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A drop of water is a 1little thing

But when will it dry away if united to a lake?

Saskya Pandita
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sSummaxry

ATP citrate lyase and acetylCoA carboxylase catalyse the
first two steps in de novo fatty acid synthesis. Both enzymes
are substrates for protein kinases in vivo and in vitro. The
vwork described in the first part of this thesis was undertaken
in order to study the phosphorylation of purified liver acétylCoA
carboxylase. The work reported in the second part was concerned
with the effect of phosphorylation on the activity of ATP citrate

lyase.

In addition to the work on the liver enzyme the chromatographic
behaviour of mammary gland acetylCoA carboxylase was studied. In
the course of this work evidence was obtained that the use of
polyethylene glycol precipitation during purification results in

the irreversible aggregation of the enzyme.

Iow amounts of acetylCoA carboxylase were found in pig liver
indicating that this tissue would be a poor source of the enzyme.
In general, higher levels of acetylCoA carboxylase were found in
rat liver, although there was considerable variation in the amounts
of activity measured. A number of techniques were investigated
in attempts to purify the rat liver enzyme. Some success was
achieved using polyethylene glycol precipitation or using chromato-
graphy on Phenyl-Sepharose, but these procedures were not

reproducible.

Under certain conditions, chromatography on DEAE cellulose
resulted in the separation of two peaks of 'acetylCoA carboxylase

activity' which corresponded to polypeptides with subunit



iii

Mrs = 125000 and 250000. This was initially interpreted as

the separation of proteolytically degraded acetylCoA carboxylase
from the undegraded form. Subsequent study indicated that the
125000 Mr polypeptide was ATP citrate lyase and that the acetylCoA
carboxylase activity associated with this enzyme was spurious and
was the result of the contamination of acetylCoA by CoA. Evidence
was then obtained that the purification of acetylCoA carboxylase
would be difficult to achieve due to the presence in rat liver of

an inhibitor of the enzyme.

Rat liver ATP citrate lyase was purified using ammonium
sulphate fractionation and chromatography on DEAE cellulose,
Affigel Blue and Ultrogel A2 to a final specific activity of
13.4 U/mg. The enzyme was pure and free from proteolytic degrad-
ation as judged by non-denaturing and SDS-polyacrylamide gel
electrophoresis. Various physicochemical properties of the

enzyme were studied.

The kinetic mechanism of ATP citrate lyase was investigated.
Provided that the assays were performed in the absence of ADP,
parallel double reciprocal plots were obtained when MgATP and
CoA or MgATP and Mg-cltrate were varied at non~saturating
concentrations of the third substrate. These studies demonstrated
that the kinetic mechanism is ping-pong and thus resolved the
discrepancy be tween the ping-pong mechanism implied by enzyme
labelllng experiments and the sequential mechanism implied by

previous kinetic studies.

Purified ATP citrate lyase was phosphorylated by cAMP dependent

protein kinase to the extent of 2.08 % 0.15 moles of phosphate/mole



of ATreL i tetramer. No change in activity upon
phosphorylation was detected using either the standard assay or

an assay in which the substrate concentrations were approximately
physiological. A kinetic study indicated that phosphorylation

did not significantly alter the Vmax nor the Kms for CoA or
Mg~-citrate. Phosphorylation resulted in a significant increase

in the K for ATP (from 90.1 Ty MM to 193.0 * 3.6 pM ¢ P ¢ 0.01).
Assay conditions were developed whereby the decrease in activity
which accompanies phosphorylation could be monitored directly.

The physiological significance of these results is discussed.

iv
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Chapter 1

Introduction



In most higher organisms the chemlical enexrgy contained in food-
stuffs which ls in excess of the animal's immediate energy requirement
is stored as elther triglyceride or carbohydrate. Of theae two
substances triglycexride is the moxre concentrated emergy stores each
gram of triglyceride will yield twlce as much energy as the correspond-
ing amount of carbohydrate. The energy stored in triglyceride is
released by the breakdown of the triglyceride to fatty acids and
their subsequent oxidation to CO, and H,0. The synthesis and degra-
dation of triglyceride can therefore be viewed as two opposing
processes, one storing energy, the other releasing it. There is
now evidence for the existence in liver and adipose tissue of a futile
cycle involving the synthesis and degradation of triglyceride. This
results in an effective amplification of the reciprocal regulation of
the two enzymes involved, triglyceride lipase and glycerolphosphate
acyltransferase. However, it would be inappropriate were both fatty
acid synthesis and oxidation to occur simultaneously and so it is not
surprising to find that both processes are rigorously controlled.

In this way the syntheels and degradation of triglyceride are tailored
to meet the animal's energy requirements. 1In animals this homeostasis
is maintained by the interaction of the endocrine and nervous systems,
which coordinate synthesis and degradation both within a single oxrgan

and between several organs.

The physiological procezses which maintain this homeostasis are
relatively well undexrstood, as are the metabolic pathways by which
triglyceride is synthesimsed and degraded in the cell. At the
cellular level our knowledge of the control of these pathways is
less complete. For example, it is known that the total amount of
lipogenic enzymes in the cell varies in response to the hormonal
and dietary status of the animal. The mechanisms by which



variations in the hormonal status result in altered rates of protein
synthesis and degradation are, however, not known. Similarly, there
is evidence that some lipogenic enzymes respond, in the short term,
to the hormonal status of the animal. The work described in this
thesis was carried out with the intention of elucldating the nature
of the short term responses of two lipogenic enzymes, ATP citrate
lyase (ATP: citrate oxaloacetate-lyase (CoA-acetylating and ATP
dephosphorylating) (EC 4. 1. 3. 8, hereafter abbreviated to ATPCL)
and acetylCoA carboxylase (acetylCoA : carbon dloxide lyase (ADP)
(EC 6. 4., 1. 2, hereafter abbreviated to ACC).

In Section 1 of this chapter I describe the metabolic pathways
leading to the de novo synthesis of triglycerides and also of
cholesterol, whose de novo syntheslis involves several of the enzymes
involved in fatty acld synthesis. In Section 2 I discuss the
physicochemical and enzymatic properties of ATPCL and ACC. In the
third section I review what is known regarding the long and short
term regulation of lipogenesis and finally, in Section 4, I outline
the objectives of the work carried out.



Section 1 Pathways of de novo lipid synthesis in liver

In the liver, dletary carbohydrate which is in excess of the
animal’s immediate energy requirement has two main fates. It is
either converted into glycogen and stored in the liver or it is con=-
verted into triglyceride, the bulk of which is then transported out
of the liver for storage in adipose tissue. While hexose phoesphates
can be polymerised directly to form glycogen, synthesis of 1lipid from
carbohydrates involves their degradation to acetyl units followed by
the assembly of the acetyl units into fatty acids and cholesterol.
The pathway of lipogenesis from glucose is shown in Figure 1.1. It
can be seen that de novo lipid synthesis involves most of the major

pathways in intermediary metabolism.

Dietary carbohydrate is first converted to pyruvate in the cyto-
plasm by the engymes of the glycolytic pathway. Pyruvate is then
transported into the mitochondria and in the reaction catalysed by
pyruvate dehydrogenase 1s oxidised to acetylCoA, which is the precursor
of lipids in non-ruminants. Note, however, that the enzymes which
catalyse the synthesis of liplds from acetylCeoA are located in the
cytoplasm and on the endoplasmic retliculum. The acetylCoA required
for 1lipid synthesis must, therefore, be transported across the mito~
chondrial membrane since diffusion of acetylCoA out of the mitochondria
is too slow to account for the rates of 1ipid synthesis observed ip
vivo. The generally accepted pathway for the transport of acetylCoA
into the cytoplasm is shown in Flgure 1.1. Mitochondrial acetylCoA
first condenses with oxaloacetate (OAA) to form citrate (catalysed by
citrate synthase) which is transported out of the mitochondria by the
tricarboxylate carrier. Cytoplasmic acetylCoA 1= generated by the
enzyme ATPCL which catalyses the ATP dependent cleavage of citrate to
OAA and acetylCoA (Srere, 1962; Daikuhara et al, 1968).






Figure 1.1 . Pathways of de novo 1ipid synthesis in eukaryotes.

Enzymes mentioned in the text ares (1), pyruvate dehydrogenase;
(2), citrate synthase; (3), ATP citrate lyase; (4), acetylCoA
carboxylase; (5), fatty acld synthase; (&), B-ketothiolase;
(7) hydroxymethylglutarylCoA synthase; (8), hydroxymethylglutarylCoA
reductase; (9), malate dehydrogenase; (10), malic enzyme. In the

interests of clarity several enzymic steps have been omitted.
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There is considerable experimental evidence in support of this
mechanism for the translocation of acetylCoA into the cytoplasm.
Srere and Bhaduri (1962) found that citrate is a precursor of fatty
acids in pigeon liver and experiments with asymmetrically labelled
citrate have indicated that it is the fragment derived from acetylCoA
which is incorporated into fatty acids (Spencer and Lowenstein, 1962 ).
Further evidence for the involvement of ATPCL in the supply of acetylCoA
for fatty acid synthesis comes from the experiments of Watson and
Lowenstein (1970) who found that fatty acid synthesis in yiyo is
inhibited by (pn)-(4S)-U~hydroxycitrate, a potent inhibitor of ATPCL.
In addition, tissue levels of ATPCL and the rate of fatty acid synthesis
change in parallel in response to changes in the hormonal or dietary
status of the animal.

The oxaloacetate formed in the reaction catalysed by ATPCL can be
recycled back into the mitochondria after conversion to malate (catae
lysed by malate dehydrogensse) followed by conversion into pyruvate
(catalysed by malic enzyme). (There are many other possible fates of
oxaloacetate).

The synthesis of fatty acids from acetylCoA is carried out by two
enzymes, ACC and fatty acid synthase (FAS). ACC catalyses the ATP
dependent carboxylation of acetylCoA to malonylCoA. This is the
first committed step in de novo fatty acid synthesis as malonylCoA
has no metabolic fate other than conversion to fatty acids, which is
catalysed by FAS. The product of this reaction is generally
palmitate although recent evidence (Linn and Srere, 1980) suggests
that palmitate is not released as the free acid but rather as the
CoA thiloester. The long chain fatty acylCoA thioesters are then

available for synthesis into triglycerides and phospholipids.



It is now clear that ATPCL also provides the acetylCoA which is
the precursor of cholesterol. De novo cholesterol synthesis proceeds
through the intermedlate mevalonate. It was initially believed that
the formation of mevalonate from hydroxymethylglutarylCoA (HMGCoA)
was the first committed step in cholesterol aynthesis since HMGCoA
was a precursor for both cholesterol and ketone body formation. There
are, however, both cytoplasmic and mitochondrial forms of the enzymes
which catalyse the formation of HMGCOA from acetylCoA, B -ketothiolase
and HMGCoA synthase (Williamson et al, 1972; Sugiyama et al, 1972).
There is now evidence that only cytoplasmlic acetylCoA is utilised in
cholesterol synthesis, the mitochondrial J3 -ketothiolase and HMGCoA
synthase being concernmed exclusively with ketone body production
(Dietschy and McGarry, 1974%). Thus, it is apparent that the committed
step in cholesterol synthesis is the formation of acetoacetylCoA in
the cytoplasm. The involvement of ATPCL in the generation of
acetylCoA for cholestercl synthesis 1is indicated by experiments where
cholesterol synthesis was inhibited by (m)=(4 S)~4=hydroxycitrate a
potent inhibitor of ATPCL (Watson and Lowenstein, 1970).

The above discussion has hbeen concerned with the supply of
acetylCoA which is the precursor of the carbon skeleton of both
fatty acids and cholesterol. Lipid synthesis also requires NADPH
as a reducing agent (Numa and Yamashita, 1974). About 50% of the
NADFH required for fatty acid synthesis is generated in the pentose
rhosphate cycle (Flatt and Ball, 1962; Katz et al, 1964). The
remainder of the NADFH required is generated from cytoplasmic NADH
by a transhydrogenation system involving coupled reactions between
malate dehydrogenase and malic enzyme (Pande et al, 1964). As can
be seen from Figure 1.1 this series of reactions is also involved in

the citrate/pymvate cycle mentioned above whereby OAA produced in



the reaction catalysed by ATPCL is returned tc the mitochondria as
pyruvate. The overall effect is an ATP dependent transhydrogenation.
Thus, ATPCL is involved in the generation of both the acetyl units and
the reducing equivalents required for 1ipid synthesis.

In mammals, the pathway of de novo lipid synthesls is apparently
identical in all of the major lipogenic tissues; liver, adipose tissue
and mammary gland. Vaxriations do occur, however, in the chain length
of the fatty aclds produced. Most of the fatty acids are then
esterified to triglyceride. In mammary and adipose tissue the tri-
glyceride is stored in the fat droplet of the cell. In the liver,
however, most of the triglyceride is transported out of the cell and
is eventually stored at other sites in the body. The amount of
cholesterol synthesised in adipose and mammary tissue is much lower
than that synthesised in the liver.



Section 2. Properties of the major lipogenic enzymes

Introduction

Section 1 of this chapter outlined the blochemical pathways
leading to the de novo synthesis of fatty acids. The work described
in this thesis is largely concermed with only one part of that path~
way, the synthesis of fatty aclds from cytoplasmic citrate. In
particular, because of their apparent involvement in the hormonal
regulation of fatty acld synthesls, the work focused on the enzymes
ATPCL and ACC. In this section I review the physical and enzymatic
propertles of these enzymes. A less detailed description of the

properties of FAS is also given.

ATP citrate lyase

ATPCL was first discovered in pigeon liver by Srere and
Lipmann(1953). Srere subsequently purified the enzyme from chicken
liver and determined the atoichiometry of the reaction (Srere 1959,
1961). ATPCL has not been detected in prokaryotic organisms. The
enzyme has been found in certain moulds and plants which synthesise
unusually high amounts of fatty acilds. ATPCL is wldely distributed
in animal tissues and high levels are found in tissues which have a
particularly large capacity for lipogenesis such as liver, adipose
and mammary tissue. High levels are also found in brain. This may
be because ATPCL is part of the pathway which provides acetyl units
in acetylcholine synthesis. However, there is some dispute as to
the proportion of the acetyl units that is generated by ATPCL
(Tucek and Cheng, 1970).

ATPCL has been purified from a number of sources including rat
and chicken liver, rat mammary gland and rat brain. The purified

rat liver enzyme has been crystalised (Inoue et 2l, 1966). ATPCL



is generally considered to be located in the cytoplasmic compartment
of the cell (Srere, 1972). Recently, however, some workers have
suggested that ATPCL can associate with mitochondria (Janski and

Cornell, 1980) or with the endoplasmic reticulum (Avruch et al, 1981).

The My of ATPCL has been estimated by a variety of techniques.
Inoue et al (1966), using density gradient centrifugation, obtained a
value of 500000 for the My of the rat liver enzyme. Somewhat later,
Srere's group reported an My of 440000 for rat liver ATPCIL (rlATPCL),
a value obtained using sedimentation equilibrium centrifugation (Singh
et al, 1976). Similar values have been determined by other workers

for lactating rat mammary gland ATPCL (Guy et al, 1981).

There is, therefore, general agreement that the M,. of ATPCL is
of the ordexr of 440000 - 500000, 1Indeed, it is possible that ATICIs
from all sources have a similar My since ATPCLs isolated from such

diverse sources as mango and the mould Penicillium spiculosporum have

M.s in this range (Srere, 1975). The S50 u
’

of workers is in the range 13.0 = 15.05 (Inoue et al, 1966; Singh et

as estimated by a number

al, 1961). This sedimentatlon coefficient 1s consistent with the
My of 500000, There is also some evidence from sedimentation equi-
librium and gel filtration experiments that ATPCL can exist in a more
aggregated form (Singh et al, 1976; Guy et al, 1981; Corrigan and
Rider, 1981). These observations are discussed more fully in
Chapter 5.1.

Early studies on ATPCL, where the My was estimated by gel
£iltration in 7 M guanidine~HC1l, suggested that the rat liver
enzyme was composed of 8 identlical subunits with M;s of approximately
50000 (Srere, 1972). 1In later studies, analysis of pure TrlATPCL on
SDS-polyacrylamide gels revealed 3 protein staining bands with Ms of

110000, 67,000 and 57,000 (Singh et al, 1976). Since there was

11
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considerable variation in the relative intensities of the 3 bands the
authors suggested that the two lower M, polypeptides were derived from
the 110,000 M,. polypeptide by limited proteolysis which had occurred
during purification. Later studies, where ATPCL has been purified in
the presence of protease iphibitors have shown that this interpretation
is correct. In such cases the purified ATPCL shows only a single band
on SDS-polyacrylamide gel electrophoresis (Linn and Srere, 1979; Guy
et al, 1981; Alexander gﬁugl; 1979 ). Thus, ATPCL is composed of 4
apparently identical subunits. Estimates of the subunit M, are in

the range 110,000 - 125,000, A detailed discussion of the subunit

My is given in chapter 5.1.

The amino acid composition of ATPCL purified from various sources
have been published (see Guy et al, 1981). ATPCL is sensitive to
chemical modification by thiol specific reagents such as DINB. At
least one of the thiol groups modified by DINB would appear to be at
the active site since citrate protects against inactivation (Cottam
and Srere, 1969)., Purified ATPCL tends to lose activity during
storage, due apparently to the oxidation of sulphydryl groups, since
activity can be partially recovered by incubation in the presence of

reducing agents.

Srere (1959) determined that avian liver ATPCL has a pH optimum
of 8.7. This has been confirmed for rlATPCL by later workers. The
pH profile of the enzyme is, to a certain extent, dependent on the buffer
used. Ranganathan et al (1980) obtained maximum ATFCL activity at
pH 8.7 in Tris~HCl buffer. 1In HEFES (4 = (2 = hydroxymethyl) = 1 =
piperazineethanesulphonic acid)buffer, howsver, they observed a double

peak with optima at pH 7.6 and pH 8.6.

The stoichiometry of the reaction was first determined by
Srere (1961) using purified chicken liver ATPCL. The reaction



catalysed by ATPCL is one of the most complex enzyme catalysed
reactions known, involving three substrates, four products and a

metal ion @
24

Citrate + CoA + ATP = AcetylCoA + OAA + ADP+ PL . . . . . . (1)

The metal ion requirement is due to the fact that MgATP and Mg~citrate
are the active forms of these substrates, rather than non~complexed
ATP and citrate (Plowman and Cleland, 1967). The metal ion require-

nent was initially studied by Srere (1961) who found that Mn>' or

Goz+ could partially replace Mgz+.

