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ABSTRACT

ATP citrate lyase has been purifiep from rat liver to
-apparent honogeneity as judged from the'abpearance of one
' protein band on gel electrophoresis in the presence ot
sodium dodecyl sulfate. A stabifizing factor, brevicusly
reported to protect phosphofructok1nase against thermal and .
1ysosoma] inactivation, has been 1solated from rat liver and
is shown to be equally effective on ATP citrate lyase.
Nicking of ATP citrate lyase, caused by a lysosomal extract,
is not prevented by tbe stabi]izing factor, but further
proteolytic degradation with concomitant loss bf activity is
retarded.'The level of the stabilizing factor has been found
to be inversely correlated with the ratenot degradation of
' phosphofruetékinaSe and it bhas been suggested that it is. a
physiological regulator of the degfadation of phosphofructo-
. Kinase, since neither glucokinaseborwpyruvate Kinase is
affepted Malic enzyme pur1f1ed to homogene1ty from rat
llve# 1s also unaffected by the stab111z1ng factor ]

The stab111z1ng factor ‘has been part1a1]y pur1f1ed and
characterlzed in order to determine its identity. The size .
of the factor, originally reported to be appfbximetely-
3,500, is less than 500 as . judged by gel exclusion chromato-
graphy prov1ded that glucose is not present in the e]ut1on
‘buffer. Many of its propert1es are reminiscent of the
tr1pept1de glutath1one the amino acid comp051tlon of the
preparat1on cons1sts of an equal molar ratio of glu, gly,

.
half-cys; the N-terminal res1due is found to be glu.‘the

iv
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' preparation is resistant to standard sequencing methods,

suggesting a ‘{-linkage between glu and the penultimate
residue. The stab111z1ng factor is, hoWever, not 1dentlca1
to g]utath1one since much hlgher concentrat1ons of GSH are

needed to protect ATP citrate lyase aga1nst thermal

~inactivation and furthermore no free sulfhydryl groups .can

be detected.

The thermal inactivation'of‘ATP citrate lyase and the
mode of action:of.the stabitizing factor in protecting this
process have been investigated. It is suggested that the t
inactivation of ATP Citratekiyase is coupled with oxidation

of especially vulnerable sulfhydryl groups important for

Aactivity,rsince the process can be“reversed by reducing

reagents. The stabilizing factor prevents this oxidation but

'once the enzyme is, ox1d1zed the factor is w1thout effect.

The stab1l1z1ng factor is also able to protect the enzyme
against 1nact1vat1on by 1odoacetam1de '

The stab111z1ng factor is a vety stable ent1ty,
resistant to‘b01l1ng, to pronase d1gestron, and to treatment
with hydroxylamtne and todoacetamide._ln an attempt‘to
identify‘the stabitiiing factor,.a number of-compounds have:
been tested as stabilizers ofbthe thermal inactiyation of
ATP citrate,lyase;_The substrates of the enzyme, citrate and

CoA, can induce thermal stability to the enzyme. However,

- our factorrsoﬂution has been found to be devoid of these
compounds, by assay1ng for citrate and CoA respectively,

- ,us1ng procedures develoded ‘that are based upon the act1v1ty

7N



of ATP c1trate lyase The spec1f1c 1dent1ty of the factor

therefore rema1ns obscure

"
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I. INTRODUCTION

The flow of carbons from glucose into fatty acids and tri--
g]yceﬁi?es is Known as 1ippgenesis. Although lipogenesis is
predominantely a cytosoiic process, the mitochondria plays
an iﬁportaht role {n the mamma]ian'species. Pyrbvate, the
endroduct of the glycolytic pathway, is éonverted to citrate .
in the mitochondria by the conce}ted action of pyruvaté
dehydrogenase and citrate syntﬁetase? Citrate is transported
to the cytoSol and there it isfcleaved by a specific enzyme,

ATP_citraie lyase, formerly called citrate.cleavage enzyme, -

into acety]FCoA and oxaloacetate (see Eqn. [1]).

ATP + citrate + CoA =
| _ oxaloacetate + acetyl-CoA + ADP + P; (1]
.
Eviagnce has been presenfed which indicates that over 80% of
theﬂékiramitochohdria1 acety]-CoA formed from pyruvéte via?
the mitochondria is supplied through the ATP citfaté\]yase
pathway (1,2). Acetyl-CoA so formed can now be used fér.the :
production of fatty acids, by the two cytosolic enzymes,
acetyl-CoA carboxylase and the,fatty"acid syhthétase’
complex. . - | |
-~ The switch of the mammalian liyer from an organ for
fatty acid synthesis to an obgan fon fatty acid oxidatjdn is
under both hormoﬁal and dietary cohtrol;*respoﬁding écute1y
to both the energy_ahd the féttyaéid’requirements of the

body as a whole. This is also reflected in the capaéity of

[



‘ ¢
fatty ac1d synthesis which is Known . to vary within wide

ranges in response to nutr1t1ona1 and hormonal extremes
Thus, starvation decreases ‘the rate of fatty acid synthesis
‘to very.low levels, and refeeding starved animals with a
diet.hign in .carbohydrate and low in fat induees the rate of
fatty acid synthesis to levels- that are one order of
magnitude above normal levels (3-7). The lipogenic

capability of a diabetic animal is simitlarly depressed'and

this is restored by insulin therapy; when insulin is given .-

in'high*ddses the rate of fatty acid synthesis rises to
supranormal levels. The activity of several lipogenjc'

enzymes are known to decrease or increase in parallel with

the rate of lipogenesis (6-11) Among these are glucok1nase

_phosphofructok1nase pyruvate Kinase, ATP c1trate 1yase,
acety]-CoA carpoxy]ase, and fatty acid synthetase. Three
other ‘lipogenic enzymes are involved in the'productibn of
reducing equivalents needed‘for fetty acid syntheSis.'TheSe
are'malic enzyme, glucose-6-phosphate dehydrogenase and

. 6-phosphogluconate dehydrogenase.

In fhe,Tﬁpogenic pathway one encounters a multitude of
contrelqmechenisms, regulating'thecheraillrate of . |
productienvof fatty acids.-TheSe‘mechanisms can be}diviﬁed _
into two types: 1)'short-ﬁerm contrel,_related to ehangeS-fn

g . ) . . QU :
~ substrate, cofactor and product concentrations or

1nact1vat1on of ex1st1ng enzyme molecules, and 2) 1ong#ferm .

' ,contro] involving alterat1on of enzyme quantity (8)

Somet1mes it is d1ff1cu1t to d1st1ngu1sh between these two

//’



types.'For\instance, in the dietary manipulation»of an
animal such as refeeding starved rats with a high carho-"
hydrate-low iathdiet, one can_easi]y envision both types of
regulatory'mechanisms operating simultaneously even though
.lono-term control seems to override the short-term. It]is
entirely possih]evthat the control mechanisms operate
sequentially.‘such that short-term control initially gears
. the pathway to an increase in carbonflux and that 1ong term
control takes over adapting the pathway to a constant high
load of carbohydrates v t
Enzyme activity can be modulated by changes in the
':"concentration of substrates, cofactors and products. as well
as by ailosteric effectors Acetyl CoA carboxyiase is |
A.con51dered to be the rate-1imiting enzyme in the short-term-
control of fatty acid synthesis (12). This is substantiated"
by the finding that citrate and long-chain acyl-CoA act as
’ailosteric regulators of this enzyme.‘Citnate activates
acetyl-CoA carboxylase and this‘activation is accompanied by
aggregation'of inactive protomers to_active polymeric
filaments.013). Long-chain acyl-CoA‘in‘micromolar concen-
trations inhibits the enzyme competitively w1th 01trate
{13}, Also long-chain acyl CoA 1nh1bits specifically the
mitochondrial c1trate transport system (14) thereby reducing
the amount of citrate available for activation of acetyl-CoA
;carboxylase Changes in the concentration of c1tnéte and

long- chain acy1-CoA thioesters 1nuvarious phy51ological

conditions are generally consistent with the proposed



‘regulatory'roles ot these allosteric effectors (15-17). The
significance of citrate activation is controversialhj.
‘honever since the cytoplasmic concentration of citrate
seems to be too low (18) and some 1nvest1gators failed to
detect chknges in citrate concentrat1on dur1ng 1nduct1on of
lipogenesis (17,19): ‘ﬂ _ |

