Total Recovered ATP Citrate Lyase Activity found in the First-Eluted

Peak from DEAE-Sephadex Ion-Exchange Chromatography of Liver and Brain
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As for Table 5.
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shows that the second peak in Fig. 9 was eluted with maximum activity
at the same KCl concentration (0.1M). Also, similar increases in
specific activity of the enzyme, approximately 10-fold, were obtained
(Table 6). Hence, the major proportion of ATP citrate lyase activity
was eluted as described by Hoffmann et al. (1979b).. However, an
additional peak containing a minor component of activity was also
observed.

In order to determine whether this first-eluted peak was
simply due to column overloading, the sample volume was reduced by 75%.
However, fhe minor component of activity was still present, and there
was no reduction in the proportion of the total activity it contained
(Table 7, Exp.l). Furthermore, induction of ATP citrate lyase by
refeeding rats a high carbohydrate diet, after a period of starvation,
produces a large increase in the enzyme activity without changing the
protein concentration of the supernatant (see Table 1). When such
'induced supernatant' samples, containing the same total ATP citrate
lyase activity as normal fed samples, but with only 25% of the total
protein (Table 7, Exp.3), were applied to ion-exchange columns two peaks
were still obtained. Thus:the presence of the basic peak, containing
the same proportion of the total activity as in experiments with super-
natants from normal fed rats, indicates that non—adsorptioﬁ of this
ac%ivity is not due to competition with other proteins. The possibility
of column overloading can therefore be excluded. -

ATP citrate lyase has been shown to be susceptible to nicking
by proteolytic enzymes (Singh et al., 1976; Linn and Srere, 1979).
This therefore presents another explanation for the apparent heterogeneity
of the enzyme observed by ion-exchange chromatography. Supernatahts were
routineiy applied to colunns immediately after dialysis. However, wheﬁ

'

crude supefnatants were either aged for 24h dt 4°C before dialysis,; or

94



95

jquejeudsdng --poTTddy Te30] : -

0T X% 09°0 174 Ve Q€T mEOHPUMQ%a%QmﬁvmhMgI.@w9m>oomm
090°0 L19 9€ rd 4 juejeuxsdns — paTTddy TE3OL
(964GT) °Te 3° uueuwyjoH
0°'8 X L0T ZA0] Vs o'y 6 SUOT310BAF jUaIpPRJd — PaISA0ODY . -
160°0 049 19 1% juejeussdns —-paT1ddy Te30]
peJeua/peaaels "¢
0L X SOT €1°0 6T Ve P SUOT}OBAJ JUITPRJIZ = POISACISY .
8T0°0 0c9 1T e .
peJ TEWJON °T
Aytatyoy % Bw/s3TUun Bu s3Tun Tw
o1JTo8dg PTeTA  £3T1AT30Y urejzoad  A3TATIOV oseAT °3BI3T) dLV
ut aseaJourl TB30], o1JTo0dg Te3ol sunmTop Jo souanog

(46Z61) "1€ 3@ uuewyjoy Kq peAJesqo 3BU3 U3IM ‘Aydeddojeuody) sdueyoxXg-uol xopeydeS-mvad

Aq psurelqo ‘osedT 93eJI]T) dLV J9ATT JO A3TAT3OY otJroedS ur oseadaoul ayjz JO uosIJIeduo)

9 HIdVl



*syead psurej}ad pue

peuTejaJI-uUoU 8y3 U3oq WOJJ °*o°T uunyod ayj3 woaJ A3TATIOR JO AJonodoea [e303 9yj sjussouadoea ,pIoTA h
Te30l, °sSjeJd psjaJa/poadels Julsn g pue ‘sjea psJ Tewaou Jutsn ¢ Jo Teo1dA] sae pue sjusutaadxs
8T8uTrs woay aae s3Tnssy *100£18 suaTdyzefiod £q sunioa TeuidrJo Syj3 JTeY O3 PS3BIJUSOUOD

pue patood aJem SuoT3oBIF LJTAT]OB UNWIXBW 989JU3 ‘JdSATT IJBJI P Tewdou yYjTm jusutasdxs

ayj] JOoJ ‘uOT3ORIJ OTSUIS B WOJIJ SJIB S3[NSSJI JOATT Jed pajot/poageis UYjim quswtsadxe syz Jod
*£3TAT3O® QwAZUS wnuTXew SUTUTRFUOD SUOT3OBIJ SUTSN pPoUTWJIS3}Sp Sem jusTpead syj £q peanie osed|
93eJ3TO dIV JO £3TAT30® OTITOods ayg .H,oﬁmnzpoﬁﬁu WwoT Sututejuod ‘g HA I933nq TDH/STIL
TWI O3UT Po3O8T[00 2JoM SUOTLOBRIF TWg "JUSTpedd DY JesuTll e £gq PISMOTTOJ ‘osoaons 31 H>Y3jIm
JI9JJNq SAOQE SYJ Y3 TM pagnTs aasm seTdues TuyE(wdZe X 9z °2) ‘uwntod xmvmzawwu%mm 01 ‘sTSATRTIp JI83 3B
‘perTdde sgem sjuejeusadns ay3l pue ‘Hop 1B UIW OE JOJF BO00‘Sy 3e pPefnITujusd aasm SajeuslouwoH
*9s0JqoNs WGZ°'0 Pue TO3TOJIUYIOTUFTP WWT ‘VIQd Wwl Sutrurejuod ‘g*g Hd a933nq IOH/STJIL

WWOZ °*TOA 7 UT pasTuoBowoy oJdom S3Bd PoJod PUB POAJE]S JO ‘pPaJ TBUIOU WOJJ SJIOATT

penurjuod - 9 FIdVL

96



g ¢ée L'C 0°¢ pajsa/paagels °q
¢ 8T Ve '8 paJ Tewaou ‘e ure3odd Te3ol peseaddaq ‘g
9°8T 28 e peJjaa/paage3s °q
O0°€T €T e peJ JewJaou °e £ TATROY swhzuyg pasesdaoul °*z
9°€1l 8¢ g peJ TewJou °*q
0°€1 €T e peJ Tewaou °e urejlodd Te3ol pue
£31AT3OV swfkzuyg pasesaaosd °T
Head paurTe3lsy—-uUoN s3tufn Tu
ut A3 TAT3OV patT1ddy suntop Tewtuy Jjo _
paIanoo9y Te3ol % £11TAT30V TB3O0L s1dweg aje3s Laeystqg quauiTIodxy
yead pauTe3sy—UoN Y3 ur AJTATIOY PaJOAOOSY Te10] % uo
UTe304d TE30L J0/pUe A3TAT30V oSeA] o3eddt) dlv 1630l Juiduey) Jo 308334

‘SUUNTO) ©8UBUOXZI-UO] Xopeydeg-myag o3 poT1ddy

4L FTdVL




*S]1INSaJ 3093JJE 30U PTP sjusuwtJadxs usomioq AJISA0DSJ UT SOUSJIDIITP (sjusuwtasdxe ajeaedss suru ayjz ht&

%0T 7 LOT pafeasaae m&ﬁmn yzoq woaJ £3TAT30® Jo LJoncdoa Tel0l ‘(I 9Tqel s9s) AToaTgoodsaa poJed/poAgess pue pag
Tewsou aoJ Tu/Bup gz pue Tw/Bw/*Tz sJae sjuejeussdns Jo SUOT3BIFULSOUOO ursjodd afeasay ‘*A3TATIOR asel] 93vJal1IO JIV
JO sjunowe qUSJSJJTIP Se TIoMm mm.mcssaoo oyg o3 peirrdde ursjzoad Te3z03 JO sjunoue JUaJIIIP Juessadsa sunyoa oTdues
ut seduey;) °*OmM3 JO mwmhm>m (q pue ‘jusutgadxe SUO WOJF (B SJB S3INSSY * (SUMTOA peq TWZZ) WOTT X Q°T SUUNTOD
xopeydeg-gyaq o3 peorTdde sgam ‘sjeaq pejed pue paadels (q pue ‘paj TeWIOU (B JO JSATT WOJIJ mvsmpmnwmnzm ‘¢ fomy
Jo oBeasae (q ‘B ST se sjusutTaodxe swes woIy (B oJ S3INSSY ° (SUNTOA paq TWEg) WOZZ X 92°Z ‘SuumToo xspeydsg
-dvda o3 petrdde saom ‘sjea psjJeJa pue psagels (q pue ycom fewJou (B JO JOATT WoJdJ squejeussdng °*g ‘{Ausutasdxe
auo wodJ (q ‘sjusurtasdxs 9aayz Jo 98eqoar (B oJde S3TNS’Y * (sunfoa psq Hewwv uoge X 922 .maESHoo,xovmznwwlmde
07 parrdde aaem sjed peJ TeWJOU JO JOATT wodJ sjuejeuedng T :sjusutaedxe JO s3908 98ayjz jussouadex sjTnsey

*Spoy}el UT peaqrJaossp se pauwgojasd sem squejeudedns JsATT Jo AuydeaBojewoays odueyoxs-uoT xspeydsg-Fyad

ponuTIuC) — L A4V

98



dialysed for 24h, prior to column chromatography, two peaks of ATP
citrate lyase were still obtained. More direct evidence against the
involvement of proteolysis was obtained by ion-exchange chromatography
in the presence of the proteolytic inhibitor phenylmethylsulphonyl
fluoride (0.2mM). Thus, liver supernatant prepared in buffer
containing phenylmethylsulphonyl flueride had the same proportion of
the total ATP citrate lyase activity in the non-retained, basic form
as the control supernatant, prepared from the same tissue but'
homogenised in the absence of the inhibitor (Fig. 11). The concentration
of phenyimethylsulphonyl fluoride used here has recently been shown to
protect acetyl CoA carboxylase, resulting in changes in the properties
of the enzyme (Song andKim; 1981).

The use of Sephadex G25 gel filtration of supernatants in
place of dialysis had no effeet on the elution. profile of ATP citrate
lyase from DEAE-Sephadex ion-exchange columns. Thus, the enzyme
heterogeneity is not due to an artefact of dialysis.

The possibility that citrate synthase acting in the reverse.
direction is résponsible for the pfesence of the minor peak was
considered. However, citrate synthase activity in crude liver
supernatants was negligible. Furthermore, when column fractions
containing either first peak or second peak activity‘were assayed using
tﬁe ATP citrate lyase assay, but in the absence of ATP which inhibits

citrate synthase, no activity was detected. This confirms the absence

of citrate synthase in these fractions.

b) Brain
ATP citrate lyase in crude supernatants of adult rat brain
also eluted as two peaks of activity from DEAE-Sephadex ion-exchange
columns (Fig; 12). Hdquer, in contrast to the liver enzyme, a large

proportion of the recovered activity, 40%,was eluted in the nori-retained
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FIG. 11

DEAE-Sephadex Ion-Exchange Chromatography of Crude Liver Supernatants

in the Presence of Phenylmethylsulphonyl Fluoride

Livers from two starved and refed rats were minced separately
and each divided in half. Each one of the four liver portions was
homogenised separately in 4 vol. 20mM Tris/HC1 buffer pH 8.0, containing
1mM EDTA, 1mM dithiothreitol, 0.25M sucrose, and either 0.2mM
phenylmeth&lsulphonyl fluoride (PMSF) in propan-2-ol (one poftion from
each liver), or an equal amount of propan-2-ol only (one portion from
each liver). PMSF was dissolved in propan-2-ol and diluted 1:2 (v/v)
with homogenising buffer. The required volume was then added to
homogenisation and column buffers to give 0.2mM PMSF. Control buffers
(i.e. -PMSF) contained the same volume of a 1:2 (v/v) solution of
propan-2-ol in buffer. Each homogenate was centrifuged at 45,000g for
30 min at 4°C; the two supernatants containing PMSF (i.e. one from
each liver) were combined, as were the two supernatants without PMSF.
After dialysis of each sample (i.e. + and - PMSF) against 50 vol.
homdéenising buffer for 2h at 4°C, 2ml samples were applied to DEAE-
Sephadex columns (1.6 x 1lcm). ATP citrate lyase activity (e) was
eluted with 20mM Tris/HC1 buffer pH 8.0, containing 1mM EDTA, and 1mM
dithiothreitol, : PMSF, followed by a step gradient of 0.4M KEl (o).
2ml fractions were collected into 0.125 vol. 1M Tris/HCl buffer pH 8.0,
contiaininé 10mM dithiothreitol. Results are from a single experiment;
a second profile obtained for each sample (i.e. + and - PMSF) after

24h diz"'rvsis, produced the same results.
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peak (Table 5 and Fig. 10).. The remaining activity was eluted by the
ionic gradient at a similar KCl concentration to the liver enzyme,

around 0.1M,

‘Initially all ion-exchange columns were run over two days
and fractions were assayed for ATP citrate lyase activity the second
day after preparation of the supernatant. However, use of smaller
columns (22ml instead of 88ml bed volume) enabled chromatography to
be perfermed overnight so that fractions were assayed the day after
supernatant preparation. Average recovery of activity (total from
both peaks) from all columne, both liver and brain was 109 h 6% from
36 experiments. Some experiments however, resulted in unexpectedly
high recoveries of over 170%. Possible explanations for this are

discussed later.

ii)  CM-Sephadex

Since the minor component of ATP citrate lyase activity was
not adsorbed on the DEAE-Sephadex anion-exchange column, ion-exchange
‘chromatography was performed using a cation-exchange column. Hence,
the ATP citrate lyase not retained by the positively charged~DEAE-
Sephadex, may be adsorbed by a negatively charged caﬁion—exchanger.

Therefore, cation-exchange chromatography was performed on
CM—-Sephadex using sepernatants prepared in the same way as for DEAE-
Sephadex anion—exchange chromatography, except that samples were
dialysed aga1nst phosphate buffers. However, all the ATP citrate
1yase activ1ty was eluted w1thout retentlon, at both pH's used, pH 7.0
and pH 8 0, resultlng‘le‘loo% recovery of act1v1ty before application
'of the NaCl gradlents. Nelther the phosphate buffer. nor the lower

pH (pH 7. O), had any effect on the ATP citrate lyase act1v1ty of the

L

supernatants compared to control samples in Trls/HCl buffer at pH 8.0,
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iii) Phosphocellulose

The heterogeneity of liver and brain ATP citrate lyase was
also investigated by cation-exchange chromatography on phosphocéllulose
columns. The liver enzyme from starved and refed rat was separated
into three peaks of activity (Fig. 13b).. A small percentage of the
recovered activity, 17%, was eluted immediately without retention, but
the possibility that this represents column overload cannot be
excluded by the present experiments. The major proportion of the
enzyme was strongly adsorbed by the column and was eluted after
application of a 2M NaCl step gradient. A third peak, comprising 19%
of the recovered activity, was eluted by the linear gradient at about
0.45M NaCl. However, the elution profile of the enzyme from a duplicate
column, using the same supernatant, did not show any activity at this
position. The apparent abseﬁce of this peak could be explained by the
instability of* the enzyme, as column fractions were assayed a day later

‘that those from the duplicate column which had activity. This is
supported by the fact that the recovery of activity from this column
(52%) was lower than that of the other column (62%) by an amount of
activity equivalent to that found in the second eluted peak.

Phosphocellulose ion-exchange chromatography of brain
supernatants revealed two peaks of ATP citrate lyase activity (Fig.
_l3=iT~ The first peak,which contained the major proportion of the
recovered activity, was eluted by the linear gradient over the range
0.2 - 0.4M NaCl. This actiiity is therefore distinct from the second
eluted peak of the liver enzyme which was eluted at 0.45M NaCl. The
second peak of brain ATP citrate lyase activity was eluted after
application of a 2M NaCl step gradient and contained about 20% of the
recovered,activity. However, total recovery of activity from two

;

duplicate columns was <30%, and therefore quantitative comparison with
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FIG. 13

Phosphocellulose Cation-Exchange Chromatography of ATP Citrate Lyase

Activity of Crude Supernatants from Liver and Brain

Dialysed supernatants (a, 11.5ml; b, 2ml) prepared from a)
brains of 10 normal fed rats, and b) liver of one starved and refed
rat, were applied to phosphocellulose columns, 1.6 x6cm (12ml bed volume),
ATP citrate lyase activity was eluted with 20mM Tris/HCl buffer pH 7.0,
containing 1mM EDTA and 1mM dithiothreitol, followed firstly by a linear
NaCl gradient (0-1M), and then a step gradient of 2M NaCl. 1ml fractions
were collected into-0.125 vol. 1M Tris/HCl1l buffer pH 7.0, containing
10mM dithiothfeitol. Results are from a single experiment and the
elution profiles shown are from one of duplicate columﬁs. Al% four

columns were packed using the same batch of pre-cycled phosphocellulose.
The arrows indicate the start of the respective grodients.
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the results from the liver enzyme are not feasible.

These results, although only preliminary, indicate that
heterogeneity of both liver and brain ATP citrate lyase can be
demonstrated by cation-exchange dhromatography as well as anion-
exchange chromatography. Furthermore, in contrast to DEAE-Sephadex
ion-exchange chromatography where a quantitative difference was
observed between the liver and brain enmyme (i.e. the amount of
activity in each peak), phosphocellulose column chromatography
revealgd the presence of ATP citrate lyase peaks unique to either
liver or brain. Hence, a qualitative difference was observed. Further
experiments are required however, to determine the relationships
between the chromatographic peaks obtained from these two ion-exchange

columns.

3. Gel Filtration of Crude Supernatants

i) Sepharose 6B

a) Liver

Gel filtration of crude liver supernatants was performed
using a Sepharose 6B column. The molecular weight fractionation range
of this gel for globular proteins is 104 - 4x106, and it is therefore
suitabie for gel filtration chromatography of ATP ci%rate lyase, which
has a molecular weight of the order of 105,

ATP citrate lyase was eluted as two peaks of activity when
crude supernatants of liver from starved and refed rats were applied to
a Sepharose 6B column. (Fig. 14). A minor component, comprising 10% of
the recovered éctivity, was eluted at the void volume of the column,
follpwed by a second peak containing the major proportion of the activity.
Similar‘elution profiles were obtained for the enzyme in crude liver

supernatanfs from fed, and starved rats (Tables 8 and 9, and Fig. 18).
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TABLE 8

% Total Recovered Activity found in the First-Eluted Peak from

Sepharose Gel Filtration of Liver and Brain Supernatants

% Total Recovered Activity

Crude Supernatant Sepharose 6B Sepharose 2B
Liver
Normal fed 7.9 % 4.2 (3) -
Starved/refed 10.8 % 1.6 (4) 7.2 X 1.6 (3)
Starved 8.5 (2) -
. . + ¥*
Brain 0.8 - 0.8 (3) -

* Significantly different from starved/refed liver, p <0.05

(Mann-Whitney U test).

Sepharose gel filtration of crude liver and brain
supernatants was performed as described in Methods. The total
enzyme activity~(units)vin the high molecular weighg peak was
bcalcuiated from the symmetry of the major peak (see Figs. 14,
17, 18), and is expressed as a percentage of the total recovered
activity. Results are means i SEM for thg number of experiments

in brackets. Brains were from normal fed rats.
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% Total Recovered ATP Citrate Lyase Activity found in the First-Eluted

Peak from Sepharose 6B Gel Filtration of Liver and Brain Supernatants

As for Table 8
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Column fractions from Sepharose 6B gel filtration of liver
supernatant were assayed for the cytoplasmic marker enzyme, lactate
dehydrogenase. The elution profile (Fig. 14) shows that no peak of
activity was present corresponding to the minor component of ATP
citrate lyase activity. Thus, the void volume peak of ATP citrate
lyase cannot be explained by non-specific entrapment of cytoplasmic
enzymes by membrane fragments in the supernatant. In fact, a small
amount of lactate dehydrogenase, representing on;y 0.5% of the total
recovered activity, was detected’in the woid volume fractions, and
indicates that such a phenomenon does occur. However, essentially
all of this cytoplasmic enzyme was eluted as a single peak after the
major peak of ATP citrate lyase activity, in accordance with its lower
molecular weight. Total recovery of activity was 100%.

The Sepharose 6B column was calibrated by the method of
Andrews (1965) in order to estimate the molecular weight of the major
peak of ATP citrate lyase activity (Fig. 16). The value obtained for
the enzyme from starved and refed rat liver, Mr 4.1 x 105, is in good
agreement with literature values, obtained for the purified enzyme from
the same source, which vary from 4.2 x 105 to 5.0 x 105 (Inoue et al.,
1966; Singh et al., 1976; Linn and Srere, 1979; Redshaw and Loten,
1981). This result therefore establishes that the mé}or peak of enzyme
activity corresponds'to the native, tetrameric enzyme. Thus, the minor
component of activity represents a high molecular- weight associated
form of the enzyme. Since it is eluted at the void volume of the column,
it must have a moleéular weight greater than 4 x 106, the exclusion
limit of the gel.

The major proportion of liver ATP citrate lyase from starved

v

rat was‘eluted fromjthe Sepharose 6B column with the same elution

Qolume as that from starved and refed rat (Table 9), and therefore has
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FIG. 16

Estimation of the Molecular Weigpt of the Major Peak of Liver ATP

Citrate Lyase from Sepharose 6B Gel Filtration

Calibration‘standards (e): L, lactate dehy{drogenase‘(Mr 134,000);
C, catalase (Mr 210,000); P, pyruvate kinase (Mr 237,000); F, ferritin
(Mf 440,000); T, fhyroglobulin (Mf 669,000). The continucus’ line was
plotted by linear regression analysis. Broken lines indicate the -
observéd K‘ value for the major ATP citrate lyase peak of liver (see
Flg. 14) and the estxmated log M value. Kév was calculated for ATP
01trate lyase and for molecular welght sfandard proteins as described

1

in the legend to Table 9.
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the same molecular weight. However, although gel filtration of liver
supernatants from normal fedrats produced a similar elution profile,
the major peak of activity was eluted with a larger elution vdlume
(Table 9), corresponding to a smaller molecular weight. From the
calibration curve (Fig. 16), the molecular weight was estimated to be
2.7 x 105, corresponding to an apparent 34% decrease in the size of

the enzyme.

b) Brain

Gel filtration of brain supernatants, using the same Sepharose
6B column, revealed only one peak of ATP citrate lyase activity (Fig. 17).
In contrast to the liver enzyme, no peak of activity was found in the
void volume fractions. Absence of ATP citrate lyase in this region
cannot be explained by instability of the enzyme, since no activity
was detected even when fractions were assayed immediately after elution
from the polumn.