The reaction is reversible although the equilibrium favours
cleavage of citrate. The equilibrium constant was initlally measured
by Plowman and Cleland (1967) as 1.0 - 1.5 M.  Later, Guynn and Veech
(1973) estimated the equilibrium constant which would be observed under
approximately physiological conditions (pH 7.0, I = 0.25). The observed
equilibrium constants were 0.98 M at [MgZT] =0 and 0098 M at [Mg2']=
1 mM. This dependence on M52+ ions arises because the substrates of
the reaction are MgATP and Mg-citrate rather than the non-complexed

forms.

The oxder of binding of the substrates of ATFCL was studied by
Plowman and Cleland (1967). The kinetic data obtained by these
workers indicated that the mechanism was sequential with MgATP
binding first, followed by the random rapid equilibrium binding of
Mg=citrate and CoA. However, isotope exchange data obtained by these
workers suggested the existence of a ping-pong mechanism with MgADP
released from the enzyme before the addition of CoA and Mg~citrate.
Iater kinetic studies by Farrar and Plowman (197la) also indicated that

the kinetic mechanism was sequential. Thus, there is a discrepancy

between the mechanism implied by kinetic data and that implied by



isotope exchange data. Farrar and Plowman (1971b), taking into
account all of the avallable kinetic and non-kinetic data proposed a
hybrid mechanism whereby MgADP could be released at several points in
the reaction. A more detailed discussion of the discrepancy between
the kinetic mechanisms implied by different types of experiments is

given in Chapter 5.2.

Evidence in support of the ping-pong mechanism has come from the
discovery that ATPCL is phosphorylated extremely rapidly in the presence
of MgATP alone (Plowman and Cleland, 1967; Inoue et al, 1968). There
is a continuing controversy regarding the nature of the amino acid at
the active site which becomes phosphorylated. The phosphoamino acid
is acid-labile and Srere's group identified it as phosphohistidine,
following alkaline hydrolysis of the phosphoenzyme (Cottam and Srere,
1969 b). More recently Ramakrishna and Benjamin (1979) have confirmed
this result. Takeda's group, however, identified the phosphoamino
acid as glutamyl phosphate on the basis of the pH stability of the
phosphoenzyme and suggested that the result obtained by Cottam and
Srere (1969 b) was the result of a rearrangement occurring during
alkaline hydrolysis (Inoue et al, 1968). Irrespective of the nature
of the phosphoamino acid formed, these results support the ping-pong
mechanism, and are in disagreement with the kinetic results of
Plowman and Cleland (1967).

Incubation of elther phosphoATPCL with Mg-citrate alone, or of
ATPCL with MgATP and Mg-citrate results in the formation of citxylATPCL
and Pi (Inoue et al 1967, 1968). Furthermore incubation of phospho-
ATPCL with [180] - citrate resulted in the incorporation of 1 mole of
180 into each mole of Pi released. Citryl phosphate can replace
MgATP and Mg-citrate in reaction (1) and incubation of ATPCL with

citryl phosphate alone yields citrylATPCL + Pi1 (Walsh and Spector

16



1968, 1969). Taken together these results indicate that phosphoATFCL
reacts with Mg-citrate to form phosphocitrylATFCL which then forms
citrylATPCL + Pi. (Note that the phosphocitryl moiety is not
necessarily covalently bound to the enzyme), Inoue et al (1968) and
Walsh and Spector (1969) incubated citrylATPCL with CoA and obtained
stoichiometric amounts of acetylCoA and OAA. This reaction most
likely proceeds through a citrylCoA intermediate eince Eggerer and
Remberger (1963) and Srere and Bhaduri (1964) had earlier shown that
ATPCL could catalyse the cleavage of citrylCoA to acetylCoA and OAA.
A mechanism consistent with all of the results described above is
presented in Figure 1.2 (after Srere, 1972).

There is some evidence that cltrate is an activator of ATPCL
as well as a substrate. In their study of the kinetic properties of
ATPCL, Plowman and Cleland (1967) obtained non-linear double reciprocal
plots when Mg-citrate was the varied substrate and the [Cl™ ] was low.
At high [ C1l™ ] the non~linearity was abolished. One interpretation
of this non-linearity which was proposed by Plowman and Cleland (1967)
was that free cltrate was activating the enzyme by binding to a site
distinct from the active site. Support for this concept comes from
the observation of Eggerer and Remberger (1963) that citrate increased
the rate of cleavage of citrylCoA to @cetylCoA and OAA. The possible
activation of ATPCL by citrate has received scant attention by
subsequent workers. Consequently there is no information regarding

the nature of this activation,

There is considerable evidence that ATPCL is inhibited by one of
the products of the reaction, ADP, which inhibits the enzyme competite
ivety with xespect to MgATP (Inoue et al, 1966; Atkinson and Walton,
1967).

Szutowitz et al (1974) reported that ATFCL purified from adult

>






Figure 1.2. Reaction mechanism of ATP citrate lyase,

A dash ( -) indicates a covalent bond. Parentheses around a

compound indicate that it is not necessarily covalently bound to ATPCL.



B + ATP

E-P + citrate
E(P-citrate)
BE-citryl + CoA

E(citryl-CoA)

E-P + ADP
E(P-citrate)
E~citryl + Pi
E(citryl-CoA)

E + OAA + acetylCol
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rat braln was inhibited by D-and L-glutamate. The degree of

inhibition was time dependent and required the presence of ATP and an
excess of Mg2+ ions in additlion to glutamate. The inhibition was
unusual in that while ATP was required for inhibition, the inhibition
was sald to be competitive with reapect toATP. The mechanism of thie
inhibition is unclear. The time dependence indicates that it is not
the simple case of competitive inhibition which Szutowitcz et al (1974)
imply. 1Indeed, the time course and ATP amd ng+ requirement of the
inhibition are reminiscent of phospho:r:jrla.tion by & protein kinase.
Szutowitcz et al (1974) did not explore this possibility, The work
described above by Szutowitcz et al (1974) was carried out on ATPCL which
had been purified from adult rat brain. These authors also studled the
enzymes isolated from immature rat brain and the livers of rats which
had been starved for 43 h and then refed a fat free, high carbohydrate
diet for 72 h and found that they were not inhibited to a great extent.
In contrast r1ATFCL from rats which had been fasted for 48 h were
inhibited by 40% after 30 min incubation. These results suggest

that some other factor (which varies with the nutritional or develop=-

mental state of the animal) is involved in this effect of glutamate.

ATPCL is also inhibited by (m) =(4 S8) = 4 = hydroxycitrate
which can be isolated from Garcinia. This substance is a potent
competitive inhibitor of ATFCL and Watson et al (1969) reported a
Ky of 0.6uM. While citrate, ADP and glutamate are potential physio-
logical effectors of ATPCL, (pn) = (4 8) = 4 - hydroxycitrate quite
clearly is not. This substance has, however, proved useful in in
vivo studies of fatty acid metabolism.

The possible role of these effectors in the in vive regulation

of ATICL is discussed in Section 3 of this chapter,



AcetylCoA carboxylase

Barly studies on fatty acid metabolism in avian liver revealed
that two distinct enzymes (termed R and Rz) were required for the
synthesis of fatty acids from acetylCoA (Fritz, 1961). Wakil's group
showed that fatty acid synthesis was blcarbonate dependent (Gibson
et al, 1958) and Wakil (1958) subsequently showed that the R, component
catalysed the ATP dependent carboxylation of acetylCoA. Following
this identification of Rl as ACC the R, component was identified as
FAS, which catalyses the synthesis of long chain fatty acids from
malonylCoA.

ACC has been detected in plant, animal, and bacterial cells.
In bixds and mammals it is particularly actlive in tissues which have
a high capacity for lipogenesis. ACC has been purified from a number
of mammalian and avian tissues including chicken and rat liver, bovine
and rat adipose tissue and rabbit and rat mammary gland. It should
be understood that the discussion on the properties of ACC which is
given below applies only to the avian and mammalian enzymes unless

otherwise stated.

ACO is a soluble enzyme and is generally considered to bhe located
in the cytosol compartment of the cell since it 1s not pelleted during
centrifugation of tlssue homogenates at 105000 xg.  Furthermore,
Meredith and Iane (1978) have shown that ACC is released from digitonin
treated cells at the same rate as known cytoplasmic enzymes such as
lactate dehydrogenase. However, there are a number of reports which
indicate that ACC is associated to a certain extent with the endo-
plasmic reticulum. This was first reported by Margolis and Baum (1966)
vwho found ACC activity in the microsomal fraction of homogenates of
avian livers, provided that Mg2+ ions were present in the homogen-

isation buffer. Iittle ACC activity was found in the microsomes in
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the absence of Mg2+. Using a combination of electron microscopy and
histochemistry Yates et al (1969) visualised rat liver ACC (rlAcCC)

in gitu and found that it was located primarily on the endoplasmic
reticulum. Most workers, however, homogenise the tissue in the
presence of EDTA and consequently ACC is found in the 105000 xg super-

natant.

Extensive studies have shown that avian and mammalian ACCs have
similar properties with respect to My and quatemary structure. ACC
can exist in vitro in either an active high My form or in an inactive
low My form. Examination of the high My form by electron microscopy
indicates that it has a filamentous structure and that each filament
is a polymer of some 10 - 20 protomeric units (Gregolin et al, 1966).
The variation in the number of protomers in each filament explains the
Weight heterogeneity of the high My form, 4 x 10° - 107,  Each fila-
ment is approximately 100 nm wide and lengtﬁs of up to 5000 nm have
been reported. The rod=-like nature of the polymeric form is reflected
in its hydrodynamic properties: the active form of ACC has a high
intrinsic viscosity ([7] = 83 cmBg-l) and exhibits a hypersharp
boundary during sedimentation in the analytical ultracentrifuge
(Moss and lane, 1972; Gregolin et al, 1966). As might be expected,
the polymeric form of the enzyme has a large sedimentation coefficient:
values of around 70 S have been obtalned from sedimentation velocity

experiments while somewhat lower values are obtained using sucrose

density gradient centrifugation (Lane et al, 1974).

Dissociation of the polymer into the inactive protomer can be
accomplished by treatment with 0.5 M NaCl at pH 9.0, by exposure to
cold, by incubation with malonylCoA or bicarbonate, or by removal of
the tricarboxylic acid activators of the enzyme. Early reports of

the M, of the protomer were in the range of 400000 - 560000 (Gregolin
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et al, 1966; Moss et al, 1972). More recent work suggests that the
M, is closer to 500000 (Hardie and Cohen, 1978b; Ahmad et al, 1978).
The transition from the polymeric form to the protomer is accompanied
by a decrease in both the intrinsic viscosity (to 11.5 omBgﬂl) and the

sedimentation coefficient (to 13 - 15 S) (Lane et al, 1974).

Barly studies on the avian and rat liver enzymes indicated that
the protomers were themselves composed of subunits. SDS - polyacryl=
amide gel electrophoresis of purified rlACC revealed the presence of
3 protein staining bands with Mys of 215000, 125000 and 118000 (Inoue
and Lowenstein, 1972). Purified avian liver ACC could also be resolved
into 3 polypeptides under similar conditions (Guchhait et al, 1974).
These results led both groups to propose that the protomeric form of
ACC was composed of non-identical subunits. It is now cleaxr, however,
that the lower M, polypeptides observed by these workers were caused
by partial proteolysis of ACC, which had occurred during purification.
This was first demonstrated by Tanabe et al (1975) who showed that the
two lower M, bands were absent from preparations of rlACC which had
been purified in the presence of the protease inhibitor PMSF. These
workers also demonstrated that treatment of the purified ACC with
either trypsin or a lysosomal extract from rat liver could generate
the lower My fragments. These resulis have since been confirmed by
other workers who have shown that SDS - polyacrylamide gel electro-
phoresis of ACC purified from a number of different sources reveals
only one protein staining band.

The subunit M. estimated by SDS - polyacrylamide gel electro-
phoresis is somewhat variable i1 values from 230000 -~ 252000 have
been reported (Tanabe et al, 1975; Hardie and Cohen, 1978b; Witters
and Vogt, 1981). This variation in the estimates of the subunit

M, may be due to some of the preparations being partially proteolysed
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(Guy and Hardie, 1981).

In common with several other carboxylases, ACC was shown to
contain a prosthetic group, biotin, covalently linked to the enzyme
through the £ -amino group of a lysine residue (Numa et al, 1964 ).
Two moles of biotin are bound/mole of ACC ie. 1 molecule of biotin/
250000 M. subunit (Tanabe et al, 1975; Ahmad st al, 1978). The
biotinyl group is essentlal for activity. Consequently, ACC is
extremely sensitive to inhibition by avidin, a blotin binding protein
found in egg white (Wakil et al, 1958).

The reaction catalysed by ACC is:

Mgz+

ATP + acetylCoA + HCO3 — malonylCoA + ADP+ P1 . . . . . (2)

There is a requirement for Mg2+ since MgATP is the substrate rather
than non~complexed ATP. Mn2+ oxr Co2+ can replace Mg2+ to a certain

extent (Lane et al, 1974).

Nakanishi and Numa (1970) have studied the kinetic mechanism of
the enzyme.  Their results lndicate that the binding of substrates is

ordered and that the reaction proceeds in a ping~pong mechanisms

ATP HCO ADP Pi AcetylCoA MalonylCoA

N R 1

B E---COz E

There is a considerable amount of evidence which indicates that

reaction (2) consists of two partial reactions:



2+
- Mg
E~biotin + ATP + HCO3 s=———— E - biotin =~ CO, + ADP + P1 ~ ~ ~ ~(3)

E-biotin=CO,+ Acetyl CoA s=== MalonylCoA + E~biotin -~ - - - - - )

Reaction (3), the ATP dependent carboxylation of biotin, occurs
in the absence of acetylCoA. The site of this carboxylation is the
1'~ N of the uriedo ring (Numa et al 1964, 1965). When the carboxy-
lation of blotin was carried out using [180] - HGO§ one atom of
oxygen from the HCO3 was incorporated into Pi (Kaziro et al, 1962 ).
This result suggests that the reaction involves the nucleophilic
attack on the Y -phosphoryl phosphorus by the bicarbonate, coupled
with the attack on the bicarbonate carbon by the 1'~ N of the uriedo
group. Kaziro et al (1962) proposed that the mechanism described
above is concerted. More recently Polakis et al (1973) suggested
that the mechanism is sequential with carbonic-phosphoric-anhydride

as an intermediate.

The second partial reaction (4) can take place in the absence
of both ATP and HCO3. The carboxyl group of “*C-labelled carboxy-
biotin~ACC can be transferred to acetylCoA in the absence of ATP and
HGO§. This transfer would seem to be facilitated by electrophilic
activation of the carboxylate group which is probably caused by
deformation of the uriedo ring brought about by a conformational
change at the active site (Lane et al, 197%). The conformational
strain induced by the carboxylation of ACC is enough to cause the

dissociation of the polymeric form of the enzyme into protomers.
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It is appropriate to discuss the ACC from E. coli at this point.
Pure E. coli ACC can be readily resolved into 3 types of subunit, each
of which has a distinct function: 1) the carboxyl carrier protein,
which contains covalently bound biotin; 2) biotin carboxylase, which
catalyses the ATP dependent carboxylation of the carboxyl carrier
protein (or of free biotin); 3) carboxyl transferase which catalyses
the transfer of CO, from the carboxyl carrier protein (or free carboxy
biotin) to acetyl CoA. Clearly, in E. coli ACC each of the partial
reactions occurs at a separate active site. In the currently accepted
model of the mechanism of E. coli ACC the uriedo ring of biotin
oscillates between the two active sites. This is possible since the
uriedo ring is located at the end of a flexible side chain on the
bilotin carboxylase subunit.

In mammalian and avian ACCs both partial reactions would appear
to be catalysed by only one polypeptide. It is widely believed,
however, that reactions 3 and 4 do occur at distinct active sites on
this polypeptide and that the blotin oscillates between them as it
does in the E. coli enzyme. It is possible that in mammalian and

avian ACC these active sites are located on distinct domains.

As mentloned above, ACC from all animal tissues can exist in
either a polymeric form or a protomeric form. Addition of clitrate
or isocitrate to solutions of the protomeric form results in its
conversion into the polymer as judged by the changes in the physical
parameters of the enzyme. Thus, addition of citrate results in an
increase in the sedimentation coefficient from 13 - 15 S to 50 S and

an increase in the intrinsic viscosity from 11.3 cm3g'1 to 87 cm3g'1

(Gregolin et al, 1966; Moss and Lane, 1972). Furthermore, the
transition from protomer to polymer has been visualised in the

electron microscope (Gregolin et al, 1968). The transition from
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the protomeric to the polymeric form is accompanied by an increase

in the activity of the enzyme (Numa et al, 1965; Gregolin et al, 1966).

Lane's group have made an extensive study of the mechanism by
which citrate and isocitrate activate ACC. These workers observed
that citrate increased the Vmax of ACC rather than decreasing the K
for any of the substrates (Moss et al, 1972; Gregolin et al, 1968 a,b).
Citrate increases the rate of both of the partial reactions (reactions
3 and 4) (Gregolin et al, 1968) and this suggests that the binding of
citrate induces a conformational change in the enzyme. Lane et al,
(1974) have proposed that such a conformational change brings the
biotinyl group into closer proximity to the substrate binding sites.
It has heen shown that in the presence of citrate, the blotin group is
inaccessible to avidin whereas in the absence of citrate avidin can
bind to the biotin and inactivate ACC irreversibly. However, in
view of the effects of citrate on the aggregation state of the enzyme

it is difficult to interpret the significance of thsse results.

The activity of ACC is determined by the position of the equi-
librium between protomer and polymer. When citrate is removed from
solutions of polymeric ACC there is a slow decrease in the proportion
of polymer present (t4{ = 10 min) as judged by the decrease in the
viscosity of the solution. The decrease in viscosity is paralleled
by a decrease in activity. In the presence of either bicarbonate
or malonlyCoA the decreases in the proportion of polymer and the
activity are almost instantaneous (t% = 5 gec) (Moss and Lane, 1972).
Both bicarbonate and malonylCoA carboxylate ACC and in the absence
of citrate this results in the dissociation of the polymer into
protomers. Citrate clearly prevents this dissociation, presumably
because the conformation induced by citrate favours polymerization.

This explaine why clitrate increases the rate of decarboxylation of
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carboxy-biotin~ACC. The rate of decarboxylation is increased still
further if an acceptor for the CO2 is present. Thus, citrate and
acetylCoA have been shown to have a synergistic effect in increasing

the rate of decarboxylation (Lane et al, 1970).