ATP citrate 1yase, the'enzyme whichbprecedes the
acetyi-CoAlcarbOxyTase and uses citrate as a”substrate'to

form acetyl-CoA is inhtbited'by ADP, a product of the

reaction“ This inhibition is compet1t1ve w1th ATP (20) and

this has led AtK1nson (21) to propose that ATP citrate lyase .

is under the contro] of the energy charge of the cell.
’However since the energy charge is very constant during
‘dietary manipulation (12 17) the control of ATP c1trate
lyase by this mechanism is un11kely ‘
F1rm evidence for metabolite control offfatty acid
synthetase is scarce. The proposed 1nh1b1tory effect of.
| paletoyl CoA (22) was later shown to be a detergent effect
(23);_Fructose-1,6-diphosphate has been found to be an
activator of fatty acid synthetase (24), but at conCen-' s
trations far above those found in the tissue. | |
Another set of control mechanisms . that cou1d be in-
volved in the earTy onset ofvadaptive‘changes initiated by
‘d1etary or hormona] man1pu1at1on is the activation of
dormant enzymes. It has been shown (25 26) that in rat liver
Adur1ng the first three hours of refeed1ng after a 48 hour.

fast, an enzymat1cally inactive, 1mmunolog1ca11y.react1ve
B . T 4] :



fatty aoid synthetase is present. The conversion of this

- apo-enzyme to holo-enzyme by tncorporation'of 4’-phospho-

pantethe1ne has ‘been demonstrated both 1n 11ver extracts

from rat (26) and by incubation of pur1f1ed apo-enzyme from

rpigeon 11ver with ATP, CoA and»a:pigeog Tiver enzyme system

(27). Possible physiological significance of this process as:

a regulatory mechanism is substant1ated by rapid turnover of

4 phosphopantethe1ne which decreases in liver dur1ng

starvation (28). A similar system of apo- to holo-enzyme
conversion has been suggested for regulation of acetyl- CoA'
carboxylase act1v1ty, where the 1ncorporatlon of the bio-
t1ny] prosthetic group, precedes the polymertzat1on of the
enzyme to the active form (29). The importance of biotin has

been demonstrated in the ad1pose conversicn of 3T3 cells in

" medium supplemented with serum. The morpho]ogwca] changes of

these ce]]s are accompanied by the accumulat1on of tri-
glycer1des a. process requiring the presence of b1ot1n in
the serum (30) |

The induction of 11pogene51s that occurs by. dietary:
man1pu1at1on could conce1vably be attr1butable to the 1n—,‘.
crease in circulating gTDcose wh1ch mlght exert a direct

stimulatory ro]e on 11pogenes1s {31). On: the other hand it

is known that glucose stimulates insulin release before any
. ALB . . - . .

‘changes can be detected in the intracetlular steady-state

levels of glucose metabolites (32), Furthermore ‘a wealth of
evidence indioates that 1nsu]1n is d1rectly involved in the
?.

control of lipogenes1s, both in short-term and long term



contro}. The antagonistic actions of insulin and glucagon
" are well documented. While the intracellular rééponsé‘to
glucagon fs mediatéd by thé "second messenger", cyclic-AMP,
J\(33), we are‘fgnbrant of any jntrade]]ular mediator of the =
- insulin response (34). Insulin-receptor association’ produces
- an 1ncreqse in gl "se tbansport capability of the cell J
mehbrahe, but it is /not clear how this process Cbu]d'account
for all of the ing(ilin>mediated cel]ular responses. The
hypothes1s that cyclic-AMP may med1ate insulin action has
recieved strong support from the demonstration that insulin
_cOuntéFacts the glucggon induoed prodUCtjon‘of cyclic-AMP in -
therperfused Tiver (33) Moreover, insulin cén actually |
1ower the concentrat1on of cycl1c AMP if it fs alreédy high
(35). The observat1on that insulin may cause a decrease ;5
“the level Qf cyc11cfAMP, while at the same time cause a
marked*butxtransient rise in cycl{c-GMP Teve]s—in'fat cells,
~has led to the "unitary‘cyclase; hypothesis, whereby a
single ﬁucleotide cyclase enzyme catalyzes the formation of
cyc]ic-AMP‘or_cyclic-GMP'depending on the nature of-the
hormone ahtagonist (36).‘Thaf cycliC}GMP is involved in the
action Qf insulin is hbt generai]yvaccépted, howevef,,since
agents that %hcrease cyclichMP levels fail toteiicit any of
-the insulin sens{tive parameters in fat cells and'jiver - '\

cells (34). ) ' o . A
A role fdr,cycTic-AMP both in the short-term and the )
long-term regulation\pf 1ipogenésis has been suggested.

'Glucagon and db-cyclic-AMP giyé_rise to’a rapid decline in



the rateeof fatty acid synthesis, which is matched by a
similar decline in the activity of aeetyl-CoA carboxylase
(37-39). The work by Kim ahd coworkers (40,415 suggests'that
tbis_inactivation.is due to.a phosbhorylation of fhe enzyme
by a protein kinase. Rapid modification of enzyme activity.
by phosphoryTation-dephosphoryl%tion reactiOns was first
Known for enzymes in the glycogen metabolism (33) and the
number of enzymes Known- to be modified this way is
increasing all the time (42). Of the 11pogen1c enzymes, in
addition to,acetyl-CoA carboxy]gse, phosphofructokinase (43)
and pyruvate Kinase (44)”have been reported to undergo phos-
phqrylation-dephosphoryietion reactions.“Phosphorylation‘of
.fatty acid synthetase has beenvdemonstratedAin pigeon liver
(457, but attempts to verify this modification in the liver
of bats or huhans were unsuccessful (48, 47) . Andther site
for cycl1c AMP. act1on is tr1g]ycer1de 11pase which is
activated by phosphorylat1on catalyzed by a cyclic-AMP
dependeni proteln kinase (48). This act1vatlon would lead'tp
1ncreased levels of long chain acyl- CoA in the cell, _}5)~‘
poss1b1y account1ng for the observed 1nh1b1t1on of 11po- |
geneejs by glucagpn. |
| Measurements have been made of hormone levels indthe o
blood,andvconcentratiqn of intraceilulaf metabo]%tes '
_including cyclic-AMP in rat liver during starvation and
‘early refeeding (17). Thevbesﬁits suggested that the ratio
of ineulinvtolglucagon was_responsibie foro.the regulation of

glucose metabolism“via control of cyclic-AMP and Iong-chain
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acyl-CoA concentratjons. ‘

Longiterm adaptation introduces yet‘another control:of
1ipogenesis, namely.regulation of thevnumber of active
enzyme molecules, and thereby changing the filow of meta-
bolites through the pathway. By comb1nat1on of spec1f1c
immunoprecipitation and rad1oact1ve 1abe]11ng techn1ques it
has been shown/?wat the long-term fluctuation of the
activity of the lipogenic enzymes during dietary and
hormona] man1pu1at10n s due to a change n the content of
enzyme proteins (10, 49- 58). The induction has been shown to
be associated w1th an active net uptake of- rad1oact1ve
1sotope 1nto the lipogenic enzymes. It IS‘noteworthy that
‘these changes in concentrat1on of spectfic enZymes take
place aga1nst a continual background of prote1n turnover, .
" which may also be subject to alteratlon by nutr1t1onal and
hormona] st1mul1 ’ |