The elution volume of the enzyme, 68ml (Table 9), corresponds

to a molecular weight of 4.1 x 105 (Fig. 16). Hence, ATP citrate lyase

of brain has the same molecular weight as the liver enzyme from starved,
and starved and refed rats. This is the first report of an estimation
of the brain enzyme molecular weight. Furthermore, direct comparison
with that of the liver enzyme indicates that ATP citrate lyase from

these two tissues is the same with respect to molecular size.

ii) Sepharose 2B

In an attempt to estimate the size of the high molecular
weight compénent of liver ATP citrate lyase,; gel filtration of crude
extracts was performed on Sepharose 2B, which has ‘an exclusion limit of
4 # 107 molecular weight for globular proteins. As seen in Fig. 18, the
ﬁinor, agssciated state of the énéyme:was not eluted as a single peak,

but as & spread of activity from just after the void volume up to the
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FIG. 18

Gel Filtration of Crude Liver Supernatant on Sepharose 2B

Crude supernatant (5ml) prepared from liver of a starved
and refed rat was appiied to a Sepharose 2B column, 2.26 x 27.5cm
(110ml bed volume), and was eluted with 20mM Tris/HC1 buffer pH 8.0,
containing 1mM EDTA and 1mM dithiothreitol. 2.5ml fractions were
collected into 0.125 vol. 1M Tris/HCl1 buffer pH 8.0, containing 10mM
dithiothreitol. The arrows indicate the void volume (Vo), and the
elu%ion OfAthe molecular weight standard proteins, thyroglobulin,

T(Mr 669,000) and ferritin; F(Mr 440,000). The dashed line represents
the separation of the two components of the activity and is drawn
according to the symmetry of the major component. The elutibn profile

is from a single experiment and is typical of three.
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major peak of ATP citrate lyase. Although this column was not
calibrated, due to lack of very high molecular weight marker proteins
(i.e. Mr >106), the elution volumes of thyroglobulin and ferrifin

(see Fig. 18) confirmed that the major peak of activity was the
tetrameric.enzyme, and thus corresponds to the major peak obtained
from the Sepharose 6B column. The shape of the elution profile
observed for the high molecular weight component of activity, suggests
that this associated state of the enzyme~exists as a range of sizes,
the molecular weight of which was estimated to be around 107.

The amount of activity present in the high molecular weight
form was estimated by assuming that the major peak was symmetrical and
calculating the amount of activity outside this peak (see dotted line
Fig. 18). Thus, about 7% of the total recovered activity was contained
in this hiéh molecular weiéht region (Table 8), which is of the same

order as that observed for Sepharose 6B gel filtration.

Gel filtration experiments were routinely run overnight and
"column fractions were assayed the dayv after preparation of the crude
tissue extracts. Recovery of activity from both Sepharose 6B and
Sepharose 2B was very high, an average of 147 * 8% for 29 experiments.
As discussed in a iater section, liver ATP citrate l}aée appears to
undergo some sort of activation after DEAE-Sephadex ion-exchange
chromatography under certain conditions. Hence, a similar phenomenon

could be responsible for the high recovery of activity observed here.



4, Investigation of the Nature of ATP Citrate Lyase Heterogeneity

i) Rechromatography Experiments

In order to determine whether the various peaks of‘liver
ATP citrate lyase show consistent chromatographic behaviour, and to
ascertain the relationships, if any, between these different forms,

a series of rechromatography experiments was performed.

When the non-retained ATP citrate lyase activity obtained
4 by ion-exchange chromatography of dialysed supernatants was applied
to a second DEAE-8ephadex column, all the activity was adsorbed on
the column, and was eluted by the salt gradient (Table 10). The
simplest interpretation of this result is that the enzyme not retained
by the first column represented overload. However, such a possibility
has already been excluded, and therefore, it would appear that the
basic, non-retained form bf the enzyme changes into the more acidic
form which is eluted by the gradient, and corresponds to the peak
observed by Hoffmann et al. (1979b). The same result was obtained
when the enzyme was applied either immediately after elution from the
" first column, or after a 2h dialysis against theé column buffer.
Therefore, the minor, basic component of ATP citrate lyase changes
rapidly into the major form of the enzyme. In contrast however, when
crude supergatants were either aged or dialysed for‘24h prior to
column chromatography, the two-peak elution profile of the enzyme was
still obtained. Hence, the basic, non-retained form appears to be
stable in crude supernatants.

'Rechromatography on DEAE-Sephadex was also performed with the
different molecular weight forms of ATP citrate 1lyase ébtained from,.
Sepharose 6B.gel filtration of liver supernatants. For both the
tetrameric enzyme; and the high molecular weight associated state of

ATP citrate lyase, all the applied aétivity was eluted by the salt
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gradient (Table 10), except for a smal; amount of the tetrameric enzyme
which was eluted before the gradient. The absence of any significant
amount of the basic, non-retained form indicates that the unstable
nature of this enzyme state extends to ATP citrate lyase partially
purified by gel filtration. Thus, the relationships between the two
molecular weight forms, and the two ionic states of the enzyme cannot
be determined from such rechromatography experiments.

As shown in Table 10, the recovery of activity from the
rechromatography columns was variable. This can be explained by the
availability of only small amounts of enzyme in these experiments, and
also by the instability of ATP citrate lyase activity.

When the high molecular weight ATP citrate lyase obtained
from Sepharose 6B gel filtration of supernatants was re-applied to the
same column, all the actiiity was recovered as a single peak which
eluted as tﬂetétrameric enzyme (Fig. 13). Hence, this associated
state of ATP citrate lyase also appears to be unstable, breaking down
to produce the tetrameric enzyme. Rechromatography of the major peak of
" ATP citrate lyase activity indicated that this molecular weight form
is stable since it was eluted with unchanged elution volume, as shown
by comparison of Fig. 19 with Fig. 14.

Sepharose 6B gel filtration of the basic,‘non—retained ATP
citrate lyase activity, obtained from DEAE-Sephadex ion-exchange
chromatography of supernatants, was not feasible because of the instability
of this enzyme state. Rechromatography experiments on DEAE-Sephadex
columns had already demonstrated that after the initial chromatographic
separation of the enzyme, the non-retained, basic form was rapidly
converted to.the major acidic form; Thus, the unstable nature of the
basic state of ATP citrate lyase prevented direct determination of its

molecular weight by Sepharose 6B-gel filtration. Moreover, as noted
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FIG. 19

Rechromatography of the Major Tetrameric, and the Minor High Molecular

Weight Forms of ATP Citrate Lyase obtained from Sepharose 6B, on the

Same Column

The two molecular weight forms of liver ATP citrate lyase
obtained from the experiment shown in Fig. 14 by Sepharose 6B gel
filtration of crude liver supernatant, were re-applied separately to
the same column. 4ml samples of first the high molecular weight
activity (2.25ml of fractions 17 and 18 combined) (e), and then the
tetrameric form (2.25ml of fractions 26 and 27 combined) (o), were
applied to the column and each was eluted with 20mM Tris/HC1l buffer
pH 8.0, containing 1mM EDTA and 1lmM dithiothreitol. 2.5ml fractions
were collected into 0.125 vol. 1M Tris/HCl buffer pH 8.0, cohtaining
10mM dithiothreitol. The arrow indicates the void volume (Vo). The

elution profiles are from a single experiment.
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earlier, this form of the enzyme was absent when both molecular
weight forms were applied to DEAE-Sephadex columns, again indicating

the instability of this ionic state of the enzyme.

ii) Effect of High-Speed Centrifugation on Ion—-Exchange and Gel

Filtration Elution Profiles of Liver ATP Citrate Lyase

The high molecular weight (M£u107) of the minor component of
liver ATP citrate lyase present in an associated state suggested the
possibility that it could be removed from the supernatant by
centrifugation. Hence, high-speed supernatants were prepared, from
liver of starved and refed rats, by centrifugation of homogenates at
150,000g for 90 min, instead of the routinely employed 45,000g for -
30 min. Gel filtration of such supernatants on Sepharose 6B revealed
only one peak of ATP citrate lyase activity, corresponding to the
tetrameric enzyme (Fig. 20); the high molecular weight form of the
enzyme was absent. When control supernatants, prepared by
centrifugétion of a saﬁple~of the same homogenate at 45,000g for
90 min, were applied to Sepharose 6B column, both the tetrameric and

‘the high molecular weight forms of the enzyme were observed. This
therefore, indicates that the associated state of ATP citrate lyase
had been removed by the increased centrifugation.

In conjunction with -the-loss of the high molecular weight
enzyme, there was a decrease in the -total ATP citrate lyase activity
of the supernatant. THhHis corresponded to a reduction in supernatant
activity of about 20%, which is the same order of magnitude as the
proportion of the enzyme actiwity found in the high molecular weight
peak on gel filtration of 45,000g supernatants (see Table 8).

: . DEAE=Sephadex-ion-exchange chromatography of high-speed liver

t

supernatants»cqntainingponiyftEtfamEﬁic ATP c¢itrate lyase revealed the

prgsepcgﬁégibgtg‘@hg miypr;,népﬁiétqined‘peak;vand"thé"ﬁajor peak"elutéd
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FIG. 20

Effect of HngTSpeed»Centrifggation on the Sepharose 6B Gel Filtration

Elution Profile of ATP Citrate Lyase

Crude éupernatant was prepared from livers of two starved and
refed rats by centfifhgation of the combined homogenatées at 150,000g
for 90 min at 4°C. 5ml of supernatant was applied to the Sepharose 6B
c&lﬁmn and was eluted with 20mM Tris/HCL buffer pH 8.0, contaihing 1mM
»EDT; and l;nM diithi;')th.re:&c;ij 2.5m1 fractions were collected into 0.125

vol 1M Trms/HCl buffer~pH 8 0, contalnlng 10mM dlthlothreltol. The

i A

afrow 1ndlcates the v01d volume (V ) The elutlon proflle is from one

experiment,and.is‘typie@l of two.
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by the gradient (Table 11). Therefore, the tetrameric enzyme is
comprised of both the basic and acidic forms of ATP citrate lyase.

The fact that the non-retained, basic form was found to be present

in the absence of high molecular weight ATP citrate lyase, establishes
that these two minor fractions of the enzyme activity do not correspond
to the same, single form of the enzyme i.e. one which is basic and has
a high molecular weight.

' In an attempt to determine the nature of the activity lost
from the supernatant after high—speed centrifugation, the elution profile
of ATP citrate lyase in such supernatants from DEAE-Sephadex columns was
compared with that of control, low-speed supernatants prepared from the
same homogenate. As shown in Table 11, the total activity of the acidic
peak obtained from the highwspeed supernatants was reduced by an amount
similar to the decrease in the supernatant activity. This therefore,
suggests that the high molecular weight associated state of ATP citrate
lyase is normallj adsorbed by the column and eluted as the acidic peak.

However, in addition to this loss of activity from the

" acidic peak, there was also an anomalous increase of almost 100% in the

activity present in the non-retained basic peak (Table 11). Consequently,
any decrease in activity corresponding to the loss of the high molecular
weight ATP citrate lyase, would not be detectable. 1The possibility that
some high molecular weight activity is also basic in nature cannot
therefore be excluded.

The reasonifor the increase in the activity of the basic peak
is unknown. Since the loss of activity from the acidic peak observed

after high-speed centrifugation is greater than that lost from the

‘supernatant;, it may be partl& explained by a transfer of activity from

the acidic to the basic form of the enzyme. However, this would not

-account‘for all the increase. . Altheugh the total recoveries of activity
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from both columns are comparable, it may be significant that a higher
yield of the activity was obtained from column chromatcgraphy of the

high-speed supernatant. Thus, some form of activation of ATP citrate
lyase in the basic peak could account for the unexpected result. The

possibility of such an activation will be discussed later.

iii) Elution Profiles of Fatty Acid Synthetase and Acetyl CoA

Carboxylase in Crude Liver Supernatants; from Sepharose

Gel Filtration Columns

The possibility that the high molecular weight form of ATP
citrate lyase represents an association with other lipogenic enzymes
was investigated by measuring the activity of the enzymes fatty acid
synthetase and acetyl CoA carboxylase, in the column fractions from
Sepharose gel filtration §xperiments.

Fatty acid synthetase was eluted from a Sepharose 2B gel
filtration column with an elution volume of 90 ml (Fig. 21). The
enzyme co-eluted with the tetrameric ATP citrate lyase activity as
would be expected from the molecular weight, 5.4 x lO5 (Burton et al.,
1968). However, no activity was found to elute with the minor, high
molecular weight ATP citrate lyase activity. It is interesting to
note that the activity of fatty acid synthetase was‘only 10% that of
ATP citrate lyase. Hence, under the conditions used, a rate-limiting
role for ATP citrate lyase in fatty acid biosynthesis would appear
unlikely. |

Acetyl CoA carboxylase, EC 6.4.1.2,was assayed by another
student using the method of Inoue and Lowenstein ({1975), which involves
measurement off 140] malonyl CoA formation from NaHlACO3 and acetyl CoA.
The enzyme activity in column fractions from Sepharose 6B gel filtration
of liver supernatant from starved and refed rat was determined. It was

found that acetyl CoA carboxylase co-eluted with the tetrameric form of
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FIG. 21

Elution Profile of Fatty Acid Synthetase obtained by Sepharose 2B Gel

Filtration of Crude Liver Supernatant

Fatty acid synthetase activity was measured in column fractions
obtained from the experiment in Fig. 18. The arrows indicate the void
volume (Vo) and the elutic.. of the major tetrameric peak of ATP citrate

lyase (ACL). The elution profile is from a single experiment.
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ATP citrate lyase in accordance with its molecular weight of 4 x 105

(Gregolin et al., 1966).No activity was found in fractions containing
the high molecular weight associated state of ATP citrate lyase
(C. Rich unpublished results).

Hence, there is no evidence to suggest that ATP citrate
lyase can exist as a multienzyme complex with either acetyl CoA

carboxylase or fatty acid synthetase, the two subsequent enzymes of

the lipogenic pathway.

iv) Elution Profiles of Marker Enzymes from DEAE-Sephadex Ion-

Exchange and Sepharose Gel Filtration Chromatography of

Liver Supernatants

Membrane association of ATP citrate lyase was investigated
as another possible explanation for the high molecular weight form,
especially in view, of recent work suggesting that the enzyme can bind
to mitochondrial membranes (Janski and Cornell, 1980a,b: Janski and
Cornell, 1982; Ranganathan et al., 1980). Thus, the elution profileé
of various marker enzymes from the different chromatographic columns

were determined.

a) Lactate Dehydrogenase

Lactate dehydrogenase in crude supernatanfs of liver was
eluted from a Sepharose 6B gel filtration column after the major peak
of ATP citrate lyase activity (Fig. 14). A minor peak of activity,
which was eluted at the void volume, represented only 0.5% of the
recovered activity and is probably due to enzyme trapped by membrane
fragments in the supernatant. This is in contrast to the significantly
larger void volume peak of ATP citrate lyase activity;’ggrresponding.

to ~10% of the recovered activity.

b) Rotenone-Insensitive NADH Cytochrome c Reductase

A marker enzyme for outer mitochondrial membranes.rotenone-
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insensitive NADH cytochrome ¢ reductase (RIDCR) (Sottocasa et al.,
1967; Schnaitman and Greenawalt,1968), was assayed in column

fractions from Sepharose 6B gel filtration of crude liver supernatant.
A single peak of activity was eluted at the void volume, with the high
molecular weight ATP citrate lyase activity (Fig. 22).

Further investigation using a Sepharose 2B column also
revealed a peak of activity at the void volume (Fig. 23). The presence
of a high and variable background activity prevented detection of any
small peaks of activity. However, there was no.evidence to suggest
co-elution of RIDCR with the high molecular weight associated state
at ATP citrate lyase.

The elution of this membrane marker enzyme from a DEAE-
Sephadex ion-exchange column was also determined. All the recovered
'activity (78% of applied activity) was eluted as a single peak by the
salt gradient after the elution of the major peak of ATP citrate lyase
activity (Fig. 24). Hence, there was no co-elution of the membrane
marker enzyme with either of the two peaks of ATP citrate lyase activity
observed by ion-exchange chromatography. The apparent 10-fold higher
activity of RIDCR in this experiment compared to gel filtration elution

profiles cannot be explained.

c) NADPH Cytochrome ¢ Reductase

Liver NADPH cytochrome c reductase, which is exclusively
microsomal (Phillips and Langdon, 1962), was eluted at the void volume
of the Sepharose 6B gel filtration column (Fig. 22). Since the molecular
weight of this enzyme purified from rat liver, is only 57,700 (Phillips
and Langdon, 1962), the elution of activity at the void volume therefore
represents the membrane-bound enzyme, and hence indicates the presence

of microsomes in the liver supernatants.

d)  Succinate Dehydrogenase

Crude supernatants of liver:: contained no detectable activity
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FIG. 22

Elution Profiles of RIDCR and NADPH Cytochrome c Reductase obtained by

Sepharose 6B Gel Filtration of Crude Liver Supernatant

The activities of RIDCR (e) and NADPH: cytocl'rrome creductase (0)
were measured in column fractions obtained from Sepharose 6B gel
filtration of crude supernatant under %he same conditions as described
in Fig. 14 legend. The first arrow indicates the void volume, and the

elution of the high mol~~ular weight ATP citrate lyase activity. The

second arrow indicates the elution of tetrameric ATP citrate lyase. The

results are from a single experiment.
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FIG. 23

Elution Profile of RIDCR obtained by Sepharose 2B Gel Filtration of

Crude Liver Supernatant

RIDCR activity (o) was measured in column fractions
obtained from Sepharose 2B gel filtration of crude liver supernatant
under the same conditions described for Fig. 18. (o) ATP citrate
lyara activit&; the arrow indicates the void volume (VO). The RIDCR

elution profile is from a single experiment and is typical of two.
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FIG. 24

Elution Profile of RIDCR obtained by DEAE-Sephadex Ion-Exchange

Chromatography of Crude Liver Supernafant

RIDCR activity was measured in column fractions obtained from
DEAE-Sephadex ion-exchange chromatography of dialyéed liver supernatant
under similar conditions to those described for Fig. 9 except that
supernatants were dialysed for 24h instead of the usual 2h. The sample
(8.5ml) was applied to a 1.6 x llcm column (22ml bed volume). The two
lower arrows show the positions of the two peaks of ATP citrate lyase
activity i.e. the minor, non-retained peak and the major, retained peak.
The raised arrow indicates the start of the linear KCl gradient (0-0.4M).

The elution profile is from a single experiment.

139



of the inner mitochrondrial membrane enzyme succinate dehydrogenase.
However, rapid reduction of the artificial electron acceptor DCPIP
(2,6-dichlorophenol indophenol) present in the assay occurred in
the absence of the substrate succinate. Therefore, although no
succinate dehydrogenase activity would be expected in a 45,000¢g
supernatant, due to sedimentation of the mitochondria, the presence
of this high endogenous activity prevented conclusive proof of this.
Sepharose 6B column fractions containing the high molecular
weight liver ATP citrate lyase were also assayed for succinate
dehydrogenase. In contrast to the crude supernatants, these fractions
showed no endogenous DCPIP reduction. Moreover, no succinate
dehydrogenase activity was detected. Therefore, in the absence of
endogenous activity, no succinate dehydrogenase activity was found in
the void volume fractionsf If this membrane-bound enzyme had been
present in the crude supernatants it would have been eluted at the
void volume of the Sepharose 6B column because of its size. These
results therefore indicate that succinate dehydrogenase is not bresent
in crude supernatants, and hence it is concluded that liver supernatants

do not contain inner mitochondrial membrane fragments.

v) Subcellular Fractionation of Crude Liver Supernatants

In an attempt to study more directly the possibility of an
association of liver ATP citrate lyase with mitochondria, crude
mitochondrial fractions were prepared by differential centrifugation.
ATP citrate lyase activity of the various supernatants and pellets
obtained was determined. However, as shown in Table 12, ﬁo activity
was detected'in the crude mitechondrial fracfions. Assay of the
mitochondria-free 15,000g supernatant showed that 100% recovery of
homogenate activity was obtained in this fraction. Therefore, these
results indicate that the high molecuiar weight form of ATP citrate

lyase is not the result of association of the enzyme with mitachondria.

140



€L e 052 - TE€E ozv z
&c - - LyT Tee 96/, 1
HOa1y
S L9 €£66¢ 0LL v8Le SL0S 1
egrueBoapAya(
aqeq0e]
Y - c°LT - €T 9° LT v
Y - 6°0T - L' TT 0°'TT €
0 0 8L - 6°9 I°g m
osef]
93BJRTD dLV
uoTgoRId 3eT1Ted juejeussdng  3eTTad  juejzeugadng
TeTJPUOYDOLTH SpnJd)  uorzednItJaqus) 3000°ST uorzedngitajus) 8009  ojeusBouoy  quautgedxd sufzuyg

s3TUn

£9TATROY TE3OL

J8ATT WOAJ SUOT3OBI] JETNTTS0GNS SNATJIEA UT Soukzug JovdeN OML pue osek] o3ed3td dlv JO A3TATRoY

¢l TI9VL

141



‘sjex pag

TEWJIOU WOJIJ BJI9M SJIDATT °JUBOTITUSTS LTTEOTASIIRIS 30U 9Jae ‘suoTioedaf juejeussdns oyj JO yoes pue

‘ogeusfouwoy ayj Jo £3TAT]OEB oseAT 93BILTO 4LV USamM]aq S90USISIJT( °SSBAT 93BJ3TO dIV JOF Sjusuitaadxsd

SurpuodsaJaJoo 8yl WOJIJ SUOTI}OBJIJ SY3 SUTSN pauTezqo aJdem YHJIH Pue sseusaSoaplysp 93830 J0OJ S3TNSSYy

*sfesse o3€OTTdNp WOJJ POUTWISLSP ‘UOTIOBIJ ydes ur (s3tun) L3TAT3O® swlzue Tejzoq oyj jusssaded pue

‘sjusutaedx9 oTBUTS WOJJ oJe S3TNSsy °J89JFng JO TWG—E url pepusdsnsed Sem pue. ‘Soysem JayzJany omj

J93Je uoTqesnyTJaiusd B000°GT eyg WwoaJy peutezqo astred syj ST GOﬂpowhm,Hmﬂhvcoaoopﬂs spnao sy ‘woaf
pegyoTTed sumtoa o3 Tenbe usying SurstusSowoy Jo sumToA Ul uorjlestusSouwoy L£q pepusdsnsex saem s30TTod

*Spoy3e| UT poqIJosep se pauwgojiad sem seqeusFoWoy JSATT JO UOTJBUOT]OBIJ JeInTrooqnsg

penuijuo) — g1 AT4V]

142



Marker enzyme assays indicated the presence of the outer
mitochondrial membrane enzyme rotenone-insensitive NADH cytochrome
¢ reductase (RIDCR) and the inner membrane enzyme, succinate
dehydrogenase, in the crude mitochondrial fraction. For RIDCR, two
experiments yielded 3% and 17% of the homogenate activity in the
mitochondrial fraction (Table 12).The reason for the large difference
between the homogenate activity of the two samples is unknown. However,
the relatively large and variable background activity present in some
samples (see Figs. 22 and 23) may partly explain this discrepancy.
Succinate dehydrogenase activity of the mitochondrial fraction averaged
0.32 ht 0.06 units/ml for five preparations. No activity was detected in
the 15,000g supernatant, but difficulties with the assay when using crude
supernatant and homogenate samples, prevented determination of recovery
of activity in the mitochondrial fraction. in contrast to these results,
<0.1% of the homogenate activity of the cytoplasmic enzyme lactate

dehydrogenhase was recovered in the mitochondrial fraction.

vi) Sepharose 2B Gel Filtration of Crude Liver Supernatants

Prepared in Sucrose-Free Buffer

Homogenisation of liver in buffer without sucrose was performed
in an attempt to disrupt the mitochondria and thereby increase the
proportion of membrane fragments in the supernatant. Thus, gel filtration
of such supernatants enabled investigation of the effect of an increased
mitochondrial membrane content on the amount of ATP citrate lyase activity
in the high molecular weight form.