ACCs from different sources differ in the rate of transition
from protomer to polymer. In the case of chicken liver ACC the
transition is virtually instantaneous. The enzymes from rat tissues
are polymerised more slowly and these engymes require preincubation at
37°C in the presence of citrate before maximum activity is expressed
(Inoue and Lowenstein, 1972). There is also an absolute requirement
for citrate in the ACC assay, whether the enzyme has been preincubated
with citrate or not (Inoue and Lowenstein, 1972; Nakanishi and Numa,
1970). As discussed above, in the absence of citrate carboxylation
of ACC by bicarbonate would result in the dissociation (and inactiv-
ation) of the polymeric form of the enzyme. Citrate also causes a
conformational change in the protomer. As described above this
change is believed to result in the biotin group beconming more closely
associlated with the active sites. In this way citrate activates the
protomeric form of the enzyme by a classical allosteric mechanism in

addition to its effect on the aggregation state.

Yeh and Kim (1980) reported that partially purified rlACC is
activated by CoA and that thls activation caused a decrease in the
Km of ACC for acetylCoA. Purified rlACC, however, could not be
activated. In a subsequent publication they reported that purified
rl1ACC could indeed be activated, provided that the enzyme was free
from tightly bound citrate (Yeh et al, 1981). The binding of Coh
(1 molecule/subunit) was not affected by the presence of tightly
bound citrate, but the presence of citrate prevented activation.

PalmitoylCoA, a potent inhibitor of ACC (see below), prevented the



binding of CoA. The effect of the activation on the kinetic parameters
of the enzyme is somewhat unclear. CoA activated partially purified
ACC by decreasing the K for acetylCoA from 200 uM to Q’LM- The
purified, citrate-free preparations had lower Kps for acetylCoA and
activation appeared to be the result of an increase in the Viax since
the Kps for acetylCoA were unaltered. The nature of the CoA activ-

ation is therefore unclear at the present time.

Witters et al (1981) have reported that partially purified
rlACC 1is activated by guanine nucleotides, especially 5' - GMP, and
have detected an endongenous ACC activator in rat liver with similar
properties to 5' - GMP. The effect of both the endogenous actlivator
and 5' = GMP is to alter the ACC citrate dose-response curve. In
the absence of the activator or 5' -~ GMP the citrate dose response-curve
is linear up to 5 mM citrate. In contrast, in the presence of the
activator or 5' - GMP the dose-response curve is hyperbolic, with
ACC being maximally active at citrate concentrations greater than
0.2 mM. Furthermore, the vnwwcin the presence of the activator or
5" - GMP is approximately 2-fold greater than that in their absence.
The mechanism of this activation remains to be elucidated, particu~
larly since purified rlACC 1s not activated by either guanine nucleo~

tides or endogenous activator.

Gregolin et al (1966) reported that malonylCoA is an inhibitor
of ACC. Two kinds of inhibition were observed. MalonylCoA was
competitive with respect to acetylCoA. This was not unexpected since
both substances have similar structures and it would appear to be a
classic case of competitive product inhibition. MalonylCoA was also
found to be competitive with respect to citrate. This arises because
malonylCoA can carboxylate ACC and this (as discussed above) results

in depolymerization and inactivation. In this respect malonylCoA



clearly acts in opposition to citrate, which promotes the formation

of the polymer.

ACC is also inhibited by long chain fatty acyl thioesters
(Numa, 1974). Initially some workers interpreted this inhibition as
being due to detergent action (Srere, 1965). However, current
evidence suggests that long chain fatty acyl thioesters exert their
effects by an allosteric mechanism. The inhibition is competitive
with respect to citrate, but not with respect to any of the substrates
of ACC. [ILong chain fatty acyl thiocesters bind extremely tightly to
ACG. In studies using a fluorescent analogue of stearoylCoA
Ogiwara et al (1978) and Nikawa et al (1979) found that the K, was in
the region of 5 nM. This was very similar to the dissociation constant
neasured by Sreekrishna et al (1980) who also reported that 1.2 molecules
of thioester was bound per subunit. Like malonylCoA, long chain fatty
acyl thiocesters are competitive with fespect to citrate and promote
the depolymerization of ACC. Citrate can in fact displace long chain
fatty acyl thioesters from ACC, provided that an acceptor for the
thiocester is present. Sreekrishna et al (1980) used 6 - O - methyl-
glucose polysaccharide as an acceptors in vivo this function might
well be fulfilled by the fatty acid binding protein described by

Halestrap and Denton (1974) and Iunzer et al (1977).

In summary, most effectors of ACC alter the activity of the
enzyme by increasing or decreasing the amount of the active form.
These effectors alter the position of the equilibrium between protomer
and polymer by inducing conformational changes which maintain one form
or the other. The possible role of these effectors in the regulation

of ACC is discussed in section 3 of this chapter.



Fatty acid synthase

Iynen and coworkers identified the Rz component of the avian
liver fatty acid synthesising system as FAS. As with ATECL and
ACC large amounts of FAS are found in mammalian tissues which have a
high capacity for lipogenesis. The physical and chemical properties
of FAS have been extensively studied. The M, of the mammalian enzyme
is 500,000 and the native enzyme can be resolved into two apparently
identical subunits ( M. 250,000) by SDS-polyacrylamide gel electro-

phoresis.

FAS catalyses the synthesis of long chain fatty acids from

malonylCoA:s

-+
AcetylCoA + 7 malonylCoA + 14 NADPH + 14 H—palmitic acid + 7C0,

+ 8CoA + 14 NADP® + 6Hy0 . . . . . (5)

A great deal of evidence indicates that the overall reaction is composed
of 7 partial reactions. These involve the addition of an acetyl group
from malonylCoA onto the growing fatty acyl chain and its subsequent
reduction hy NADPH. Mammalian FAS is extremely interestling since it
appears that all 7 partial reactions are catalysed by the one poly-

peptide.

While FAS is obviously an important and interesting enzyme, this
thesis is mainly concerned with the two other major lipogenic enzymes,
ATPCL and ACC. For this reason, only the salient properties of FAS
have been mentioned above. The reader is referred to several

excellent reviews on FAS (Bloch and Vance, 1977; Stoops et al, 1977).



Section 3. In vivo regulation of fatty acid synthesis

The two majoxr functions of fatty acld synthesis are the synthesis
of membrane phospholipid and the storage as triglyceride of foodstuffs
which are in excess of the animal's needs, Although the regulation
of these two pathways is of great interest, a discussion of the regu-
latory processes involved in phospholipid synthesis is beyona the scope
of this chapter. I will therefore confine myself to a discussion of
the control of synthesié of fatty aclds required for esterification into

triglyceride.

It is not surprising to find that the rate of fatty acid synthesis
varies with the metabolic state of the animal. Profound changes in
the rate of fatty aclid synthesis occur when the diet of the animal is
manipulated. Fasting results in a decrease in the rate of fatty acid
synthesis while a diet which is low in fat or high in carbohydrate
causes increased fatty acld synthesis, particularly after starvation
(Craig et al, 1972). These changes occur over a period of many
houie and are maintained until the dietaxry status of the animal is
altered. For example, Bortz {1967) reported that administration of
a high fat diet caused a 6-fold decrease in hepatic fatty acid

synthesis after 24 h.

Chronic administration of glucagon or hydrocortisone also causes
a decrease in the rate of fatty acid synthesis and such treatment'also
blunts the increase in the rate of fatty acid synthesis which occurs
on feeding the animal a fat-free diet, Fatty acld synthesis is also
altered in various pathological conditions. It is decreased in rats
which have been made diabetic by administration of alloxan (Brady and

Gurin, 1950). This reduction in fatty acid synthesis can be reversed

by treatment with insuliﬁ.

Hepatic fatty acid synthesis also varies in accordance with



hormonal and developmental changes. Ballard and Hanson (1967)

showed that the rate of fatty acid synthesis is high in foetal and
adult liver, but low in suckling animals. In rabbit and rat mammary
gland fatty acid synthesis increases dramatically around the time of
parturition and remains high during lactation (Howanitz and Levy, 1965).
These changes in the mammary gland would appear to be due to changes

in the level of prolactin (Volpe and Vagelos, 1976).

The changes in the rate of fatty acid synthesis described above
can be considered long term in that they occur over 24 = 48 h and are
maintained for prolonged periods. Fatty aclid synthesis is also
subject to short term variation where changes in the rate of synthesis
take place over periods of time measured in minutes rather than hours.
In the liver these short term changes are controlled primarily by
glucagon and insulin, while in adipose tissue adrenaline is much more
important than glucagon. Klain and Weiser (1973) reported that
injection of glucagon in to rats decreased the rate of fatty acid
synthesis by 70% within 30 min. Similar results were obtained when
liver slices (Allred and Roehrig, 1973) or hepatocytes (Goodridge,
1973; Cook et al, 1977 ) were incubated with glucagon or dibutyrylcAMP,
The effect of adrenaline on fatty acid synthesis is less clear.

Denton and Halperin (1968) found that incubation of fat~pads with
adrenaline for 60 min decreased fatty acid synthesis only after
prior stimulation by insulin., Rapid insulin~stimulated changes in
the rate of hepatic fatty acid synthesis were noted by Brady and
Gurin (1950) who found that treatment of liver slices with insulin
increased the rate of fatty acid synthesis. More recently Goodridge
(1973) showed that insulin increased fatty acid synthesis by 43%

within 1 h. Similar results have been obtained by other workers

(Geelen et al, 1978; Witters et al, 1979b). Insulin also increases
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fatty acid synthesis in adipose tissue. Using epididymal fat-pads,
Denton and Halperin (1968) demonstrated a 5-fold increase in fatty

acid synthesis within 60 min of incubation with insulin,

From the results described above, it would appear that fatty
acid synthesis is subject to two modes of regulation. In long term
regulation, changes in the rate of fatty acid synthesis occur over
periods of hours or days in response to prolonged metabolic states
such as fasting, diabetes or lactation. The rate of synthesis is
also modulated in the short term, in response to changes in the levels
of insulin, glucagon and adrenaline. The mechanisms involved in
both modes of regulation have been extensively studied. These
studies have indicated that the mechanisms involved in the two cases
are quite different. Long term regulation involves changes in the
total amount of lipogenic enzymes while short term regulation involves

changes in the catalytic efficiency of key‘enzymes.

Long term regulation of fatty acid synthesis

In most cases the long term variation is accompanied by parallel
changes the activity of the lipogenic enzymes.  Kornacker and
Lowenstein (1965) and Gibson et al (1972) showed that ATECL activity
parallels the rate of fatty aclid synthesis in the liver in that it
decreases during starvation and increases upon refeeding. In these
experiments the ATPCL returned to pre-starvation levels following
refeeding with a normal diet. Refeeding a high carbohydrate/low fat
diet greatly elevated the ATPCL activity above pre-gtarvation levels.
Gibson et al (1966) showed that puromycin prevented the increase in
ATPCL activity which occurs upon refeeding, suggesting that protein
synthesis was involved. This was confirmed by Suzuki et al (1967)

who found that the increase in ATPCL activity was accompanied by
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an increase in the amount of immunoprecipitable ATPCL in tissue homo-
genates, This variation in the amount of enzyme protein present is
the result of increased or decreased rates of ATFCL synthesis (Gibson
et al, 1972). The level of ATPCL activity also varies in parallel
with the rate of fatty acid synthesis in other conditions such as
diabetes and lactation (Howanitz and Levy, 1965; Kornacker and
Lowenstein, 1965; Ballard and Hanson, 1967). Current evidence
indicates that these changes are also the result of increased ox

decreased amounts of ATPCL protein (Numa, 1974).

The activity of ACC in adipose tissue and liver also fluctuates
in parallel with the rate of fatty acid synthesis. Starvation,
alloxan diabetes or a diet high in polyunsaturated fats lower ACC
activity 2-fold. Refeeding a high carbohydrate diet increases ACC
activity 6~-fold above control levels. Both the incresse and the
decréase in ACC activity occur over 2 - 3 days (Saggerson and
Greenbaum, 1970; Craig et al, 1972). Nakanishi and Numa (1970) and
Majerus and Kilburn (1969) showed that these fluctuations in ACC
activity were the result of raised or lowered amounts of ACC protein.
Using a combination of immunochemical and isotopic techniques they
showed that, except in starvation, the changes in the amounts of ACC
were the result of increases or decreases in the rate of enzyme
synthesis. In normally fed, refed or alloxan-diabetic rats the rate
of degradation of ACC was essentially the same (t% = 50 h). In
starvation the rate of degradation was increased (t4 = 18 ~ 30 h)
while the rate of synthesis was decreased. The long term changes in
fatty acid synthesis in other metabolic states are also paralleled
by changes in the total amount of ACC protein and activity. For
example, the increase in ACC activity observed in mammary gland at

the onset of lactation is accompanied by an increase in the amount of
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immunoprecipitable enzyme (Mackall and Lane, 1977).

Tissue levels of FAS activity also vary in parallel with fatty
acid synthesis and as with ACC and ATRCL this variation is due to
increases or decreases in the amount of engzyme protein present in the
tissue (Gibson et al, 1972). 1In addition, the levels of the hexose
monophosphate shunt enzymes, malate dehydrogenase and malic enzyme
all vary in parallel with the rate of fatty acid synthesis. Tt will
be recalled (see Fg. 1.1) that these enzymes are involved in the
generation of the NADPH required for fatty acid synthesis (Pande et al.

1964; Lockwood et al, 1970).

These results indicate that the levels of all of the enzymes
involved in fatty acid synthesis undergo coordinate changes in response
to the nutritional or developmental status of the animal (see Gibson
et al, 1972). Furthermore, the changes in the tissue content of
these enzymes appear to be the result of increased or decreased
synthesis. The factors which govern this coordinate synthesis are
not known. Discoordinate changes in the activities of ACC and ATIRCL
and malate dehydrogenase led to the proposal that a fatty acid
synthesis operon does not operate in mammalian tissues (Volpe and
Vagelos, 1976). The changes in ACC activity which these authors
noted occurred over a period of 1 = 2 h and so may not have been
caused by protein synthesis. Thus, the existence of such an operon
cannot be ruled out. No inducers or remressors of these enzymes
have been identified although several substances have been implicated
(Volpe and Vagelos, 1974). In diabetic rats, fructose feeding
restores the amount of hepatic FAS to normal levels. This finding
indicates that the synthesis of FAS is not completely dependent on
the présence of insulin and suggests that the decrease in lipogenic

enzymes observed during diabetes is the result of impaired glucose



transport. These authors have interpreted this result as implying
that some metabolites of fructose, possibly triose phosphates, are
involved in the regulation of FAS synthesis. Other workers have found
that in liver there is an inverse relationship between the amount of
dietary polyunsaturated fatty acids and the tissue content of FAS

and have proposed that these fatty acids (or their metabolites) may

be involved in controlling the coordinate expression of the lipogenic

enzymes (Muto and Gibson, 1970).

Short term regulation of fatty acid synthesis

I described above how fatty acid synthesis was acutely modulated
in response to the level of hormones such as insulin, glucagon and
adrenaline. These fluctuations in activity occur within minutes, in
contrast to the longer term regulation where the changes occur over a
period of days. Studies on the mechanism of the acute regulation of
fatty acld synthesis have largely been focussed on ACC., There are
two main reasons for this. Firstly, ACC is generally considered to
catalyse the rate limiting step in de nove fatty acid synthesis.
Secondly, the activity of ACC has been shown to change in parallel
with rapid changes in the rate of fatty acid synthesis, in contrast
to the two other enzymes directly involved, ATPCL and FAS. ACC
catalyses the first committed step in de novo fatty acid synthesis
since malonylCoA has no other metabolic fate.  AcetylCoA is also
the precursor of cholesterol and so ACC affords the first opportunity
to regulate fatty acid synthesis alone. A number of workers have
reported that in liver and adipose tissue the levels of ACC are
considerably lower than those of FAS and ATPCL. There are several
studies, however, which indicate that the activities of all three
enzymes are comparable. This is true for both liver and mammary

gland (Guy et al, 1981; Hardie and Guy, 1980; Chang et al, 1967;



Kornacker and lowenstein, 196 58) One possible explanation for these
conflicting results is that in early studies, optimal conditions for
the assay of ACC had not been determined. Another explanation could
be the presence of an inhibitor of ACC in unfractionated tissue homo=

genates (Abdel-Halim and Porter, 1980).

In spite of the evidence that ACC, FAS and ATPCL are found in
comparable amounts, ACC is still considered to he the rate limiting
enzyme in fatty acid synthesis. In section 2 of this chapter the
effects and modes of action of a number of activators and inhibitors
of ACC were discussed. Several workers have pointed out that at
the concentrations of these effectors found in whole tissues, ACC
would be considerably inhibited (Numa, 1974%; Carlson and Kim, 1974).
In view of this, these authors maintain that the maximum activity of
ACC is not expressed in vivo and that consequently the enzyme is rate

limiting.

Changes in the activity of ACC distinct from the changes in the
total enzyme levels were first observed by Korchack and Masoro (1962)
after altering the diet of the animals. It now seems likely that
the changes in activity observed by these workers were mediated by

changes in the plasma levels of glucagon and insulin.

Glucagon has been shown to decrease the activity of ACC in rat
liver. Klain and Weiser (1973) found that ACC activity in rat liver
decreased by 70% in 30 min following injection of glucagon. The
decrease paralleled the decrease in fatty acid synthesis noted above.
More recently a number of workers have used isolated hepatocytes to
study the effects of hormones on ACC activity. Using this system
Cook et al (1977) and Watkins et al (1977) found that glucagon did

not have an effect on ACC activity after 1 h, even though fatty acid



synthesis decrsased by 60% during that time. Subsequent studies,
however, showed that glucagon did indeed decrease ACC activity in
hepatocytes provided that the cells were homogenised at 25 - 37°¢
and that ACC was assayed in the absence of citrate (Geelen et al, 1978;

Witters et al, 1979b).

Insulin causes an increase in ACC activity. Geelen et al (1978)
demonstrated that insulin increases ACC activity in hepatocytes in
parallel with the increase in fatty acid synthesis. Witters et al
(1979b) showed that insulin increased ACC activity by 50% within

15 min.

ACC activity in adipose tissue appears to be regulated by the
levels of insulin and adrenaline. Halestrap and Denton (1974)
showed that insulin increased ACC activity in rat epididymal fat
pads by 100% after 30}min incubation. These workers also showed
that adrenaline in the presence of glucose and insulin caused a 66%
decrease in ACC activity. Iee and Kim (1978, 1979) subseguently
demonstrated that adrenaline alone can inactivate ACC in adipose

tissue.

Evidence for the short term regulation of ACC in mammary gland
is scarce. For example, there is no direct evidence that the activity
of ACC in mammary tissue is regulated by anything other than changes
in the total amount of ACC protein in the tissue. Recently Agius
and Williamson (1980) noted a rapid inhibition of fatty acid synthesis
in lactating rat mammary gland when the animals had a single intra-
gastric dose of fat. Since this treatment lowers ACC activity in
the liver (Bortz, 1967) it is possible that mammary gland ACC is
affected in the same way. Unfortunately, the authors did not measure

ACC activity in their experiments.