That prote1ns are b1o]og1cal]y dynam1c compounds was .
ftrst demonstrated in 1942 (59). Both the rate of synthes1s
and the rate of degradation governs ‘the tissue concentrat1on
of a prote1n ‘an alteratlon 1n either of these rates w1l]
change the level of the enzyme. A s1mp]e mode 1 that shows
this re]at1on has been developed (60).: Wh1le .enzyme
synthesis follows zero-order Kinetics, 1t has been found

'cons1stent]y that degradat1on shows first-order k1net1cs

Thus a change in enzyme content may be expressed as:



N

= = kg - kygE - o [2]

where E is the content of enzyme per un1t weight, Ks the
rate constant for synthes1s expressed as enzyme. un1ts/t1me

and Ky the first- order rate constant for enzyme degrada-

‘tion, expressed as time-1, When the enzymevex1sts in a

steady-state therevjs no change ofbenzyme-with time,vi.e.

dE/dt = 0 and Egn. [2] reduces to:

Thus under steady state cond1t1ons the level of E will be

;,_determ1ned by the relat1ve ranes.ef/synthes1s and

degradat1on If now the enzyme lewel is changed to a new
steady state level by some phys1o]og1ca1 stlmulus, Ks and
Kqg will then change te new values ks and Kd' and the

rat1o Ks' /Kd will now determ1ne the new steady state ]evel

E’. The t1me course of approach to E’ can eas11y be worked v

out, if we assume that the rate constants change instan-
taneously to the new values Ks' . and Kq' . [2] then

becomes "’d

i
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B kb - kb oy kgt o o
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From [3] it can be seen that thefgﬁpe required“to approach a

‘ new.le@el'of enzyme 15Qa function only of the rateychnstéht
for ded;édation (60). The time taken to obtain one-half of
the final 1eve1 is def1ned as the ha]f 1ife, t1/ﬁ\ of the i
enzyme. AR express1on for gh; half-1ife can eas11y be

~obtamed from Egn. [3] by setting the initial enZyme level E
equal to 1 and KnOwing that the final level E' is equal to ‘
‘ks'/kg(l,bne—Half‘of the total change is then equal to
1/2(K5’/kd"; 1) and Eqn.[3] becomes:

1k Kk kgt
"2 (ké ])l‘ kg (fké - I)e;

o ’ _.1 ; : s : T -~ | .f?—
which reduces to: ' o ' _ B
C g
Y '

2

)
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and solving for t gives:

S - :
It is possibleithen,_to estimate_experimeota]ly,thev **Ffws\x'
half-1ife of any enzyme by following its time course of |
change to a neﬁ steady-state levet. Such a Kioetic ana]ysis
has been performed'withha‘variety of.adaptab1e enzymee.
(9,61). o |
B Ah adabtive,response_ihvoiviﬁgra ohange in the\amount,
_ of the enayme could theoretically be regulated b& a]teration
.e1ther of the rate of synthes1s or the rate of - degradat1on.
or both The Kinetic method d1scussed above, together w1th
newer techniques of rad1o1sotope 1ncorporat1on w1th immuno-
‘1og1ca1 procedures to isolate the spec1f1c enzyme have
~pointed to a predom1nant role of accelerated rate of enzyme
tlsynthes1s 1n establ1sh1ng high levels of the 11pogen1c
enzymes upon refeed1ng starved an1mals Furthermore, a
_decreased rate of synthesrs as well as an inorease'tn the
rate of degradation bringe about;the 1oW'leQele of ehzyme
tdur1ng starvation (10,50,53,62) "vi ' o ; ’ki
Wh11e the method of k1net1c ana]ys1s carries certain
assumpt1ons and t1m1tat1ons, the radioisotope . echn1ques

invariably suffer from the drawback of 1sotope re1ncorpo-ﬁ

'rat1on lead1ng to an underest1mat1on of the degradat1on rate
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(61,63). The experimental time periods involved in these
measurements are fairly long especially fo: proteins'with
longer half—]ives and thus var1at1ons in the rate of
degradat1on could go undetected. It has recently become
clear that the apparent rate constants kg and kgq are
funct1ons of time dur1ng nutr1t1ona1 st1mu1us (64). The way
in which Ky and kgy vary with time would then determine the
enzyme accumulation profile, in such a way that an increase
in K together with a transitory de&rease in Kg would lead
to a'morefrapid attainment of the final enzyme level (65).
" Such coordination of K. and Ka wou ld give the Systen
enhanced flex1b1]1ty (64, 65) The absolute values of the
rate constants are also 1mportant since an enzyme with a
short half-1life would adapt faster than an ‘enzyme with a
relat1ve longer ha]f ]1fe/ Enzymes "located at important.
control points where they regu]ate;thevflow of substrates
 through a metabolic pathway, might then_evolye'with
espec1ally short half 11ves (61) Compar%sons of measured
half lives of var1ous enzymes conf1rms “this concept (61).
The molecular events underly1ng the regulat1on of.
enzyme 1eve]s through alterat1on in the rate of synthes1s
and/or the rate of degradatlon are not well understood. The |
detai]s of protein'bidsynthesis are nOw well deﬁineated and
severé].s%tes for metabolic control have presented
theﬁselves (67). The route(s) for the breakdown of proteins,
however,vts stt]l elusive and so. is the reQuIation of this

process.lThe fact that_degradation of»a specific enzyme in
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vivo follows f1rst -order Kinetics implies that the prote1n
molecules are removed or degraded in a random fashion (68),
which suggests that once a prote1n molecule is synthes1zed
the product can immediately be a substrate for degradation.
The variability of degradation rates among different
proteins (66) within a ce]T'further suggests that the
property of the protein being a substrate for a degradative
process is inherent ip the three-dimenstona] structure of .
the protein. )

Several investigators have.trted to correlate -
degradation rate oonstants with various physicochemical
properties of.proteinst T%us ha]f-tiVes of proteiqs have
been found to correlate with size (69)jand‘charge“(7b) and
wjth a parameter cathIatedzfrom both size and amino acid
composition ;71). It has been.suggested that the rate
limitinggstep in protetn“degradation'is an ‘initial
denaturation (72). In support of.this'oohc]usioh islthe
finding that proteins with short half-lives tepd’to b:
‘inactivated'easier by temperature‘(73) and by acid pH (74)!
'These parameters might reflect a more fundamehtal aspect of
lprotein structure, such as_compacthess'of fO]ding, whichvmay

determine the half-1ife, s1nce unfolding of a prote1n tends
. to increase the suscept1b111ty of the protein to protease p
attack (81). In vrtPo exper1ments have- shown that short11ved
proteins are more suscept1b1e to proteolyt1c attack by

various well-characterized proteases (75) or lysosomal

proteases (76,77).



14

Despite the above correlations many exceotions have
been found and it is possible that a very slight
modification to a protein can have a large effect on its
degradation rate.,?his is particu]ariy evident in studies
‘where‘amino acid analogues are ‘incorporated into proteins.
The resulting oroteins are,normaily degraded in vivo much
faster than the native proteinv(SSi. )

.The elucidation of the regulation of'protein
degradation will first require a description of the steos
which Tead from active protein_to its'constituent amino
'acids‘ Of oarticuiar interest “are the identification of'the

rate 1imiting steps and the nature of factors that may

_regulate them. It has been proposed that a protein can exist

in different conformations which may be reversib]y or
irreversibly connected and. that'only one or’some of these
forms are susceptibie to degradation (61,78, 79). If the rate.
1imiting step wFre the converSion of the protein to a more
1abilevform, this step could be a control point in protein
degradation._The equilibrium between conformers could be
alteredsbyvinteractions with iigands. There are numerous
examples of such ligands either stabi]izing or.1abi]izing
specific'enZYmes (66) For instance, tryptophan oxygenase
was found to be induced by the administration of its
substrate tryptophan, which also stabilized and prevented
the degradation of the enzyme in the presence of cont inued
synthesis_(67)iQFurther. the degradation of pyridoxal

phosphate'containing enzymes may be Timited by the rate of
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cofactor dissociation from the holo-enzyme (81), and the
rate of inactivation of acetyl-CoA carboxylase by a
lyspsomall extract is decreased by citrate and increasedﬁby

palmitoyl-CoA {82). A factor was recehtly found in rat liver
| which etabilized phoéphofructokinase from inactivation by
temperature and by lysosomal extract (83). The level of this
factor was found to correlate with the d1etary and hormonal
status of the’an1mal. For example,; the low levels found in
fasting and in diabetic animals increased dramatically in
response to feeding (83) and insulin therapy (128),
respectively, to far above the normal state. lhe fact that
the degradation rate of phoSphofructonnase is inversely
related to‘the.tissue level of the factor (50,12é), iS'ln ‘
'Keeping with therconcept that the factor may play an ‘.
1mportant physiological role in modulat1ng the half 11fe of .
'phosphofructok1nase