>The activity of the mitochondrial matrix enzyme, citrate
synthase, was 10-fold higher in supernatants prepared in the absence of
sucrose, compared to control samples obtained from the same tissue (0.013
units/ml and 0.0014.units/ml respectively). Hence, this indicates that

aisruptiOn.of the mitochdndria had occured in the sucrose-free supernatants.
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However, gel filtration of such supernatants showed that
there was no change in the elution profile of ATP citrate lyase (Fig.25).
Comparison with rgsults from gel filtration of extracts prepared
using the routinely employed sucrose buffer indicated that there was
no increase in the proportion of the total activity present in the
high molecular weight form (Table 13). Furthermore, there was no
significant difference between the total ATP citrate lyase activity

of supernatants prepared from the same tissue in the presence or

absence of sucrose (Table 13).

vii) Sepharose 6B Gel Filtration of Liver Supernatants in the

Presence of Mg2+

Since it has been shown that Mg2+ stabilises the binding
of brain hexokinase to mitochondria (Rose and Warms, 1967), the
effect of Mg2+ on the Sepharose 6B gel filtration profile of liver
ATP citrate lyase was investigated by addition of 10mM MgCl2 to the
homogenisation and column elution buffers. As shown in Fig. 26b,
rather than stabilising the high molecular weight form of ATP citrate
lyase, the minor peak of the enzyme was completely lost. In contrast,
the elution profile of ATP citrate lyase was not affected by the
presence of Na+, at the same ionic concentration (i,e. 20mM); liver
supernatants prepared and eluted with buffer containing 20mM NaCl,
contained Soth the high molecular weight and the tetrameric forms of
the enzyme (Fig. 2Ba). The elution volume of the tetrameric enzyme
was not affected by the presence of either Mg2+ or Na+.

This loss of the high molecular weight component of liver
ATP citrate  lyase activity was accompanied by the disappearance of an
m peak, which in control experiments co-eluted with the wvoid

A280n

volume péak of enzyme activity. ATP citrate lyase was unaffected by

the presence of Mg2+ in the homogenising buffer, or by addition of Mg2+
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FIG. 25

Sepharose 2B Gel Filtration of Crude Liver Supernatant Prepared in

Sucrose~-Free Buffer

Crude supernatant was prepared from liver of a starved and
refed rat using homogenising buffer without sucrose. The sample (5ml)
was applied to a Sepharose 2B column, 2.26 x 27.5cm (110ml bed volume),
and was eluted with ZOmM T;is/HCI buffer pH 8.0, céntaining 1mM EDTA
and 1mM dithiothreitol. 2.5ml fractions were collected into 0.125 vol.
1M Tris/HCl buffer pH 8.0, containing 10mM dithiothreitol. The arrow
indicateévthe void volume (Vo), and the broken line represents the
separation of the two components of the enzyme activity which is drawn
according to the symmetry of the major component. The elution profile

is from one experiment and is typical of three.
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TABLE 13

Effect of Supernatant Preparation in Sucrose-Free Buffer onkATP

Citrate Lyase Activity and Recovery of High Molecular Weight Form

from Sepharose 2B Gel Filtration

+ sucrose - sucrose
Supernatant Activity  0.84 = 0.11 (6) 0.94 % 0.15 (6)
% Recovered Activity 7.2 1.6 (3) 5.7 Z1.7 (3)

in High MW Peak

Livers from starved and refed rats were minced separately
with scissors and then each was divided into two portions which were
homogenised in 4 vol. 20 mM Tris/HE1l buffer pH 8.0, containing 1mM
EDTA and 1mM dithiothreifol, either with or without sucrose (0.25M).
Homogenates were centrifuged at 2,000g for 10 min, and the
supernatants obtained were centrifuged at 45,000g for 30 min. ATP
citrate lyase activity of the 45,000g supernatants was determined
as described in Methods. Results are means I SEM for 6 separate
determinations, using one liver for each.

Supernatants prepared as above were applied.to a Sepharose
2B gel filtration column (2.26 x 27.5cm, bed volume 110ml), and
eluted with homogenising buffer without sucrose. The percentage
of the total recovered activity which was eluted as the high
molecular weight form of the enzyme was calculated from the
symmetry of the major peak (see Fig. 18). Results are means I sEm
for 6 separate experiments, 3 with supernatants prepared in sucrose

buffer and 3 with supernatantsprepared in sucrose-free buffer.
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FIG. 26

Effects of M52+ and Na+ Jons on the Elution of Liver ATP Citrate

Lyase from Sepharose 6B

Crude supernatants were prepared from livers of starved and
refed rats using homogenising buffer containing either a) 20mM Na+
or b) 10mM Mg2+.Supernatants (5ml) were applied to Sepharose 6B
columns, 2.26 x 27.5cm {110ml bed volume), and were eluted with 20mM
Tris/HC1l buffer pH 8.0, containing 1mM EDTA, 1mM dithiothreitol and
a) 20mM Na' or b) 10mM Mg2+. 2.5ml fractions were collected into
0.125 vol. 1M Tris/HCl1l buffer pH 8.0, containing 10mM dithiothreitol
and either 20mM Na' or 10mM Mg>'. e ATP citrate lyase activity; o
absorbance at 280nm, measured by dilution of fractions 1:9 (v/v) with
diéfilled water.  The arrow indicates the void volume (Vo). The

elution profiles are from two separate experiments and are typical of

two for each ion.
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(10mM) to supernatants prepared in the absence of Mg2+ (Table 14).
In addition, no enzyme activity could be detected in resuspended
pellets from the homogenate centrifugation. Hence, the evidence
suggests that in the presence of Mg2+, the associated state of ATP

citrate lyase is disrupted, releasing the tetrameric enzyme.

viii)  Effect of Prolonged Dialysis of Liver Supernatants on

lon-Exchange Chromatography Elution Profile of ATP

Citrate Lyase

Crude liver supernatants were routinely dialysed for about
2h against 30-50 vol. homogenisation bﬁffer prior to DEAE-Sephadex
ion-exchange chromatography. When this dialysis period was increased
to 24h, with no change of dialysis buffer, ATP citrate lyase from
liver of normal fed rats was still eluted from the DEAE-Sephadex
column as two peaks of activity; a basic, non-retained peak énd an
acidic peak eluted by the grédient. However, comparison with the
elution profiles obtained from chromatographyof 2h dialysed supernatants,
revealed a large increase in the proportion of activity in the basic
peak. Thus, 40% of the recovered activity was eluted as the basic,
non-retained form of the enzyme (Table 15 exp.l), compared to an average
14% obtained using supernatants from normal fed rats dialysed for only
2h (see Table 5). The high recovery of activity (176%) which
accompanied this increase in the first-eluted peak suggested that some
form of enzyme activatioﬁ had taken place, rather than a simple transfer
of enzyme from the acidic to the basic peak. Moreover, no increase in
the dialysed.supernatant activity was detected.

Further experiments revealed that this apparent activation
phenomenon also occurs with ATP citrate lyase from starved and refed
rats (Taﬁlé 15, exps.2and 3; Fig. 27). Hence, after prolonged dialysis

a 3-fold inc¢rease in the activity of the basic_peak!was observed when
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TABLE 14

2 .
Effect of Mg~ on Liver ATP Citrate Lyase Activity

Experiment  ATP Citrate Lyase Activity

Units/ml
2
Mg + +Mg2+
1 1.0 X 0.2 1.0 X0.2
+

2 0.83 £ 0.19 0.91 ¥ o0.21

Livers from 4 starved and refed rats were minced separately

with scissors, and each divided into two portions which were then

. homogenised in 4 vol. ZOQM Tris/HC1 buffer pH 8.0, containing 1mM
EDTA, 1mM dithiothreitol and 0.25M sucrose, with or without 10mM
MgClz. Homogenates-were centfifuged at 2,000g for 10 min and the
supernatants obtained were centrifuged at 45,000g for 30 min. ATP
citrate lyase activity of the final supernatants were determined
as described in Methods (experiment 1). The supernatants prepared
in the absence of MgCl2 (from‘experiment 1) .were assayed for enzyme
activity after addition of 10mM MgClz, or for contfols, en equal
volume of buffer without Mg012 (experiment 2). Results are means

I SEM for the 4 experiments.
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FIG. 27

Effect of 24h Dialysis of Crude Liver Supernatant on the Elution

of ATP Citrate Lyase from a DEAE—Sephadex Column

The elution profiles shown are those obtained for experiment
3, Table 15. . The crude supernatant samples were diélysed for a) 2h and
b) 24h against homogenising buffer. The arrows indicate the start of

the salt gradients.
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compared to results from chromatography of the same supernatant
dialysed for only 2h. In addition, there was a small decrease in

the activity of the acidic peak which suggests that the possibility
of conversion of the enzyme from one form to the other cannot be
excluded. Moreover, the total recovery of activity was not
exceptionally high in these experiments but this may be explained

by the use of only small amounts of activity. Although the percentage
of recovered activity in the basic peak was low for the control.
experiments (i.e. 6% compared to average value of 14%), it has
previously been found that results from duplicate columns are very
reproducible. Therefore, the increase in the proportion of recovered
activity eluted in the basic peak after 24h dialysis is not thought to
be due to variation between columns.

As shown in Table 15, experiment 4, the increase in the
activity of the basic.peak could not always be demonstrated. However,
it is notéworthy that in this experiment, the proportion of recovered
activity in the non-retained peak was high (30%) for both the control
and the 24h dialysed supernatants.

These results suggests that under certain conditions specific
activation of the basic, non-retained form of ATP citrate lyase occurs.
This phenomenon wés only apparent after partial purification of the
enzyme on DEAE-Sephadex; no increase in,activity was detected in the
dialysed supernatants. Incubation of DEAE-Sephadex column fractions
containing either the basic or acidic form of ATP citrate lyase with 5mM
dithiothreitol at 4°C overnight did not produce any increase in enzyme
activity. This therefore indicates that activation isnot an. artefact

due to enzyme reac¢tivation by the sulphydryl reagent.

5. Inhibition of ATP Citrate Lyase Activity by L-Glutamate
Inhibition of rat liver and brain ATP citrate lyase activity
by L-glutamate was reported by Szutowicz et al. (1974a). They found
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that the susceptibility of the enzyme to such inhibition was dependent
on the tissue, and on the age and dietary condition of the animals
used. This was the first report of any difference between the liver

and brain enzyme and was therefore investigated in this study.

i) Effect of Glutamate on ATP Citrate Lyase of Crude Supernatants

ATP citrate lyase activity in crude supernatants of liver and
bpain was measured after a 30 min preincubation at 37°C in the presence
or absence of 10mM glutamate (Table 16). Using the standard assay

(5mM ATP, 20mM citrate, 0.2mM CoA and 10mM MgCl,_ ), glutamate was found

2
to inhibit the liver enzyme fromnormal fed, and 48h starved rats, by
60%. A similar degree of inhibition was observed for brain ATP citrate
lyase from adult normal fed réts. However, the enzyme from liver of
starved and refed rats was inhibited by only 36%, and the brain enzyme
from newborn rats by 11%.

The effect of glutamate on ATP citrate lyase activity was
also determined using the modified assay (1mM ATP, 2mM citrate, 0.2mM
CoA and 13mM MgClz) employed by Szutowicz et al. (1974a). In control
assays preincubated for 30 min in the absence of glutamate, enzyme
activity was only about 40% of the corresponding values using the
standard assay. However, the inhibitory effect of glutamate was more
pronounced under these changed conditions. Thus, ihhibition of the
liver enzyme from rats of all three dietary conditions, was twice that
observed ﬁsing the standard assay in many cases, and a 3-fold increase
in the degree of glutamate inhibition was found for the newborn rat
brain enzy~=. In contrast, inhibition of ATP citrate lyase from adult
rat brain was not significantly different using this modified assay
compared to the standard assay.

. Szutowicz et al. (1974am), using partially purified ATP citrate

lyase (40-fold purification),reported inhibition of the enzyme fromliver of
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starved rats, and frombrain of adult rats by glutamate. However, they found
no inhibitien of the liver ATP citrate lyase fromstarved-and refed rats, or
the enzyme fromnewborn rat brain (see Table 16). Furthermore, the degree
of inhibition observed for the adult brain enzyme was twice that for
the liver enzyme from starved rats.

Therefore, although inhibition of ATP citrate lyase by
glutamate has been demonstrated,as shown in Table 16, the results do
not agree quantitatively with those of Szutowicz and co-workers.
However, in addition to the fact that only crude tissue extracts were
used, compared to the partially purified samples used by Szutowicz,

the supernatants were also prepared by a different method (procedure

of Hoffmann et al.,1979b -~see Methods Section 5).

ii) Effect of Glutamate on the Different Chromatographic Forms

of ATP Citrate Lyase

The effect of glutamate oh ATP citrate lyase activity was
further investigated‘using'the various chromatographic forms of the
enzyme. Liver ATP citrate lyase eluted from DEAE-Sephadex columns
by the salt graaient (major peak) retained its susceptibility to‘
inhibition by glufamate (Table 17). The enzyme from both normal fed,
and starved and;refed rats,‘wae inhibited by about 50% using the
medified assay. Inchntrast hewevef; the enzyme of the non-retained
peak was not 51gn1flcantly affected by glutamate. For the adult brain
enzyme, both the ba81c, non—retalned, and the acidic, retained forms

of ATP 01trate lyase were 1nh1b1ted by 65-70% in the presence of

glutamate (modlfled assay) - " X
J! Glutamate also 1nh1b1ted the major tetramerlc form of the

.1i~ve£ enzyme eluted from Sepharose 6B and Sepharose 2B gel filtration
%columns (Table 18)." The low 1evels ef the high molecular weight enzyme

PR R

;act1V1ty prevented accurate determlnatlon of the effect of glutamate

.\J
=
-
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TABLE 18

Inhibition by 10mM L-Glutamate of Liver ATP Citrate'. Lyase

Activity Eluted from Sepharose Gel Filtration Columns

% Inhibition of Tetrameric
Source of Enzyme  ATP Citrate Lyase by L-Glutamate

Standard Assay Modified Assay

Sepharose 6B +
Normal fed 21,0 £ 3.1 (3) 42.3 £ 9.4 (3)*
Starved/refed - 35.5 (2)
Starved 25.5 (2) 43.0 (2)
Sepharose 2B

Starved/refed 22.0 (2) 50.5 (2)

* Significantly different from standard assay p = 0.05

(Mann-Whitney U test).

Sepharose 6B and Sepharose 2B gel filtration of
crude liver supernatants was performed as described in
Methéds. ATP citrate lyase activity in fractions containing
the maximum activity of the major, tetrameric form of the
enzyme was determined after 30 min preincubation at 37°C in
the presence or absence of 10mM glutamate. Enzyme activity
was measured using either the standard assay (5mM ATP, 20mM
citrate, é;gmM’COA and 10mM Mgclz),-or the modified "assay
_(lmMJA$P,52mM_eitrate,4q;2mM.CeA,angilamM‘Mgclz). Results
‘ar@‘_meéns.i SEMmqfxthe:p@rceﬁt@gg;inh;pition 5f enzyme acéivity
byuglﬁﬁamagef for thg‘ﬁumben,gfidgtgpm}hatiops in brackets.

e e [N

- T L i [ - -
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in most cases. However, it appeared to have no effect on this associated

state of the enzyme.

iii) Investigation of the Nature of the ATP Citrate Lyase Inhibition

by Glutamate

a) Effect of Preincubation Time

For determination of ATP citrate lyase inhibition by glutamate,
assays were preincubated for 30 min in the presence of glutamate, prior
to starting the enzyme reaction by the addition of CoA. This procedure
was the method employed by Szutowicz et al. (1974a), who reported that
the inhibition was time dependent. They observed maximum inhibition of
the enzyme after a 60 min preincubation,but routinely used a 30 min
preincubation period which resulted in a 20% decrease in the inhibition.
Therefore, to enable comparison of results the 30 min preincubation was
also used in this study.

The time-dependent nature of the enzyme inhibition by
glutamate was obseirved with crude supernatants of liver and brain (Fig.
28). The degree of inhibition was increased between 1.5 - 5.5-fold
when the preincubation time was increased from the routinely used 7 min
to 30 min. Hence, this time-dependency ef the inhibition observed for
partially purified samples of the brain enzyme by Szutowicz et al. (1974a),
also appears to be preseﬂ% in crude supernatants.

.control assays performed in the absence of glutamate indicated
that the. increased preincubation time did not significantly affect ATP
eitra%e—lyase—activity except for the liver enzyme assayed by the
modified assay (Table 19). Supernatants from normal fed, starved, and
-starved and refed, consistently showed lower activity after the prolonged
.pﬁeiﬁeubation period,'wi;h_ahwaverage decrease in activity of 62%. ATP
éitrateJi&aée\activitylaf fhé samé samples -measured under the standard

assay conditions was alse reduced after-30 min preincubation in some
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FIG. 28

Effect of Preincubation Time on the Inhibition of Liver ATP Citrate

Lyase Activity by L-Glutamate

Crude supernatants of liver and brain were prepared as
described in Methods. ATP citrate lyase activity was measured in the
presence and absence of_lOvaglutamate. Assays were preincubated at
37°C with or without glutamate for various times as indicated. The
reaction was then started by the addition of CoA, and the inhibition
of enzyme activity by glutamate compared to controls preiﬁcubated for
the same time. Results are from single experiments; e supernatant
from normal fed rat; ® supernatant ’fror.n starved and re.fed' rat; - A

supernatant from adult rat brain.
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cases, but the average decrease was only 19%.

b) Effect of Inhibitors

The inhibition of liver ATP citrate lyase activity by
glutamate was measured in the presence of a transaminase inhibitor,
aminooxyacetate (Hopper and Segal, 1962). Addition of 2mM amino-
oxyacetate to the preincubation mixture reduced the inhibition of
enzyme activity by glutamate (Table 20). Thus, for crude supernatants,
the degree of inhibition of the enzyme was 50% lower in the presence
of the transaminase inhibitor; for the partially purified enzyme
(activity eluted by the salt gradient from DEAE-Sephadex), only a 20%
decrease was observed. This reduction in the inhibitory effect of
glutamate on ATP citrate lyase suggests that transamination of
glutamate may be partly involved in the enzyme inhibition. When the
preincubation time was decreased from 30 min to 15 min, the lower degree
of inhibition of the énzyme by glutamate observed with control samples,
was also observed when aminooxyacetate was bresent. Thué the trans-
aminase inhibitor did not appear to have any appreciable effect on the
time—-dependency of the inhibition by glutamate.

The presence of the protease inhibitor phenylmethylsulphonyl
fluorider(O.ZmM) apbeared to have no effect on the‘inhibition of liver
ATP citrate lyase by glutamate. In a single experiment, liver
supernatants were’prepared from liver of one starved and refed rat,
either in the presence or absence of phenylmethylsulphonyl fluorideL
Glutamate inhibited the ATP citrate lyase of both supernatants by 33%

when measured under the standard assay conditions . (results not shown).

c) rffect of Sephadex Gel Filtration

. In order to investigate the possibility +that the inhibition
of ATP citrate lyase by glutamate requires the presence of one or more

low molecular weight cellular components, crude supernatants of liver
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TABLE 20

Effect of Aminooxyacetate (2mM) on the Inhibition of Liver ATP Citrate

Lyase Activity by L-Glutamate

Preincubation % Inhibition
Experiment Sample Time by Glutamate
min
-AQ +A0",
1 Crude Supernatant 15 36 17
30 51 30
DEAE-Sephadex 15 14 12
column fraction 30 45 33
2 Crude Supernatant 30 50 18

The inhibition of ATP citrate lyase activity by glutamate was

determined in the presencé and absence of 2mM aminooxyacetate (AO) which

was added to the preincubation mixture.

Assays were preincubated for 15

or 30 min as indicated, in the presence or absence of 10mM glutamate. The

reaction was started by the addition of CoA, and ATP citrate lyase

activity was measured using the standard assay conditions (5mM ATP, 20mM

citrate, 0.2mM CoA and 10mM MgClz). Crude liver supernatants were

prepared by the routine method (see Methods) from normal fed rats. 1In

experiment 1, the crude supernatant was applied to a DEAE-Sephadex ion-

exchange column, and the 'DEAE-Sephadex column fraction' represents ATP

citrate lyase eluted from the column by the salt gradient. Results are

from two experiments as shown and all assays were performed in duplicate.
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and brain were applied to Sephadex G25 or Sephadex G100 gel filtration
columns. As shown in Table 21, ATP citrate lyase eluted from such
columns was inhibited by the same amount as the enzyme of the crude
supernatants, with the possible exception of the brain enzyme eluted
from the Sephadex G100 column; in this case the degree of inhibition
by glutamate appeared to be reduced by gel filtration. Sephadex G100
gel filtration of both liver and brain supernatants did not affect the
time-dependent nature of the énzyme inhibition. Therefore, removal

of low molecular weight components of crude tissue extracts does not
appear to have any appreciable effect on the inhibition of either liver

or brain ATP citrate lyase by glutamate.

d) Effect of Supernatant Dilution

Crude supernatants of liver from starved and refed rats were
diluted with homogenising buffer, and the inhibition of ATP citrate
lyase activity by glutamate was determined for each dilution. It was
found that as the supernatant concentration was decreased (i.e. with
increasing dilution), the degree of inhibition of the enzyme also
decreased (Fig. 29) It could, in fact, be completely abolished by
sufficient dilution. This reduction and eventual removal of the
inhibitory effect of glutamate by supernatant dilut;on indicates that
a direct allosteric interaction is not involved since this would not
be affected by the enzyme concentration. Furthermore, the complete

loss of the inhibition provides strong evidence against such a mechanism.
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TABLE 21

Effect of Sephadex G25 and G100 Gel Filtration of Crude Liver and Brain

Supernatants on Inhibition of ATP Citrate Lyase Activity by 10mM

L-Glutamate
Experiment Sample Preincubation % Inhibition
Time by Glutamate
min
1. Liver Crude Supernatant 30 33
G25 fraction 30 - 26
2. Liver Crude Supernatant 30 39
G100 fraction ‘ 30 36
7 11
3. Brain Crude Supernatant 30 57
G25 fraction 30 59
4. Brain Crude Supernatant 30 59
G100 fraction 30 37
7 23

Crude supernatants of liver and brain, prepared by the routine
method, were applied to Sephadex G25 or Sephadex G100 gel filtration
columns and eluted with 20mM Tris/HCl buffer pH 8.0, containing 1mM EDTA
and 1mM dithiothreitol. Inhibition of ATP citrate lyase activity by 10mM
glutamate was measured under standard assays conditions (5mM ATP, 20mM
citrate, O.2mM‘CoA and 10mM MgClZ), using samples of the crude supernatants,
or column fractions containing maximum enzyme activity. Results are from
single expériments and are averages of duplicate assays; liver was
obtained from starved and refed rats, brain was from normal fed rats.
Experiments 2 and 4 were performed with the same Sephadex G100 column,
béd volume 13ml (1.6 x é,Scm), sample: volumes 2ml and 1.5ml respectively;
experiment 1, Sephadex G25 column, bed volume 19ml (1.6 x 9.5cm), sample
voluﬁe'4ml;-experiﬁént 3, Sephadex G25 column, bed volume 1Sml (1.6 x

9.5cm), sample volume 4ml.
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FIG. 29

Effect of Supernatant Dilution on the Inhibition of Liver ATP Citrate

Lyase Activity by L-Glutamate

Cfude supernatgnt was prepared from liver of a starved and
refed rat as deécribed in Methods, and was diluted as indicated with
homogenising buffer i.e. 20mM Tris/HCl buffer pH 8.0, containing 1mM
EDTA, 1mM dithiothreitol and 0.25M sucrose. 50ul samples of each
dilution‘wéré added to assays and preincubafed for 30 min at 37°C in
the presence or absence of 10mM glutamate. ATP citrate lyase activity
was det;rmingd at.é?“C using'tﬁe standard assay conditions (5mM ATP,
20mM citrate, 0.2mM CoA, 10mM Mg_Cl; ). The dilution of the supernatant
is exbresééa,;s the ﬁqlqﬁe of supe%naéant/total volume. .Results are

f -

from 6he”experiment and are typical of three.
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DISCUSSION

1. ATP Citrate Lyase Assays

i) Spectrophotometric Assay

ATP citrate lyasebactivity was assayed using the coupled
spectrophotometric assay which was first developed by Srere (1959),
and is the most widely:used method. One of the main advantages of
this assav is the relatively high sensitivity; under the conditions
used in thié study, rates corresponding to as iittle as 3 x 10_'4
umoles NADH oxidised per min could be detected. Furthermore, the
reaction can be followed continuously in the cuvette, thus oroviding
a relatively quick and easy procedure. However, the major
disadvantage was the non-specific NADH oxidation which occurred,
resulting in a background- reaction in the absence of any one of the
substrates. This problem was overcome by measuring the activity of
NADH oxidation prior to starting the ATP citrate lyase reaction, and
subtracting the result from the rate obtained with the comnlete reaction
mixture. Although this proved to be satisfactory in most cases,
determination of brain ATP citrate lyase activity in crude supernatants
presented some difficulties due to the high non-linear nature of the
background. , .