The results described above show that ACC in liver and adipose
tissue is acutely regulated by the hormones insulin, glucagon and
adrenaline. The rapidity with which these changes in activity occur
indicate that they are not caused by changes in the number of ACC
molecules present in the tissue since the half-life of degradation
is in the range 2 = 5 days and the time required for de novo synthesis
is simlar. To explain the hormone dependent changes in ACC activity
two different mechanisms have been proposed. In the first of these,
changes in ACC activity are secondary to hormone induced changes in
the levels of various activators and inhibitors of ACC. The second
explanation is that the changes in ACC activity are the result of
covalent modification (phosphorylation) catalysed by hormone dependent

protein kinases,

In vive regulation of acetylCoA carboxylase by changes

in effector concentration

The in vitro effects of allosteric activators and inhibitors of
ACC were described in section 2 of this chapter. These in yitro
effects have led to the hypothesis that the in vivo concentrations
of these effectors determine the activity of ACC and hence the rate of
fatty acid synthesis. Thus, the increase in ACC activity which is
caused by insulin would be the result of an increased cytosolic
citrate concentration and also the result of a decrease in the concen~-
tration of fatty acylCoA. An increased level of fatty acylCoA
thiocesters would result from the stimulation of lipolysis by adrenaline
and glucagon., In order to galin evidence for this hypothesis it is
necessary to show that the effectors are present in vivo at the
concentrations which affect ACC activity in vitro. 1In addition, the
effector concentrations must be shown to change in the correct direct-

ion under a variety of physiological and hormonal conditions.
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Barly attempts to correlate citrate levels with ACC activity or
the rate of fatty acid synthesis in a variety of metabolic states gave
conflicting results. Hepatic clitrate concentrations were found to be
lowered in starvation and diabetes, conditions in which fatty acid
synthesis is also decreased (Start and Newsholme, 1968). Administra=-
tion of insulin, which increases ACC activity, also increased the
citrate concentration (Herrera and Freinkel, 1968 ). Other workers,
however, have found that under conditions where AGC activity is modu-
lated, there is no change in citrate levels, or that citrate levels
change in the opposite direction to ACC activity (Halestrap and

Denton, 1974).

One restraint upon the interpretation of the above results was
that for technical reasons, whole cell citrate concentrations were
determined rather than cytoplasmic citrate concentrations. It was
possible, therefore, that the cytoplasmic citrate concentrations did
not change in parallel with the total cellular citrate content.

Moxre recently a technique has been developed which allows the deter-
mination of metabolites in both the mitochondrial and cytoplasmic
compartments of the cell (Zuurendonk and Tager, 1974). Using this
technique Watkins et al (1977) found that glucagon drastically
lowered the cytoplasmic ciltrate concentration. Meredith and Lane
(1978) showed that this decrease in citrate concentration was accom=-
panied by the depolymerization of ACC in vivo. These results nmust
be treated with caution, however, as other workers, using the same
method as Watkins et al (1977) found that glucagon caused only an

insignificant decrease in cytoplasmic citrate (Siess et al, 1977).

The in vitro activation of ACC requires citrate concentrations
of 5« 20 mM, These concentrations are considerably higher than

the cytoplasmic citrate concentrations measured in the reports cited
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above. Both groups found that in the absence of glucagon the citrate
concentration was approximately 0.5 mM. It is clear that at this
citrate concentration, maximum ACC activity would not be expressed.

In this respect the recent report by Witters et al (1981) is of
interest. These authors found that ACC is activated by guanine
nucleotides and that their effect is to alter the citrate dose-response
curve of ACC so that the enzyme is maximally active at known cytosolic
citrate concentrations. Furthermore, the activity of ACC is
extremely sensitive to citrate in the range of 0.05 - 0.2 mM; for
example there was a 14-fold difference in ACC activity between these
two values. It is interesting to note that Watkins et al (1977)
found that glucagon modulated the cytoplasmic citrate concentrations
within this range. These results suggest that cytoplasmic citrate

might well have a role in the in vivo regulation of ACC.

The high affinity of ACC for fatty acylCoA thioesters by itsélf
argues that they have some physiological role. The effect of insulin
and adrenaline on the concentration of fatty acylCoA thioesters in
rat fat padsiwas studied by Halestrap and Denton (1974). These
workers found that hormone dependent changes in ACC activity were
accompanied by changes in the protomer/polymer ratio, consistent
with a regulatory role for citrate or fatty acylCoA thioesters.
Insulin decreased the thicester level while adrenaline caused an
increase. Under most conditions an inverse correlation between ACC
activity and thiocester concentration was observed. In liver fattiy
acylCoA thiocester levels are reduced by insulin and increased by

glucagon (Yeh and Leveille, 1971; Goodridge, 1973).

The major problem in interpreting these results is whether
the bulk of the thiocester is accessible to ACG. In the work mentioned

above total fatty acylCoA thioester levels were measured rather than



the free cytosolic concentration. The values obtained were in the
range 50 = 150 pM.  Clearly, if this were the free cytosolic concen~
tration ACC would be completely inhibited since thelgi for fatty
acylCoA thiocesters is in the range 1 ~ 7 nM (Nikawa et al, 1979).

It is almost certain, however, that in vivo most fatty acylCoA
thicesters are bound to membranes or to protein and that the concen~
tration of free thiocesters is vexry low. While this means that
experiments in which the total cellular thiocester concentration is
measured do not provide much useful information it does make regulation
of ACC by fatty acylCoA thioesters more plausible. Halestrap and
Denton (1974) proposed that the concentration of free fatty acylCoA
thioesters might be regulated by the 12000 My fatty acid binding
protein (FABP). In their scheme increased concentrations of free
fatty acids (resulting from increased lipolysis) would displace fatty
acylCoA thiocesters from FABP which would in turn inhibit ACC. Iunzer
et al (1977) subsequently showed that partially purified FABP protects

partially purified ACC from inhibition by palmitoylCoA.

It is not clear that the control of ACC by its allosteric
effectors is physiologically relevant. It seems likely, however,
that the relative concentrations of fatty acylCoA thiocesters and
citrate do have a role in regulating ACC activity and through this
fatty acid synthesis. It would appear, however, that factors in
addition to changes in the concentrations of allosteric effectors
are involved in the hormone dependent regulation of ACC. There is
now considerable evidence that the activity of ACC 1is subject to
regulation by covalent modification in the form of phosphorylation and

dephosphorylation.

LA
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Regulation of acetylCoA carboxylase by phosphorylation

and dephosphorylation

In section 3 I described how ACC activity could be decreased
by exposure of the tissue to glucagon or B -adrenergic agents. These
hormones are belleved to act by activating adenyl cyclase which results
in an increase in the intracellular concentration of adenosine -~ 3':5'-
moncphosphate (cAMP)° Several reports suggested that the glucagon
dependent inactivation of ACC was mediated by cAMP. For example,
Allred and Roehrig (1973) and Goodridge (1973) showed that treatment
of liver slices or hepatocytes with dibutyrylcAMP resulted in a
3=-fold decrease in ACC activity. Increased levels of cAMP activate
cAMP dependent protein kinase (cAMRIPrK) and hence lead to the
phosphorylation of a number of enzymes (see e.g. Nimmo and Cohen,
1977). One possible explanation of the glucagon and PB-adrenergic
dependent inactivation of ACC was that it was due to cAMP dependent

phosphorylation.

The phosphorylation of ACC was first reported by Carlson and
Kim (1973) who observed that partially purified rlACC was inactivated
by incubation in the presence of ATP, Mg2+ and a protein fraction from
rat liver. Using immunoprecipitation of ACC the inactivation was
shown to be accompanied by the incorporation of 3ZP into ACC. The
kinase responsible for this phosphorylation was not cAMPAPrK since
incubation in the presence of cAMP did not increase the rate or extent
of phosphoxrylation. The effects of phosphorylation by this cAMP
independent protein kinase on the kinetic properties of rlACC were
also described (Carlson and Kim, 1974). The phosphorylated form
was less sensitive to activation by citrate and more sensitive to
inhibition by palmitoylCoA. In addition the Vhax of the enzyme

was reduced by phosphorylation.
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Other workers were unable to find any evidence for the inactiv-
ation of ACC by phosphorylation and argued against it on a number of
grounds. Lane et al (1974) maintained that r1ACC could not be
inactivated by phosphorylation since purified rlACC contained 1 mole
of phosphate per mole of ACC subunit yet was maximally active.

Pekala et al (1978) found that ACC from chicken hepatocytes contained
18 - 20 moles of phosphate per ACC protomer and that treatment of the
hepatocytes with dibutyrylcAMP did not alter the extent of phosphory-
lation. Ient et al (1978) met these criticisms by pointing out

that structural phosphate unrelated to changes in enzyme activity

was not unusual (Nimmo and Cohen, 1977). The results of Pekala et al
(1970) could also be explained if dibutyrylcAMP simultaneously acti-
vated cAMPAPrK and a protein phosphatase. It is worth noting that
the phosphate content reported by Pekala et al (1978) is somewhat

higher than that reported by other workexrs.

Halestrap and Denton (1974) found that while incubation of
adipose tissue extracts with ATP and Mg2+ did decrease ACC activity,
this was much less pronounced in the presence of citrate. These
authors suggested that the results of Carlson and Kim (1973) could
be explained by the ATP dependent carboxylation of ACC by endogenous
bicarbonate which leads to depolymerization in the absence of citrate.
Yeh et al (1980) subsequently showed that AMP stimulated the phos-
phorylation and inactivation of ACC by the cAMP independent protein
kinase (cAMPiPrK) described by Carlson and Kim (1973) and that phos-
phorylation was inhibited by a high adenylate energy charge in the
phosphorylation systenm, The authors assume that under conditions
where fatty acid synthesis is high, the ATP concentration in vivo
would also be high. Consequently, ACC would not be phosphorylated.

One drawback over this argument is that ATP concentrations vary very



Ll

little.

Kim and co-workers sulm=quently reported that the rate and extent
of phosphorylation of partially purified ACC was dependent upon the
concentration of citrate in the incubation medium (Lent et al, 1978),
high concentrationsof citrate decreasing phosphorylation. It is
interesting to note that at low clitrate concentrations the rate and
extent of phosphorylation was increased by cAMP. As with the
endogenous cAMPiPrK phosphorylation by the endogenous cAMPAPrK was
accompanied by inactivation of ACC. Inactivation was the result of
a decrease in the amount of the polymeric form as Judged by the
decrease in the sedimentation coefficient from 48 S to 17 S. lent et
al (1978) met the criticism of Halestrap and Denton (1974) by demon-
strating that phosphorylation and depolymerization occurred in a

bicarbonate free medium.

Hardie and Cohen (19783a) studied the phosphorylation of pure
lactating rabbit mammary gland (lrmgACC). 1In the presence of ATP,
Mg2+ ard cAMP the ACC was phosphorylated to the extent of 1 mole of
phosphate/mole of ACC subunit. In the absence of cAMP or in the
presence of the inhibitor protein of cAMPAPrK, 0.3 moles of phosphate/
mole of ACC subunit was incorporated. These results indicated that
the ACC used by Hardie and Cohen (1978a) was contaminated by trace
amounts of a cAMPIPrK as well as by trace amounts of cAMPiPrK (termed
ACC kinase=2). In terms of rate of phosphorylation ACC was comparable
to other known substrates of cAMPAPrK, suggesting that this phosphory-

lation might be important in vivo.

Hardie and Cohen (1979) subsequently purified lrmgACC in the
presence of 50 mM NaF in order to prevent dephosphorylation by

protein phosphatases during purification. This preparation differed



from ACC prepared in the ahbsence of NaF in two respects. Firstly, the
specific activity was lower (1.2 U/mg as against 3.0 U/mg). Secondly
the phosphate content was higher (6.2 molecules of phosphate/subunit
as against 4.8 molecules of phosphate/subunit). Treatment of the ACC
prepared in the presence of NaF with protein phosphatase-l, a protein
phosphatase now known to have a broad substrate specificity (Cohen,
1982 ). removed 1 molecule of phosphate/subunit. This was accompanied
by an increase in the specific activity to a level similar to that of
ACC prepared in the absence of NaF. These results indicated that
purification of lrmgACC in the absence of NaF results in the loss of
a phosphate group the presence of which inactivates the enzyme. In
an attempt to identify the kinase responsible for the phosphate
removed by protein phosphatase - 1, Hardie and Guy (1980) incubated
the dephosphorylated form of ACC in the presence of ATP and Mg2+ and
in the presence or absence of cAMP. Neither cAMPAPrK nor ACC kinase-2
could reverse the activation caused by protein phosphatase-1. This
result suggests that a third protein kinase is involved in the phos-

phorylation of lrmgACC.

Haxdie and Guy (1980) also provided evidence that the phosphory-
lation system of rat mammary gland ACC may be different from that of
lrmgACC. Rat mammary gland ACC was phosphorylated to the extent of
2 moles of phosphate/mole of ACC subunit by exogenous cAMPIPrK with
concomitant inactivation. Addition of protein phosphatase~l reactiv-
ated the ACC in a reaction in which approximately 1 molecule of
phosPhate/subunit was removed. Thus, rat mammary gland ACC differs
from lrmgACC both in the stoich{&etry of phosphorylation by cAMPAPrK
and in the identity of the phosphate group removed by protein phospha-
tase-~l. Given that rat and rabbit mammary gland mammary ACCs have
different subunit Mys (Hardie and Guy, 1980), the differences in the

phosphorylation of the two enzymes is not surprising. It is



interesting to note that a similar situation occurs with liver
fructose 1,6 bisphosphatase where the rat, but not the rabbit enzyme

is a substrate for cAMPAPrK (Hosey and Marcas, 1931).

The results described above indicate that ACC can be phosphory-
lated and inactivated in vitro by protein kinases present in mammary
gland and liver. There is now evidence that such a mechanism
operates in yivo. Avruch et al (1978) observed that treatment of
adipocytes with adrenaline stimulated the incorporxation of 321’ into
a polypeptide with an M, of 220,000. Witters et al (1979a) observed
a similar phenomenon in isolated hepatocytes and using immunoprecipi-
tation identified the 220,000 My polypeptide as ACC. The glucagon
stimulated phosphorylation of rlACC was paralleled hy a decrease in
the activity of the enzyme. Brownsey et al (1979) subsequently
reported that ACC is rphosphorylated in adipocytes in response to

adrenaline.

By analogy with other enzymes which are phosphorylated in
response to glucagon and adrenaline it seems likely that the phos-
phorylation of ACC in response to these hormones is catalysed by
cAMPdPxK. The factors involved in the regulation of the various
cAMP independent kinases described by Hardie and Cohen (1978&),
Hardie and Guy (1980) and Caxrlson and Kim (1973) are not known.
Some more recent work on the phosphorylation of ACC is discussed

in Chapter 7.

Hormone dependent phosphorylation of ATP citrate lvase

Although the activity of ATPCL in liver, adipose and mammary

tissue varies in the long term in response to changes in the nutrit-
ional or developmental status of the animal, there is no evidence to

suggest that ATPCL activity is subject to short term regulation.



The amount of ATPCL activity found in lipogenic tissues is comparable
to those of ACC and FAS (see section 3, this chapter). It is not
inconceivable, therefore, that under some conditions the reaction
catalysed by ATPGL is rate limiting for fatty acid synthesis.
Recently there has heen a renewal of interest in the short term
regulation of ATPCL since it has been found that ATFCL becomes phos—

phorylated in vivo in response to insulin, glucagon and adrenaline.

The first indication that ATPCL contains covalently bound
phosphate came from Linn and Srere (1979). These workers found
covalently bound 32? in r1ATECL which had been purified from animals
which had been injected with -2Pi prior to being killed. This
phosphate was acid stable and base labile, and so was distinct from
the acid labile phosphate which becomes bound to ATPCL during catalysis.
Linn and Srere (1979) also showed that rat liver contained a phospha~
tase which was capable of removing the structural (acid stable)
phosphate. No difference in activity was found between the phosphory-
lated and dephosphorylated forms of ATECL. This is not altogether
surprising since protein phosphorylation unconnected with regulation
of activity is not unknown. There was no evidence to suggest that
the phosphorylation observed by Iinn and Srere (1979) was hormone

dependent.

The first demonstration of hormone dependent phosphorylation
came from studies of hormone action on intact cells. In studies
of the mechanism of action of insulin on isolated adipocytes,
Benjamin and Singer (1974, 1975) noted that this hormone stimulated
the incorporation of 32? into a polypeptide with an M, of 140000
(termed IPP - 140). Subsequent work revealed that insulin stimu-
lated the phosphorylation of a number of adipocyte polypeptides,

one of which, phosphopeptide - 2 (M. 128000), corresponded to
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IPP = 140. This effect of insulin was confirmed by Avruch and co=
workers (Avruch et al, 1976) who also reported that j3-adrenergic
agonists also stimulated the incorporation of 32P into a protein
corresponding to phosphopeptide - 2. In similar studies on hepato=
cytes, Alexander et al (1979) observed that both insulin and glucagon
stimulated the incorporation of 32'15’ into a 123000 M. polypeptide
(corresponding to phosphopeptide = 2). These workers purlfied this
thoaphoprotein to homogeneity and demonstrated a concomitant purific-
ation of ATPCL activity. 1In addition, the specific ATFCL activity

of the pure phosphopeptide was similar to that reported for pure ATFCL.
Shortly after this, Ramakrishna and Benjamin (1979) identified adipocyte
phosphopeptide - 2 as ATPCL, using a similar approach to that of
Alexander et al (1979). Using immunoprecipitation , Janski et al,
(1979) confirmed that glucagon stimulated the incorporation of 2y
into ATPCL, but found no change in the activity of the enzyme.

The results of these in vivo studies provided no insight into
the nature of the kinases catalysing the phosphorylation of ATPCL.
Furthermore, in view of the report (Alexander et al, 1979) that the
insulin and glucagon dependent phosphorylations were additive, it was

of interest to study the phosphorylation of ATPCL in vitro.

Guy et a2l (1980) purified ATPCL from rat mammary gland and
demonstrated that it could be phosphorylated in vitro by the catalytic
subunit of cAMPAPrK. A maximum of 2.8 moles of phosphate/mole of
ATPCL tetramer was incorporated. In a subsequent report (Guy et al,
1981) these workers showed that rat mammary gland ATPCL is also a
substrate for cGMP dependent protein kinase although the rate of
phosphorylation was only 1/40 th of that with cAMPAPrK. In addition,
the presence of a cAMPiPrK which phosphorylated ATPCL was also

reported.