The lysosome has beeo'widely assumed to be'the site of

proteln degradatlon because of its high content‘of
proteolytic activity (78). The accessibility of the
substratesito the hydrolyticoenzymes in the lysosomes has
-'been explaioed by the process 6f engulfing of'intracellular‘
matter (not only soluble macromolecules *but also organelles
and membraneous structure) within a membrane to form what is
- called anlautophag1c vacuole, These vacuoles have the
ability to fuse‘with,lyeosomes to form_secondary lySosomes
(or phagosomes),‘This system‘would provide the cell with the

capacity for bulk removal of proteins and could play a major
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role in maintajning the availabi]ity of amiho acids for
purpdses such as gluconeogenesis during starvation.

Consistent with this idea is the finding that the productten
| of g]ucose froh_amino acids, promotes the formation of
autophagic vacuoles (97). If protein degradation were
confined to the 1ysesome reute, with prior»vacuo]izétion,
either the degradation pef se or the vacuoligation would
have to be able to dtécriminate between different proteins.
On‘the'other hand, if protein degcadation occursf
extralysosomally at Teest ihﬁpart the wide range of
half- 11ves of proteins could more eas11y be rationalized
(78). The d1scovery of cytoplasm1c group-specific proteases |

sbecif1c fer the apo- form‘of pyridoxal enzymes (79) supports

this notion.

| Regulatlon OF ATP citrate lyase

| Oof the enzymes 1nvo]ved in de novo fatty acid

'synthes1s, acetyl-CoA carboxylase has been stud1edvmost . \*v
eXtenstveJy. It is general}y considered to be the rate o \\\f
limiting enzyme, subject to precise control by.cevaTentt
modifiéetion and allosteric effectors thereby'reguléting the
rate of product1on of ma]ony] CoA for fatty acid synthes1s
However, an exc1us1ve regu]atory role has been quest1oned

(12) The start1ng precursor for fatty acid synthes1s and

also cholesterol synthes1s is acetyl CoA which is generated

-‘1n the cytosol by the activity of ATP c1trate 1yase. L1Ke
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other 1ipogenic enzymes the activity of this enZyme has been

.shown to be markedly st1mu1ated by refeedtng starved rats or

by 1nsu11n treatment of diabetic rats. The adapt1ve
behaviour of ATP citrate lyase has been coneidered
paradexical since in'theeearly stages'of starvation and
refeeding there is no correlation between~activity‘and the
rate of fatty acid syhthesis {84). This Qould indicate that
AT? citratevtyase is not regu]ating the rate of fatty aeid

.synthesis, as has been suggested by Speneer et al (85), but

rather that the rate of fatty acid synthesis may contro] the

amount of ATP citrate lyase (84) However it has recently

- been shown by Rognstad (98) that the hepat1c act1v1ty of ATP
~citrate lyase in rest1ng rats, while not quite l1m1t1ng, is

1nsuff1c1entxto»support the burst of 11pogenes15'that

fo]lows»refeeding. Ih.otheh’werds, 1f it were not for the

.burst of ATP citrate lyase,. act1v1ty of this enzyme wou]d

c]early influence the llpogentc capac1ty

It is the purpose of th1s study to further exp]ore the»
role of ATP c1trate lyase in ]1pogenes1s and spec1f1cal1y to
1nvest1gate what factors 1f any, are respons1b1e for the
increase, in activity dur1hg d1etary'and hormonal mani -
pulat1on | B

'\ Studies concern1ng the role of cyc]1c AMP in

. 1nf1uenc1ng the 1nduct10n of ATP c1trate lyase act1v1ty are

descrtbed in chapter III. The pqr1f1cat10h of'ATP»c1trate»

lyase, and also the malic enzyme are reported in chapter IV.

~During early attempts to purtfy ATP citrate. lyase, we were
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annoyed by the 1nstab111ty of the enzyme and therefore
decided to test if the stabilizing factor for phosphofructo-
‘hinase described by Dunaway and Segal (83) had any effect on
ATP c?trate lyase. We found that.the factor had a dramatic
stabilizing effect on ATP citrate lyase against therma] and-x
lysosomal inactivation. These exper1ments are d1scussed in
chapter V. Tests on the general stab1]1ty character1st1cs of
malic enzyme and the effect of the stabilizing factor are
also reported in this chapter. In order to understand the
physiological role of the stabilizing factor and the nature
of its interaction with ATP citrate 1yase, the‘stabilizihg‘

| factor was isolated from rat 1iver and further purified
(chapter VI) and finally attempts were made to character1ze

the factor as to 1ts chem1ca1 identity and mode of act1on

(chapter VII). ’ o . o ;



<

I1. GENERAL MATERIALS AND METHODS

&

A. MATERIALS

1. Animals. »

vMalé white Woodlyn/Wistar rats or Sprague-Daw]Ey rats

were used. No differences has been noted betweeh the

strains. The rats were.housed in'steel‘cages, had access to

f'fbesb;Water“at all times‘aﬁd were fed ad Iibitum with a

. '@'-».E

pelleted balanced diet (Purina Lab Chow) for at least 7 days

prior to use.

k%]

2. High carbohydrate diéts.

Hiéh cérbohydrate,-low-fat diet was supplied in a

‘.pelleted form by Unitéd States-BiochemicaT-CofporatiOn;

‘Cleveland, Ohio) U.S.A. under the name "High Carbohydrate

Test Diet” and contained 68% suéfose, 8% fat (cotton seed
oii),'18% casein, 4% salt mixture and 2% vitamin mixture and -
breweré yéaét.' |

High-cabbéhydrate, fat-free diet4Was prepared iﬁ a
pelleted form to our.spécification by the same company.‘This
diet contains 63% sucrose, 24% casein, 2.5% cellulose

powder, 2.5% dried brewers yeast, 1% glycine, 0.5%

DL-methionine, 0.025% antioxidant, 0.3% chromic acid, 0.6%

'vitamin mixture and 5% salt mixture.