Under certain condifions, assays of ATP citrate lyase activity
are subject to iﬁferference by the enzyme citrate synthase. This enzyme
éatalyses the formation of éitrate from acetyl CoA and oxaloacetate and
is therefore the reversé of the ATP éitrate lyase reaction. There are
several repobts_in the iitéré£ure where such interference has been found
and;appropriéte corbec%iénr&as»necessar;’(Hayashi and Kaﬁo, 1978;Sterri and

1977; Tucek, 1967b). ATP citrate lyase

"

thnum,'1980; Szutowicz et al.,

it

aétivit&uaas‘éeﬁerminéd by various different assays and correction for
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reverse citrate synthase activity was made by performing the assay
in the absence of ATP and/or Mg2+.

The effect of citrate synthase activity on the apparent ATP
citrate lyase activity of a sample would depend on the direction of
the reaction catalysed by the enzyme.

1.
acetyl CoA + oxaloacetate EF::E citrate + CoA
2

Hence, if the enzyme was active in the forward direction (1),
the ATP citrate lyase detected would be lower than the true activity,
since oxaloacetate produced by the latter reaction would be utilised by
citrate synthase, rather than the coupling enzyme of the assay, malate
dehydrogenase. Conversely, if citrate synthase was active in the
reverse direction (2), this would increase the apparent ATP citrate
lyase activity‘detected',ras production of oxaloacetate by both enzymes
would lead to increased NADH oxidation.

However, the possibility of interference by this enzyme is
unlikely in the crude liver and brain extracts used in this study.
Citrate synthase is an exclusively mitochondrial enzyme, ana it cannot
be assayed using intact mitochondria. Since the crude supernatants
were obtained by centrifugation of homogenates at 30,000g - 45,000g, all
the mitochondria should have been pelleted. Indeed; aesay of liver
supernatants for'citrate synthase activity revealed that they contained
negligible activity even after soﬁication to disrupt any mitochondria
pbesent.w Supernatants prepared in the absence 0f isotonic sucrose
howaver-coneained 10-£old higher acéi%ity,.indicating the release of

T
the enzyme caused by’dlsruptlon of the mltochondrla in the hypotonic

buffer. Nevertheless, the cendltlons of the assay itself would make

1nterference by 01trate synthase unllkely even if it was present. The
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presence of excess exogenous malate dehydrogenase prevents the products
of the ATP citrate lyase reaction, acetyl CoA and oxaloacetate, being
available for citrate synthase acting in the forward direction.
Furthermore, the citrate synthase reaction is inhibited by ATP (Shepherd
and Garland, 1966), which is present in all assays as a substrate for
ATP citrate lyase. It is noteworthy that in all the literature reports
of citrate synthase interference, ATP citrate lyase was measured in
subcellular fractions of brain to which detergent had been added to
solubilise mitochondrial enzymes. Hence, citrate synthase would be
present in such preparations.

Another possible source of error in determination of ATP
citrate lyase activity would be loss of activity due to oxidation of
essential sulphydryl groups on the enzyme. Hence, the sulphydryl
reagent dithiothreitol was routinely added to all homogenisation and
colﬁmn buffers prior'to use, In addition, further protection was
provided by the presence of mercaptoethanol in the enzyme assay. That
ATP citrate lyase is sensitive to sulphydryl group oxidation was
demonstrated by reactivation of aged samples by incubation with
dithiothreitol (Fig.4), as had previously been demonstrated by Cottam

and Srere (1969).

ii) Radiochemical Assay

Tﬁe fadiocheﬁical assay for ATP citrate lyase was developed

in an attempt to elimlnate the problem of the endogenous NADH oxidation
obtalned w1th’the coupled,assay FUrthermore, it was hoped that it
would providegé ﬁbfe‘eeﬁeitive assay whlch would be partlcularly useful
for measuring the act1v1ty of the‘braln enzyme. However, as already

‘dlscussed (see Results Sectlon 111), the assay was only of llmlted use

vSlnce 1t could not be_used w1th crude supernatants of llver or braln.
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The fact that the activity of the partially purified enzyme from both
liver and brain could be determined, suggested that the failure of the
assay when using crude extracts was due to utilisation of the [140]
oxaloacetate produced during the incubation period.

In addition to the limited use of this assay, a high and
variable background activity was observed. Unlike the endogenous NADH
oxidation of the coupled spectophotometric assay which varied as a
pefcentage of the totél activity (Table 2), the high background count
rate of the radiochemical assay showed no relation to the ATP citrate
lyase activity of the sample. It was in fact independent of the
presence of sample and was found to be the result of decarboxylation
of the radioactive substrate, [1,5—140] citrate. Hence, the effect of
this background on the total amount of radioactivity determined was
increased when the ATP citrate lyase activity of the sample was low.

However, before further investigation of this background
radioactivity, the sensitivity of the radiochemical assay compared to
the spectrophotometric assay was considered. Under the conditions of
the malate dehydrogenase coupled system (20mM citréte, 5mM ATP, 0.2mM
CoA), the specific radioactivity of [14C] carbon dioiide is 40-fold
less than that of [1,5-140] citrate. This is due to the high citrate
concentration of tﬁe assay, and the fact that only ;ne of the two
labelled carbon étoms of citrate gives rise to carbon dioxide. Therefore,
taking into account this dilution of-the radioactivity, and‘the high
baCkgfodnd count, the minimum amount of [140] carbon dioxide which could
be detected was estimated to be 9 x 10;2 pmoles QQQ, using 0.2 uCi
[1;5;140] citrate per assay (i.e. conditions of the assay described in
Methods 3i1). This compares with a minimum detectable rate of 3 x 10
Lﬁélégrﬁgﬁﬂ diidiséajée@ min fb%_tﬁe spectropho%ometric assay. Therefore,

S R = "
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to measure the‘same actiyity obtained with the spectrophotometric assay,
the radiochemical assay would require an incubation period of 5h.
Clearly, under these conditions the spectrophotometric assay is far
more sensitive.

However, there are two methods by which the sensitivity of
the radiochemical assay could be increased. Firstly, by reducing
the large isotopic dilution of the radioactive substrate. This
could be achieved most effectively by decreasing the citrate concentration
from, for example, 20mM to 2mM, which would increase the specific
radioactivity 10-fold. However, in view of the unusual kinetics of this
enzyme with respect to citrate (Plowman and Cleland, 1967), and the
possibility of its involvement in the heterogeneity of the enzyme
observed in this study, such a modification was undesirable. An

14C] citrate

alternative would be to uée [1—14C] citrate instead of [1,5-
as the radioactive substrate, resulting in a 2-fold increase in the
specific radioactivity of carbon dioxide. However, this form of labelled
citrate is not commerciaily available.

The second way of increasing sensitivity is to increase the
amount of radioaetivity per assay; a 10-fold increase would enable
detection of the ﬁinimum rate of ATP~citra£e lyase activity measurgd by
the coupled assay, after a430 minlincubation period: Greater sensitivity
could be achieved by 1ncrea51ng the incubation time of the assay, although
this will be llmlted by tlme-perlod over‘whlch the assay remains linear,

and by practical con51deratlons. H0wever, even after a 20-fold increase

in the amount of rad10act1v1ty in the assay, and an incubation period of

lh the sen31t1v1ty of the radlochemlcal assay would only be 5 tlmes

greater than that of fhe spectraphotometrlc assay. Therefore, considering

- I__, - e

the cost of the label, and the tlme 1nvolved, thls increase - in sensitivity

e

‘was not sufflolent to. Justlfy further 1nvest1gatlon of the assay, which
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was required to try to eliminate the background count, and determine

the reason for the failure of the assay with crude extracts.

2. Heterogeneity of Rat Liver and Brain ATP Citrate Lyase

ATP citrate lyase has been shown to exist as multiple forms
in crude extracts of rat liver and brain. The liver enzyme was found
to be heterogenous in both size and ionic charge; in contrast,
heterogeneity of brain ATP citrate lyase was observed only with respect

to ionic charge.

i) DEAE-Sephadex Anion-Exchange Chromatography

ATP citrate lyase from both liver and brain was separated
into two peaks of activity by DEAE-Sephadex ion-exchange chromatography
of cruae supernatants. Hence, there appear to be two charge forms of
the enzyme in each of these tissues; one which was not retained by the
column but was eluted immediately, and a second, which was adsorbed on
the column and was eluted by the salt gradient. However, although the
two peaks of brain ATP citrate lyase activity were eluted in the same
respective positions to those of the liver enzyme, the distribution of
recovered activity was different. Thus, whilst only a minor proportion
of the liver activity was eluted in the first peak (16%), for the brain
enzyme. the activity was almost equally distributed between both peaks,
with 40% of the recovered activity in the first-eluted peak. Therefore,
a possible difference between the properties of ATP citrate lyase of
1ivér:ahd Brain is indicated.

Further investigation of._the non-retained ATP citrate lyase
activity from liver indicated "aha:_t7i£ is not the result of column

overloading. - M&regv.er,, proteoljtic . degradation of the enzyme does not

‘appear to be invelved since chrematography in' the presence of

| ' - -
R [t K . =~ =
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phenylmethylsulphonyl fluoride did not affect the elution profile.
Phenylmethylsulphonyl fluoride inhibifs the group of proteases known
as the serine proteases which includes chymotrypsin and trypsin
(Fahrney and Gold, 1963; Gold andFahrney, 1964).

The basic, non-retained form of liver ATP citrate lyase was,
however, found to be very unstable, and was rapidly converted to the more
acidic, retained form as shown>by rechromatography experiments. This
therefore suggests that the observed heterogeneity of liver ATP citrate
lyase does not represent the existence of distinct forms such as
isoenzymes, but rather different states in which the enzyme may exist.

The method used for ion-exchange chromatography was essentially
the same as that developed bvaoffmann et al. (1979b), but with two minor
changes. Firstly, the homogenisation conditions were changed from the
1:5 w/v homogenates used for the liver enzymeby}kﬂTmann et al. (1979b) to
1:4 w/v and 1:2 w/v homogehates for liver and brain respectively. Secondly,
dithiothreitol was used as the sulphydryl reagent instead of
dithioerythritol; Furthermore, there is no indication from Hoffmann's

paper that supernatants were dialysed before application to the column, a

step which was routinely used in this work.

Hoffmann et al. (1979b) used DEAE-Sephadex ion-exchange
chrometography of‘cfude-supernatahts‘es the first‘step in the purification
of liver ATP citfete lyase1 They found only a single peak of enzyme
activity which w;e eluted by the salt gfedient; no elution of the enzyme

before the gradientfwas reported, Therefore, the two-peak elution profile
o}‘ATP citrate l&ése,reﬁeaied iﬁ'this_werkiis in contrast to their results.

However, elﬁtlon of the second peak was in good agreement with the elution
of the only peak of act1v1ty found by Hoffmann and co-workers. This was

taken as an 1nd1cat10n that the chrOmatographlc procedure had been

[
- fa

correctly rebroduced. It lS p0551b1e that as the non—retalned minor

peak of 11ver ATP 01trate 1yase represenfed bnly 15—20%cﬁ‘the total
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recovered activity, Hoffmann and his group may have disregarded such
activity as column overload, since they were only interested in the
purification of the enzyme. In-fact, there was no evidence from their
presentation of the results that they had assayed column fractions
before the gradient for enzyme activity.

There are several reports in the literature of the use of
anion-exchange chromatography on DEAE-~substituted columns in the
purification of liver ATP citrate lyase. However, the two-peak profile
obtained for both the liver and brain enzyme has not, as far as is known,
been‘previously observed. Examination of the literature indicates that
the behaviour of the enzyme on ion-exchange chromatography is very
sensitive to the exact conditions used. Thus, liver ATP citrate lyase
was adsorbed on DEAE-cellulose in the presence of 20mM potassium phosphate
buffer, pH7.5 '(LinriandVSrere.,1979) , or 5mM Tris/HC1 buffer, pH 7.4-7.8 (Inoue
et al., 1966; singh et al., 1976). In contrast, Plowman and Cleland (1967)
and Redshaw and Loten (1981) used DEAE-cellulose chromatography under
conditions where liver ATP citrate lyase was not adsorbed to the column,
namely 5mM Tris/HCl buffer pH 7.4 plus 0.05M KCl, and 10mM sodium phosphate
buffer, pH 7.5 respectiVely. These different conditions therefore
illustrate that binding of the enzyme is sensitive to the ionic conditions
over a smell pH range (pH 7.4 - 7.8); In fact, as shown in Figs. 9 and
12,.it was found that both liver and brain ATP citrate lyase started to
elute from the,column'almost as soon as the ionic concentration increaeed
after appllcatlon of the gradlent. That this was a true elution of
adsorbed enzyme protein was demonstrated by 1ncrea81ng the wash volume
bf’fhe solumn 2-fold, before application‘of the gradient. No ATP citrate
'lyeeé’ectitity &as‘eidted uﬁtilftﬁe gradient hed‘been applied, indicating
that elutlon of the second peak did not 31mply represent some sort of

retentlon of ﬁhe enzyme, rather than adsorptlon to the column. These

-results: thereforé c@nfnnmhthe literaturé reports that liver ATP citrate

lyase 1sw@mlylweak&ynbaun@$te EEAE*ioﬁ-exchangers and is thus highly

SRR ’ .
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sensitive to changes in the ionic strength of the buffers used. The

fact that the conditions employed are critical may explain why the
heterogeneity of ATP citrate lyase has not been previously reported.

It should also be mentioned that the results of DEAE-cellulose ion-
exchange chromatography of ATP citrate lyase reported in the literature
were obtained using samples which had been partially purified (e.g. by
(NH4)ZSO4 pre01p1tatlon), and therefore the minor component of activity
may have already been lost. However, it is interesting to note here that
Takeuchi et al. (1981) recently reported a two-peak elutién profiie of
ATP citrate lyase from infected root tissue of sweet potato, using DEAE-
cellulose chromatography. They observed elution of enzyme activity both
before and af'ter the gradient; the major proportion of activity was
adsorbed on the column and eluted by the gradient.

Liver and brain ATP citrate lyase were found to have different
elution profiles on DEAE-Sephadex chromatography with respect to the
pfoportion of the total activity which was eluted in the first, non-
rétained peak. This therefore suggested that there may be a difference
in the properties of the enzyme from these two tissues, resulting in a-
different distribution of activity between the same two ionic states of
the ehzyme. However, since in both cases, the enzyme of the first-eluted
peaks is not a&Sorééd by the column, it/isvnofmposs%ble to detect any
differences in the charge properties which may exist. Therefore the
possibility that the ﬁoa4retained‘activity from each tissue correspondé
to two dlstlnct forms of ATP citrate lyase ‘carinot be excluded.

‘ One possible crltlcism of the quantltative comparison of these

el

elution préfiiéé‘of'AiPicitnate‘lyasé from 1iver_§nd“brain would be the

[ .

_I

fact that fhe~‘h6hoéeﬁi§ihg coﬁditioﬁé'&ére'differéﬁt‘for thé two tissues.

leef was homogenlsed 1n 4 vol. buffer as thls prov1ded a suitable

=i L a,

homogenate concentratlon Wthh enabled even homogenlsatlon of ‘the tissue,

T '-. J,‘_ N |.\':

~_and resulted ln an adequate level‘of enzyme actlvmty However, fer»braln,

-
'

I R T e R
homogenlsatlon was. perf@rmed in only 2 vc&. buffer since the Lower activity
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of ATP citrate lyase in this tissue (Table 1) prevented use of a more
dilute homogenate. Nevertheless, such a difference in homogenate
concentration would only be important if the different elution profiles
did in fact represent only a different distribution of activity as
described above. Liver and brain are, however, very different in

cellular composition, and therefore it would first be necessary to
demonstrate that the amount of activity present in the first, non-
retained peak was dependent on the homogenate concentration. This

could easily be done by performing DEAE-Sephadex ion-exchange chromatography
of liver supernatants obtained by homogenisation of the tissue in only

2 vol. buffer. Thus, if the higher ﬁroportion of brain ATP citrate lyase
activity in the non-retained peak was due to the higher homogenate
concentration compared to»the liver, a similar increase would be expected
in the percentage of the recovered activity of the liver enzyme in this
peak. It is interesting to note here however, that induction of liver
ATP citrate lyase by starving and refeeding had no effect on the elution
profile of the enzyme (Table 5). Therefore, despite a 2-7-fold increase
‘in activity, which has been shown to be the result of an equivalent increase
in the amount of enzymé protein (Suzuki et al., 1967), no change was
observed in the distribution of activity between the two peaks. This
sugéests that the fwo—peak profile is independent of the ATP citrate lyase
concentration of the tissue.

Further inveétigation of the non-retained, basic form of ATP
citrate lyase using DEAE—Sephadexjgmaexchangechromatography was not
possifle for<twofreasoﬁs. Firstly, this minor fprm of the enzyme»is not
adsorbed oqiﬁhe«coluﬁn and therefore represents a non-specific separation.
Henc;, the ;ffepts Qf‘differentigxpérimenta} goqgitions on the elution of
%hi; énzyme~s£at§ canggt egsi;ylbngeﬁgrmiqedf For example, certain
eoﬁéitiogs m;&*;ffggé théué&ggﬁptfﬁn of' the major, acidic form of the
.enzyme which wguld:%hgn bgf@lﬁtgﬁ£without retention and appear to represent

]
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an increase in the amount of the basic form. Secondly, this enzyme

state was found to be unstable; rechromatography of the first-eluted
peak on DEAE~Sephadex columns revealed that the enzyme had been converted
to the major, acidic form. Therefore attempts to study the properties

of the basic form of ATP citrate lyase, possibly involving further
purification, were not feasible.

Cation-exchange chromatography of crude supernatants was
performed in an attempt to specifically separate the minor component of
activity, from the major acidic form of ATP citrate lyase.

Since the minor, basic component of liver APP citrate lyase
was not adsorbed by the positively charged DEAE-Sephadex column, ion-
exchange chromatography of crude supernatants was performed using a
negatively charged cation-exchange column, in an attempt to specifically
separate this activity frem the major, acidic form of ATP citrate lyase.
Although cation-exchange chromatography using a CM-Sephadex column was
not successful, chromatography on a phosphocellulose column produced

interesting results which will now be discussed.

ii) Phosphocellulose Cation-Exchange Chromatography

Phosphocellulose cation-exchange chromatography of liver and
brein supernatants revealed interesting preliminary results. The elution
profiles of ATP c¢itrate lyase from»these two tissues were found to be
different Thus;\whilst both,liver and brain extracts contained some
act1v1ty whlch was strongly adsorbed to the column, and was eluted by a
2M NaCl step gradlent a second peak of activity was also adsorbed by
the column in each case, but was eluted by the linear malt gradient at
different ionic.strengthsa For the llver enzyme, this additional peak
of actlvity was eluted at about O ,45M NaCl, whereas that of the brain

enzyme was eluted at a lower iohie concentratlon, between 0.2-0.4M NaCl

B
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Therefore, in contrast to DEAE-Sephadex anion-exchange chromatography
which revealed only a quantitative difference between the enzyme from
liver and brain, cation-exchange chromatography on phosphocellulose
indicated a qualitative difference.

Phosphocellulose ion-exchange chromatograbhy therefore appears
to be a very useful column system since it revealed the presence of two
charge forms of ATP citrate lyase, one in liver and one in brain, which
were both adsorbed to the column but were eluted at different points in
the gradient. Moreover, it demonstrates that the existence of charge
heterogeneity of ATP citrate lyase observed by DEAE-Sephadex ion-exchange
chromatography is not merely an artefact of that column system.

However, the relationships between the various chromatographic peaks from
these two column systems qannot as yet be deduced. The low recovery of
activity from the phosphoéellulose columns, especially with regard to

the brain enzyme (55% for liver; <30% for brain), prevented comparison
of the amount of activity in each peak between the liver and brain enzyme,
and also with the results from DEAE-Sephadex chromatography.

A possible modification of phosphocellulose chromatography
would be the use of an anionic buffer such as acetate or glycine, rather
than the cationic Tris/HCl buffer used in the present experiments. Since
Tris is positively charged it may participatg i% thé ion-exchange process,
and thus result in local pH changes. Furthermore,small changes in buffer
concentrations and pH may improve the recovery of activity. Although the
buffer used in these experiments was not found to have any effect on the
activity of liver ATP citrate lyase of crude supernatants, this may not
necessarily be true for the different forms of the enzyme separated by
the chromatographic procedure.

. No previous reports of phosphocellulose ion-exchange chromatography

of ATP citrate lyase are known. However, the results obtained are
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particularly interesting in view of the recent discovery by Limn and
Srere (1979) that liver ATP citrate lyase is a phosphoenzyme, containing
structural phosphates in addition to catalytic phosphates directly
involved in the enzyme reaction. Therefore, since the enzyme has
binding sites for phosphates in addition to the catalytic binding site,
adsorption of ATP citrate lyase on phosphocellulose column may occur

at these specific phosphate sites rather than a simple electrostatic
interaction. The observation that a proportion of the total ATP citrate
lyase activity of both liver and brain was strongly adsorbed on the
column and required a high ionic concentration (>2M NaCl) for elution,
suggests that such a mechanism may be involved.

This phosphorylation of ATP citrate lyase could also be
responsible for the charge heterogeneity of the enzyme observed on
DEAE-Sephadex and phosphocellulose chromatography. Thus, binding of
phosphates may produce local chenges in the ionic state of the enzyme
molecule, orvindeed may result in small conformational changes of the
protein leading to different charge properties. Despite intense
Vinvestigation no function has yet been escribed to this phosphorylation
mechanism (Guy et al., 1981; Jenski et al., 1979; Linn and Srere, 1979;
Renganathan et al., 1980). More‘recently however, Janski and Cornell
(1982) reported imdirect evidence in support of a relationship between
phosphorylation of the enzyme and its binding to mitochondria.