Alexander et al (1981) studled the in yitro phosphorylation of
r1ATPCL. cAMPMPrK was found to phosphorylate ATPCL to the extent of
2 = 3 moles of phosphate/mole of ATPCL tetramer. Extracts of hepato-
cytes were also capable of catalysing the phosphorylation of ATPCL and
this was stimulated by prior treatment of the hepatocytes with glucagon.
No phosphorylatlion was observed in the presence of the inhibitor

protein of cAMPAPxX.

The results of Alexander et al (1981) suggested that the glucagon
stimulated phosphorylation of ATPCL was medlated by cAMP via cAMPAPrX.
In order to confirm that an enzyme is the substrate in vivo of a
hormone dependent protein kinase it is necessary to show that the site
phosphorylated by the kinase in vitro is identical to the site phos-
phorylated in vivo in response to the hormone. Alexander et al (1981)
initially reported that identical patterns of phosphopeptides were
obtained when samples of ATPCL which had been phosphorylated elther
in vitro, or in vivo in response to glucagon were subjected to limited
proteolysis followed by SDS-polyacrylamide gel electrophoresis.

Pierce gt al (1981) subsequently purified a phosphorylated octapeptide
following tryptic digestion of ATPCL which had been phosphorylated in
vitro by cAMPAPrK and reported the sequence:

Thr - Ala - Ser(P) = Phe =~ Ser - Glu - Ser = Arg
1 8
These workers also isolated a phosphopeptide from ATPCL which
had been phosphorylated in yivo in response to glucagon and showed that
the amino acid composition of the peptide was identical to that of the
octapeptide isolated from ATFCL which had been phosphorylated in vitro.

These resulte clearly show that the sites phosphorylated in vitro by

cAMMPrK and in vivo in response to glucagon both reside on the same



octapeptide. These results do not, however, show that both sites are
identical. Pierce et al (1981) did not sequence the phosphopeptide
isolated from the ATPCL which had heen phosphorylated in response to
glucagon., This must be done before the identity of both sites is
confirmed since it is possible that either Ser 5 or Ser 7 in the

octapeptide are the residues phosphorylated in vivo.

ATFCL is also a substrate for a cAMPiPrK. This was observed
by Guy et al (1981) and Ramakrishna and Benjamin (1981). The latter
workers subsequently purified this kinase(termed ATPCL kinase) and
showed that it was distinct from the cAMRIPrK present in rat liver.
The maximum amount of phosphate incorporated into ATPCL by ATFCL kinase
was 1.6 moles of phosphate/mole of ATRCL tetramer. In a later study
Ramakrishna et al (1981) compared the phosphorylation of ATPCL cata-
lysed by cAMRAPrK and ATPCL kinase. Each kinase phosphorylates ATFCL
to a similar extent (approximately 2 moles of phospha.te/mole of ATECL
tetramer), while a combination of both kinases results in an incorpor—
ation of 4 moles of phosphate/mole of ATPCL tetramer. This result is
interesting since it is known that the effects of insulin and glucagon
on the phosphorylation state of ATPCL are additive in vivo (Alexander
et al, 1979), and suggests that each kinase has a distinct phosphory-
lation site specificity. Limited proteolysis of the phosphorylated
ATPCL revealed that the site phosphorylated by cAMPAPrK was located
on a different peptide from the site phosphorylated by ATPCL kinase.
These authors also reported that acid hydrolysis of ATPCL which had
been phosphorylated by cAMPAPrK ylelded only one phosphoamino acid,
phosphoserine. In contrast acld hydrolysis of ATPCL which had been
phosphorylated by ATPCL kinase ylelded both phosphoserine and
vhosphothreonine.

The results described above show that it is almost certain



that cAMPAPrK is responsible for the glucagon stimulated phosphorylation
of ATECL. The identity of the kinase responsible for the insulin
stimulated phosphorylation is not known. The obvious candidate is
ATPCL kinase but this is by no means certain. Plerce et al (1981)
mention that the site of insulin stimulated phosphorylation is located
on the same tryptic peptide as the cAMPdPrK site. Ramakrishna et al
(1981) found that the cAMRIPrK and the ATFCL kinase sites were located
on different tryptic peptides, which suggests that the insulin stimu-
lated kinase and ATPCL kinase are not identical.

The evidence discussed above shows that ATPCL is phosphorylated
in vivo, and in vitro studies have gone some way in identifying the
protein kinases involved. It is not known, however, whether this
vhosphorylation has any physlological role. The activity of ATPCL
does not change after treatment of hepatocytes with glucagon (Janski
et al, 1979) or after in vitro phosphorylation by cAMPAPrK (Guy et al,
1981). The effects on ATPCL activity of either insulin treatment of
hepatocytes or phosphorylation by ATPCL kinase have not been reported.

A more detailed discussion on this point is given in Chapter 6.2.
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Section 4. Objectives

Mammals have three major lipogenic organs: liver, adipose tissue
and mammary gland. The major function of both adipose and mammary
tissue is the synthesis, storage and release of triglyceride. In
liver, however, there are a number of important metabolic pathways
reflecting the importance of this organ in maintaining homeostasis.
It is obvious that in order for liver metabolism to proceed
efficiently there must be integrated control of the various metabolic
processes. The opposing effects of glucagon on hepatic glycogen
synthesis and glycogenolysis is well known. More recently it has
been observedthat glucagon stimulates both lipolysis and ketogenesis
in liver : the glucagon dependent inhibition of fatty acid synthesis
was discussed in section 3 of this chapter. This raises the possi-
bility that in liver there is reciprocal control of a number of
anabolic and catabolic processes. The study of the regulation of
fatty acid synthesis in liver appeared more interesting and important

than its study in other tissues.

A considerable body of evidence indicates that in vivo hepatic
ACC is a substrate of cAMP3dPrK. However, the in vitro phosphory-
lation of pure liver ACC has not been reported. My initial
objectives were therefore to study the phosphorylation of pure
liver ACC using cAMP dependent and independent protein kinases.
During the course of the work the objectives were expanded to include

a study of rlATPCL.



Chapter 2

Materials and Methods
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Section 1 Materials

Chemicals

Ammonium sulphate (specially purified for enzyme woxk), dioxan,
ethoxyethylens, ethylenediaminetetraacetic acid (EDTA), glycinamide,
hydrogen peroxide, J-mercaptoethanol, naphthalene, o-nitrophcnyl-p
D~galactoside, potassium citrate, potassium dihydrogen orthophosphate
and triethanolamine were obtained from BDH Chemicals, Poole, Dorset,
U.K. 5,5' = dithiobis (nitrobenzoic acid) (DTNB), dithiothreitol
(DTT), morpholinosulphonic acid (MOPS) and tris (hydroxymethyl)
aminomethane (Tris) were supplied by Sigma (London) Chemical Co.,
Kingston-upon-Thames, Surrey, U.K. Dimethyl suberimidate dihydro=-
chloride was a kind gift of Dr. J.R. Coggins of this laboratory.

All other chemicals were obtained from BDH Chemicals or Fisons Scien=-
tific Apparatus, Loughborough, Lancs., U.K. and were of the highest
quality available. '

Electrophoresis components

Anmonium persulphate, acrylamide (electrophoresis grade),
N,N' - methylenebisacrylamide (electrophoresis grade), sodium dodecyl
sulphate (SDS) and N,N,N',N' - tetramethylenediamine (TEMED) were
obtained from BDH Chemicals.

Rediochemicals

Menosine 5' = (Y <*%P]-triphosphate ( [§ ~°F)- ATP), specific
activity > 5000 Gi/mmole, and sodium [mc}bicarbonate, specific
activity 0.1mCi /mmole, were obtained from Amersham International,
Amersham, Bucks, U.K.



Chromatographic materlals

Diethylaminoethyl cellulose (DE 52), (DEAE cellulose), carboxy-
methylcellulose (CM 52 ), and phosphocellulose (Pll) were products of
Whatman Biochemicals, Maldstone, U.K. Affigel-Blue and Bio-gel HPT
were obtained from Blo~Rad Laboratorles Lid., Watford, Herts, U.K.
Agarose=-hexane~-CoA was obtained from P-L Biochemicals Inc., Milwaukee,
U.S.A. Ultrogel A2 and Ultrogel AcAi4 were purchased from IKB
Instruments Ltd., South Croydon, Surrey, U.K. Sephadex G=25,
Sephadex G=50. Serhadex G-200, Sepharose CL=6B, Octyl Sepharose CL~4B
and Phenyl Sepharose CL-4B were obtained from Pharmacia (G.B.) Ltd.,
London, U.K. Proclion Red=-Sepharose 4B, prepared by dirsct coupling
of Procion Red HE-3B to Sepharose 4B, was a gift from Mr. D.W, Meek
of this laboratory.

Protease inhibitors

Antipain, Aprotinin, benzamidine-HCl, ILeupeptin, Iima Bean
Trypsin Inbibitor type II and phenylmethylsulphonyl fluoride (PMSF)
were obtained from Sigma (London) Chemical Co.

Biochemicals

Acetyl-coenzyme A (trilithium salt) (acetylCoA), acetyl phosphate
(potassium=-1lithium salt), adenosine-5'~diphosphate (monopotassium salt),
adenosine=-5'=triphosphate (disodium salt), Coenzyme A (trilithium salt),
B =nicotinamide-adenine dinucleotide, reduced (disodium salt), B -
nicotinamide~adenine dinucleotide phosphate (disodium salt), 3 -
nicotinamide-adenine dinucleotide phosphate, reduced (tetrasodium salt),
rhosphoenolpyruvate (monosodium salt) (PEP) and 3=-phosphoglycerate

(monosodium salt) were purchased from Boehringer Corp. (Iondon) Ltd.,

Lewes, Sussex, U.K. Haemooyanin and ferritin were obtained from

C.P. Laboratories, Biﬁhop's Stortford, Herts., U.K. Bovine serum



albunin (fraction V) (BSA), histone (type Ila) and malonyl-coenzymeA
(malonylCoA) were obtained from Sigma (London) Chemical Co.

Enzymes

P -galactosidase (E.C. 3.2.1.23), Hexokinase/Glucose-6-phosthate
dehydrogenase (E.C. 2.7.1.1./E.C.1.1.1.49), lactate dehydrogenase
(E.C. 1.1.1.27), malate dehydrogenase (E.G. 1.1.1.37), pyruvate
kinase (E.C. 2.7.1.40), and phosphoglycerate kinase (E.C. 2.7.2.3)
were purchased from Boehringer Corp. (Iondon). Phosphotransacetylase
(E.G. 2.1.3.8) was obtained from Sigma (London) Chemical Co.

Pyruvaete dehydrogenase (E.C. 1.2.4.1) and the 'arom' complex of
N. crassa were kind gifts from Dr. J.R. Coggins of this laboratory.
Phosphorylase kinase (E.C. 2.7.1.38) was a gift from Prof. P. Cohen,
University of Dundee. AcetylCoA carboxylase, cyclicAMP dependent
protein kinase, fatty acid synthase and glyceraldehyde-3=-phosphate
dehydrogenase were purified as described in section 2 of this
chapter.

Miscellaneous

Polyethylene glycol 6000 and Triton X-100 were obtained from
B.D.H. Chemicals, 2,-5~diphenyloxazole was purchased from Koch-Light
Laboratories Ltd., Colnbrook, U.K. Agarose and Coomassie Brilliant
Blue G=250 were obtained from Sigma (London) Chemical Co. Dialysis
tubing was obtained from the Scientific Instrument Centre ILtd.,
London, U.K. Millipore filters were obtained from Millipore S.A.,
67120 Molsheim, France.

Animals

Male and female Sprague-Dawley rats (180-200 g), obtained from

the departmental animal house, were used throughout this work. The



rats were normally starved for 24h then refed a fat-free diet for

48 h prior to being killed by cervical dislocation. In the initial
stages of this work the fat~free food was prepared in the laboratory
using components described in Halliburton (1966). In the latter
stages of the work commercial fat-free food was used and was obtained
from B.P. Nutrition (U.K.) Ltd., Stepfield, Essex, U.K.

Lactating New Zealand White rabbiis were obtained from the
departmental animal house and were killed by an intravenous injection

of Nembutal at 14 days post partum.

Sheep used to raise antibodlies against acetylCoA carboxylase
were kept at Glasgow University Veterinary Field Station, Cochno Farm,
Dumbartonshire. Injection of antigen and the bleeding of the sheep

were carried out by members of the Scottish Antibody Production Unit.

Iivers from newly slaughtered pigs and cattle were obtained from
a local abbatolr and transported to the laboratory on ice.
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Section 2 Methods
Routine methods

Glassware

All glassware was washed in a solution of Haemosol (Alfred Cox
(Surgical) Ltd., Coulsden, Surrey, U.K.), rinsed thoroughly with tap
water and finally with distilled water. The glassware was then dried
in a 60°% oven. Pipettes were soaked for at least 24 h in a solution
of Decon 75 (Decon laboratories Ltd., Hove, Sussex, U.K.) then rinsed
extenslvely with tap water in an automatic pipette washer. The
plpettes were rinsed several times with distilled water and then dried
in a heated pipette drier.

pH and conductivity measurements

All pH measurements were made on a Radiometer pH meter (type
PHM 26c) using a GK 2301 glass electrode. The meter was standardised
regularly using standard buffer solutions prepared with standard buffer
tablets. All conductivity measurements were made at 4 °C on a Radio-

meter CDM 2e conductivity meter.

Radioactivity measurement

Radioactivity was measured using an Intertechnique SL 4000
Iiquid Scintillation Spectrometer using extemal standardisation to
check that quenching did not vary between samples.

Spectrophotometry

All spectrophotometric measurements were made using a Unicam
SP 500 monochromator fitted with a Gilford 252 photometer, a Gilford
manual cuvette positioner type 2450 and a Gilford chart recorder.
Polyacrylamide gels were scanned using the above spectrophotometer

fitted with a Gilfoxrd 2520 gel scanner.



Centrifugation

All centrifugation at forces less than 40000 x g was carried
out on an MSE High Speed 18 centrifuge with either a 6 x 250ml rotor
or an 8 x 50m1' rotor. Centrifugation at forces greater than
40000 x g was carried out on an MSE Prepspin 50 ultracentrifuge using
a 6 x 100m1 or a 10 x 10ml aluminium angle rotor. Centrifugal forces

are quoted in g(ave) ignoring acceleration and deceleration times.

Micropipetting

Volumes less than 10 n1 were dispensed with an S.G.E. glass
syringe (Scientific Glass Engineering PIY Ltd, North Melbourne,
Australia). Volumes from 10 to 500 L1 were routinely dispensed with
either fixed volume Oxford pipettes (BCL Ltd., Lewes, Sussex, U.K.)
or variable volume Finnpipettes (Jencons Ltd., Hemel Hempstead,
Herts, U.K.). During kinetic studies on ATP citrate lyase volumes
from 10 to 50 u1 were dispensed using S.G.E. glass syringes.

Premgtion and storage of buffers

Stock solutions of 1M potassium phosphate, pH 7.0 were prepared
by dissolving 272.2g of KHpPO; in distilled water, adjusting to
PH 7.0 with 5N KOH and making up to a final volume of 2t. Stock
solutions of 1M Tris-HCl were prepared by dissolving Tris base
(121 g/1) in distilled water, adjusting to the required pH with 6N
HCl and making up to the required volume. A stock solution of 1M
triethanolamine base (TEA) was prepared by diluting 149 g of
triethanolamine to 1.0 | with distilled H,0.  Stock solutions were
stored at room temperature. Solutions buffered with TrisHCl and

potassium phosphate were prepared as required by diluting the stock
solutions with distilled Hy0, adding any other components (eg. EDTA,

DTT) and adjusting the pH if necessary. The dilute buffer solutions



were stored at QPG. Solutions buffered with MOPS were made up as
required by dissolving MOPS in distilled water, adding any other com-
ponents, and adjusting the pH with 5N KOH. MOPS buffers were stored
at 4°C. Solutions buffered with triethanolamine-HC1 (TEA-HCl) were
prepared as required by diluting 1M TEA with distilled H,0, adding

any other components and adjusting the pH with 6N HC1.

Preparation of chromatographic materials

DEAE cellulose: 200 g of DE 52 was suspended in 2L of 0.2M
potassium phosphate buffer, pH 7.0. Fines were removed by the method
described by the manufacturer and the suspension was brought to a
volume of 1.0l with 0.2 M potassium phosphate, 0.05% (w/v) Nal,,
pH 7.0, and stored at 4°C.

Phosphocelluloses 100 g of P11 was suspended in 1500 ml of
distilled water. The resin was allowed to settle and the supernatant
was decanted off. This was repeated several times to remove fines
and the resin was finally collected on a Buchner funnel. The resin
was resuspended in 750 ml of 0.5 N NaOH, stirred for exactly 5 min
then collected on a Buchner funnel and rinsed with 5 L of distilled
Hr0. This procedure was repeated using 1500 ml of 0.25 N HCL. The
P11 was finally resuspended in 1500 ml of 0.2 M potassium phosphate,
0.05% (w/v) NaN3, DH 7.0 and stored at 4°C.

Gel filtration media: Sephadex G=25 and Sephadex G-50 were
suspended in 0.05% (w/v) NaN3 and allowed to swell for at least 24 h
at 4°c. Sephadex G=200 was treated similarly but allowed to swell
for at least 3 days. Sepharose CI~4B, Ultrogel A2 and Ultrogel
AcAit are supplied preswollen: these were diluted with distilled
H20 before use. All gel filtration media were degassed on a water

pump before usme.



All other chromatographic media were treated according to the
manufacturers' recommendations before use. All materials were equi~
librated before use by pumping the required huffer through the poured
column. Equilibration was judged to be complete when both the pH and

conductivity of the effluent were identical to those of the buffer.

Polyacrylamide gel electrophoresis

Electrophoresis under non-~denaturing conditions was carried out
essentially by the method of Davis (1964). Stock solutions were

prepared as follows:

Tris-HC1/TEMED s 36.3 g Tris
0.23 ml TEMED
48 ml AN HC
H,0 to 100 ml

Acrylamide/Bis 30.0 g acrylamide
0.8 g N,N'-methylenebisacrylamide
(Bis)
H20 to 100 ml
Ammonium persulphate : 1.6 mg of ammonium persulphate/ml Hzo

Tris/Glycine Stock Solution 3+ 60 g Tris
288 g glycine
H,0 to 1l

The Tris~HC1/TEMED and acrylamide/Bis solutions were stored at
4°¢. Tris/glycine stock solution was stored at roonm temperature.

Ammonium persulphate solution was prepared immediately before use.