L
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3. Chemicals

Sephadex G- 15 G- 25 G-50, G-200, DEAE-Sephacel and L
Sephacry] S-200 were. og%a1ned from Pharmacia Fine Chem1calsi
Sweden . DESZ-cellulose was purchased from Whatman Ltd.,
- England and Biogel P2 From'BioRad Lab.,'U,S.AL Polyethylene
G]&cbi 6,000 and hydroxylamine hydfoch]dride were supplied
by Baker Cbemical Co.,‘U.S{Aa Ultrapure'ammonium‘suﬂfate was_
obtained from Schwarz/Mann, U‘S A., Zn-insulin from
.Cdnnaught'Lab [td Canada and TPCK- treated tryps1n from
'Worthington B1ochem1ca1 Corp , U.S.A. v

Db-cyclic-AMP, cyclic-AMP, aminophy]]ihe} theophy]]ine,'
3-isobuty]-1-meth§]xanthine, iodoaeetamide, DTNB, fluoresc-
amine, TLCK}Kchymotrypsin, CMC#pqonase; malate dehydrogenase
(pigeon breast"musc1e) and pbotamine‘sulfate were ai]
purchased from S1gma Chemlcal Co., U.S.A. Alloxan was a gift

from Dr’ N. Madsen of the Un1vers1ty of A]berta

B. METHODS
' 1,‘Enzyme assays.
a. ATpP cftrate'lyase.
' v'Enzyme actjyi;y in the direction of c{trate cleaVagé,
‘iwas.assayed'by coupling to the malate dehydfogehase
. reaction, as described by Inoue et al. (20). The assay
mixture contained 200 mM Tris-HC1, pH 8. A' 20 mM potassium'
c1trate, 10 mM MgC12. 5 mM DTT 2 un1ts of malate dehydro-
genase per ml; 0.14 mM NADH; 5.25 mM ATP; in a total volume
of 1.02‘m1€ Aftervthe'add1t1onvof enzyme (5-25 ul) the

\
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reaction was initiated with 10 pl of 10 mM CoA and the rate
" of NADH cxidation was measured at 340 nm on a Cany 15 ;
spectrophotometer. A1l assays were carried out at 25°. One
unit of enzyme is defined as the amount of enzyme, that
catatyzes'the oxidation of'1 pmole of NAbH / minute under

these conditions. All act1v1ty measurements were performed

on the injtial linear decrease 1n NADH oxidation.

" b. Malic enzyme . | |

'Enzyme activity was;measured in the dtrection of malate
oxidation as descrtbed by Wise and Ball (119). The standard
assay mixture contained 70 mM Tris-HC1, pH 7.4; 5 mM
L-malate (neutralized with NaQOH) 1 mM MgCioy; and 0.1 mM
' NADP; in a tOtal_vd1ume“of 1.0 m1, 5-15‘pt enzymé was added
lto initiate the reaction and the“rate‘of NADPH'formation was
"measured in a Cary 15 spectrophotometer Al]”assays'were
carr1ed out at 25°. Dne un1t of enzyme is defined as the
amount of enzyme that catalyzes the formation of.1 pmo]e of

<

NADPH / m1nute under these cond1t1ons

2. Determlnatlon of - proteln concentratlon

Prote1n concentrat1ons, dur1ng the enzyme pur1ftcat1on
and of the 1ysosoma1 extract were determlned by the method
_of Lowry et al (127) using bov1ne serum album1n as o

standard. For other stud1es wh1ch made . use of the pure {
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X . . EN o .
enzymes, the extinction coefficient E}é& at 279 nm of 11.4

for ATP-citrate lyase (as_determined by Singh et al) (123).
and of 8.6 for malic enzyme‘fas determined by Hsu and Lardy
for pigeon liver malic enzyme) (121) were used. The validity
of these values were tested'befbre use.
3. Amino acid analysfs.

The stabiiizing factor was dialyzed againsf water for ‘
.24 hours and then lyophilized. Acid hydrolysis, with and.v
without prior pefformic'acid 6xidation, wa§ per formed in 6 N
- HCT, COntaining 0.1% phenol in evacuated tubes at 110° for
22 hours. Aﬁy remaining cafbohydﬁate, which resinified, was
Aremoyed by centringatioﬁ and the reéh]tant supernatant was
taken to.dryness and subjected to analysis on a D500 Durrum
Amino Acid Analyzer (176). The N-tefhinalkamino acid was

dansylated and idengified according to Hartley (177).

4..SDS gel electrophoneéis. |

,}The procedure of Weber and Osborn (136)“was used for
pquacrylamjde gél electrophOhesis:in the presence of sodium
dodecy! sulfate, using géls with half the normal amount of

crosslinker.
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III. REGULATION OF ATP CITRATE LYASE BY CYCLIC-AMP

A.-INTRODUCTION - o ' k]

A starvation-refeéding‘schedule will stimulate

metabol1c contro] mechanisms in such a way that homeostas1s

s conserved, Thus during starvation, blood glucose levels

‘are maintained by release of glucose from the liver, while

ehergy ;s obtained mainly from oxidation of fatty acidé
(88); During starvation, thevg]ucagon/insuljn ratio in. the
blood is elevated and this is correlated with high levels of |
intracellular cyclic-AMP (86){r;pis.mediator rapidly |
stimulates glycogen breakdown in the liver (87) and
mobilization of fatty acids from adiposer}issue'(48) by way
vaactivating glycogen phoSphory]aSe and ter]yceridé |
lipase, nespectively. It is‘also believed tHaG this

nucleotide is responsible for the increase in the rate of

hepat1c gluconeogenes1s by st1mu1at1ng the synthes1s of .

phosphoenolpyruvate carboxyKinase to leve]s-above normal
(35,89,90). | | | |

A1l the effects:caused by #tarvation;are reVersed by
refeeding'i17,92); Furthermore, if the diet is rich fh

carbohydrate, the rates—of)trjglyceride formathn.énd lipgt

~genesis are increased to levels far abOve norma] This

1ncrease is closely para]]e]ed by an increase in the °
act1v1ty of the 11pogen1c enzymes . Several lines of evidehce

suggest that cycl1c AMP plays an important role dur1ng th1s

" ~1nduct1on Administration of g]ucagon-or db- cycl1c AMP



during refeedthg will prevent the decrease in cyclic-AMP.
ltevel. The rapid decrease in~phosphoenolpyrUvate'carboxy-.
Kinase ‘level is prevented (92) and the induction of several
lip ’ié'enzymeé is markedly decreased by such treatment .
(93-96), as is the rate of fatty acid synthesis (93); »
More rapid effects of glicagon (37). and db-cyclic-AMP

(38,39) can be seen in liver sT1ces, where the 1nh1b1t10n of
fatty acid synthes1s xs accompan1ed by a paral]e] decrease
in the act1vk;y of acetyl-CoA carboxylase Th1s rap1d effect
couLd be attr1butab1e to a phosphorylat1on mechanism as
suggested by Kim et al (40,41).

Because . of 1ts pr1me metabo]1c 1oca¢1on connect1ng the
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g]yco]yt1c pathway w1th de novo fatty acid synthes1s, ATP  ~—x

c1trate lyase has the potent1a1 of regu]at1ng the flow of
carbons,1n 11pogenes1s‘and therefore might be;expected to be
subject. to precise controlf’The experiments descrﬁbed in
this chapter were designed to determine if cyclic¥AMP is’
1nvolved in the control of the 1nduct1on,of ATP citrate

1yase dur1ng refeed1ng a high carbohydrate diet to starved

rats®> In view of the.role of cyc11c-AMP 1n,modu1at1ng enzyme

: actiVity by covaleht modiftcatioh, in VItPO exper1ments with-

ATP 01trate lyase were performed to test if this type of

control mEChan1sm could be detected. o

\

A\
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'B. METHODS

1. Animals.
Male wobdlyn/Wistar rats (Woodlyn Lab., Gue1ph

Ontar1o) weighing about 340 - 390 gram, were used for the

}exper1ments descr1bed 1n th1s chapter.