The possible involvement Bf phosphorylation of ATP citrate
‘1yase in the observed heterogeneity of the enzyme therefore requires
furfher inméstigatiom.sinCe fhis may represent a physiological role.

Ion—exchange chromatography could be performed using supernatants

b=
|

prepared in buffer contalnlng fluorlde, an inhibitor of phosphatase

enzymes. However, the concentratlon of fluorlde requlred would be

relatlvely hlgh (SO—IOOmM), and 1t would therefore be necessary to

R
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dialyse it out of the supernatant saméle before ion-exchange
chromatography. Another experiment would be to treat the crude
supernatant with a phosphatase enzyme such as that used by Guy et al.
(1981), which would ensure that the ATP citrate lyase was present in
the dephosphorylated state. Ion-exchange chromatography of such
supernatants would therefore represent the elution profile of the
dephosphorylated enzyme only.

The recent finding that brain ATP citrate iyase is not
phosphorylated (Szutowicz and Srere, 1983) is particularly interesting
in view of the different elution profile of this enzyme, compared to
that of liver, observed here by DEAE-Sephadex ion-exchange chromatography.
Thus, there appears to be some evidence that the liver and brain enzymes

may have different properties.

iii) Gel Filtration Chromatography

The size heterogeneity of liver ATP c;trate lyase was
demonstrated by gel filtration chromatography on Sepharose 6B and
Sepharose 2B. Thus, the enzyme from crude liver extracts was separated
into two molecular weiéht components. The major proportion of the
activity was eluted from the Sepharose 6B column with an elution volume
which corresponded to an estimated molecular weight-of 4.1 x 105 (Fig.16).
Comparison with literature values indicates that this represents the
native tetrameric enzyme. However, in addition to the tetrameric form,
a minor proportion of the activity, comprising about 10% of the total
recovered activity, was eluted as a high molecular weight form at the
void volume of the column.

In an attempt to determine the molecular weight of this peak
of activity, gelAfiltration of crude supernatants was performed on

Sepharosé 2B which has a higher exclusion limit for proteins than Sepharose 6B.

Tﬁe results indicated that the high molecular weight ATP citrate
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lyase activity represented a range of sizes, and the molecular weight
was estimated to be of the order of 107. Therefore, because of this
high molecular weight, a simple aggregation of the tetrameric enzyme
can be excluded. Hence, it would appear to represent some sort of
highly associated state of ATP citrate lyase.

The two-peak profile of liver ATP citrate lyase was found
to be independent of the dietary state of the animals used;- liver
from normal fed, starved, and starved and refed, all possessed a minor
component of the high molecular weight activity. In contrast, gel
filtration of brain extracts revealed only the tetrameric form of ATP
citrate lyase. Therefore, in addition to a tissue difference with
respect to the ionic charge heterogeneity of the enzyme, liver and
brain extracts also differ in that the high molecular weight associated
state of ATP citrate lyaée was only found in liver.

Several authors have commented on the presence of high molecular
weight protein in their purified ATP citrate lyase preparations. Trace
contamination of purified mammary gland enzyme by a high molecular weight
protein was observed by Guy et al. (1981) during sedimentation velocity
experiments. From their results they suggested that this minor component
represented an octomeric form of the the enzyme. Redshaw and Loten (1981)
noted the presence of an additional, minor band of high molecular weight
seen with some of their purified liver ATP citrate lyase preparations on
SDS polyacrylamide gel electrophoresis. Linn and Srere (1979) reported
that the enzyme from liver tends to polymerise, but this was found to
result in loss of activity. Using the same purification method,
Ramakrishna and Benjamin (1979) observed a high molecular weight peak of
ATP citrate lyase activity on gel eiectfophoresis of t@e pure liver
enzyme, under non-denaturing conditions. In contrast, phosphoproteins

purified by a different method from liver and adipose tissue, which they
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identified as ATP citrate lyase, migrated as single protein bands.
These authors suggested that the high molecular weight enzyme may
represent aggregation of ATP citrate lyase similar to that reported
by Linn and Srere (1979). However, the fact that enzyme activity
was retained makes this unlikely since Linn and Srere found that
aggregation resulted in considerable loss of activity. Although no
estimation of the molecular weight of the minor component was given,
it appeared to contain a similar proportion of the total ATP citrate
lyase activity as observed for the high molecular weight, void volume
peak of the enéyme demonstrated here by Sepharose 6B gel filtration.
However, all these observations were made during experiments
with purified ATP citrate lyase and therefore may represent artefacts
of the purification procedure. In contrast, the high molecular weight
ATP citrate lyase observea in the present work was obtained using crude
liver supernatants which correspond more closely to the in vivo
situation, although this does not exclude the possibility of artefact.
Although gel filtration of ATP citrate lyase has previbusly
"been used during purification of the ehzyme, thisvis the first known
report of -its use in the estimation of the enzyme molecﬁlar weight. The
major component of liver ATP citrate lyase from starved and refed rats,
was found to have a molecular weight of 4.1 x 105, which is in good
agreement with literature values (Inoue et al., 1966; Linn and Srere,
1979; Redshaw and Loten, 1981; Singh et al., 1976). In contrast, the
enzyme from liver_of normal fed rats‘consisteﬁtly showed a lower

5. If is ndi possible however to draw any

molecular weight of 2.7 x 10
conclusions from thié:interéstiﬁgﬂobservation sincevthe gel filtration
system ﬁsed”ié ho%‘égﬁsitivé énédgﬁ_ﬁQVéCéurafely measure such relatively
small changes in molecular weight. However, no previous comparison has

been made of thé molecular weight of liver ATP citrate lyase from rats of

[
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different dietary conditions. Therefore, it is possible that closer
examination by a more sensitive method, such as polyadrylamide gel
electrophoresis, may reveal significant differences which in turn
could be involved in the regulation of the enzyme.

Determination of the molecular weight of brain ATP citrate
lyase revealed that it was the same as the liver enzyme (starved, and
starved and refed), when measured under the same conditions. This
therefore provides a direct comparison of the size of the enzyme from
these two tissues. No previous estimation of brain ATP citrate lyase
molecular weight had been reported, until recently, when Szutowicz and
Srere (1983) confirmed by SDS gel electrophoresis, that the subunit
molecular weight of the purified brain enzyme was identical to that of
liver enzyme from starved gnd refed rats. Interestingly, they also
reported a high specific activity for the pure brain enzyme; 21.4 units/
mg compared to their brevious value of 0.12 units/mg (Szutowicz et al.,

1975).

iv) Relationship between the Charge Heterogeneity and the Two

Molecular Weight Forms of Liver ATP Citrate Lyase

The high molecular weight state of ATP citrate lyase was found
to be unstable since it was eluted as the tetrameric enzyme on
rechromatography;pn_Sepharose 6B. Both molecular weight forms of the
enzyme were agsorbed on DEAE-Sephadex columns and were eluted by the
gradient. However, thevinstabil}ty of the associated state of the enzyme
may.qffecp the pehaviour of therenzyme‘wﬁen rechrdmatographed on an ion-
exchgnge,cqlﬁgn; This resﬁit;cannot therefore be taken as evidence that
;thh;gﬁvmolequLar weiéh#;forﬁ is acidic in nature.

N _Réchromgﬁogpaghy;ezpefi;enps were initially performed in an

attempt to determine the relgtionships betweén the two charge states of
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the liver enzyme from DEAE-Sephadex ion-exchange chromatography, and
the two molecular weight forms, observed on Sepharose gel filtration.
This did not however prove possible due to the instability of both the
basic, non-retained form, and the high molecular weight associated form
of the enzyme. Nevertheless, the fact that these two minor components
of ATP citrate lyase contained similar proportions of the total activity
(compare Tables S5 and 8), together with the similarities in the
instability of both enzyme states, and the apparent resistance to
inhibition by glutamate (see Tables 17 and 18), suggested

that they represented the same form of. the enzyme. Comparison with the
literature indicated that the major peak of activity observed on gel
filtration, and that obtained by ion-exchange chromatography, both
represented the native form of the enzyme; Hence, the estimated
molecular weight of the méjor peak of activity was in agreement with
literature values for the tetrameric enzyme, and the enzyme which was
adsorbed on the DEAE—Sephadex'column was eluted as deséribed by
Hoffmann gzygi. {1979b). This interpretation of the results, that the
heterogeneity of liver ATP citrate lyase represented the existence of
two forms of the enzyme, the native tetrameric form which is acidic,
and the additional minor component which has a high molécular wéight
and is basic in nature, was published in a preliminéry report (Corrigan
and Rider, 1981%, ‘Howeyep,,sgbsgguent}experiments revealed a more
complex sitgatiqn{_ ?hevpgfﬂof Q?gh—speed‘centrifugation (150,000g) to
prepare supernatants resulted in loss of the high molecular weight ATP
citrate lyase .activity. DEAE-Sephadex ion-exchange chromatography of
such, supernatants, 7:egnta,xiénfing only tetrameric' ATP citrate lyase,
freveale@‘thehpreSBnée 6f,both‘oharge forms of the enzyme. Thus, the

_hlgh molecular welght~enzyye and the ba51c, non-retained form could not

- — R

,represent the samg sing;e state af ATP 01trate lyase.( Further 1nvest1gation

llndloated that pigh}mq%?cuLgr We;ght ATP cltrate 1yase is acidic in nature,
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since a loss of activity from the retained peak was observed corresponding
to the loss of the associated form of the enzyme. This result,
incidentally, agrees with that from'earlier rechromatography experiments.

Therefore, there appear to be at least two forms of liver ATP
citrate lyase, in addition to the native acidic tetrameric enzyme; a
tetrameric form which is basic, and an acidic high molecular weight form.
In addition, the possibility that some of the high molecular weight enzyme
is also basic in nature cannot be excluded from the present results.

In contrast to liver, the heterogeneity of brain ATP citrate
lyase is less complex. Thus, although both the basic, non-retained and
the acidic, retained forms were observéd on ion-exchange chromatography
of crude extracts, gel filtration of the same supernatants revealed only
the tetrameric enzyme. Therefore the brain enzyme appears to exist in
only two forms, one basic-and the other acidic, both of which are
tetrameric. The high molecular weight associated stafe of ATP citrate
lyase found in liver was absent from brain extracts. Moreover, although
a basic, tetrameric form of the enzyme was found in both tissues, the

‘proportion of the total activity it contained differed, and there was no
positive evidence to indicate that it did in fact represent the same form.

A diagramatic representation of the various chromatographic

forms of both liver and brain ATP citrate lyase is shown in Fig.30.

v) Further Investigation: of the Nature of the High Molecular

Weight ATP Citraﬁe Lyase

'There are thrée possible types of association which could account
for the high molecular. weight ATP citrate lyase; aggregation of the enzyme,
association with chér,enzymeé farﬁing a multi-enzyme complex, association-

with membranes.

a) - Aggregation of ATP Citrate Lyase

4
-

-z .. The Righ mglégular weight (Mfio7) of the minor component of liver

»ATPDGi%ﬁﬁtéﬁi&&@éfﬁi@lﬁﬁbﬁ.thﬁ possibility that it represents a simple
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aggregation of the native, tetrameric enzyme (Mr4.11<105),}such as the

dimer observed for the mammary gland enzyme by Guy etal. (1981).

Polymerisation of the tetrameric enzyme however could produce this
high molecular weight form. Acetyl CoA carboxylase, the next enzyme
in the pathway of fatty acid biosynthesis, does undergo such
polymerisation to form 1oﬁg linear chains (for review see Lane et al.,
1974). Hence, the tetrameric acetyl CoA carboxylase, which has a
molecular weight of around 5 x 105, similér to tetrameric ATP citrate
lyase, is activated in the presence of citrate to form linear chains
consisting of 10-20 tetrameric enzyme molecules. This polymeric form
of the enzyme has a molecular weight which ranges from 4 x lO6 -

8 x 106 (Gregolin et al., 1966), and is therefore comparable to the
size of the high molecular weight form of ATP citrate lyase. However,
in contrast to ATP citrate lyase, acetyl CoA carboxylase only has
enzyme activity when in the polymeric’form; the tetrameric enzyme is
inactive. Theréfﬁre, since both molecular weight forms of ATP citrate
lyase poéSess enzyme acti&ity, the possibility of a regulatory control
‘mechanism for the enzyme by tetramer-polymer transitions, such as that
found for acetyl QQA carppxylaSe, is not apparent. One imﬁortant
consideration here is that ATP citrate lyase activity was détermined
under optlmal assay condltlons and therefore any ch;nge in activity
which may occur under physmlog:l.cal c.endlt.lons may not be
detected. Interestlngly, Linn and Srere (1979) commented on the fact
that purlfled llver ATP c;trate lyase does tend to polymerlse when
concentrated but wlth.subsequent loss of act1v1tv.

¢.1

The polymerlsatlen of acetyl CoA carboxylase by c1trate can be
&emenstratedtnxsucrose denszty gradlents (Gregolln et al., 1968) In the
R AL RN _
.absence of eitrate, cnly the tetrameric enzyme is observed but when
R T g IR Y
cltrate is preSéﬁt ln the puffers, the enzyme 1s eluted as the polymerlc
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form. Gel filtration of ATP citrate lyase in the presence of citrate
may therefore reveal whether such enzyme polymerisation is involved

in the formation of the high molecular weight form. Citrate has in fact.been
reported to be an activator of liver ATP citrate lyase (Hoffmann et al.,
1979b; Szutowicz and Angielski, 1970) although no physiological
function for this has beeh determined. It is of interest to note here,
with respect to the possible involvement of citrate in polymerisation
of ATP citrate lyase, that Redshaw and Loten (1981) performed Sepharose
6B gel filtration of partially purified liver enzyme in the presence of
citrate-phosphate buffer (50mM sodium citrate). The enzyme was eluted
as one peak of activity corresponding to tetrameric ATP citrate lyase.
This would therefore suggest that a citrate-activated polymerisation of
the enzyme does not occur, although obviously a more detailed

investigation is required.

b) Multi-Enzyme Aggregate

Fatty acid biosynthesis in the cytoplasm is catalysed by three
soluble: enzymes of similar molecular weight, ATP citrate lyase, acétyl
CoA carboxylase, and fatty acid synthetase. All three enzymes undergo
similar changes in activity, brought about by changes in the amount of
enzyme protein, as a result of dietary and hormone  induced alterations
in the rate of lipogenesis (for reviews see Lane and Moss, 1971; Rosmos:
and Leveille, 1974; Volpe and Vagelos, 1973; 1976). Furthermore, ATP
citrate lyase and fatty acid synthetase in particular appear to have
very similar properties, as indicated by co-purification of the two
enzymes (Guy et al., 1981; Plowman and Cleland, 1967). In fact this
similarity was at one stage considered as evidence for the existence of
a single enzyme protein which catalysed both enzyme reactions. However,

it was later proved that the ATP citrate lyase and fathy acid synthetase
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activities are on separate proteins (Inoue et 21., 1966; Suzuki et al.,
1967).

There are many examples in the literature of engyme—enzyme
complexes (Backman =n? Johansson, 1976; Fahien et al., 1977; Halper
and Srere, 1977; Ovadi apd Keleti, 1978). Furthermore, there have
also been reports presenting evidence for the existence of multi-enzvme
aggregates consisting of all the glycolytic enzvmes, in both bacterial
and mammalian cells (Clarke and Masters, i973; Mowhray and Moses, 1976).
Thus, the possibility of the high molecular weight, associated state of
ATP citrate lyase representing a multi-enzyme aggregate of all three
lipogenic enzymes was investigated. As with other enzyme-enzvme complexes,
such aggresation would anpear to be advantageous due to localisation of
the consecutivebreactions of e hiochemical pathway.

A simple aggregation of one of each enzyme protein, ATP citrate
lyase, acetyl CoA carboxylase and fatty acid éynthetase complex, is
excluded because of the size of the associated state of ATP citrefe
lyase. Furthermore,.since acetyl CoA earbexylase does not polymerise
.under the.conditions employed (i.e. eitrate is required for polymerisation),
.an agg;egation of ATP citrate lyase and fatty acid synthetase with the
polymeric form of acetyl CoA carboxylase cannot be invclved. Hence, if
the high molecular weight ATP citrate lyase activity does represent an
aggfegation of tﬁese enzymes, it woeid have to consist of an assembly of
several of each eﬁzyme proteln. However, no activity of either acetyl

b

CoA carboxylase or fatty acid synthetase was found in column fractions

contalnlng the minor component of’h gh molecular weight ATP citrate lyase.

In fact, both enzymes co-eluted with the ma;or, tetrameric form of ATP

5

e

c1trate lyase, as would be expected from the similar molecular weights.

Glllevet and Dakshlnamurtl (1982) however, have recently presented

) \‘\L’

ev1dence in favour ef a high molecular welght llpogenlc enzyme complex.

They found co=elution of the three enzymes on a sucrose density gradient
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at a position corresponding to a molecular weight greater than that
expected for the native enzymes (i.e. a5 x 105). Although they gave
no estimate for the molecular weight of the proposed complex, it was
much less than that of the polymeric form of acetyl CoA carboxylase
used as a marker. Therefqre, since the molecular weight of polymeric
acetyl CoA carboxylase is of the same order as that of the associated
state of ATP citrate lyase observed in this work, it would seem that
the high molecular weight ATP citrate lyasé activity of the proposed
lipogenic enzyme complex is not the same as the associated form of the

enzyme described here.

c) Membrane Association

Association of liver ATP citrate lyase with mitochondria has
recently been demonstrated (Janski and Cornell, 1980a,b; Ranganathan
et al., 1980). Janski and Cornell (1980a) measured the release of
cytosolic and mitochondrial enzymes from isolated rat hepatocytes by
the non-ionic detergent digitonin. They reported that 23% of the ATP
citrate lyase in hepatocytes from starved rats was released like the
‘mitochondrial enzyme citrate synthase, whilst the remaining enzyme was
released like the soluble enzyme, lactate dehydrogenase. In a subsequent
paper (Janski and Cornell, 1980b) they extended this work and concluded
that a small proportion of ATP citrate lyase (25%) exists as an
association with mitochondria, probably the outer membrane. This
assqciatioﬂ was found to be,stabilised by Mg2+, whereas release of the
enzyme was enhanced by the substrates and products of the enzyme reaction.
Using a more direct approach, they reported that 2.2% of the total hepatic
ATP citrate lyase activity was pye;§nt in isolate@ mitochondria.
ﬁitéé@ondrial b;nding_of‘liyer ATP Qitrapg lyase has also been demonstrated

by Ranganathan et al.(1980), who found 10% binding of the pure liver enzyme
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when incubated with isolated liver mitochondria. Such an association
of ATP citrate lyase with mitochondria would seem advantageous since
it would localise the enzyme at the site of substrate formation i.e.
release of citrate from the mitochondria.

Therefore, the possibility that the high molecular weight
ATP citrate lyase represenfs an association of the enzyme with
mitochondria was considered. However, liver tissue was routinely
homogenised in buffer containing isotonic sucrose (0.25M), and thus the
mitochondria should remain intact and be sedimented by the centrifugation
of the homogenates at 45,000g for 30 min. That this was in fact the case
was demonstrated by the absence of any appreciable activity of the
mitochondrial matrix enzyme, citrate synthase, compared to supernatants
prepared from the same tissue but in the absence of sucrose. The small
amount of activity that was detected probably results from leakage of
the enzyme from the mitochondria during homogenisation. Sonication of
supernatants to disrupt any intact mitochondria which may have been
present. did not produce any increase in citrate synthase activity. In
" addition, no activity of the inner mitochondrial membrane enzyme
‘succinate dehydrogenase was detected in crude supernatnats. It would
therefore appear unlikely that the high molecular weight ATP citrate
lyase represents enzyme bound to mitochondria. Ne%ertheless, such a
possibility:was further investigated to determine whether this minor,
high molecular weight component of activity was the result of binding
to ffagments of the outer mitochondrial membrane stripped off during
homogenisation.

Supernatants and column fractions from Sepharose 6B and
Sepharose 2B gel filtration of supernatants were assayed for the outer
mitochondrial membrane enzyme potgnaneﬁinsensitive cytochrome c reductase

(RIDCR). The-éctivity présent in:thg‘§upernatant was eluted from the

-
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Sepharose 6B column at the void volume, apparently eluting with the
high molecular weight ATP citrate lyase. However, this only serves
to demonstrate that the marker enzyme is membrane-bound and was
therefore eluted at the void volume because of exclusion from the
column. Further‘investigation using the Sepharose 2B column revealed
that the enzyme was also eiuted at the void volume of this column,
and there was no evidence for any co-elution with high molecular weight
ATP citrate lyase.

Although RIDCR was used as a marker enzyme for the outer
mitochondrial membrane, the results obtained may be misleading due to
the fact that the enzyme is also found on microsomal membranes ({Sottocasa
et al., 1967). Since microsomes would be present in the 45,000g
supernatants used for gel filtration experiments, the elution profile of
NADPH cytochrome ¢ reductase, an enzyme found exclusively in the
microsomes (Phillips and Langdon, 1962), was determined in an attempt
to estimate the proportion of the total RIDCR agtivity due to the
microsomal enzyme. NADPH cytochrome c reductase was eluted at the void
volume of the Sepharose 6B column indiéating that the activity
represented the membrane-bound enzyme. Sottocasa et al. (1967) measured
the activities of RIDCR and NADPH cytochrome c reductase, in microsomal
and mitochqnd;ial fractions obtained by differentiai centrifugation of
10% liver homogenates from starved rats. They reported that the specific
activity of RIDCR was 24-fold greater than that of NADPH cytochrome c
reductase in the same microsomal fraction. Therefore, as the activity
of RIDCR here wés found to be 60-fold greater than that of the
exclusively microsomal enzyme in the Sepharose 6B column fractions, it
would appear unlikely that it represented only activity of the microsomal
enZyﬁé. . This therefore suggests that outer mitochondrial membrane
fragments are present in the crude liver supernatants. However, it must

/
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be noted that whereas Sottocasa et al. (1967) used the same assay
buffer for determination of both enzyme activities, the two enzyme
assays were performed in this study using two different buffers (see
Methods 8iv and 8vi). This was due to the fact that NADPH cytochrome
¢ reductase activity was not reproducible under the buffer conditions
used initially for the assay of RIDCR.

Since there was some evidence from these marker enzyme assays
to suggest that outer mitochondrial membraﬁe fragments are present in
the crude liver supernatants, the possible binding of ATP citrate lyase
to such membrane fragments was further investigated using a more direct
approach. Hence, ATP citrate lyase activity was determined in the crude
mitochondrial fraction obtained from differential centrifugation of
liver homogenates. If the high molecular weight ATP citrate lyase
activity does represent enzyme bound to membrane fragments, a higher
proportibn of the total activity would be expected in the isolated
mitochondrial fraction than the 10% observed in the minor peak on gel
filtration. This would however assume a reasonable yield of intact
mitochondria, and for this reason a loose fitting homogeniser, such as
that recommended for mitochondrial preparations, was used. The results
obtained using liver from normal fed rats gave no indication of any
mitochondrial binding of the enzyme; no ATP citraté lyase activity was
detected in the mitochondrial fraction. Activity of both RIDCR and
succinate dehydrogenase was present however; indicating the presence
of outer and inner mitochondrial membranes respectively.