61



G2

The gel mixture was prepared by mixing the components in the
proportions given below. The ammonium persulphate solution was added

last.

Final percentage Tris-HC1/TEMED  Ammonium Acrylamide/bis H,0

of acrylamide (a1) per?ﬁighate (a1) (a2)
3 5 20 4.0 11.0
L 5 20 5.6 9.7
5 5 20 6.7 8.3
6 5 20 8.0 7.0
7 5 20 9.3 57

The gel mixture was poured into 0.5 cm x 10 cm glass tubes to a height
of 7 cm using a Pasteur pipette. The mixture was overlaid with

distilled water and allowed to set.

The electrophoresis buffer was 25~fold diluted Tris/glycine stock
solution made 0.1% (v/v) with P -mercaptoethanol. The gels were pre-
electrophoresed at 3mA/tube for 30 min at 4°C. 5 pul of tracking dye
(0.1%(w/v) bromophenol blue in 20% (v/v) glycerol) was layered onto
the surface of each gel and the current was switched on until the
dye had just penetrated the surface of the gel. Samples were applied
in 20% (v/v) glycerol in a volume of 10 - 40ul. Electrophoresis
was carried out at 4°C until the tracking due was less than 1 cm from
the bottom of the gel.

Gels were removed from the tubes by ‘rimming' with a syringe
needle and the position of the tracking dye was marked with a piece
of wire. The gels were then stained for either protein or enzyme

activity.
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Electrophoresis under denaturing conditions in the presence of
3SDS was carried out either by the method of Weber and Osborn (1969)
(Method A) or with the discontinuous system of Laemmli (1970)

(Method B).

Method A ¢+ the following stock solutions were prepared.

1M sodium phosphate buffer, pH 6.5 3 67.0 g NaHZPO4 . 2H20
219.6 g NazHPOQ . 12 H,0

1-120 to 1L

10% SDS : 10 g SDS

HZO to 100 ml

Acrylamide/Bis 1 30 g acrylamide
0 .8 g N,N'-methylenebisacrylamide

HZO to 100 ml.

The 1M sodium phosphate and 10% SDS were stored at room temper—
ature. Acrylamide/Bis was stored at 4°C. The gel mixture was

prepared by mixing the components in the proportions given below.

Final percentage 1M sodium Acryla- HZO 10% SDS TEMED Ammonium

of acrylamide phosphate mide/bis (ml) (m1)  (pl) gﬁ:igl-
(m1) (m1) (mg)
5 5 39.5  0.75 25 50
4 3.75 5 28.4  0.375 20 ko

5 3.0 5 21.7 0.3 15 30




Gels were poured as described above and allowed to set.
Priorto electrophoresis samples were dissolved in a buffer (denoted
NaPi sample buffer) consisting of :

0.5 ml 10% SDS

1.0 m1 glycerol

0.05 ml 1 M sodlum phosphate

0.1 ml 0,5% (w/v) bromophenol blue
nzo to 5ml

P> -mercaptoethanol was added to this buffer immediately before use
(10 Ml ,@-mercaptoethanol/z 50 m1 buffer). Samples were diluted
at least 2=-fold in this buffer and boiled for 2 - 5 min.

The electrophoresis buffer was

200 m1 1 M sodium phosphate, pH 6.5
20 ml 10% SDS
H20 to 2L

Samples, 20 = 100 ul, were layered on top of each gel and electro=-
phoresis was carried out at room temperature at a current of 7 mA/tube

until the tracking dye was less than 1 cm from the bottom of the gel.
Gels were removed as described above and stained for protein.

Method B : the following stock solutions were prepared.

1.5 Tris-HCl, pH 8.8 ¢+ 181.8 g Tris
pH to 8.8 with 6N HC1
K0 to 1L



0.5 M Tris-HCl, pH 6.8 : 60.6 g Tris
pH to 6.8 with 6N HC1

HZO to 1

10% Ammonium persulphate : 100 mg ammonium persulphate/ml HZO

Acrylamide/Bis, 10% SDS and Tris/glycine stock solution were prepared
as described above. Tris-HC1 solutions were stored at 4°C.

Ammonium persulphate was prepared immediately before use.

A 6% separating gel was prepared as follows:
Acrylamide/Bis 6 ml

1.5M Tris-HC1, pH 8.8 7.5 ml

10% SDS 0.3 ml

H,0 16.05 ml

10% Ammonium persulphate 0.15 ml

TEMED 0.01 ml

The gels were poured in 0.5 cm x 10 cm glass tubes to a height

of 7 cm, overlaid with water and allowed to set.

A 3% stacking gel was prepared:

Acrylamide/Bis 1.5 ml

0.5 M Tris=HC1, pH 6.8  3.75 ml
10% SDS 0.15 ml
HZO .45 ml
10% Ammonium persulphate 0.51 ml

TEMED 0.01 ml
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Once the separating gel had set the stacking gel was poured to

a height of 2 cm, overlaid with water and allowed to set.

Prior to electrophoresis samples were dissolved in a buffer

(denoted Laemmli sample buffer) consisting of:

10 ml 10% SDS
5.0m1 0.5% (w/v) Bromophenol Blue

10 m1 glycerol
65 ml H,0

Prior to use, 3 -mercaptoethanol was added to the sample buffer
(10}¢1/250,»1 of buffer) and samples (diluted at least 2-fold) were
boiled for 2-5 min. Samples (20-200 ul) were layered on top of the

gel.
The electrophoresis huffer Wass

200 m1 Tris/glycine stock solution
20 ml 108 SDS ‘
HZO to 21

Electrophoresis was carried out at room temperature. Samples were
run into the stacking gel at a current of 2 mA/tube until they had
*stacked', and then at 4 mA/tube until the tracking dye was less than
1 cm from the bottom of the gels. Gels were removed and stained
for protein.
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Fixipg and staining gels for protein

Protein bands on polyacrylamide gels were located using

Coomassie Brilliant Blue G=-250.

Staining solution: Methanol 51
Acetic acid 1l

H,0 L

10 g Coomassie Brilliant Blue G~250

Gels were immersed in 6 ml of this solution for 45 min at 40°C

then destained in 12 ml of a solution consisting of':

Methanol 1L

Acetic acid 14
H20 8L

The destaining solution was changed at least twice during the
first 12h. Destaining was complete after 2 days. The gels could

then be photographed or scanned at 600 nm.

SDS=-polyacrylamide gels were calibrated using proteins of known
subunit Mp. These included ¢ lrmgFAS, M. 250000 (Hardie and Cohen,
(1978b); myosin (heavy chain), M, 212000 Harrington and Kerr (1965);
N. crassa 'arom complex', M, 165000 (Lumsden and Coggins, 1977 );
phosphorylase kinase £ subunit, L 145000; phosphorylase kinase
subunit, M, 140000; phosphorylase kinase X subunit, M, 128000 (Cohen,
1973); E.coli p -galactosidase, M, 118000 (Fowler and Zabin, 1977);
pyruvate decarboxylase subunit of E.coll pyruvate dehydrogenase,

My 100000; dihydrolipoyl transacetylase subunit of E.coli pyruvate

dehydrogenase, M. 80000 (Brown and Perham, 1976); bovine serum
albumin, M, 68000 (Tanford et al, 1967); rabbit muscle GAFDH,

M,. 36000 (Harris and Waters, 1976). The positions of the marker
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proteins were located by scanning the gels at 600 nm after the gels
had been stained for protein and the Ry of each protein was calculated
(Rp = distance migrated by protein/distance migrated by bromophenol

blue). A calibration curve of log; M. against Ry was constructed.

Activity stain for ATP clitrate lyase

ATP citrate lyase was locafed after electrophoresis on non=-
denaturing polyacrylamide gels by the general method of Nimmo and
Nimmo (1982). 1In this method inorganic phosphate produced during
the hydrolysis of ATP is precipitated as calcium phosphate.

Immediately after electrophoresis the gels'wexe soaked for
20 min at 37°C in 100mM TEA=HC1, 30 mM j =-mercaptoethanol, pH 8.7
ATPCL activity was located by soaking the gels in a mixture containing
100 mM TEA=HC1, 200 uM CoA, 20 mM potassium citrate, 5 mM ATP, 40 mM
MgCly, 15 mM CaClz, 30 mM B =mercaptoethanol, pH 8.7.

The precipitate generally appeared after 30 min and reached a
maximum intensity after 3 = 4 h. Activity stained gels were stored
at 4°C in 200 mM triethanolamine (pH 10.5). Gels which had been

stained for activity could be photographed against a black background

or scanned at 600 ww,

Location of radioactivity on polyacrylamide gels

Gels which had been previously stained for protein or ATPCL
activity after electrophoresis of samples containing 32? were used.
Each gel was quickly frozen with powdered dry ice and cut into 1 mm
slices with a gel slicer. Slices were placed in scintillation vials
(2 slices/vial) and covered with 0.3 ml H,0,. The vials were
capped and incubated at 40°C overnight. The vials were allowed to

cool and 3 ml of scintillation fluid (4g 2;5-diphenyloxazole/l of



toluenes Triton x=100 231 v/v)was added. The vials were then
32P.

counted for

Protein estimation

Protein was estimated by the method of Bradford (1976) using

bovine serum albumin (Azég = 6.5) as standard. Protein reagent
was prepared:

100 mg Coomassie Brilliant Blue G=250 dissolved in 50 ml 95% ethanol
100 m1 85% (w/v) phosphoric acid

HZO to 1L

The reagent was filtered and stored at room temperature.
10 = 100 mg of protein in a volume of 100ul was added to 2.5 ml of
the protein reagent and mixed. The E595 was read in disposable
plastic cuvettes between 2 and 60 min later. The amount of protein/
sample was determined by reference to a standard curve of E595
against amount of bovine serum albumin (Figure 2.1). A new standard

curve was constructed for each set of assays.

The protein concentratlons of purified lrmgFAS and rlATPCL
solutions were determined using absorption coefficients for 1%
solutions of 10.0 (Hardie and Cohen, 1978b) and 11.4 (Singh et al,
1976) respectively.

Standardisation of solutions

ATP was assayed by the method of Lamprecht and Trautschold
(1963). Each cuvette contained, in a final volume of 1.0 ml, 100 mM
TrisHC1, pH 7.5, 20 mM glucose, 40 mM MgCl,, 0.3 mM NADP', 0.28 U
hexokinase, 0.14 U glucose-6-phosphate dehydrogenase and 0-50 uM ATP,
The reaction was started by the addition of ATP and the reduction

+ .
of NADP was monitored at 340 nm. The amount of ATP in the sample
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Figure 2.1.

Standard curve for Bradford (1976) protein assay
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(equal to the amount of NADPH produced) was calculated from the increase

in absorbance after the reaction had gone to completion.

CoA was assayed by the phosphotransacetylase end point method
(Biochemica Information volume 1, p 63, Boehringer). Each cuvette
contained, in final volume 3.0 ml, 93 mM Tris-HC1l, pH 7.6, 3.3 mM
acetyl phosphate, 10U phosphotransacetylase and 0‘50};M CoA. The
reaction was started by the addition of phosphotransacetylase and
allowed to go to completion. The formation of acetylCoA was monit-
ored at 233 nm and the amount of CoA in the sample calculated

(€ for acetylCoA = 4440 mol litre * cm—l).

233

Citrate was assayed using the standard ATPCL assay (Linn and

Srere, 1979) with a limiting amount of citrate present (O - 50 n moles).

Enzyme assays

cAMP dependent protein kinase was assayed by the method of

Witt and Roskoski (19?5) using histone type IIa as a substrate.
Each incubation contained, in a final volume of 80 m1l, 31 mM Tris-HCl
pH 7.5, 10 MM cAMP, 2 mg/ml histone type IIa, 2 mM MgC]2 and 0.2 mM

[X~32P]-ATP (specific activity 5 Ci/mole).  All components except
ATP and MgClz were incubated at 30°C for 5 min and the reactions were
started by the addition of ATP and MgCl,.  After 15 min at 30°C
50 pl samples were removed and placed on 2 om x 2 cm pieces of
phosphocellulose paper and the papers were dropped into a beaker
containing 1l of ice~cold water. When all of the assays had been

completed the papers were rinsed together 5 times with 1L tap
water, twice with 200 ml acetone and then dried with a hair-drier.
Each phosphocellulose square was placed in a scintillation vial

containing 10 ml of scintillation fluid and counted for 32P. The



scintillation fluid was composed of 30 g naphthalene, 4 g 2,5-diphen-

yloxazole, 300 ml ethoxyethylene, 300 ml dioxan, toluene to 1 L.

1 unit of cAMP dependent protein kinase is defined as the amount
of enzyme that catalyses the transfer of 1 picomole of phosphate from

ATP to histone type IIa/min at 30°C.

Fatty acid synthase was assayed by the method of Carey and
Dils (1970). Each cuvette contained in a final volume of 1.0 ml,
200 mM potassium phosphate pH 7.0, 1 mM P -mercaptoethanol, 1 mM EDTA,
0.1 mM NADPH, 0.1 mM acetylCoA and 0.2 mM malonylCoA. All components
except acetylCoA were preincubated at 37°C prior to assay. The back-
ground rate of NADFH oxidation was measured and the reaction was
started by the addition of acetylCoA. The oxidation of NADFH was
monitored at 340 nm.

1 unit of FAS is the amount of enzyme that utilises 1 umole of
malonylCoA/min at 37°C. This is equivalent to 2 mmoles of NADPH
oxidised/min.

J3 -Galactosidase was assayed by the method of Wallenfals et al,
(1959). EBach cuvette contained, in a final volume of 1.0 ml, 10 mM
Tris-acetate pH 7.5, 10 mM MgClz,lO mM }B-mercaptoethanol, 100 mM
NaCl and 1.5 mM ¢-nitrophenol- 3 ~D-galactoside. These components
were preincubated at 3?00 for 5 min and the reaction was then started
by the addition of [ -galactosidase. The production of o~nitrophenol
was monitored at 412 nm. }3 -galactosidase activity is quoted in
arbitrary units.

Pyruvate kinase was assayed by the method of Gutmann and Bernt
(1974). Each cuvette contained, in a fina) volume of 1.0 ml, 50 mM

TEA-HCI1 pH 7.2, 100 mM KC1, 20 mM MgSOy, 1 mM PEP, 2 mM ADP,

13
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0.2 mM NADH and 1.0 U lactate dehydrogenase. All components except
PEP were preincubated at 3700 for 5 min prior to assay. The reaction
was started by the addition of PEP. The oxidation of NADH was

monitored at 340 nm.

1 unit of pyruvate kinase is defined as the amount of enzyme

that catalyses the oxidation of 1 wmole of NADH/min at 37°C.

ATP citrate lyase was assayed routinely by the method of Linn
and Srere (1979). Bach cuvette contained, in a final volume of
1.0 ml, 100 mM Tris HC1l pH 8.7, 20 mM potassium citrate, 10 mM MgCLE.
0.2 mM NADH, 5 mM ATP, 0.2 mM CoA and 2 U malate dehydrogenase, All
components except the ATPCL sample were preincubated at 3?°C for 5 min.
The reaction was started by the addition of the sample. The oxidation
of NADH was followed at 340 nm. One unit of ATPCL is the amount of

enzyme that catalyses the formation of 1 umole of acetleoA/min at
37°c.
Three different methods were used to assay for ACC.

Method 1 : (Majerus et al, 1968). In this method the rate of
14c] -HCOS is

measured. Each incubation contained, in a final volume of 400 pl,

formation of [1ucj-malonylcoA from acetylCoA and (

100 mM Tris HC1 pH 7.5, 0.1 mM DTT, 20 mM Mgﬂlz, 20 mM sodium citrate,
0.75 mg/ml B S A, 20 mM [ lL*c]«r:a HCO, (specific activity 0.05 uCi/
rumole, 2.5 mM ATP and 0.15 mM acetylCoA. All components except
acetylCoA were preincubated at 3700 for at least 5 min prior to assay.
The reactlion was started by the addition of acetylCoA. After 2 min
the reaction was stopped by the addition of 100 ul of 5 N HCI. The
reaction mixture was evaporated to dryness under a stream of nitrogen
and the residue was then redissolved in 500 pl of distilled water.

This was placed in a scintillation vial containing 3 ml scintillation

fluid (4 g 2,5~diphenyloxazole/l of toluene : triton X-100 2:1) and
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counted for ~ 'C.

Method 2 s+ (Manning et al, 1976). The production of malonylCoA
is coupled to the oxidation of NADPH by FAS. Each assay contained,
in a final volume of 1.0 ml, 100 mM Tris-HCL pH 7.5, 20 mM MgCly
25 mM potassium citrate, 20 mM Na HCO3, 0.2 mM NADFH, 5 mM ATP,

0.75 mg/ml B S A, 0.5 U FAS and 0.2 mM acetylCoA. All components
except acetylCoA were preincubated at 37°G for 5 min prior to assay.
The reaction was started by the addition of acetylCoA.

Method 3 3 (modified from Nakanishi and Numa, 1974). The pro=
duction of ADP is coupled to the oxidation of NADH with pyruvate
kinase and lactate dehydrogenase. Each assay contained, in a final

volume of 1.0 ml, 100 mM Tris-HCL pH 7.5, 20 mM Mg012,25 mM sodium

3
1.0 mM PEP, 7 U pyruvate kinase, 7 U lactate dehydrogenase and 0.2 mM

citrate, 10 mM NaHCO,, 0.2 mM NADH, 5 mM ATP, 0.75 mg/ml B S A ,

acetylCoA. All components except acetylCoA were preincubated at
3?°C for 5 min prior to assay, the reaction being started by the

addition of acetylCoA.

One unit of ACC is the amount of enzyme that catalyses the

production of 1 pmole of malonyl CoA/min at 37°¢.

Enzyme purification

Rabbit muscle glyceraldehyde~3-phosphate dehydrogenase
(E.C. 1.2.1,12) was purified by the method of Sheek and Slater (1978).
The purification involved the preparation of & 10000 x g supernatant
from the homogenised tissue, ammonium sulphate fractionation and

chromatography on carboxymethyl cellulose. The purified enzyme gave

a single band on non-denaturing and SDS-polyacrylamide gels,
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The catalytic subunit of cAMP dependent protein kinase
(E.C. 2.7.1.37) was purified by the procedure of Sugden et al (1976)
as far as the second hydroxylapatite column. The catalytic subunit
prepared in this way was at least 50% pure as judged by SDS-polyacryl-
amide gel electrophoresis. The enzjme was stored at 4°C in 350 mM
potassium phosphate, 0.1 mM DTT, pH 6.8, The preparation was stable

for at least two months.