‘2. Refeeding experiments

Rats were starved for 48 hours and then refed e1ther a

high carbohydrate, low-fat diet or a high carbohydrate,

'fat free dwet ' T ' ///

Starvat1on and refeed1ng was started at 8 a.m. and the

intraper1tonea1 adm1n1strat1on of phosphodlesterase

-inhibitors was performed three t1mes da1ly, at 8 a.m., 12

noon and 4 P. m. Db- cyclic-AMP, 4 mg ‘and theophy111ne 20 mg

' were d1ssolved in 1. ml 0.9% NaCl solut10n Isobutylmethy]-

xanth1ne was d1ssolved in. 0.9% NaCl to a final conc tnatton

- of 6.75 mM ' The dosages of both so]ut1ons were 0 25 m] per

100 gram body we1ght each - t1me

After refeed1ng schedules of various durat1ons,:1 -'3

' rats were sacrif1ced by decap1tat1on in the mornwng Crudey

-extract of rat 11ver was prepared as descrlbed by Inoue et

(200,

-3;}Iniyitro expériMent;

Rats were starved for 24 hours - and then made diabetic
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by a single’subcutaneous injection of a fresh]y‘prepared 3%
aqueous solution of alloxan at a dosage of {5 mgnper 100
gram body weight. After seven days an1mals with a blood
glucose concentraijon of 500 mg per 100 ml or more (test1ng
of the urine with Clinistix Reagent Str1ps, Ames Company,
Rexdale, Ontario) were considered diabetic. Diabetic rats
‘were given 10 units of Zn—insu]inaper day per rat intra-
peritonea11y for two days. Thie treatment was found to give
high levels of hepatic ATP citrate 1yase activity ’ |

Crude liver extract, prepared as above was d1alyzed
overn1ght against 30 volumes of 10 mM Tris-HG1 buffer (pH
. 7.8), conta1n1gg 10 mM 2~ mercaptoethanol and 1 mM MgC12

Ammon1um sulfate. fract1onated extract was prepared as
descr1bed (20) and d1a1yzed as above. The proteln fraction
prec1p1tat1ng between 65 and 75% ammonium sulfate was also
recovered (40) ‘and dialyzed as above. Th1s fract1on con-
ta1ned no measurable ATP c1trate lyase act1v1ty |

- Crude extract (15 mg protein) or ammonium sulfate '

?ractionated enzyme (12 mg protein) was incubated with 6r
‘wi thout the fraction_pfecipitated between 65-75%'ammbnium
‘sulfate (8 mg protein) at 30° in_1O mM Tris-HCi buffer'pH
7.8, containing 10)6M 2-mereabtoethanol and 1 mM MgC12.‘The
foﬂlowing,were added ejxher.individualiy or in coﬁbinatidn
' to final-concentration as Endicated: Aminophylline (1 mM)i

CycHc-AMP (0.1 mM), ATP (1.8 mM) and MgCl, (6 mM) .| The

activify‘ ATP c1trate lyase was followed during a 2 hour

-1ncubat1 n per1od



C. RESULTS
1. Refeeding experiments..

Twice daily injections of a mixture of theophylline and
db-cyclic-AMP dUring_a refeeding schedule of starved rats
with a high cacbohydrate, low-fat diet partially prevents
the induction of_ATP.citrate~lyase (Fig.1). The maxjmum |
Jevel of activity is substantia]]y-lower than that obtained
in the control rats. If:the treatment was{interrupted after.
three days .the activity of ATP'cftrate lyase was found to
‘increase to high levels, suggesting that thevremoval of the
'inhibitors.atlowed cyciic-AMP to return to low levels (39),
”thereby removing the inhibitory effect on the indﬁction of f
.ATP c1trate 1yase The drug 1sobuty1methy1xanth1ne (100) was
also found to prevent the 1nduct1on of ATP c1trate lyase
(f111ed c1rcles 1n Fig. 1).

The-extent of the 1nduction of ATP citrate lyase
' depends on the compos1t1on of the diet. As can be seen froh
F1g 2, ATP c1trate lyase act1v1ty increases to much h1gher
]evels if the high carbohydrate, Tow- fat‘d1et is exchanged |
with'a'diet'tota1]yvdeVOid of fat. THas result confifms the
earl1er observation that fat in the d1et leads to a. |
: dampen1ng effect of’ the 1nduct1on of 11pogene31s and the
_11pogen1c enzymes (101).

The 1nJect1on of drugs 1nto animals can cause stress
and other effects: wh1ch can become man1fest‘1n d1fferent
'ways One such way is to affect ‘appetite. A lower food
intake.could by 1tself_produce‘a_sma1ler induction of ATP

-

G
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(units' / gram liver)

ENZYME ACTIVITY

»

DAYS OF REFEEDING

: Fig.1. Effect of phosphodIesterase inhibitors on the -
induction of ATP citrate lyase caused by refeeding starved -
rats w1th a high-carbohydrate, low-fat diet. -

o Controls (O), treatment with a'mlxture of
db-cyctlic-AMP and theophyll1ne ( Z&), treatment with
1sobutylmethy1xanthme ( . ). S '

-
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o)) ~

o

(units / gram liver)

H

ENZYME ACTIVITY

o 1 2 3 4 .5
- DAYS OF REFEEDING

C

: ’Figf2u Effect of fat in the diet upon the induction of
ATP citrate lyase by refeeding starved rats with a high- :

carbohydrate diet. High-carbohydrate diet containing 8% fat -

replotted from fig.t ( O ),.high-carbohydraté, fat-free
diet (@®@). =~ - o

.
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citrate lyase. The experiments were therefore repeated and

this time the food consumption was also meaSured. In'the;

-histogram (Fig. 3) it can be seen that rats injected with

{\returns when the administration of drugs is interrupted. The

the phosphod1esterase inhibitors (rlght co]umn) consume less

. than control rats (m1ddle column) . However the appetite

histogram also shows the food consumption of rats receiving

a dietary regimen of.a high carbohydrate fat-free diet

(left column) and. the increase in consumpt1on over the fat-

cohta1n1ng diet is e%%\ent

2. In vitro experlment

If ATP c1trate 1yase is regu]ated by a phosphory—
lation- dephosphory]at1on mechan1sm one would ant1c1pate
that modification: ‘would change some funct1ona] property of
the enzyme Thissmodification could man1fest 1tse1f by a

T

change in the catalyt1c act1v1ty of the enzyme, as has' been

-reported for other enzymes 1n carbohydrate and 11p1d meta-

tbol1sm

While the extract alone or in the presence of. am1nophyll1ne_‘

¥

.Crude rat liver extract was incubated in vitro with or

'Without cyclic-AMP.anthTP-Mg, in the presence of amino-

phyiline, a known inhibitor of cyclic AMP phosphcdiesterase.

" showed ' a steady but slow decrease in the act1v1ty of ATP

c1trate lyase (90% remaining after 2 hours) ne1ther’

-
t

:cyc11c -AMP or ATP-Mg, alone or in comb1nation,‘affected the
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High carbohydrate fat-free diet.

" [ tow-fat diet.

- low-fat diet + phosphodiesterase inhibitors.

(gram / 24 hr)

~ FOOD INTAKE

zZ
.
Nz
Zi
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
Z
N7
Z
Z
7

2 3 4 5
DAYS OF REFEEDING

_ Fig.3. The daily food consumption durirg refeeding of
_ starved rats with a high-carbohydrate, fat-free diet (left '
column), with a high-carbohydrate, low-fat diet (middle
column) and with a high-carbohydrate, low-fat diet plus
treatment with phosphodiesterase inhibitor during the first

3 days (right column).
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enzymatic activity.

In testing a Erude system, one can not exclude the
possibility, of the presence of inhibi tors. Ammonium sulfate
fractionation was therefore performed on the crude extract;
ATP citrate 1yase was recovered between 25 and 45% final
’ coﬁcéntaation of ammonium’sQ1fate. A protein fractiqn was7.

also coflecfed between.GS and 75%. A similar fraction,

, designated "Fraction_K">has beenlreported to enhance the
inactivation by ATP of acetyl-CoA carboxylasé inqé time and
concentration dépendent hanher (40). The two ffactions were
?inCUbafed togéfher in the absence Ar'in thé presence’of
cyc]fc?AMP,’ATP;Mg and aminophyllihe: Adé{n no change in the

rate of inactivation of ATP citrate 1yas¢ could be seén.
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D. DISCUSSION