Further evihence against a mitochondrial association of ATP
citrate lyase to explain the high molecular weight enzyme activity was
provided by the gel filtration experiments in the presehce of Mg2+.
Janski and Cornell (1980b) reported that the association of the enzyme

with mitochondria was stabilised by magnesium iqns, an effect which had
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previously been reported for the mitochondrial association of brain
hexokinase (Rose and Warms, 1967). Therefore, in an attempt to
stabilise and possibly increase the amount of the proposed membrane-
associated high molecular weight ATP citrate lyase activity, gel
filtration was performed in the presence ofMg2+. Such experiments
however revealed that the peak of high molecular weight enzyme activity
was completely removed. Thus, magnesium ions appeared to disrupt the high
molecular weight form of the enzyme to produce the tetramer as no loss
of activity was detected in the pellet from the centrifugation, and
magnesium ions had no effect on AT? citrate lyase activity of
supernatants. This result therefore indicates that the associated state
of liver ATP citrate lyase observed on gel filtration is not the same as
the mitochondrial membrane-bound enzyme described by Janski and Cornell
(1980a,b) . Furthermore,whereas as Janski and Cornell found differences in
the proportion of activity bound to mitochondria depending on the dietary
state of the animals used, the elution profiles of liver ATP citrate
lyase from normal fed, starved, and starved and refed rats, all showed
‘the same distribution of activity between the two molecular weight forms

of the enzyme.

The effect of magnesium on the elution profile of liver ATP
citrate lyase is interesting since similar experiments in the presence
of the same ionic concentration of sodium ions did not change the elution
profile of ATP citrate lyase. Hence, disruption of the associated state
of the enzyme was not due to the increased ionic strength of the buffer;
whether it was specific for magnesium ions or divalent cz*ions in general
was not investigated. Nevertheless, the fact that magnesium ions are

required for ATP citrate lyase activity, and appear to influence the

kinefics of the enzyme reaction (Szutowicz and Angielski, 1970) may be

significant.
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The possibility of mitochondrial association of ATP citrate
lyase was also investigated using supernatants prepared in the absence
of isotonic sucrose. This resulted in disruption of the mitochondria,
as demonstrated by the presence of citrate synthase activity, and
therefore an increase in the amount of outer mitochondrial membrane
fragments in the supernatant. However, such treatment did not produce
any appreciable change in the gel filtration elution profile of ATP
citrate lyase, a further indication that the high molecular weight
activity does not represent enzyme bound to mitochondrial membranes.

In addition to the mitochondrial binding reported in the
literature, a microsomal association of the enzyme has also been
suggested (Tucek, 1967b; Avruch et al.,1976). Tucek (1967b) found a
high proportion of brgin ATP citrate lyase in the microsomal fraction
obtained from sheep caudate nuclei, and Avruch et al.(1976) commented
on the presence of a high proportion of a cytoplasmic phosphoprotein,
later identified as ATP citrate lyase (Alexander et al.,1979), in the
microsomal fraction from adipocytes. The authors indicated that no
attempt had been made to verify these observations, and therefore the
possibility of non-specific adsorption was not ruled out. More recently
Witters et al. (1981) reported activity of the three lipogenic enzymes
ATP citrate l&ase, acetyl CoA carboxylase, and fatty acid synthetase,
in the microsomal fraction from rat hepatocytes. In addition, they
also observed the presence of two major phosphoproteins in this fraction,
identified by immunoprecipitation as ATP citrate lyase and acetyl CoA
carboxylase. They proposed that the microsomes may be a major locus of
fatty acid synthesis. However, the properties of the microsomal acetyl
CéA carboxylase appeared to be different from those of the other two
enzymes,.and they therefore suggested that the apparent association of

the latter could be the result of non-specific trapping or very weak
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association.

From the present results, it does not seem likely that such
an association could account for the high molecular weight ATP citrate
lyase observed on Sepharose gel filtration; centrifugation of
homogenates at 100,000g for 60 min, conditions which are routinely
used for sedimentation of microsomes (Sottocasa et 2;.,1967),did not
remove this minor peak of activity (results not shown). Only under
more rigorous éentrifugationVconditions, 150,000g for 90 min, was this
achieved. It is concluded therefore that the high molecular weight
associated state of ATP citrate lyase revealed by gel filtration of
crude liver supernatants, does not represent association of the enzymes

with membranes, either mitochondrial or microsomal.

3. Possible Physiological Significance of ATP Citrate Lyase Heterogeneity

The heterogeneity of rat liver and brain ATP citrate lyase which
has been demonstrated in this work has not previously been reported.

There is at present a lot of interest in the regulatory properties of ATP
~citrate lyase, and the possible involvement of the enzyme in the control

of fatty acid synthesis and/or acetylcholine synthesis. Thus, heterogeneity
of the enzyme as described here (see Fig. 30) may represent some form of
enzyme regulation.

The distribution of the total activity of liver ATP citrate
lyase between the two charge states, and also between the two molecular
weight forms, was found to be independent of the dietary state of the
animals used (Tables 5 and 8, Figs. 10 and 15). This tends to suggest
that neither the ionic charge heterogeneity, nor the size heterogeneity,
is directly involved in the long-term regulation of the enzyme in liver.
ﬁowgver, as discussed in the introduction,certain properties of the
enZyﬁe, which are not yet fully explained, suggest the ATP citrate lyase

may be controlled by short-term regulé%ory mechanisms such as allosteric
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control and cOvalept modification, i.e. phosphorylation of the enzyme
and the enzyme kinetics with respect to citrate. Therefore, the
observed heterogeneify may play a role in :tke short-term regulation of
enzyme activity.

Comparison of the hetercgeneity of liver ATP citrate lyase
with that of the brain enz&me reveals that although both charge forms
are present in each tissue, the distribution of total activity between
these two states differs. In addition, the high molecular weight form
of ATP citrate lyase was found only in liver; no such enzyme form was
found in brain. Hence, these tissue differences may reflect the
different physiological roles of the enzyme. The fact that the
associated state of ATP citrate lyase is found only in liver may be an
indication of a role for this form in fatty acid biosynthesis. Although
ATP citrate lyase is also involved in fatty acid biosynthesis in brain
it does not appear tobe under dietary or hormonal control like the liver
enzyme (see Introduction, Section 2iv). The different distribution of activity
of the liver and brain enzyme between the two charge forms of the enzyme
may represént‘ the dual function of the enzyme in acetylcholine and
fatty‘acid synthesis in brain compared to only fatty acid biosynthesis
in li&er.

There are séveral properties of liver ATP‘citrate lyase which
should be coﬁsidered in this discussioh of the possible physiological
function(s) of the enzyme heterogéneity; the kinetics of the enzyme with
respect to citréte, structural phosphorylation by cAMP;dependent and cAMP -
independent prﬁ%ein’kinases (see Introduction, Sections 2iii and 2v.
respectively), proteolytic éegradationiof the enzyme (see Discussion,
Section Sii;)‘énd b;ﬂg;ng of the enzyme to mitochondrial membranes (see
piseussicnr geégégpfzv gé){w#ne physiological roles of these properties
havé nquy;t,beén<dgtgrmined~‘ ;t.is, therefore interesting to consider
to what extent they may be involved in the heterogeneity of the enzyme

re s
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observed here.

i) Effect of Citrate on ATP Citrate Lyase Activity

ATP citrate iyase has two Km values for the substrate citrate
and one of the explanations which has been proposed to explain this
phenomenon is that there are two forms of the enzyme, each with a
different Km for citrate. It is very unlikely that two forms of an
enzyme which differ only in the affinity for one of the substrates
could correspond to the two ﬁolecular weight forms of ATP citrate lyase.
However, a small change in the binding site to produce the different
substrate affinity of the enzyme, may affect the charge properties, and
hence result in the two forms of the enzyme observed on ion-exchange
chromatography . Furthermore, the fact that both the liver and brain
enzyrnies show similar kinetic behaviour with respect to citrate would
also be more consistent with the ionic charge rather than the size
heterogeneity of ATP citrate lyase, since only the former is found for

both enzymes.

An altefnative and more favourable explanation for the unusual
kinetics of ATP citrate lyase with citraté is that there are two
ihdependent binding sites, avsubstrate binding site and a regulatory
binding site.len this hypothesis citrate acts at-the latter site as an
activator.‘ Since citrate acts as an activator of acetyl CoA carboxylase,
resulting in poiymerisation of the enzyme; a similar mechanism may also -
occur-witﬁ ATP-citrate lyase, thus representing the high molecular weight
éésociated for@ of fhe éﬁzyme, as‘hgs.already been discﬁssed (p.188).

This possibility requires further investigation.

4ii) . - Phosphorylation of ATP Citrate Lyase
ATP citrate has-reécently been shown to undergo reversible

Iphosphoﬁylatién*a%“éxsitewﬁy‘diéﬁfﬂét'from the catalytic site
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phosphorylation which occurs during the enzyme reaction. The possible
involvement of this phosphorykation in the heterogeneity of the enzyme
was discussed earlier (p.182).Thus, phosphorylation could change the
charge properties of the enzyme resulting in the two forms of ATP citrate
lyase observed on ion-exchange chromatography. Alternatively, it could
affect the enzyme in such a way as to result in polymerisation to produce
the high molecuylar weight form of the enzyme, possibly by altering the
quaternary structure of the enzyme. Althoﬁgh Janski and Cornell (1982)
recently presented evidence that phosphorylation of ATP citrate lyase
altered the binding of the enzyme to the mitochondrial membrane, and
hence the presence of high molecular weight activity, no evidence was
found to suggest that the associated state of ATP citrate lyase of this
study corresponded to. mitochondrially bound enzyme. It is interesting

to note in this context of enzyme phosphonylation the recent report of

a protein kinase in liver which binds to acetyl CoA carboxylase and

also polymerises to produce a high molecular weight aggregate (Lent and
Kim, 1982).

There appears to be some disagreement at present as to the
number of structural phosphonylation sites on ATP citrate lyase. The
enzyme has been shown to be phosphorylated in vitre,by both cAMP-dependent
protein kinase (Alexander et al., 1981; Guy et gi.,‘1980; 1981; Pierce et
al., 1981, 1582; Ramakrishna et al., 1981; Ranganathan et al., 1982;
Redshaw and Loten, 1982), and CAMP-independent protein kinase {Alexander
et al., 1981; Ramakrishna and Benjamin, 1981; Ramakrishna et al., 1981).
In addition, ATP citrate lyase undergoes structural site phosphorylation
in the presence of the hormones insulin and glucagon (Alexander et al.,
1979:‘Janski gg-gé,,_1979; Pierce et al., 1981). Since glucagon is known
+o gédiéte ggsvefféciszvia—cAMP,it'was suggeéted that the phosphorylation

iﬁ response to glucagon vrepresented phosphorylation at the same site as
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that brought about by " cAMP-dependent protein kinase. In fact, both
Alexander et al. (1981) and Pierce et al. (1981) reported evidence to
indicate that one site on the enzyme is phosphorylated by cAMP-

dependent protein kinase and glucagon. The insulin-stimulated
phosphorylation was thought to represent the cAMP-independent mechanism.
Therefore, these two hormones, which are known to produce their effects
by different mechanisms, mayboth produce the same effect on ATP citrate
lyase i.e. increase in phosphorylation, buﬁ by acting at different sites
on the enzyme the net effect may be different. Ramakrishna et al. (1981)
reported that the catalytic subunit of cAMP- dependent protein kinase
phosphorylated different sites of adipose ATP citrate lyase compared to

a lyase kinase isolated from liver (i.e. cAMP-independent protein kinase).
More recently however, others have observed that both the insulin- and
glucagon—stimulated phosphorylation of the enzyme occurs at the same site
(Pierce et al., 1982; Swergold EE al., 1982). IA‘fact, Pierce and co-
workers suggestea that the glucagon stimulated phosphonrylation did not
represent any physiologiéal function but merely corresponded to a non-
specific phosphorylation as a result of a general increase in the
phosphorylating activity of the cell in response to this hormone. Clearly,
further investigation is required in order to resolve this question of

.

the significance of ATP citrate lyase phosphorylatioa.

iii) Proteo}ytic Degradation Qf ATP Citrate Lyase

The limited proteolytic degradation of liver ATP citrate lyase
first aemonétratgg,by Singn gﬁ_g;. {1576) has received a lot of attention
with regard to éiééssiblg‘rple in the énzyme regulation. Incubation of
the pure liver enzyme wiyh trypsin resulted in degradation of the enzyme
intc; ‘two; ;maller, yn%s_qu‘aj@ po}ygeptides- (Singh et al., 1976). However, no

loss of activity was observed, and the only change detected in the

properties of the enzyme was as. decreased thermal stability.
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It was suggested that each enzyme subunit is composed of
two domains connectad by a protease sensitive region. Thus, in tﬁe
presence of trypsin the two domains were separated but retained
sufficient interaction to maintain enzyme activity. Further
investigation of the thermal and proteolytic degradation of liver ATP
citrate lyase was carried out by others (Osterlund and Bridger, 1977;
Osterlund et al., 1980; Vogel and Bridger, 1981). They found that
degradation of the enzyme could be reduced by the substrates citrate
and CoA, by NADPH and bty an as yet unidentified peptide stabilising
factor. Hence it was suggested that ATP citrate lyase activity may be
controlled by a process involving limited proteolysis of the enzyme
which could prevent complete enzyme degradation. Furthermore, Osterdmund
et al. also suggesteq that phospherylaticn may influence the interaction
of the enzyme with the proposed stabilising factors. It has recently
been demonstrated that the properties of acetyl CoA carbcxylas; are also
affected by proteolytic degradation_(Song and Kim, 1961), and this
limited proteolysis has been linked to phosphorylation of the enzyme
- (Guy and Hardie,1981). Therefore, there is some evidence to suggest
that proteolytic degradation may have a physiological role in the
reguiation of enzyme activity. Interestingly, Lill et al. {1982) have
recently demoﬁstrated that the two subunit domains of ATP citrate lyase
obfained by'limited proteolytic degradation are associated with two half
reactibns. Furtﬁérmore, the}two types of phosphoryiation of ATP citrate
lyase (i.é. étructﬁral.and catalyti;) Were correlated with theée two
barfial fééctigns. .Hence; %he& postulated that phosphorylation at the
strucfufél'sifé &aéfinv&léédiin“conformational changes in these éubunit
fpaégeﬁté éna was_negéés%ryxfdé;éomplete enzyme activity. This therefore
gépgésg££§ra bhyéioloéié%i f&ﬁétioh for the enzyme phosphonylation.

Endogéngqs prbteol&sis; resulting in separation of subunit
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domains as described above, may alter the ionic charge properties of
the enzyme, leading to the observed heterogeneity of ATP citrate lyase
on ion-exchange chromatography. The nicked enzyme would have to retain
sufficient interaction so as to elute from the Sepharose 6B gel
filtration column as the tetrameric enzyme. Evidence for this is the
fact that Singh et al. (1976) found that trypsin-treated enzyme showed
the same sedimentation behaviour as the untreated enzyme. Ion-exchange
chromatography of crude liver supernatants in the presence of the
proteolytic inhibitor phenylmethylsulphonyl fluoride, did not, however,
reveal any change in the elution profile of ATP citrate lyase (Fig. 11).
Therefore, this suggests that proteolytic degradation of the enzyme is'
not responsible for the charge heterogeneity, although the possibility
that enzyme nicking occurs as a result of a specific proteolytic enzyme
not affected by this inhibitor cannot be excluded.

The éffeét of trypsin on brain ATP citrate lyase has not yet
been investigated. However, such experiments would be particularly

interesting in view of the possible involvement cf proteolytic

"degradation in enzyme regulation.

iv) . Mitochondrial Membrane Association of ATP Citrate Lyase

Although the binding of ATP citrate lyase to mitochondrial
membranes described by Janski and Cornell (1980a,b} would provide an
exélanation fbr the high molecular weight associated state of the enzyme
observed on gel filtration, no evidence was found to gupport this.
furthermore,-the eiution profile of a mitochondrial membrane mgrker enzyme
;;om a bEAE-Sepﬁadex‘ion—ethange:chromatography column, indicated that
néiﬁheriof the‘£WO charge formg of the enzyme represent mitochondrial

association of ATP citrate. lyase (Fig. 24).

T
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4. Activation of ATP Citrate Lyase

The apparent activation of the non—retainéd, basic form of
ATP citrate lyase observed after prolonged dialysis of the crude liver
supernatants 1is an interesting phenomencn which could be involved in -
the short-term regulation of the enzyme. The results suggested that
the three-fcld increase in-the amount of activity eluted as the basic
peak after 24h dialysis of liver supernatants was the result of a
specific activation of this form of the enéyme. The fact that there was
no increase in the total ATP citrate lyase activity of the dialysed
supernatant initially suggested that the increase in activity of the
non-retained peak may havé been the result of transfer of activity from
the retained acidic peak. However, no comparable decrease was observed
in this second peak, .and since the recovery of total enzyme activity was
high (®120%), it appeared that activation of the basic form of the enzyme
occured and in such a way as to be undetectable in the supernatant.
Further investigation is required to determine whether this effect is a
true activation of the enzyme, and if so whether it has any physiological
‘significance.

It is interesting to note with reference to this activation,
that unusually high recoveries (>120%) have‘previously been obtained from
some chromatographi¢ columns. In particular, gel filtrétion of liver and
brain extraéts consistently produced. high recovery of total activity.
Activation of thekgnzymg may therefore occur under certain conditicns to
different_degrees resulting in these high yields of activity. For the
brain eniyme~however,‘highfyields.fro@ both ion-exchange chromatography
and gel filtration may be partly explained by inaccurate determination
of the supernatant activity. due to the presence of the high endogeneous
rate of NADH ‘oxidation. ~The anomalous'increase observed in the activity

‘elutédﬁaslfheWhasic_ﬁeakffrém high-=speed supernatants (150,000g) may also
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be attributable to this activation phenomenon.

Reference to the literature indicates that several authors
have noted unusual activation of ATP citrate lyase. Tucek et al.
(1967b) consistently obtained high recovery of brain ATP citrate lyase
from subcellular fractionation studies. Thié was explained by the

! .

authors as the result of interference of citrate synthase in the assay.
Szutowicz et al.(1975) commented on the high yield of the brain enzyme
obtained after partial purification by amménium sulphate precipitations.
They suggested that it may be the result of interference by ATPase
or by the removal of an inhibitory‘factor, an idea which is particularly
interesting in view of the recent work by Osterlund et al. (1980), who
have identified a protein stabilising factor of the enzyme. In addition,
Simpson (1981) found that liver homogenate ATP citrate lyase activity was
only 5% of the subsequent supernatant activity. This was explained as
the result of interference in the aésay by other enzymes but it could
also be accounted for by the presence of enzyme inhibitors in the
homogenate. Results from this study did not suggest any difference in
“the activity of -the liver enzyme in homogenates and the corresponding
supernatants however (results not shown).

5. Inhibition of ATP Citrate Lyase Activity by L-Glutamate

 The effect of L-glutamate on ATP citrate lyase was investigated
following the report by Szutowicz et al. (1974a) that the enzyme from
some sources was inhibited by this amino acid. In view of the heterogeneity
of both liver and brain ATP citrate lyase demonstrated by ion-exchange and
gel filtration chromatography, this inhibition of the enzyme provided
another possible method to differentiate the various chromatographic forms.
WAT?'citnateleggg.agyivity,gf.Qrude liver and brain supernatants

was found‘fg be inhibited: by glitamate under the assay conditions used by
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Szutowicz et al. (1974a). Although the results obtained were not in
complete agreement with those of Szutowicz and co-workers, a similar
pattern of inhibition was observed. One important difference however,
was. that whereas Szutowicz found the inhibition of the brain enzyme

to be 2-fold greater than that of the liver enzyme from starved rats,
the results presented here indicated similag inhibition to that of

the liver enzyme (starved rat). The quantitative differences observed
may be attributable to the differences in fhe enéyme preparation
procedure used, and in the state of purity of the enzyme. The use of
crude enzyme preparations may leadvto misleading results due to tﬁe
presence of other enzymes. Thus, the exogenous glutamate may be
utilised, thereby reducing its inhibitory effect on ATP citrate lyase.
Alternatively, conversion of glutamate to a more potent inhibitor
would result in an increase in the effect of glutamate. From the
results, this‘latter situation would appear more likely in the case of
liver, since inhibition of ATP citrate lyase of crude extracts was
found to be greater than that reported for the purified enzyme (see
(Table 16). Moreover, partial purification of liver ATP citrate lyase,
Ey either DEAE-Sephadex ion-exchange chromatography or Sepharose 6B gel
filtration, resulted in a reduced susceptibility of the enzyme to
inhibition. The difference in the relative inhibiti;n of the liver and
brain enzyme compared to the results of Szutowicz et al. (1974a) could
therefore be explained by +the presebce of different enzymes in crude
extraéts~from these'th tissues.

‘The fact-that the_inhibition of ATP citrate lyase by glutamate
was dependent on.the source of the enzyme prompted further investigation
of ‘the nature -of the ‘inhibition, since the susceptibility of the enzyme
ﬁaygﬁéifeflééﬁéé iﬁthé~véri©uSVcbromatograﬁhic.forms of the enzyme.

- ' '
- - . \
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Indeed, the different forms of the ATP citrate lyase did show different .
susceptibility to inhibition by giutamate (Tables 17 and 18). Thus,
neither the minor, basic form of the liver enzyme from DEAE-Sephadex
ion-exchange chromatography, nor the high molecular weight associated
state observed on gel filtration of liver supernatants, were inhibited
by glutamate. Interestingly, a different pattern was observed for the
brain enzyme; both the basic and acidic férms of brain ATP citrate
lyase were innibited by the same amount. Thus, the initial results
suggested that the distribution Qf‘total activity between the two ionic.
charge states of the liver and brain enzyme may reflect the different
susceptibilities of the enzyme to glutamate, possibly indicating a role
for this heterogenous nature of the enzyme. However, the requirement
for a long preincubation period suggested that the inhibition was not
due to a simple allosteric effect of glutamate, but rather produced as a
result of metabolism of the exogenous glutamate. As a further indication
of this, no inhibition was obtained when glutamate was incubated with
enzyme sample alone, in the absence of the assay components (results

hot shown). It therefore appears thatore or more of the assay ingredients
is also required for inhibition.

Cne of the major routes of glutamate metaﬁolism is trans-
amination té a-ketoglutarate. Therefore, the effect of glutamate on ATP
citrate lyase was determined in the presence of a transaminase inhibitor,
aminooxyacetate, which inhibits glutamic-alanine transaminase (Hopper
and Segal, 1962; Longshaw et al., 1972; Rognstad and Katz,v1970). That
the inhibition :of ATP citrate lyase by glutamate was reduced in the
»preseﬂce-efﬁaminooxyécetate,-indicates that such reactions are partly
involved in tkesiﬂh%biti@nzebgerved.  In fact, the transamination product

‘of glutamate, a-ketoglutarate, has already been shown to inhibit liver
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ATP citrate lyase (Szutowicz et al., 1974b; Simpson, 1981). However,
in contrast to the inhibition by glutamate, that of a-ketoglutarate
was not found to ke time-dependent, and the same effect was produced
independent of the age or dietary state of the tissue used (both liver
and brain) (Szutowicz et al., 1974b). Furthermore, the authors
suggested that it wés not éf any physiological significance since they
reported that the K, {(9mM) was greater than the physiological
concentration of a-ketoglutarate (Szutowicz et al., 1975).