Lactating rabbit mammary gland acetylCoA carboxylase (E.C.6.4.1.2)
was purified by the method of Haxrdie and Cohen (1978a) except that the
second polyethylene glycol precipitation was omitted. The final
preparation was stored at 4°¢ in a buffer containing 100 mM potassium
phosphate, 25 mM potassium citrate, 1 mM EDTA, O.4 mM DTT, 1mM benzam=
idine-~HC1l, pH 7.0. The results of a typical purification are given
in Table 2.1. The specific activity of the final material was lower
than that reported by Hardie and Cohen (1978a). Analysis of the 3%
polyethylene glycol precipitate on SDS-polyacrylamlde gels revealed
only one protein staining band. No FAS activity could be detected
in the final preparation. A second polyethylene glycol precipitation
did not affect either the specific activity or the purity as judged

by SDS=polyacrylamide gel electrophoresis.

lLactating rabbit mammary gland fatty acid synthase was purified
essentially by the method of Hardie and Cohen (1978b) from the 3%
polyethylene glycol supernatant obtained during the purification of
ACC., The gel filtration step and second ammonium sulphate precipit-
ation were omitted. The purified enzyme was stored in 0.5 ml aliquots
at =20°C in a buffer containing 250 mM potassium phosphate, lmM EDTA,
0.1 mM DTT, 1 mM benzamidine=HC1l, pH 7.0. The results of a typlcal
purification are given in Table 2.2. The enzyme was pure as judged

by the criteria of a single band on both non-denaturing (Fig.5.5) and
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SDS=polyacrylamide gel electrophoresis. The specific actlvity of the
purified FAS was slightly higher than that obtained by Hardie and

Cohen (1978b), although the overall yield was somewhat less.

Immunological technigues

Antibodies to purified 1lrmgACC were raised in sheep. Purified
lrmgACC (0.04 mg/ml) was dialysed extensively against 20 mM potassium
phosphate, 0.15 M NaCl, pH 7.0. 2,5 ml of this solution was diluted
2=f0ld with Freunds complete adjuvant and an emulsion was prepared
by sonication. TWwo sheep were used. 2.5 ml of the lrmgACC/adjuvant
emulsion was injected intramuscularly into each animal. This pro=-
cedure was repeated 4 weeks later using Freunds incomplete adjuvant.
Two weeks later, i.e. 6 weeks after the initial injection, both sheep

were bled. The plasma was stored frozen.

Analysis of the plasma obtained indicated that only one sheep
had produced antibodies to lrmgACC. The antibody fraction from this
plasma was partially purified by the method of Cohen et al (1976).

20 ml of the plasma was brought to 45% saturation with ammonium

sulphate and stirred for 15 min at 4°¢ and the precipitate was collected

by centrifugation at 20000 x g for 15 min. The pellet was dissolved
in 7 ml of buffer A (see above) and dialysed against 2L of this
buffer overnight at 4°C. The dialysate was then brought to 35%
saturation with ammonium sulphate and stirred at 4°c for 15 min and
the precipitate was harvested as before. The pellet was dissolved in
5 ml of buffer A. Following clarification by brief centrifugation
the 35% ammonium sulphate pellet was applied to a column of Sephadex
G=200 equilibrated in buffer A. The column was developed with
Buffer A at a flow rate of 5 ml/h. Fractions from the large peak of

material which absorbed at 280 nm were pooled and concentrated by
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ammonium sulphate precipitation. The antlbody solution was stored in

buffer A at 4°C.

Immunodiffusion was carried out by the method of Ouchterlony
(1953). Glass microscope slides were covered with 1% (w/v) agarose
containing 20 mM Tris-HC1, 0.15 M NaCl, 0.1% (w/v) NaN,, pH 7.5. Once
the agarose had set, rosettes (one centre well surrounded by six
peripheral wells) were cut using a punch. Samples were loaded using
an S8.G.E. glass syringe and the slides were incubated overnight at
room temperature in a plastic box lined with a moist paper towel.

Precipitin bands were visible after 16 h.

Antibody~-antigen complexes were analysed oﬁ Weber and Osborn
(1969) type gels as described by Cohen et al (1976). The protein
solution under analysis was diluted to 10 - 12 mg/ml with 20 mM
potassium phosphate, pH 7.0, then diluted 2-fold with 3 M NaCl

2% (v/v) Triton x~100. Any turbidity was removed by centrifugation

at 12000 xg in an Eppendoxf bench centrifuge. 200 ml of the clarified

protein solution was added to 200 ul of antibody solution and mixed
carefully. After standing for 1 h on ice the precipitate was
collected by centrifugation for 2 min at 12000 x g in a bench centri-
fuge. The pellet was redissolved in 200 1 NaPi sample buffer,
boiled for 5 min and analysed by SDS=-polyacrylamide gel electrophor=-

esis.

Density gradient centrifugation

Centrifugation through sucrose gradients was performed by the
method of Martin and Ames (1961). Gradients from 5% to 20% sucrose,
in the required buffer, were poured in 14 ml tubes (total volume of
gradient 13.5 ml). 0.5 ml of enzyme solution, which had been

dialysed into the required buffer, was carefully layered on top of
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the sucrose. Samples were centrifuged for 16 h at 25000 rpm in

an M.S.E. 6 x 14ml titanium swing~out rotor. After centrifugation
the contents of the tubes were harvested by displacement with 40%
sucrose containing 0.5% (w/v) bromophenol blue. Fractions (10 drops/

fraction) were collected and assayed for enzyme activity.

Cross=linking of proteins

Glyceraldehyde=3-phosphate dehydrogenase (GAPDH) was cross-—
linked with dimethyl suberimidate for use as a molecular weight marker
on SDS-=polyacrylamide gels. Prior to cross-linking, the enzyme was
dialysed into 100 mM TEA-HC1l, 0.1 mM DIT, pH 8.0. A solution of
50 mM dimethyl suberimidate was prepared by first mixing equal volumes
of 0.200 N NaOH and 500 mM TEA~HCl, pH 8.0. The dimethyl suber—
imidate was dissolved in this and used immediately. The final con=-
ditions were 10 mM dimethyl suberimidate, 50 mM TEA-HC1l, 1 mg/ml
GAPDH, 20 mM NaCl, pH 8.0. The reaction was allowed to proceed for
2 h at room temperature whereupon the incubation mixture was diluted
2=f0ld with either NaPi or Laemmli sample buffer and boiled for 5 min.

The denatured, cross-linked GAPDH was stored at 4°C.

ATP citrate lyase was cross-linked with dimethyl suberimidate.
Prior to cross-linking, 150 m1 of ATPCL was dialysed into 100 mM
TEA-HC1, 15 mM B -mercaptoethanol, pH 8.0. The protein concentration
after dialysis was 1.6 mg/ml. A 10 mM solution of dimethyl suberim-
idate was prepared by mixing equal volumes of 500 mM TEA-HC1 pH 8.0
and 0.040 N NaOH. The dimethyl suberimidate was dissolved in this
and used immediately; Each incubation contained, in a volume of
50 ul, 50 mM TEA-HC1, 2 mM dimethyl suberimidate, 4 mM NaCl, 1 mg/ml
ATPCL, pH 8.0; The reactions were carried out at room temperature

and stopped at various times by the addition of 10 u1 of 1.0 M



82

glycinamide, pH 8.0.

32

Incorporation of “~P into protein

The incorporation of 32P into protein was measured by the method
of Nimmo et al {1976). The exact conditions of the reaction and times

of removal of samples are.given in Chapter 4.4 and Chapter 6.1.

Reactions were stopped by removing samples to 1 ml Eppendorf
centrifuge tubes containing 10 pl of 10 mg/ml B S A and adding 1 ml
portions of 5% (w/v) trichloracetic acid. The tubes were kept on ice
for 10 min, then centrifuged for 2 min in an Eppendorf 5412 bench
centrifuge and the supernatants were discarded. The pellets were
dissolved in 0.5 ml portions of 0.1 N NaOH and then reprecipitated
with 0.5 m1 10% (w/v) trichloracetic acid. After standing on ice
for a further 10 min the tubes were centrifuged for 2 min and the
supernatants were discarded. Each pellet was rinsed with 1 ml of
(w/v) trichloracetic acid and then dissolved in 100 pl of 90% (v/v)
formic acid. The dissolved pellets were placed in scintillation
vials containing 2 ml of scintillation fluid (4 g 2,5 - diphenyl~-
oxazole/litre of toluene : Triton x=100 2:1 (v/v)) and counted for

2p

Kinetic studles on ATP citrate lyase

In the kinetic studies on ATPCL described in Chapter 5.2,
initial veloclity measurements were made using either a malate dehydro-
genase coupled assay (Method a) or a pyruvate kinase/lactate dehydro-

genase coupled assay (Method b).

Method a : each cuvette contained, in a final volumw of 1.0 ml,
50 mM morpholinosulphonic acid (MOPS-NaOH), 0.25 M XCl, 15 mM

/3 -mercaptoethanol, 0.05 mM NADH, 2.5 U malate dehydrogenase



0.424 mM free Mgz+, pH 7.0. The concentrations of MgATP, CoA and

Mg=citrate used are given in figure legends.

Method b 1 each cuvette contained, in a final volume of 1.0 ml,
50 mM MOPS=NaOH, 0.25 M KCl1, 15 mM B-mercaptoethanol, 0.05 mM NADH,
1.0 mM phosphoenolpyruvate, 7 U pyruvate kinase, 7 U lactate dehydro-
genase, 0.424 mM free Mgz+ pH 7.0. The concentrations of MgATP,

Mg~citrate and CoA used are given in the appropriate figure legends.

The total amounts of ATP, potassium citrate and magnesium
acetate required to give a free m2+ concentration of 0.424 mM and the
required concentrations of MgATP and Mg~citrate were determined from

the relationships

Total MgZ' = 0.424 mM + 0.867 [Total ATP| + 0.5 [Total potassium

citrate J
where 0.867 [Tota.l ATP] - [MgATP]
and 0.5 [ Total potassium citrate] ™ [Mg-citra.te]
[ Mgwcitrate]

The above relatlionship was derived using the dissociation
constants of 0.065 mM for MgATP and O0.424 mM for Mg-citrate quoted in
Plowman and Cleland (1967). 1In this way it was possible to vary both
[ Mg-citrate] and [MgATP] from assay to assay and to keep the free
Mgz+ concentration constant at 0.424 mM.

During the kinetic studies on ATFCL assays were performed at
37°C with the chart recorder set to give a full scale deflection of
0.025 absorbance units. This full scale deflection corresponds to
an NADH concentration of ai)proximately 4 M. The lowest substrate

concentration used in the experiments was 2 pM.



All solutions used in the kinetic studies were filtered through
Millipore filters (0.22 p-m pore size) prior to being used. This
filtration was necessary to remove dust particles which contribute
significantly to the background ‘noise'’ when the spectrophotometer is
operated at such high sensitivity.

The results of the kinetic studies are reported as double
recipmbcal plots., 1In these studies assays were normally performed
in duplicate although iIn some cases, especially at low substrate
concentrations, assays were performed in triplicate. In some
instances only one datum point is shown indicating that the measured
initial velocities were identical in each of the duplicate assays.

B4



Chapter 13

Studies on acetylCoA carboxylase from plg liver

and lactating rabbit mammary gland.
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Section 1. Studies on pig liver acetylCoA carboxylase

The strategy adopted in attempting to purify pig liver ACC
(p1ACC) was to follow the initial stages of well established proced-
ures for the purification of rlACC. The two most frequently cited
procedures were those of Inoue and Lowenstein (1972) and Nakanishi

and Numa (1970).

1 initially prepared fractions from pig liver and attempted to
detect ACC activity in these. A 90000 x g supernatant was prepared
by the method of Inoue and Lowenstein (1972). 200 g of fresh pig
liver was homogenised in 400 ml of a buffer containing 5 mM Tris-HCI,
20 mM sodium citrate, 0.5 mM EDTA, 5 mM [B-mercaptoethanol, pH 7.5.
The homogenate was centrifuged for 15 min at 20000 x g. The result-
ing supernatant was then centrifuged for 45 min at 90000x g and the
supernatant was retained. ACC from rat liver requires activation in
the presence of citrate and reduclng agents before maximum activity
is expressed (Inoue and Lowenstein, 1972). I therefore attempted
to activate the ACC by incubation in the presence of citrate. Prior
to incubation a 5 ml sample of the 90000 x g supernatant was gel
filtered into 20 mM Tris~HC1l, 1 mM DTT, pH 7.5 on Sephadex G=25
(2.2 cm x 30 cm) to remove any low M, substances which might inhibit

the enzyme.

'Citrate activated' 90000 x g supernatant was prepared by
incubating 0.5 ml of the gel filtered material in 50 mM Tris-HC1,
20 mM sodium citrate, 20 mM MgCl,, 1 mM DTT, 0.5 mg/ml BSA, pH 7.5
(final volume 1 ml) at 37°C for 30 min.  ACC activity was assayed
by the bicarbonate fixation assay of Majerus et al (1968). No

activity could be detected in the 90000 x g supernatant before or

after gel I'iltration or after ‘citrate activation®'. Although no
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activity could be found in the 90000 x g supernatant, or fractions
derived from it, a 0 - 30% ammonium sulphate precipitation was carried
out on it (Nakanishi and Numa, 1970). Inoue and Lowenstein (1972)
state that such fractionation reduces the requirement of rlACC for
citrate activation. The 0 = 30% ammonium sulphate precipitate was
prepared by adding solid (Nuu)zsou to the 90000 x g supernatant

(175 g/ ), stirring for 15 min and collecting the precipitate by
centrifugation at 20000 x g for 15 min. The pellet was redissoclved
in 20 mM potassium phosphate, 1 mM EDTA, 5 mM fS-mercaptoethanol,

pH 7.0. The ammonium sulphate precipitate was gel filtered on
Sephadex G-25 M and activated by citrate as described above for the
90000 x g supernatant, but again no ACC activity could be detected.
No ACC actlvity was detected at any of the above stages on the first
three occasions on which this experiment was carried out. On a
fourth occasion (see below) a small amount of activity (0.004 U/mg)

was detected in the ammonium sulphate precipitate.

In order to show that the bicarbonate fixation assay was
capable of detecting ACC, the linearity of the assay with respect
to time and enzyme concentration was checked using extracts from
rat liver. The level of ACC activity detected in samples of
'‘citrate activated' 90000 x g supernatants prepared from fed rat
liver was 0.15 U/g liver (wet weight). This is rather low compared
with the amount of activity quoted by Inoue and Lowenstein (1972) s
2.5 U/g liver (wet weight). It was possible, therefore, that the
level of ACC activity was being underestimated. In my hands the
assay method of Majerus et al (1968) was not straightforward, the
problem being the evaporation to dryness of the samples once the
reaction had been stopped. Drying the samples under a stream of

air or nitrogen was very slow unless the samples were heated. Ir
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the samples were heated, the residue tended to turn a yellow/brown
colour indicating, perhaps, that the samples wexre charring. This

could have resulted in colour quenching.

By this time a method for the purification of large amounts of
1rmgACC and lrmgFAS had been reported (Hardie and Cohen, 1978a,b).
It was possible, therefore, to measure the activity of pure lrmgACC
using the method of Majerus et al (1968) and compare it with the
activity measured by the method of Manning et al (1976) in which the
production of malonylCoA is coupled to the oxidation of NADFPH using
FAS. Figure 3.1 indicates that the bicarbonate fixation assay is
linear for up to 4 min. Figure 3.2 shows that the rate of incorpor-
ation of blicarbonate into malonylCoA is proportional to the amount of
enzyme added. The activity of one sample of lrmgACC measured by the
method of Majerus et al (1968) was 10.5 U/ml while the method of
Manning et al (1976) gave a value of 9.7 U/ml. The two assay methods

clearly gave comparable results.

The procedure described above i.e. the preparation of a
90000 x g supernatant and O = 30% ammonium sulphate precipitate from
pig liver was repeated using the assay of Manning et al (1976).
Again, no activity could be detected in any fraction with or without
‘citrate activation'. Continuation of the purification through the
DEAE cellulose step described by Nakanishi and Numa (1970) which is

reported to obviate ‘citrate activation', revealed no ACC activity.

Two attempts were made to purify plACC using the procedure for
the purification of lrmgACC (see Chapter 2.2.). The procedure was
followed up to and including the polyethylene glycol step. RNo

activity was detected using the FAS coupled assay.

These results raised the question of the limits of sensitivity
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Figure 3.1. Time course of [luc] - bicarbonate

fixation assay

Lactating rabbit mammary gland acetylCoA carboxylase (30 mg/ml)
was diluted 4-fold. 10 1l samples were assayed using Method 1
described in Chapter 2.2 except that the reactions were stopped at

the times indicated. ( e ), ACC activity.
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Figure 3.2. Dependence of rate of production of malonylCoA

upon the amount of acetylCoA carboxylase added.

lactating rabbit mammary gland acetylCoA carboxylase (30 mg/ml)
was diluted 4-fold. Samples were assayed by Method 1 described in

Chapter 2.2 for 3 min.
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of the assays used. For most assays coupled to the oxidation of
NADPH one would expect to be able to detect activities of 0.0l U/ml
or lower. The 1limit of sensitivity of the bicarbonate fixation assay
is 0.05 U/ml or lower. I therefore concluded that essentially no

ACC activity could be detected in extracts of pig liver.

These results suggested that either there was no ACC protein in
pig liver or ﬁhe enzyme was present in an inactive form. One could
envisage that there might be allosteric inhibitors, such as fatty
acylCoA thioesters, vexry tightly bound to the enzyme, or that an active
ACC kinase was present in the fractions to be assayed. Since the
assay necessarily includes ATP and Mgz+ ions such as kinase could
inactivate the ACC very rapidly in the assay. I sought to resolve
this problem by using antibodies raised against purified 1lrmgACC to

assay for ACC protein in pig liver extracts.

Immunological studies

Antibodies against pure 1lrmgACC were raised in sheep as described
in Chapter 2.2. When analysed by Ouchterlony double diffusion the
antibody preparation gave rise to a single precipitin line against
lrmgACC, indicating that the antibody was specific for only one
antigen. No precipitin line was produced when control serum was used.
It was possible that the lrmgACC was contaminated with trace amounts
of FAS and that the antibody had been raised against this. Ouchterlony
double diffusion of the antibody agalnst lrmgFAS did not result in the
formation of a precipitin line. The antibody preparation was there-
fore specific for ACC. The nature of the antigen-antibody complex
was also analysed on SDS~polyacrylamide gels by the method of Cohen
et al (1976). This method has an advantage over Ouchterlony double
diffusion. If the subunit Mr of the protein of interest is known,

analysis of the antigen-antibody precipitate on SDS~polyacrylamide
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gels can confirm that the antibodies have not been raised against

some impurity in the antigen preparation.