The abiiity of insulin‘to'lower the intracellular level
of éyé]fc-AMP can be readily demonstrated in the 1{ver of
diabetic rats or in the liver of normal rats, first subjec-
‘ted to glucagon treatment;(35;102). Many'of.the hepatic
effecté of insulin could be the result éf'&is cyclic-AMP
1owériﬁg effect. When glucagon is injected.during refeeding
-of §tarved rats,-lipogenegﬁs is- inhibited sdbstantially
(935. Similar effects cén be seen‘with db-cyclic-AMP and
theophylline. fhis treatment blobks the_inductionnof'fatty
acid synthetase and acétyl-CoA carboxylﬁse (93.96), malic
gnzymé'(103), glucqsé-S-phosphaté;dehydrdgenase (95) and
glucokinase (94). . | |
| We have shown'ﬁere that ATP citrate lyase is simi]érly.
affected. The induction of R citrate lyase aéfiyity that
occurs during refeeding cou?zﬁbe‘prevented in part by |
injection of a mixture of db-cyclic-AMP and theophylline or
by injection of isobutyﬁmétﬁy]kénthine, aj1 Kﬁo@n phospho-
diesterase\inhibitoﬁs. Tﬁe high-]eye]s»of cyg]ic-AMPain the
4 .étarved_stafe‘wpuﬂd then persist into the refed state. The
remOva1 of these drugé allows the activity of ATP citrat;
'lyasélto ihcrease‘fo hjgh levefs suggesting the retﬁrn of
cyclic-AMP concentration to low levels.
| The preQentién 6f the induction of ATP citrate lyase
and the other ]ipogenic.enzymes as a résylt gkétfeétment‘
.with phosphodiesterése inhibitors or giucagon suggests an

'involvment'of Cyclic-AMP in the long-term control of

¢
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Ttpogenesis. This control of Tipogenesjs inyoTves adaptive
changes in the.quantity of‘the Tipogenic enzyhes (1d 49-56) .
Ev1dence have been presented that the reduct1on of fatty
ac1d synthetase (93) and glucose-6- phosphate dehydrogenase
(95) upon glucagon treatment is the result of decreaSed
I’synthesis of enzyme, resulting in diminished quantity of
enzyme protein. The 1mp1qcat1on from these results could be
_that cyc11c AMP has a repressing effect on the specific |
synthesis of the lipogenic enzymes (93) in analogy with its
suggested st1mu1at1ng effect on the synthes1s of phospho--
enolpyruvate carboxyk1nase. It is possible that cycT1c-AMP
'_produces the response indirectly " Prevention of glucok1nase
1nduct1on (11) would cause a drast1c reduct1on in the rate
of glycolysis which would lead to a decrease in the concen- .
tration of glycolyt1c 1ntermed1ates The reduct1on in supply
of precursors would resuTt in a Tower rate of fatty acid ‘
syntﬁ%s1s and obviate the need for_an lncrease in the
lipogenic caoacity.“ln addjtion, high concentration"of
cyclic-AMP would keep the"trig]yceride lipase in an active
state ‘with concom1ttant h1gh levels of fatty acyl-CoA.

The 1nduct1on potent1a1 of h1gh carbohydrate refeed1ng
of starved rats varies with the fat content of the d1et - Fat
in the diet causes a decrease in the 1nduct1on of lipo-
genes1soand the lipogenic enzymes (101). The dampen1ng
effect of fat 1n the diet could be expected to act through

an increase" in- the hepatic fatty acyl CoA concentration.

Only two physiologica]lyximportant sttes have been found to
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be sensitive to end-prodoct inhibition' namely acetyl-CoA
carboxylase, where fatty acyl-CoA 1nh1b1t1on is compet1t1ve
with citrate act1vat1on (13) and the c1trate transport
_ carrier system in the mitochondrial membrane (14). ATP
citrate lyase is on1y noderately_sensitive to long-chain
acyl-CoA (50%vinhib1tion at 0.1 mM concentration of‘
pa]mitOyI-CoA)t104). Thjs’COncluston is.Further strenghhened
by studies on palmitoyl-CoA inhibition of citrate incorpora;
tion into 1ong—chain fatty acids‘in chicken tiver homogenates
(15,105) . | |

During these studies;We obSerVed that the amount of
food consumed varied between the different groups of_rats. A
daily account was therefore kept of the Food intake by"each
rat. It became apparent that the magnitude of the 1ncrease
in ATP c1trate lyase act1v1ty was dependent on the caloric
consumptlon; as has been reported for the 1nduct1on of
wg]ucose 6- phosphate dehydrogenase (57). When part'of the
carbohydrate is exchanged w1th fat the rats consumed ]ess
food, especially from the second dayvon, giving a smal]er
“induction of ATP citrate lyase. Administration of _
db-cyclic-AMP and theophylline during‘refeeding of starvéd
‘Arats withja high carbohydrate, low-fat diet results in_av;.
further drop in the food consumption. The difterenCe in
consumption was particular tmpressive during the second and
third day. Since the increase in ATP‘citrate lyase is
' sensitive to changes in the food'consumption,vthe'specific

contribution of either fat or phosphodiesterase inhibitors
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tn preventing the induction of ATP citrate lyase is
difficult to ascertain. It is possible that the effects are
7-secondary to changesrin the appetite.
) While these stud1es could have been- repeated with
control of calor1c 1ntaKe by means of stomach 1ntubat1on, it
is likely that elucidation of the hormonal control of
11pogenes1s will be better ach1eved by stud1es on isolated
liver ce]]s where nutritional cond1t1ons can be rigidly |
- controlled. _ |
Experiments on fatty acid synthesis in_liver'slices,_in

”perfused 1ivér_preparations; and in isolated hepatocytes
have 1nd1cated a role for cyo11c AMP 1n the short-term
| control. Kle1n and We1ser (37) demonstrated rap1d 1nh1b1t1on
of fatty acid synthes1s by glucagon and that this was
- accompanied by’ a para]]el reduction in acetyl-CoA
carboxylase,aétivity.,Sini]ar results have been obtained by
bincubation of liver slices with db-cyclic-AMP (38). A direct
inhibition by db-cyclic-AMP of acetyl-CoA carboxylase in rat
liver homogenate has also been shown (38). The mechanism by
whtch cyojic-AMR affeots.the'enzyme activity has yet to be
established.'It is7noteworthy that pdrified‘acetyT?CoA
carboxylase can be converted to: an inactive phosphorylated
form by an ATP- dependent protein-Kinase (40 106). The
reversal of th1s process 1s catalyzed by a Mg dependent
phosphatase fract1on The phosphory1at1on was, however
1ndependent of cyclic- AMP Several other 11pogen1c enzymes

- have been 1mpl1cated to be under the control by



- 37

phosphonylatioanephosphory]ation mechanisms (43-45),
;soggesting a cooroinate control for the.short-tera
_.negulation of the 1ipogenic enzymes. The fatty acid |
synthetaseicomplex'of'pigeon liver can also be phosphory- ;
lated andhﬁnactivated by an§ATP-dependent kihase and dephos-
phory]ated"and activated by a‘Mg-desendent phosphatase(45)-.
Attempts to‘detectfsuch a mechanism'in rat or human liver B
have been unsuccessful. (46,47). In contrast,,the phosphory-t’
lation of L-type pyruvate Kinase is mediated by a cyclic-AMP
dependent'protein Kinase (445.hRegu]atdon-of phoéphofongoé;f
kinase by phosphorylation-deohoSphoryJation‘has also oeen'a
_repor ted (43t, but the data in this case areheQUivocal.
In<our survey of%regulatory eontr01 of ATP<ottrate
lyase, an ammon1um sulfate fract1on of liver homogenate was
1ncubated w1th ATP, in an exper1ment similar to that used by
. Carlson and K1m {40) to demonstrate phosphorylationio? :
acetyl-CoAvcarboxylase ATP citrate 1yase activity assayed n
under opt1ma1 cond1tlons was nat affected by th1s‘ |
;1ncubat1on, ‘nor d1d add1t10n of cyc]1c-AMP to the sySteﬁ
have an effect suggest1ng that regulatory phosphorylat1on
-of the enzyme was unlmportant However such a mod1f1cat10n
‘might occur with a change 1n catalytic act1v1ty on]y,v{'
deteetable at eubootimal reaction cOndttions.t44)f It is
also possible that some other functional properties.of.theh
enzyme are‘affected‘by phosphorylation (107). | | | |
f After the‘conctuSion of this part.of our Study,;severa]_'

| reports appeared in the literature demonstrating structural -
o . ¢ : .
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phesphorylation of ATP citréte,]yase (108-110). Such phos- ;

1

phorylatien occurs 4t a site-different from the site which

is phosphorylateg during the catalytic route (111), and. may

‘be under hormonal fhfWuence, The role for this modificatiop
remain; obscure, hoWever, bécause structural phoephorylation
does not ehange any ef the ‘Kinetic or other propertiee of.