If the inhibition of ATP citrate lyase is in fact due to
metabolism of glutamate, it is poséible that removal of low molecular
weight components required for:such metabolism wouldabolish the inhibition.
However, the tetrameric enzyme obtained by gel filtration retained its
susceptibility to glutamate despite the fact that all low molecular
weight components would have been removed. Nevertheless, further
investigation was carried out by subjecting crude supernatants of both
liver and brain to Sephadex G25 and Sephadex G100 gel filtration. As
indicated in Results however; this produced no appreciable change in the
susceptibility of fhe enzyme to such inhibition.

The most convincing evidence indicating an indirect effect of
glutamate was provided by the discovery that inhibition was dependent
on supernatant concentration. If the inhibition of ATP citrate lyase
was due to aﬁ effect of glutamate on the enzyme itself, or by its
interaction in the enzyme reaction, dilution of the supernatant alone
whilsﬁ keeping the concentrations of all other assays components and
glutamate unchanged, would not be expected tovalter the degree of
inhibition. Howgver,?asualreagy‘indicated this was not the case. In
fact, the-inhibition could be cg@piétg;yzabqlished by sufficient dilution,
an effect not due to use of such low enzyme activity that inhibition was

not deteCﬁéblﬁa, mhgggﬁpmqg,ﬁhis_impligs that some component of the

-
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supernatant is required for inhibition of ATP citrate lyase by glutamate.

Szutowicz et al. (1974a) suggested that the inhibition of ATP.
citrate lyase by glutamate represented a regulatory mechanism for fatty
acid biosynthesis. They proposed that in adult brain ATP citrate lyase
exists in a greatly inhibited state due to the presence of a high
glutamate concentration (10mM compared to a Ki value of 0.3mM for
glutamate). This they suggested could explain the low incorporation of
citrate into fatty acids in brain. Furthérmore, they also suggested
that the high ATP citrate lyase activity in liver of starved and refed
rats was the result of the presenée of enzyme resistant to glutamate
inhibition, compared to the low activity in starved animals which
represented enzyme susceptible to such inhibition. Therefore, they
envisaged a mechanism whereby the presence of glutamate itself affected
the activity of ATP citrate lyase, and hence the rate of fatty acid
biosynthesis. However, the reason as to why glutamate should be
physiologically important in such a mechanism remains unclear.

The results of this study suggest that the inhibition of ATP
citrate lyase by glutamate is an indirect effect. Therefore, the
different susceptibility of the enzyme from different sources may
simply represent differences in the composition of the samples, rather
than a property of the enzyme itself. Thus, other‘components in
;ddition to glutamate are required for inhibition.

As already discussed, transamination of glutamate may play
a small part in the ogserved inhibition of the enzyme. Glutamate is
also known to participate in one of the routes of acetyl CoA transport
out of the mitochondria (see Introduction, Section 3i b) and Fig. 1),
which'also involves cléavage-bf citrate by ATP citrate lyase. However,
thié.pathwgy‘i§:ndt thought to be of any major significance, and

therefore a mechanism whereby glutamate produces inhibition of ATP
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citrate lyase by affecting the supply of thelprecursor citrate seems
unlikely. This type of inhibition would not in fact be detected by
the assay system used here since citrate is present at saturating
concentration. Another possibility is that glutamate indirectly
affects the phosphorylation state of the enzyme. Although
phosphorylation does not appear to change the activity of ATP citrate
lyase, the presence of glutamate may result in the formation of a
phosphorylated state in vivo which has nof yet been isolated. It is
interesting to compare this possible mechanism in which glutamate
could affect the phosphorylation éf ATP citrate lyase via a protein
kinase, with the affect of glutamate on the similar enzyme, citrate

lyase from Rhodopseudomonas gelatinosa (Giffhorn et al., 1980). 1In

this case, glutamate-inhibits citrate lyase deacetylase by binding to
the enzyme, and this in turn prevents the conversion of the active
acetylated fofm of citrate lyase to the inactive, deacetylated form.
Clearly, further investigation is required to determine the mechanism
of the inhibition of ATP citrate lyase by glutamate before the

physiological significance, if any, can be evaluated.
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CONCLUSION

ATP citrate lyase has been shown to exist in different forms
in crude extracts of rat liver and brain. Furthermore, this heterogeneity
of the enzyme is not the same in these two tissues. An investigation
of the various chromatographic forms of the liver enzyme did not reveal
the nature of the enzyme heterogeneity although a number of possibilities
were considered. The results of some of this work have recently been
published (Corrigan and Rider, 1983). ATP‘citrate lyase from rat liver
and brain was also shown to be inhibited by glutamate, a property first
reported by Szutowicz et gl.,(1974a). In contrast to their results, it
was concluded that this inhibition is not due to an allosteric effect
of glutamate itself.

Recent interest in ATP citrate lyase has focused attention on
the possible regulatory properties of the enzyme which is involved in
both.fatty acid and aceytylcholine biosynthesis. Further investigation
of the enzyme heterogeneity and the inhibifion by glufamate is therefore
required to determine whether either represents a potential regulatory
mechanism. Of particular importance in this respect is the role of
Vreversible phosphorylation and the involvement of citrate as an allosteric
effector. There is at present some uncertainty as to the physiologically
important control mechanism of acetyl CoAfcarboxylaée, following reports
" of regulétién by’reversible phosphorylation (Carlson and Kim, 1973; Kim,
1979) and by inhibitor proteins iAbdel—Halim and Yousufzai, 1981, 1982).
Hence, in viéw of this new evidenée it is important to consider.what role
ATP citrat;‘iyése may have in thé-regulation of fatty acid biosynthesis,
since it ng‘undergpes reversible_phosphﬁrylation, and as shown in this
‘studyiié“ékisis in multiple forms. Finaliy the significance of the tissue
differences;in the'ﬁéteroggne;ty‘of ATP citrate lygse cannot be determined
uﬁtilAmoré ié'énown ef‘fheﬂcgnditions required to produce the various

enzyme states.
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APPENDIX

PRD Diet for Laboratory Animals

SPECIES: RATS AND MICE

Developed at Porton by Dr Paterson and Christopher Hill in the
60's. Ideally suitable for breeding and stock holding.

On quality and performance, PRD has a proven record with leading
Accredited Breeders, Pharmaceuticals, Universities, etc.

Labsure PRD achievements remain as a tribute to Dr Paterson's
original formulation.

Approximate daily feeding rates: Adult Rat 15-20g

Adult Mouse 5g

PRD is manufactured in a 3/8" (9.6mm) Pellet size.

Proximate Analysis Trace Elements Added
Crude Oil 2.7% Manganese 25 ppm
Crude Protein 19.7% Copper 7 ppm
Crude Fibre 5.3% Cobalt 0.4 ppm
Calcium (as Ca) 0.6% Iron 30 ppm
Phosphorus (as P) 0.7% lodine 1.3 ppm
Salt (as Na Cl) 1.0% Magnesium 102 ppm
Metabolisable Energy 2568 kcal/kg
" Carbohydrate (as %) . 53.48

Amino Acids (as percentage of feed) Vitamins Added per kg
Threonine 0.7 Vitamin A 8,000 iu
Glycine . 0.9 Vitamin Ds 1,000 iu
Valine 1.0 Vitamin B2 8mg
Cystine ’ 0.2 Nicotinic Acid 50mg
Methionine 0.3 Pantothenic Acid 12mg
Isoleucine 0.8 Vitamin Bi2 12ug
Leucine 1.5 Vitamin E 60 iu
Tyrosine, e » 0.7 Vitamin K - 10mg

" Phenylalanine 0.9 Folic Acid 10mg
Lysine ‘ 1.0 Choline Chloride 200 mg
Histidine - . 0.5 Vitamin Bs 4mg
Arginine R - Vitamin Bs , 6mg

" Tryptophan S .02 :
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Fig. 2. Effects of temperature on the reactions of fatty acid synthase

Arrhenius plots of (a) fatty acid synthesis with acetyl-CoA (@) or butanoyl-CoA (O) as
primer. and of (h) acetoacetyl-CoA reductase (A) or crotonyl-CoA reductase (A). The
lines were drawn with a weighted least-squares procedure. and the slopes were compared

with a *pscudo’™-F test. both by using the Genstat package (Rothamsted Experimental
Station. Herts, U.K.). E, values were derived from these slopes.

and long-chain fatty acids with the use of acetyl-CoA.
acetoacetyl- CoA or crotonyl-CoA as primer. By comparison
with the spectrophotometric assay. higher concentrations of
substrates and c¢nzyme were used in this radiochemical assay
(Kumar & Dodds. 1981). and hence higher concentrations of
CoA were necessary to achieve comparable inhibitions. The
cffects on the incubations with acetyl-CoA or crotonyl-CoA
were  virtually identical. 29% inhibition being obtained at
400 um-CoA and 56% inhibition at 750 uM-CoA. The inhibition
was less pronounced with acetoacetyl-CoA as primer, being 7%
and 34% inhibition respectively. Radio-g.l.c. analysis of the
products of the reaction (Kumar & Dodds. 1981) revealed no
difference in the distribution of the various acids formed.

The results of an experiment conducted to determine the
Arrhenius activation energies (E,) of the fatty acid synthase
reactions are presented in Fig. 2. With the exception of the
acetoacetyl CoA reductase and butanoyl-CoA-dependent fatty
acid synthase pair of lines, the slopes of all the other pairs of
lines were significantly different from each other (P <0.001).
The first condensation reaction (between acetyl-CoA and
malonyl-CoA) would appear to have the highest activation
energy of all the reactions. but the results could have been
affected by different assay conditions, especially pH (Dawes.
1964). In a separate experiment this was shown to be so. when
E, (acctoacetyl-CoA reductase) at pH7.7 was found to be

51.0kJ/mol but at pH 7.0 had risen to 69.0kJ/mol. The presence
of 40uM-CoA in this system lowered E, to 45.2kJ/mol and
53.6kJ/mol respectively.

The results presented here are consistent with a speculative
mechanism in which both the reductase partial reactions of fatty
acid synthase are stimulated by an increase in the negative
charge carried by the enzyme, achieved cither by raising the pH
or by the addition of CoA, which presumably results in allosteric
binding. The changes in enzyme charge or conformation, thus
effected. result in the lowering of the activation energy of the

reductase reactions, while makmg the condensation reaction less
favourable.
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~ Apparent heterogeneity of ATP citrate lyase from rat liver and brain

ANNE P. CORRIGAN and CHRISTOPHER C. RIDER
Department of Biochemistry, Royal Holloway College,
University of London, Egham Hill, Egham,

Surrey TW200EX, UK.

ATP citrate lyase (EC 4.1.3.8) produces cytoplasmic acetyl
groups in the form of acetyl-CoA. In liver these serve as
precursors for lipogencsis (Daikuhara et al.. 1968; Watson &
Lowenstein, 1970). but in brain they may also be used for
acetylcholine synthesis. Since the importance of this enzyme in
the l'uter process is still cquivocal despite much investigation
(Jope 1979). it is of interest to compare the properties of ATP
citrate lyase from lwcr and brain.

Vol. 9

In order to study brain and liver ATP citrate lyase. partial
purification of the enzyme from these two tissues was performed
by a method used for the liver (Hoffmann er al.. 1979). Whereas
they observed only a single chromatographic peak. cluted with
KCl. we found an additional peak eluted in advance of the salt
gradient and within a single bed volume (Fig. 1«). Similar results
were obtained for brain extracts. except that whercas the first
peak for liver accounts for 10—15% of the recovered activity. for
brain it contains nearly 50% (Fig. 14). For the liver enzyme.
experiments with smaller sample volumes indicated that this
rapidly eluted activity is not an artifact of column overloading.
However, on rechromatography of the first peak. activity was
eluted only with the gradient, suggesting that the non-retained
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Fig. 1. Elution of ATP citrate lyase activity in crude extracts of

(@) rat liver and (b) rat brain from DEAE-Sephadex A-25
ion-exchanger

Tissues were homogenized in 4vol. of 20mm-Tris/HCl/1 mm-
dithiothreitol/| mM-EDTA/250 mMm-sucrose, pH8.0, and centri-
fuged at 45000 for 30min. Supernatants were dialysed in
30vol. of homogenizing buffer, and samples (a) 34ml and (b)
21ml were applied to columns (@) 2.2cmx22cm and (b)
1.6cm x 11cm and cluted in buffer without sucrose followed by
a lincar gradient of0~0.4 M-KCl (O). ATP citrate lyase activity
(@) was determined by the method of Szutowicz et al. (1974).

¢nzyme is unstable and is converted into the more acidic form.
Th;s may cxplain why Hoffmann et al (1979) only observed the
latter peak.

Gel filtration of liver extracts on Sepharose 6B and 2B also

BIOCHEMICAL SOCIETY TRANSACTIONS

revealed two peaks of lyase activity. The first of these was eluted
with an apparent molecular weight of the order of 107, whereas
the second and major peak corresponded in elution to the
accepted M, value of 450000 (Singh et al., 1976).

The inhibition of lyase activity in the chromatographic peaks
separated from liver was investigated by the method of
Szutowicz et al. (1974), in which the assay mixture was
preincubated with L-glutamate (10mm) for 30min. For both
ion-exchange and gel filtration, the activity of the second peak
was inhibited by 40%, whereas that of the first cluted peak was
inhibited by 10%.

For liver, the relative proportions of the peaks. and the
different effects of L-glutamate, suggest that the high molecular
weight activity observed on gel filtration is the same as the more
basic, unstable peak separated by ion-exchange. Our results thus
indicate that brain and liver ATP citrate lyase exist not only as
the free enzyme but aiso in some form of association. We have
been unable to find the activity of the other lipogenic enzymes,
fatty acid synthetase and acetyl-CoA carboxylase, in this
association. Detergent studies with hepatocytes have indicated
that 25% of the ATP citrate lyase activity is associated with
mitochondrial membranes (Janski & Cornell. 1980a.b), and the
ability of the purified liver enzyme to bind to mitochondrial
preparations has also been demonstrated (Ranganathan et al.,
1980). Here we provide direct evidence that such an association
is present not only in liver but also in brain. The physiological
importance, if any. is at present unclear, but henceforth
consideration of the role of ATP citrate lyase in brain must take
account of the likelihood that the enzyme has a complex
subcellular distribution.

A. P. C. holds an S.R.C. studentship, and the financial support of the
Central Research Fund of London University is also gratefully
acknowledged.
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Disaccharidase activities in the small intestine of lean and obese (0b/0b) mice

ANN P. MORTON and PETER J. HANSON
Deépartment of Biological Sciences, University aof Aston'in
Birmingham, Gosta Green, Birmingham B4 7ET. UK.

The activity of the enzymes h\drnl}'éine the disaccharides
‘m.\ltme. sucrose and~ trehalose is increased in the intestinal
e diabetic by the injection of streptozotacin
) Hum:m diabeties. provided that they do

fiot also exhibit an ns ciency of cwcnnb pancrc'\txc ﬁmctmn.
dn not posscqq ¢ i

(Casmrv ef al. s

effects of the drug on the intestine (Ramaswamy & Flint, 1980).

Disaccharidase dctivities have been mecasured in the mucosa
of the small intestine of Astoh C57BL/6J obisse (ohfob) mice.
since the characteristics. of this syndrome represent a milder
form of diabetes than- that in CSTBL/Ks) (/h/dhY mice
(Herberg, 1979). and a mmp‘mwn of the effects of the twa
syndromes on the intestine is of interest. For exaniple, one
possible explanation of the above discrepancy bhetween himan

diabetics. and streptozotocin-diabetic rats and db/idh mice.-is

that in these latter animal models diabetes is wmuch more severe -
than in man because it is uncontrolled, Thus if ’
the dmbetxc state is a factmr mﬂuenc 2
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Multiple chromatographic forms of ATP citrate lyase from rat liver
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Department of Biochemistry, Royal Holloway College, University of London, Egham Hill, Egham,

Surrey TW20 0OEX, UK.
(Received 22 December 1982/ Accepted 27 April 1983)

ATP citrate lyase is shown to exist as multiple forms in extracts of rat liver.
DEAE-Sephadex ion-exchange chromatography of liver supernatants reveals two peaks
of activity. A minor, basic, component, comprising 14% of the recovered activity, is
eluted without retention, whereas the major, acidic, form is eluted by a KCl gradient.
Gel filtration of similar extracts shows the presence of a high-M, form of ATP citrate
lyase (M, around 107) in addition to the tetrameric enzyme (M, 4.1x 10%). This
associated state, which represents 10% of the total activity, is unstable, breaking down
to the tetramer, and appears to be disrupted by Mg?*. The basic form changes in the
partially purified state to give the acidic form. Most of the high-M, enzyme is acidic in
nature. No evidence could be found for an association of the enzyme with mitochondrial
or microsomal membranes. ATP citrate lyase from rat brain also shows two peaks of
activity on DEAE-Sephadex ion-exchange chromatography, but the activity is
distributed between the peaks in almost equal proportions. However, only the tetrameric

enzyme was observed on gel filtration,

ATP citrate lyase [ATP citrate (pro-35)-lyase,
- EC 4.1.3.8] is a cytoplasmic enzyme that in liver and
other tissues serves to produce acetyl groups, the
precursors for lipogenesis, from citrate exported by
mitochondria (Daikuhara et al., 1968; Watson &
Lowenstein, 1970). On the metabolic route from
carbohydrate to lipid, the ATP citrate lyase reaction
is the first enzymic step that is exclusively lipogenic.
Because of this position it might be expected that
ATP citrate lyase is a regulatory enzyme, par-
ticularly since the reaction catalysed is irreversible
and consumes ATP. However, it is the next enzyme
of the pathway, acetyl-CoA carboxylase, that is
usually considered to be the regulatory enzyme of
fatty acid biosynthesis.

Interest in the possibility that ATP citrate lyase is
regulatory has been stimulated by the discovery that
this enzyme is subject to reversible phosphorylation
in hepatocytes and adipocytes (Alexander et al.,
1979; Ramakrishna & Benjamin, 1979). Both cyclic
AMP-dependent and cyclic AMP-independent kin-
ases are involved (Guy et al., 1980; Alexander et al.,
1981; Ramakrishna & Benjamin, 1981; Rama-
krishna et al,, 1981), and this phosphorylation is
distinct from that which occurs as part of the
reaction mechanism (Janski et al., 1979; Linn &
Srere, 1979). As yet it has not been possible to find

* To whom all correspondence should be sent.
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any regulatory significance of this modification of
the enzyme (Ranganathan et al., 1980; Guy et al.,
1981)."

We have investigated the properties of ATP
citrate lyase in rat tissues, and in the present paper
provide evidence that the enzyme is not homo-
geneous but exists as several forms separable by
column chromatography. This heterogeneity ap-
pears to be independent of the possible mito-
chondrial association reported for this enzyme
(Ranganathan et al, 1980; Janski & Cornell,
1980a,b).

Materials and methods

Materials

Malate dehydrogenase, substrates, cofactors, M,-
standard proteins, mercaptoethanol and dithio-
threitol were obtained from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). DEAE-Sephadex A-25,
Sepharose 2B, Sepharose 6B and Blue Dextran 2000
were from Pharmacia (Uppsala, Sweden).
NaH™CO, (56Ci/mol) was purchased from Amer-
sham International (Amersham, Bucks., UK.).

Animals

Adult female Wistar rats were obtained from the
colony maintained at 21°C in the Department of
Biochemistry, Royal Holloway College, on PRD
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diet (Labsure, Poole, Dorset, U.K.). Normal fed rats
were allowed food and water ad libitum. For most
experiments on liver extracts, animals were allowed
water only for 48h, and then re-fed for 72h on the
above diet with 5% (w/v) sucrose added to the
drinking water. This procedure serves to induce the
synthesis of liver ATP citrate lyase (Suzuki et al.,
1967).

Assays of enzyme activities

ATP citrate lyase activity was determined by a
coupled spectrophotometric assay (Srere, 1959) by
using a procedure modified from that of Szutowicz
et al. (1974). The assay mixture contained 50 mm-
Tris/HC1 buffer, pH7.8, 10mmM-MgCl,, 100mm-
KCl, 5mm-ATP, 0.2mM-CoA, 20mM-citrate,
0.15mM-NADH, 10mMm-2-mercaptoethanol, 2 units
of malate dehydrogenase and enzyme sample in a
final volume of 1.0ml. Assays were preincubated for
Tmin at 37°C, and the reaction was started by the
addition of CoA. The oxidation of NADH was
monitored continuously at 340nm in a Beckman 25
or 3600 spectrophotometer. Acetyl-CoA carboxyl-
ase (Inoue & Lowenstein, 1975), citrate synthase
(Ochoa, 1955), fatty acid synthetase (Lynen, 1969),
lactate dehydrogenase (Stolzenbach, 1966) and
rotenone-insensitive NADH—cytochrome ¢ reductase
(Smoly et al, 1971) activities were assayed by
established methods. For all enzymes, 1 unit of
activity is defined as the amount of enzyme required
to transform 1 umol of substrate/min at 37°C.

Column chromatography

Ion-exchange chromatography was performed by
the procedure of Hoffmann ez al. (1979). Tissues were
homogenized in 20mm-Tris/HCl buffer, pH 8.0,
containing 1mM-EDTA, 1mm-dithiothreitol and
0.25M-sucrose, in a Potter—Elvehjem homogenizer
[liver 1:4 (w/v), brain 1:2 (w/v)]l. Homogenates
were centrifuged at 45000g for 30min at 4°C, and
the supernatants obtained were dialysed against
30vol. of homogenizing buffer for 2h. Dialysed
supernatants were applied to DEAE-Sephadex A-25
columns (see Figure legends for dimensions) pre-
viously equilibrated with elution buffer, which was as
above but without sucrose. After 2 bed volumes, a
linear gradient of KCl (0-0.4M) was applied in the
elution buffer. Gel-filtration chromatography was
performed in a similar way, except that, since
omission of the dialysis did not appear to influence
the resulting elution profile, supernatants were
normally applied without dialysis. Samples (liver
5ml, brain 10ml) were applied to Sepharose
columns (2.2c¢m x 25cm), which were then eluted
with buffer without sucrose, and 2.5ml fractions
were collected. The void volumes of the columns
were determined by the elution of Blue Dextran
2000. For both types of cliromatography, fractions
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were collected into tubes containing 0.125vol. of
I1M-Tris/HC] buffer, pH8.0, containing 10mm-
dithiothreitol.

Resuits

Ion-exchange chromatography

Anion-exchange chromatography on DEAE-
Sephadex of liver extracts reveals two peaks of
ATP citrate lyase activity (Fig. 1). The first peak
is eluted without retention, whereas the second
binds to the column, to be eluted by the salt gradient.
For a series of five experiments the average re-
covery of activity in the first eluted peak was
14.2 + 1.6% (mean +s.E.M.). Our findings differ from
those obtained by Hoffmann et al (1979), who
observed only a single peak of liver ATP citrate
lyase activity, which was eluted with the salt
gradient.

One possible interpretation of our observations
would be that the non-retained peak is an artifact
arising from overloading the ion-exchanger. If this
were the case, decreasing the sample size should give
rise to the loss of this first eluted peak. However,
when the sample volume was decreased from 34ml
to 8ml and with columns of similar bed volume
(90ml), there was no such change in the elution
profile (results not shown). Hence this possibility can
be excluded.