Figure 3.3 shows the results of an experiment where a sample of
the anti-ACC fraction was incubated with pure lrmgACC as described
in Chapter 2.2. No precipitate formed when ACC was replaced with
1lrmgFAS or when the anti-ACC was incubated with buffer. In both of
these cases no protein was visible on the polyacrylamide gels when
the contents of the incubation vials were analysed as if a precipitate
had been formed. This indicated that there was no caxry over of
unprecipitated protein. The results displayed in Figure 3.3 show
that the antivody precipitates a protein with a subunit Mr of
250000. Assuming that ACC and FAS are the only two proteins in
mammalian tissues which have subunit Mrs of 250000, this result
indicates that the antibody 1is specific for ACC since FAS is not
precipitated by the antibody. Gel 3 (Fig. 3.3) shows a doublet
perhaps indicating that partial proteolysis of the ACC occurred during

the precipitation with antibody.

I then analysed a fresh pig liver extract for ACC activity and
for ACC protein immunologically. A 105000 x g supernatant and a
0 = 35% ammonium sulphate precipitate were prepared using the
procedure described for the purification of lrmgACC.  ACC activity
was detected in the pig llver extracts used in this experiment.
Table 3.1 compares the ACC activity measured in the 105000 x g
supernatant with that reported by Inoue and Lowenstein (1972).
There is at least 10 = fold less activity in pig liver than in

rat liver.

A sample of the O - 35% ammonium sulphate precipitate was

incubated with anti-ACC antibody as described in Chapter 2.2 and the
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Figure 3.3 Analysis of precipitate from anti-acetylCoA
carboxylase/lactating rabbit mammary gland

acetylCoA carboxylase incubation.

SDS-polyacrylamide gel electrophoresis on 4% polyacrylamide
gels was performed by the method of Weber and Osborn (1969).  The
samples analysed were: (1), 30 mg anti-acetylCoA carboxylase;

(2), 4 mg pure lactating rabbit mammary gland acetylCoA carboxylase;

(3), precipitate formed using 600 pmg lrmgACC and 60 mg anti-acetylCo:

carboxylase.






Table 3.1 Comparison of acetylCoA carboxylase activity

in pig and rat liver.

Pig liver Rat liver
Specific activity (U/mg ) 0. 004 0.03
Enzyme activity ({ per
0.14 2.5

gram of liver wet weight)

Data refer to a 105000 x g supernatant prepared from pig
liver (this work) and a 90000 x g supernatant prepared from rat

liver (Inoue and lowenstein, 1972).



resulting precipitate was analysed by SDS~polyacrylamide gel electro-
phoresis (Fig. 3.4). On this occasion there was considerable carry-
over of the liver proteins which were not precipitated : all of the
proteins visible on gel2 are also visible on gel 3. Thus, it is
impossible to say whether any ACC was precipitated by the antibody.
This problem could have been overcome either by using Ouchterlony

double diffusion analysis or by using Staphylococcus aureus membranes

to precipitate the antigen-antibody complex (Kessler, 1975) and hence
isolate pure antigen. However, because only low levels of ACC
activity were present in pig liver I did not consider it worthwhile

to perform these experiments.

The work described above indicates that pig liver contains very
little ACC activity. It is tempting to speculate that this was due
to the dietary status of the animals. One disadvantage in using
pig liver as a source of ACC was that the animals® dlet could not be
manipulated to induce a high enzyme level. Another disadvantage
was that pigs were not suitable animals in which to manipulate hormone
levels when studying the hormone dependent regulation of enzyme
activity. In view of this it was decided to study ACC from rat liver

rather than pig liver.
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Figure 3.4. Analysis of precipitate from anti-acetylCoA carboxylas

plg liver extract incubation.

sDS~polyacrylamide gel electrophoresis on 4% polyacrylamide ge:
was performed by the method of Weber and Osborn (1969). The sample
analysed were: (1) 30 ug anti-acetylCoA carboxylase; (2) 17pe
0 - 35% ammonium sulphate precipitate (see text); (3) precipitate i
anti~acetylCoA carboxylase / 0 = 35% ammonium sulphate precipitate
incubation, (formed using 600 pg anti-acetylCoA~carboxylase and

850 pg of 0 ~35% ammonium sulphate precipitate).
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Section 2. Experiments on lactating rabbit mammary gland acetylCoA

carboxylase and fatty acid synthase

I studied the behaviour of lrmgACC on a variety of chromato-
graphic media in the hope that the information gained would enable
a purification scheme for r1ACC to be devised. In the course of the
work on T1ACC it became desirable to find a method which would separate
ACC from FAS. The behaviour of FAS on various chromatographic media

was therefore studied.

Ton=-exc e chromatogra

The procedure used to purify lrmgFAS indicates that FAS will
bind to DEAE cellulose at pH 7.0 and can be eluted with 125 mM
potassium phosphate. The binding of lrmgACC to DEAE cellulose was
therefore studied to determine whether this might provide a separation

of ACC and FAS.

A1l buffers used contained 1 mM EDTA and 15 mM 3 -mercaptoethanol
and were adjusted to pH 7.0 before use. lrmgACC and FAS were
partially purified from one rabbit as described in Chapter 2.2. as
far as the 0 - 35% ammonium sulphate precipitation. The precipitate
was then gel filtered into 10 mM potassium phosphate on Sephadex
G=25 M (2.2 cm x 30 cm). The gel filtered material which contained
ACC and FAS activity was then applied to a column of DEAE cellulose
(4.4 cm x 9.0 cm) equilibrated in the above buffer. The column was

washed with the equilibration buffer until the E of emerging

280
fractions was less than 0,05. The column was then washed with 50 mM

potassium phosphate followed by 125 mM potassium phosphate. The
elution of enzyme activity is shown in Pigure 3.5. Both ACC and
FAS activity bound to the DEAE cellulose and both were eluted by the

125 mM potassium phosphate wash.
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Figure 3.5. Chromatography of lactating rabbit mammary gland
acetylCoA carboxylase and fatty acid synthase on

DEAE cellulose.

Lactating rabbit mammary gland ACC and FAS were partially
purified as described in the text. 93 U of ACC and 150 U of FAS
were applied to the column at a flow rate of 11.7 ml/h. 11.8 ml
fractions were collected and monitored for absorbance at 280 nm
280 nm ( x ), ACC activity ( e ) and FAS activity ( o ).

(A) indicates start of 50 mM potassium phosphate wash, (B) indicates

start of 125 mM potassium phosphate wash.
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This experiment indicated conditions under which ACC would bind
to DEAE cellulose. In a similar experiment (not shown) the 0 - 35%
precipitate was applied to the DEAE cellulose in 20 mM potassium
phosphate. The separation of ACC from FAS was attempted by develop~
ing the column with a linear gradient from 20 mM - 200 mM potassium
phosphate. No separation of the two activities was achieved, the

elution profile being similar to that of Fig. 3.5.

The procedures for the purification of r1ACC described by
Nakanishi and Numa (1970) and Inoue and Lowenstein (1972) used
fractionation on calcium phosphate. I wanted to determine whether
phosphocellulose could replace calcium phosphate as it was felt that
chromatography on the latter medium could lead to proteolysis of ACC

through the activation of Ca?+ ion dependent proteases.

Two experiments where lrmgACC was chromatographed on phosph-
cellulose are reported here. In each experiment a 0.9 ¢m x 2.5 cm
column of phosphocellulose was equilibrated with 20 mM potassium
phosphate and lrmgACC which had been previously dialysed into this
buffer was applied to the phosphocellulose. The column was then

washed with 10 column volumes of the equilibration buffer followed by

10 column volumes each of the buffers indicated in Fig. 3.6. Phospho~

cellulose did not resemble calcium phosphate in that ACC activity
could not be eluted with 200 mM potassium phosphate. The ACGC act-

ivity was eluted from the column with 100 mM potassium phosphate,
0.5 M NaCl.

A second experiment was performed to determine whether there
was a more specific way of eluting ACC from phosphocellulose. The
colum was equilibrated and lrmgACC was applied as described above.

Elution of ACC activity was then attempted by washing the column with

104
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Figure 3.6. Chromatography of lactating rabbit mammary gland

acetylCoA carboxylase on phosphocellulose (1).

0.9 U of acetylCoA carboxylase was applied to the column at
the point indicated by S. The arrows indicate the points at which
the column was washed with the following: A, 100 mM potassium
phosphate; B, 200 mM potassium phosphate; C, 100 mM potassium

phosphate, 0.5 Nacl. ( e ), ACC activity.
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the buffers described in Fig. 3.7. Two of the substrates of ACO,

ATP and acetylCoA, falled to elute the enzyme. Similarly, citrate,
which is known to induce a conformational change inACC failed to elute
ACC activity. ACC was eluted from the column using a gradient from
0.1 - 0.5 M NaCl. The recovery of ACC was 45%. The enzyme did not
elute from the column in a sharp peak and I concluded that there would

be no advantage in using gradient elution in the rat liver purification.

Dye-ligand chromatography

Since two of the substrates of ACC contain adenyl groups I invest-
igated the use of dye-ligand chromatography (Thompson et al, 1975).
A 0.9 cm x 3.5 cm column of Cibacron Blue-Sepharose equilibrated in
50 mM potassium phosphate was used. 0.3 U (1 mg) of pure lrmgACC
vwhich had been dialysed overnmight into the equilibration buffer and
then diluted 100-fold with it to a volume of 10.0 ml was applied to
the column. No ACC activity bound to the column (Figure 3.8(a));
the recovery of ACC activity was 108%. The experiment was repeated
using 10 mM potassium phosphate, Once again ACC did not bind. On
the basis of experience with other proteins in this laboratory it is
unlikely that this lack of binding was due to the column bheing over-

loaded.

I studied the behaviour of 1lrmgFAS on Cibacron Blue-Sepharose
to investigate whether this could be used as a negative step in the
purification of rlACC. A 1.4 cm x 4.0 cm column of Cibacron Blue-
Sepharose equilibrated in 10 mM potassium phosphate wés used. 55 U
(25 mg) of pure lrmgFAS was diluted 10~fold with this buffer to a
volume of 10.0 ml and applied to the column. As wlth ACC, FAS

activity did not bind (Figure 3.8 (b)). The recovery of FAS activity

in fractions 5 - 12 was 89%.
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Figure 3.7. Chromatography of lactating rabbit mammary gland

acetylCoA carboxylase on phosphocellulose (2)

0.45 U of lrmgACC was applied to the column as described in
the text. The arrows indicate the points at which the column was
washed with the following solutions: S, sample application and wash
with equilibration buffer; A, 2 mM ATP; B, 0.1 mM acetyl CoA;
C, 25 mM potassium citrate; D, linear gradient from 0.1 - 1.0 M NaC
All solutions except the equilibration buffer contained 100 mM
potassium phosphate. The NaCl concentration of the fractions was
determined from their conductivities. ( o ), ACC activity;

( x ), absorbance at 280 nm; ( e ), NaCl concentration.
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Figure 3.8. Chromatography of lactating rabbit mammary gland
acetylCoA carboxylase and fatty acid synthase on

Cibacron Blue F3G-A-Sepharose.

(a) AcetylCoA carboxylase was applied to the column at the
point inticated by S and the column was then washed with the
equilibration buffer. Flow rate: 20 ml/h, 2 ml fractions were

collected. ( o ), ACC activity.

(b) Fatty acid synthase was applied to the column at the
point indicated by S and washed through with equilibration buffer.
Flow rate: 20 ml/h, 1.8 ml fractions were collected. ( e ) FAS

activity.
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This experiment indicated that FAS did not bind to Cibacron Blue
Sepharose. It has been reported that NADP+ dependent enzymes bind
more strongly to Procion Red HE - 3B than they do to Cibacron Blue
F36-A (Watson et al 1978). I therefore studied the behaviour of
lrmgFAS on Procion Red-Sepharose. A column 0.9 cm x 7.0 cm equili-
brated in 100 mM potassium sulphate was used. 5.8 U of pure
1rmgFAS was diluted to 20 ml with the equilibration buffer and applied
to the column at a flow rate of 22 ml/h. No FAS activity emerged
unretarded. The column was then washed with 5 column volumes of
equilibration buffer containing (a) 100 wM NADPH, (b) 100 uM NADE™
and (¢) 2 M NaCl. No FAS activity was detected in any of the fractions
and no protein was eluted by the 2 M NaCl wash. FAS therefore binds

tightly to Procion Red=Sepharose.

I next studied whether ACC would bind to (and could be eluted
from) this medium. A 0.9 em x 7.0 cm column equilibrated in 100 mM
potassium phosphate was used. 0.3 U (1 mg) of pure lrmgACC which had
been dialysed overnight into the equilibration buffer and diluted with
this buffer 100-fold to a volume of 10 ml was applied to the column
at a flow rate of 25 ml/h. No ACC activity emerged unretarded.
The column was then washed with (a) 100 mM potassium phosphate, 5 mM
ATP; (b) 500 mM potassium phosphate and (c) 100 mM potassium phos=~
phate, 3 M NaCl. No ACC activity or absorbance at 280 nm was

detected in any of the fractions.

These results show that ACC and FAS bind strongly to Procion
Red Sepharose and suggest that the enzymes cannot be eluted using

reasonably mild conditions.
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Hydrophobic interaction chromatography

Both ACC and FAS bind molecules which have hydrophobic moieties,
I therefore studied the behaviour of ACC and FAS on Phenyl-Sepharose

and Octyl-Sepharose.

A column of Octyl-Sepharose (0.9 cm x 7.0 cm) equilibrated in
100 mM potassium phosphate was used. 55 U (25 mg) of pure lrmgFAS
was diluted with the equilibration buffer and applied to the column.
The column was then washed with (a) 2 column volumes of equilibration
buffer followed by 5 column volumes each of : (b) 5 mM potassium
phosphate, 20 uM palmitoylCoA; (d) 5 mM potassium phosphate,
25% (v/v) ethanediol; (e) 5 mM potassium phosphate, 50% (v/v)
ethanediol. All of the FAS bound to the column. lowering the ionic
strength of the buffer, inclusion of palmitoylCoA or reducing the
polarity of the buffer with 25 or 50% (v/v) ethanediol failed to elute

FAS, as Jjudged by absorbance at 280 nm and FAS activity.

This experiment was repeated using 1.0 U of lxrmgACC. The ACC
was applied to the column and the column was then washed with 5 column~
volumes of (a) equilibration buffer; (b) 5 mM potassium phosphate;

(c) 5 mM potassium phosphate, 20 uM palmitoylCoA; (d) 5 mM potassium
phosphate, 25% (v/v) ethanediol; (e) 5 mM potassium phosphate, 50% (v|v)
ethanediol. All the ACC bound to the columnm. Washing the column
with the above solutions failed to elute the ACC from the column as

judged by absorbance at 280 nm and ACC activity.

These results indicated that both FAS and ACC bound very tightly
to Octyl-Sepharose, in keeping with the observation that octyl groups
are strongly hydrophobic. I therefore studied the behaviour of ACC
on a less hydrophobic medium, Phenyl~Sepharose. A column of Phenyl-

Sepharose (0.9 cm x 4.0 cm) equilibrated in 100 mM potassium phosphate
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was used. 3 U (10 mg) of ACC was diluted 10-fold with this buffer

to a volume of 3.9 ml and applied to the Phenyl~Sepharose. The column
was then washed with buffers containing the components indicated in
Fig. 3.9. No ACC activity was detected in any fraction. Fractions
140 - 165, which contained protein but not ACC activity, were pooled
and dialysed overnight into 100 mM potassium phosphate, 20 mM
potassium citrate. Even after this treatment no ACC activity was
found. The protein eluted from the Phenyl=Sepharose would, however,
appear to be ACC since analysis on SDS=polyacrylamide gels revealed a
single band which migrated to the same position as lrmgACC (notvshown).
I concluded therefore that elution of ACC with 25% (v/v) ethanediol

somehow inactivates the enzyme.

The information gained in the experiments on the chromatographic
properties of lrmgACC and lrmgFAS enabled me to devise a scheme for
the partial purification of rlACC which involved chromatography on
DEAE cellulose and phosphocellulose. The experiments suggested that
dye-=ligand chromatography and chromatography on octyl-Sepharose would

be of little value in the purification of rlACC.
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FM.gure 3.9. Chromatography of lactating rabbit mammary gland

acetylCoA carboxylase on Pnenyl~-Sepharose CL - 4B,

ACC was applied to the column (arrow S) as described in the tex:
The arrows indicate the points at which the column was washed with
buffers containing: A, 100 mM potassium phosphate; B, 5 mM potassit
phosphate; C, 5 mM potassium phosphate, 10 pM palmitoylCoA;
D, 5 mM potassium phosphate, 0.1% (w/v) Triton X-100; E, 5 mM potass
phosphate, 25% (v/v) ethanediol. Flow rate, 6 ml/h; 0.33 ml fract!

), absorbance at 280 nm; (—e—), ACC activi

were collected. (
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Section 3. Physical properties of acetylCoA carboxylase purified
using polyethylene glycol precipitation

In my hands solutions of lrmgACC which had been purified using
the procedure of Hardie and Cohen (1978a)(hereafter referred to as
'PEG purified' ACC) always had a slightly turbid appearance. This
turbidity was noticeable even in freshly prepared solutions and
increased during storage at 4°¢. This precipitation did not itself
result in a loss of activity of the solution (expressed on a U/ml
basis). After brief centrifugation to pellet the insoluble material,
assay of the supernatant always revealed that it had lost activity
compared to the turbid solution. The pellet, which was active, could
be resuspended, but not redissolved. Extensive dialysis of the
freshly prepared 3% polyethylene glycol precipitate into either
100 mM potassium phosphate, 25 mM potassium citrate (buffer A) or

citrate-free buffer A did not prevent the appearance of the turbidity.

Scant attention was paid to this phenomenon at first : Hardie
and Cohen (1978b) refer to the slightly turbid appearance of the
1rmgACC solutions which they prepared so it was not unexpected. One
problem was that solutions of ACC required clarification immediately
before use which led to a loss of activity as the still-active
precipitate was removed. Over a period of time, however, several
observations were made which suggested that 'FEG purified' ACC had
different properties to ACC purified from other sources using conven-

tional methods. These observations are described below.

Several attempts were made to electrophorese 'PEG purified®' ACC
on 3% polyacrylamide gels. This percentage of polyacrylamide has been
found suitable for the electrophoresis of FAS and ATPCIL which have
Mrs similar to that of the protomeric form of ACC. On no occasion

did lrmgACC penetrate into the gel and a very dense layer of protein
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was observed on the top surface of the gel after staining. The
explanation of this coul<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>