DEAE-Sephadex chromatography was per-
formed under the same conditions on liver from
animals starved and re-fed as described in the
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Fig. 1. DEAE-Sephadex A-25 ion-exchange chromato-
graphy of ATP citrate lyase activity of crude extract from
rat liver
Tissue supernatant (34 ml) from normal fed rats was
appliedto a 2.2cm x 22 cm column of DEAE-Sepha-
dex. ATP citrate lyase activity (@) was eluted with
20mMm-Tris/HCI buffer, pH8.0, containing I'mM-
EDTA and [mwm-dithiothreitol, followed by a
gradient of 0-0.4M-KCl (O). Fractions (8 ml) were -

collected into 0.125vol. of 1M-Tris/HCl buffer,
pH 8.0, containing 10 mm-dithiothreitol.
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Multiple chromatographic forms of ATP citrate lyase

Materials and methods section. This dietary regimen
gave rise to increases between 2- and 7-fold over the
normal activity of 1.8units/g wet wt. of liver. The
same two-peak profile of ATP citrate lyase activity
was obtained with no detectable change in the
percentage of activity eluted as the non-retained
peak (17.7+3.6%, mean+ S.EM., n = T). Since the
dietary manipulation did not alter the total protein
content of the liver extracts, it was possible to
compare the profiles for induced and normal fed
rats, either by using the same total protein load but
different ATP citrate lyase activities, or by using the
same ATP citrate lyase activities but different
amounts of total protein. This series of experiments
(results not shown) produced the same proportion of
non-retained activity throughout, consistent in each
case with the above values. This is further evidence
that the observed two-peak profile is not due to
overloading of the ion-exchanger.

When 0.2mmM-phenylmethanesulphonyl fluoride
was added to buffers used for homogenization,
dialysis and chromatography, the two-peak ion-
exchange profile obtained remained unchanged
(results not shown). This proteolytic inhibitor pro-
tects liver acetyl-CoA carboxylase from proteolysis,
which markedly affects the properties of that
enzyme (Song & Kim, 1981). Thus neither of the
observed ion-exchange peaks of liver ATP citrate
lyase appears to be produced as an artifact by
. proteolytic degradation occurring during or after
extraction.

When the dialysis period was extended to 24h,
both ion-exchange peaks were still observed. Simi-
larly, extracts aged for 24h at 5°C before the
normal 2h dialysis also contained both fractions of
activity.

To test the possibility that the heterogeneity
revealed here is due to mitochondrial-membrane
binding, the chromatographic fractions were assayed
for rotenone-insensitive cytochrome c¢ reductase
activity. Only a single peak of activity was found,
and this was eluted with the salt gradient after the
second peak of ATP citrate lyase activity (results
not shown).

Ton-exchange chromatography of brain super-
natants resulted in a similar two-peak elution profile
of ATP citrate lyase activity. The only observable
difference was that the first eluted peak contained a
larger proportion of the total recovered activity,
39.9+7.4% (mean +S.E.M., n=23). This result is
significantly different from that for liver from both
normal fed and induced rats at the P = 0.05 level for
both Student’s t and Mann—Whitney U tests.

Gel-filtration chromatography

Further studies of the heterogeneity of ATP
citrate Iyase were performed by gel-filtration chro-
matography on Sepharose 6B. As shown in Fig. 2,
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Fig. 2. Gel filtration of rat liver extract on Sepharose 6B
Supernatant (5ml) from liver of a starved and re-fed
rat was applied to a 2.2cmx25cm column of
Sepharose 6B, which was eluted with 20mwm-Tris/
HCI buffer, pH8.0, containing | mM-EDTA and
1 mm-dithiothreitol. @, ATP citrate lyase activity;
O, lactate dehydrogenase activity. The arrow
indicates the void volume (V).

there is a minor peak of activity eluted close to the
void volume, followed by a major peak containing
90% of the recovered activity. Liver lactate dehydro-
genase, used here as a cytoplasmic marker enzyme,
shows no equivalent peak of activity at the void
volume. This indicates that the high-M, fraction of
ATP citrate lyase is not due to entrapment of cyto-
plasm by membrane fragments present in the sample.

In a series of nine Sepharose 6B gel-filtration
experiments, only one failed to show the presence of
ATP citrate lyase activity at the void volume. In all
other analyses, approx. 10% of the total recovered
activity was present as the void-volume peak
regardless of whether the animal had been normal
fed, starved or starved and re-fed. In contrast with
these results for liver, chromatography of brain
extracts on Sepharose 6B always produced only a
single peak of activity, corresponding to the major
peak of the liver enzyme. This suggests that the
high-M., activity is not a methodological artifact, but
arises either from the effect of some component of
the liver extract, or from some specialized property
of the liver enzyme itself.

The method of Andrews (1965) was used to
estimate the M, of the second-eluted and major peak
of liver ATP citrate lyase obtained by gel filtration
(Fig. 3). The result, M, 4.1 x 10, closely agrees with
the value, M, 4.4x 105 previously obtained by
sedimentation equilibrium (Singh et al., 1976). This
is_ the first report of the use of gelfiltration
chromatography in the estimation of the M, of ATP
citrate lyase, and it establishes that the major
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Fig. 3. Estimation of M, for the major peak of liver ATP

citrate lyase activity by gel filtration on Sepharose 6 B
Calibration standards (@): L, lactate dehydro-
genase (M, 134000); C, catalase (M, 210000); P,
pyruvate kinase (M, 237000); F, ferritin (M,
440000); T, thyroglobulin (A, 669000). The con-
tinuous line was plotted by linear-regression
analysis. Broken lines indicate the observed K,
value for the major ATP citrate lyase peak of liver
(see Fig. 2) and the estimated log M, value.

gel-filtration peak of the liver enzyme, and the only
peak of the brain enzyme, correspond to the
tetrameric enzyme molecule. The minor gel-filtra-
tion peak of the liver enzyme therefore represents
some form of high-M, association state, which, since
it is eluted at the void volume of the column of
Sepharose 6B, must be of minimum M, 4 x 105,

The chromatographic properties of the liver
enzyme were further investigated by gel filtration on
Sepharose 2B (Fig. 4). Here the elution profile,
which is typical of three experiments, shows a
gradual increase in ATP citrate lyase activity from
just after the void volume until a peak, comprising
90% of the activity and corresponding to the
tetrameric M,, is reached. The profile of the high-M,
enzyme activity suggests that it is not a single
species but consists of a range of sizes around M,
107.

Column fractions were assayed for acetyl-CoA
carboxylase and fatty acid synthetase activities.
Neither of these two lipogenic enzymes was present
in the fractions containing the minor, void-volume,
peak of ATP citrate lyase, but were found as single
chromatographic peaks corresponding to their ac-
cepted M, values.

Sepharose 2B gel-filtration chromatography was
also performed on liver extracts homogenized in the
absence of sucrose. The sucrose-free extracts con-
tained a higher activity, compared with normally
prepared extracts, of the mitochondrial-matrix en-
zyme cittate synthase (0.011 and’ 0.001 unit/ml
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Fig. 4. Gel filtration of rat liver extract on Sepharose 2B
Liver supernatant (5ml) from a starved and re-fed
rat was applied to a 2.2cm X 25cm column of Seph-
arose 2B. @, ATP citrate lyase activity. The arrows
indicate the void volume (V) and the elution of
the standard proteins thyroglobulin, T (M, 669 000),
and ferritin, F (M, 440000). The broken line
represents the separation of the two components of
the activity and is drawn according to the sym-
metry of the major component.

respectively). However, this disruption of mito-
chondria in the absence of sucrose did not result in
any appreciable increase in the proportion of the
high-M, ATP citrate lyase activity (results not
shown).

Re-chromatography

To investigate the nature of the multiple forms of
liver ATP citrate lyase, a series of re-chromato-
graphy experiments was performed in- which the
most active fractions of the various chromato-
graphic peaks were subjected to a second chro-
matographic separation (Table 1). On re-chromato-
graphy of the first-eluted peak from DEAE-Sepha-
dex, all the recovered activity was eluted only with
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Multiple chromatographic forms of ATP citrate lyase

the salt gradient. These observations suggest that the
basic, non-retained, form has changed into the more
acidic and retained form.

This change in the elution characteristics is rapid,
since it is seen to be complete even though the
re-chromatography is performed immediately. Such
behaviour is in contrast with the observation that
crude liver supernatants, either dialysed or aged
without dialysis for 24h before application to the
ion-excharige, retain both chromatographic peaks of
activity.

When the major gel-filtration peak was re-run on
Sepharose 6B, the activity was recovered at the same
elution volume, indicating that the enzyme tetramer
is stable. However, re-chromatography of the
high-M, enzyme (void-volume peak) on Sepharose
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6B showed that this associated form is unstable,
releasing the tetrameric enzyme. The re-chromato-
graphy on DEAE-Sephadex of the peaks obtained
by gel filtration also yielded only the acidic activity,
with the exception of a small amount of activity
eluted as the basic form when the major peak from
Sepharose 6B was used. As indicated in Table 1, the
percentage recovery of activity from the second
column was variable, but this can be accounted for
by the availability of only small amounts of enzyme
during such experiments, and also by the instability
of ATP citrate lyase. The enzyme requires thiol
protection in the form of dithiothreitol, both in the
elution buffer and in the buffer into which the
chromatographic fractions are collected (Cottam &
Srere, 1969). :

Table 1. Re-chromatography of various chromatographic fractions of rat liver ATP citrate lyase
Re-chromatography was performed with 20mwm-Tris/HC1 buffer, pH8.0, containing 1 mM-EDTA and 1mwm-
dithiothreitol, with a step gradient of 0.4M-KCl to elute retained activity from the DEAE-Sephadex columns.
Experimental conditions for individual re-runs on DEAE-Sephadex were as follows. DEAE-Sephadex basic peak
sample (6 ml) applied to a 1.6 cm x 9cm column, 1.6 ml fractions being collected; this run is typical of three. Sepharose
6B peak samples (2ml) applied to 0.9cm x 4.5cm columns, 1ml fractions being collected. Re-chromatography on
Sepharose 6B involved 4.0m! samples applied to 2.2 cm x 25 cm columns, 2.5 mi fractions being collected.

Re-chromatography on DEAE-Sephadex
A

(4 )
Units Units recovered Units recovered Recovery of
Source of sample. applied " as basic peak as acidic peak activity (%)
DEAE-Sephadex basic peak 0.31 0.00 0.21 68
Sepharose 6B void-volume peak 0.15 0.00 0.15 100

Sepharose 6B major peak 1.20 0.013 0.63 54
. Re-chromatography on Sepharose 6B
Al

Id - N
Units recovered Units recovered

as void-volume peak as major peak

Sepharose 6B major peak 3.1 0.00 2.6 84
Sepharose 6B void-volume peak 0.37 0.00 0.36 97

Table 2. Effect of high-speed centrifugation on liver ATP citrate lyase elution profile on DEAE-Sephadex ion-exchange
chromatography

Livers from two starved and re-fed rats were homogenized as described in.the Materials and methods section, and the
homogenates were mixed. Samples were then centrifuged as indicated for 90min and the supernatants were dialysed
against 50 vol. of 20mm-Tris/HCI buffer, pH 8.0, containing | mM-EDTA, 1 mm-dithiothreitol and 0.25 M-sucrose.
Samples (1.5ml) were applied to 0.9cm x 4.5 cm columns of DEAE-Sephadex. The columns were eluted with buffer
without sucrose, and after 3 bed volumes a step gradient of 0.4 M-KCl was applied. Fractions (1 ml) were collected.
The values shown are averages for duplicate columns, and the results are typical of three experiments.

Activity recovered Activity recovered Total recovered

as basic peak as acidic peak activity
f—_"«'_""ﬁ — —A N A N
Units (% of applied (% of applied (% of applied
applied (units) activity) (units) activity) (units) activity)
Control supernatant 1.2 0.235 19 0.89 73 1.125 92
(45000¢)
High-speed supernatant 0.93 0.46 49 0.53 57 0.99 106
(150000¢g) _—
—0.27 +0.225 —0.36 —0.135
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Effect of high-speed centrifugation on elution pro-
files of the liver enzyme

A further series of chromatographic analyses was
performed on liver supernatants prepared by centri-
fugation at 150000g for 90min, in place of the
45000g for 30min normally employed. Sepharose
6B gel-filtration chromatography of this high-speed
supernatant (Fig. 5) revealed the presence of only
the tetrameric enzyme. A control sample obtained
from the same homogenate but centrifuged simul-
taneously at 45000g for 90min was found to
contain both major and minor peaks of activity, and
in proportions similar to those observed in Fig. 2
(results not shown). The effect of centrifugation on
the ion-exchange profile is shown in Table 2. Both
ion-exchange peaks are still present in the high-speed
supernatant, even though the high-M, component is
absent.

Corresponding to the removal of the high-M, peak
there is a decrease in the total activity of the
high-speed supernatant (Table 2). It is of some
interest to determine the nature of this lost activity.
There is in fact a loss of a similar magnitude from
the acidic peak, suggesting that the high-M, enzyme
activity normally resides there.

However, an anomalous increase in activity is
apparent in the basic peak. This increase was found
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Fig. 5. Effect of high-speed centrifugation of liver
extracts on the elution of ATP citrate lyase activity from
Sepharose 6B .

Liver homogenate from starved and re-fed rats was
centrifuged at 150000g for 90min at 4°C. Super-
natant (5ml) was used in a chromatographic
separation performed under conditions identical with
those described in Fig. 2 legend.
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in all experiments and, as shown in Table 2, cannot
be accounted for by variations in the recovery of
activity from the columns. Such an unexpected
change in the activity of this peak could mask the
loss of enzyme. Thus the possibility that some
high-M, enzyme activity is basic in nature cannot be
excluded.

Effect of Mg** ions on the gel-filtration profile of the
liver enzyme

The effect of additional salts on the Sepharose 6B
gelfiltration profile of liver supernatants (45000g)

0.30 r
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ATP citrate lyase activity (unit/ml)
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Fig. 6. Effects of Mg** and Na* ions on the elution of rat
liver ATP citrate lyase activity from Sepharose 6B
Rat liver supernatants were prepared from starved
and re-fed rats as described in the Materials and
methods section except that all buffers contained
either (@) 20mm-NaCl or () 10mm-MgCl,. Super-
natants (5ml) were applied to 2.2cmx25cm
columns of Sepharose 6B, which were eluted with
buffers containing the respective added chloride salt.
@, ATP citrate lyase activity. The absorbance at
280nm (O) was measured at 1:9 (v/v) dilution of
fractions in distilled water. The arrow indicates the

void volume (V).
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Multiple chromatographic forms of ATP citrate lyase

was tested by experiments in which either 10mm-
MgCl, or 20mMm-NaCl was present in both homo-
genization and elution buffers. Comparison of Fig.
6(a) with Fig. 2 shows that NaCl at this con-
centration is without apparent effect. However,
MgCl, has caused the removal of the high-M, peak
of activity (Fig. 6b). It is also seen that loss has
occurred of an A4, peak, which in Fig. 6(a) is
co-eluted with this high-M, enzyme. Since Mg?* ions
do not cause any inhibition of ATP citrate lyase
under our assay conditions, and since no ATP
citrate lyase activity can be detected in resuspended
pellets from liver homogenized in the presence of
Mg?t, these observations suggest that the high-M,
component is being disrupted to release tetrameric
enzyme.

Discussion

We present here evidence that ATP citrate lyase
in crude liver extracts is heterogeneous in both size
and ionic charge. Anion-exchange chromatography
reveals the presence of a minor, basic, peak
comprising 14% of the total recovered activity. The
remaining activity binds to DEAE-Sephadex under
the conditions employed and is eluted by a KClI
gradient. Qur demonstration of two ion-exchange
peaks in crude tissue extracts contrasts with the

results obtained by Hoffmann et al. (1979), who in

their original use of this method found only a single,
acidic, peak of liver ATP citrate lyase.

Gelfiltration chromatography also reveals ATP
citrate lyase heterogeneity in crude liver extracts.
Approx. 10% exists in an associated high-M, state
(M, around 107), whereas the remaining activity
exists as the tetrameric enzyme (M, 4.1 x 10%).

It may be seen that the minor peak of ion-
exchange chromatography and the minor com-
ponent on gel filtration are present in similar
proportions, namely 10-15%. Moreover, on re-
chromatography both these minor peaks change,
since they are eluted as the major form of the
activity. The simplest interpretation of the hetero-
geneity of the liver enzyme is therefore that there
would be two forms, one basic and of high M,, and
the other acidic, tetrameric, enzyme. We published
such an explanation in a preliminary account of this
work (Corrigan & Rider, 1981). However, the
observation reported in the present paper that both
ion-exchange peaks remain when the high-M, ac-
tivity has been removed by high-speed centrifuga-
tion renders such a simple account untenable. In this
experiment there is evidence for acidic tetrameric,
basic tetrameric and acidic high-M, forms of the
enzyme. However, the existence of basic high-M,
enzyme activity cannot at present be excluded.

Our findings indicate that the heterogeneity of
brain ATP citrate lyase is less complex than that
found in liver. In brain extracts, both the ion-

Vol. 214

305

exchange peaks of activity are found, albeit in
near-equal proportions. However, on gel filtration
only tetrameric enzyme is found, the high-M,
material being absent. Thus brain appears to contain
only two forms of the enzyme, acidic and basic, both
of which are tetrameric. This demonstration that for
the brain enzyme ion-exchange heterogeneity occurs
in the absence of size heterogeneity supports our
view that for the liver enzyme the two types of
heterogeneity are independent of each other.

Prolonged dialysis or aging of crude liver extracts
indicates that both ion-exchange forms persist in
otherwise untreated supernatants. However, re-chro-
matography of the ion-exchange fractions estab-
lishes that the basic form of the liver enzyme
changes rapidly in the partially purified condition to
give the acidic peak. Similarly, re-chromatography
of the high-M, enzyme activity shows that this form
is also unstable and disintegrates to the tetrameric
state. These results suggest that the observed
heterogeneity of ATP citrate lyase does not arise
from the existence of true isoenzymes, but is due to
alternative states in which the enzyme can exist.

Studies elsewhere on hepatocytes with the deter-
gents digitonin and Kyro EOB have indicated that
25% of the ATP citrate lyase activity is either bound
to mitochondrial membranes (Janski & Cornell,
1980a) or located in the mitochondrial matrix
(Janski & Cornell, 19805). Also, it has been shown
that 10% of the activity of purified liver ATP citrate
lyase binds to mitochondrial preparations (Ranga-
nathan et al, 1980). The integrity of the mito-
chondria in our preparations is preserved by the
presence of iso-osmotic sucrose. Therefore any
enzyme bound to mitochondria will have been
removed from the supernatants by the centrifuga-
tion normally employed. Nonetheless, we have
sought to determine whether either the ion-exchange
or the gelfiltration heterogeneity could represent
ATP citrate lyase attached to fragments of mito-
chondrial outer membrane stripped off during homo-
genization. Rotenone-insensitive cytochrome ¢
reductase was employed during ion-exchange chro-
matography as a marker for the mitochondrial
outer membrane. As neither of the peaks of ATP
citrate lyase is co-eluted with this enzyme, the
ion-exchange heterogeneity appears to be inde-
pendent of any possible mitochondrial binding. Since
rotenone-insensitive NADH-cytochrome ¢ re-
ductase is also present on liver microsomal mem-
branes (Sottocasa et al., 1967), the possibility of
binding to microsomal membranes may be similarly
excluded. Furthermore, the persistence of both ion-
exchange peaks in supernatants prepared by centri-
fugation at 150000g for 90min (Table 2) and at
100000 ¢ for 60min (results not shown) also rules
out the possibility that the ion-exchange hetero-
geneity is due to membrane binding.
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Gelfiltration chromatography indicates a com-
ponent of very high M, and therefore particular
attention to the possibility of mitochondrial binding
must be paid here. The fragmentation of mito-
chondria caused by the removal of sucrose from the
homogenizing medium should result in greater yields
of mitochondrial membranes in our supernatants.
However, no increase in the proportion of high-M,
ATP citrate lyase was detected. Moreover, in
subcellular-fractionation studies we have been un-
able to detect ATP citrate lyase in mitochondrial
fractions (results not shown), although this could be
due to the instability under the conditions employed
of the putative mitochondrial association. Further
doubt is cast on the possibility that the high-M,
enzyme activity is bound to mitochondrial mem-
branes by our observations on the effect of Mg*+
ions. Janski & Cornell (1980a) have shown that
10mM-Mg?+ stabilized the association of ATP
citrate lyase with mitochondrial membranes in a
manner similar to its effect on the binding of
hexokinase, another ATP-utilizing enzyme, to the
mitochondrial outer membrane (Rose & Warms,
1967). In the present work, however, we find that
10mM-Mg?* appears to disrupt our high-M, form,
liberating the tetrameric enzyme. Finally, binding to
membranes, whether mitochondrial or microsomal,
is unlikely, since the high-M, fraction was present in
unchanged proportions when the routine centri-
fugation conditions were replaced by 100000g for
60min (results not shown).

It could be that the high-M| enzyme activity is due
to self-association of ATP citrate lyase. Previously,
traces of octameric enzyme have been detected in
purified preparations of the mammary-gland en-
zyme, which is otherwise tetrameric (Guy et al.,
1981). The possibility that ATP citrate lyase exists
in liver as a highly polymerized form in addition to
the tetramer thus requires further investigation.

An alternative explanation is that the high-M,
form involves the association of ATP citrate lyase
with other cell constituents. The enzyme catalysing
the next step in lipogenesis, acetyl-CoA carboxyl-
ase, undergoes reversible polymerization in the
presence of citrate as part of its regulation, and
linear chains of similar size to the high-M, ATP
citrate lyase are produced (Lane et al., 1974). Under
the chromatographic conditions employed in the
present work, acetyl-CoA carboxylase does not
polymerize and therefore is not co-eluted with the
associated form of ATP citrate lyase.

In the context of the possible association of ATP
citrate lyase with other proteins, it is noteworthy that
acetyl-CoA carboxylase has been found to bind to a
specific kinase (Lent & Kim, 1982). This protein has
been shown to be self-associating as well as capable
of binding to the carboxylase. One might speculate

that our observations could be explained by the
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existence of a similar protein binding to ATP citrate
lyase.

We have shown in the present work that liver ATP
citrate lyase exists in crude extracts in at least three
alternative states separable by column chromato-
graphy. We conclude that this heterogeneity is not
due to binding to mitochondria, nor to co-poly-
merization with the other lipogenic enzymes, acetyl-
CoA carboxylase and fatty acid synthetase. Cur-
rently, there is considerable interest in the possible
involvement of ATP citrate lyase in the short-term
regulation of lipogenesis. In particular, although the
enzyme is subject to complex reversible phos-
phorylation, apparently under hormonal influence
(Guy et al., 1980; Alexander et al., 1981; Rama-
krishna & Benjamin, 1981; Ramakrishna ef al,
1981), no progress in finding the regulatory sig-
nificance of this modification has yet been made
(Janski et al., 1979; Ranganathan ef al., 1980; Guy
et al., 1981). Future work on the regulatory
importance of this enzyme should take into account
the evidence given in the present paper that ATP
citrate lyase appears to exist in various states, some
of which are unstable on partial purification.
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