. - - o ‘
~ the enzyme. Anm equivaient structural phosphorylation has

- been been, reported for acetyl-CoA carboxylase (112) wH?bh

seems to be distinct from the phospherylat1on correlated

with the inactivation d1scussed above



‘IV.‘PURIFICATIQN OF ATP CITRATE LYASE AND MALIC ENZYME

"* . A: INTRODUCTION »

‘ AThe realization that citrate was required for fatty
acid synthesis (113), led to the discovery of ATP citrate
. lyase by Srere (114),.whidh;cata]yzes the fo140wing reection

-

(see Eqnt[1]): | S -

-

ATP + citrate + CoA =

%

i

4oxaﬁoacetate + acetyl-CoA + ADP + Pi [1]
The enzyme has been found to occur in a varlety of an1mal
~ t1ssue (115) but 1s espec1al1y enriched in liver and adlpose_
t1ssues, in keep1ng w1th its. metabol1c ro]e in l1pogenes1s /
Desp1te the phys1olog1cal s1gn1f1cance of ATP c1trate
| lyase, 11tt1e is known about its structural propert1es,
part]y due to 1ts 1nstab111ty dur1ng purification (20,
115 117) In the early 1nvest1gat10n of Srere. (115) the
enzyme was part1a1]y pur1f1ed from‘the soluble fractlon of
ch1cken l1ver and some of its propert1es stud1ed The fact
that 1t can be 1nduced by d1etary man1pulat1on was explo1ted
" by Inoue et al (20) in the1r pur1f1cat1on of the enzyme froin
~ rat l1ver These workers succeeded 1n enhanc1ng the
: stabllity of the enzyme by the add1t1on of 2 mercaptoethano]"
vand MgC12 to the buffer media. | . |
| In our first attempts to pur1fy ATP\o1trate lyase from o

rat l1ver, we were not able to reproduce the procedure of
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Inoue et al (20). The addition of 2- mercaptoethano] and
MgC]2 did not stabilize the enzyme dur1ng the pur1f1cat1on o
and our recovery of the enzyme after ion exchange
chromatography on DEAE ce]lulose was exceed1ngly small. We
report here a modified pur1f1cat1on procedure, where _
stabilization of the enzyme during the first stages is
achieved by the inclusion of citrate in the buffer media.
Furthermore, the sucoess of the procedure depends mainly on
its speed of operation | . |
From the same pooled rat 11vers, we were able to pur1fy,
- malic enzyme, wh1ch is much more stable than ATP citrate
lyase. Ma11c enzyme first shown by Ochoa et al (118) to

cata]yze the reaction (see Egn.[4]):

‘Malate + NADP* = pyruvate + NADPH + H* o 14]

1s cons1dered to be a 11pogen1c enzyme (49, 119) It suppl1es¢ R

50% of the NADPH needed for fatty acid synthes1s, the rest
ksupp11ed by the pentose phosphate pathway The enzyme has
been pur1f1ed from the livers of ch1cken (120) p1geon (121),
vand rat (122) The procedure presented here is s1mple and

staightforward. L ’ | f‘ .
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- B. METHODS
1. Stabilization of ATP citrate lyase.

Our first objective was to find conditions where ATP
citrate lyase is most stable. For use in these experiments,
. the enzyme'was‘purified from‘weodlyn/Wistar;rats starved for
2 days and refed a High carbohydrate, fatffree diet for 3
~ days according to the procedure of InQUe et al (20). The
‘ammonium sulfate-precipitated enzyme was disso]ved in 10 mM
Tris-HC1 buffeﬁ>pH 7 8 with or withdut 10 mM 2-mercapto-A
-ethanol, 1t mM MgC12 and 0.1 mM EDTA and dialyzed overnight
aga1nst the same buffer.. The enzymetsolut1on containing
2-mercaptoethanol, MgC12 and EDTA was divided into four
parts. Eﬁther AfP, sodium citrate or sucrose Was added to
three of the solutions to final concentrations of 5 mM, 0.2
mM and 1 mM,'respectiQely. Enzyme soTutions were-stored'
either at-O-S' or frezen and the activity of ATP citrate

lyase was followed ‘over t1me

e

2. Purificat:on of ATP c1trate Iyase

| 22 Sprague Dawley rats were starved for 2 days and
refed a. high carbohydrate fat-free diet for 3 days The”
janlmals were decap1tated and the l1vers were removed |
'1mmed1ate1y and washed in ice- cold 10 mM Tris- HCl buffer pH'
7.4, conta1n1ng 0.2 M KCi, 1mM- EDTA 10 mM 2- mercaptoethanol
and 5 mM sod1um c1trate A1l subsequent operat1ons were \

performed at 0 5°

._Q



The livers (approx. 340 g.) were homogenized in 3
volumes of the above buffer with the aid of a Servall
Omnimixer. The crude extract was centrtfuged”for 30_minutes
(at 15,060xg with the aid of a RC2B refrigerated centrifuge
for this and.all subsequent centrlfugations) and the |
supernatant was cleared by pass1ng 1t through a layer of .
Kimwipes. | v

A freshly preparedyé% solutionwof protamine SUIfate in
the above.buffer was added slowly to produce a final concen-
»t:ation~of 0.2%. Stirring was continued tor 10 minutes and
the solut1on was centr1fuged for 30 m1nutes

‘To the clear supernatant solid ammonium sulfate was
added to 35% f1nal concentrat1on The pH was Kept between 7
and 8 by dropw1se addition of concentrated NH4OH. After
st1rr1ng for 10 m1n. the extract was centr1fuged for 302
mtnutes. The supernatant was used for the_puriftcation of
“malic enzyme. The precipltate was digsolved in the above)
buffer to a volume correspondlng to one- th1rd of the voldhe
 obtained after the protam1ne sulfate step..

A 25% solut1on of polyethylene glycol 6000 was prepared
1in the above buffer and added slowly to produce a f1nal con-.
'centrat1on of 5%. The extract was centr1fuged for 30 m1nutes

and the prec1p1tate was dlscarded Polyethylene glycol was
then added to produce a final concentrat1on of 10%. The

.2

: solut1on was’ centr1fuged for 20 m1nutes and the prec1p1tate o

o

vwas dlssolved in a minimum volume o? 20 mM Tris-HC1 buffer

'pH 7 4, conta1n1ng 1 mM EDTA and 1 mM DTT.

P4
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The enzyme solution was desalted on a Sephadex G-25
coarse column (2.5 x 50 cm) equilibrated with the same
buffer and then applied directly to a DEAE-Sephacel column
(2.5'x,60 cm), which had been.equilibrated with the same

"buffer.'After washing the column with two column volumes of
starting buffer, ATP citrate lyase was eluted by applying a

-linear gradient of 0 to 0.3 M KC1 (a total gradient volume

of 5 column volumes). Most active fractions were combined,
concentrated by adding solid ammonium sulfate to 50% final
concentration and centrifuged for 30 minutes.

The precipitate was dissolved in 20 mM Tris-HC] buffer
pH 7.4 containing 1 mM EDTA and 1 mM DTT and applied to a
Sephacryl $-200 superfine column (2.5 x 99 cm) equilibrated
with the same buffer, Most-active fractions were. pooled

A second DEAE Sephace] step was usually necessary .
Starting buffer was 20 mM Tris- HC1 ‘buffer pH 7. y containlng
1 mM EDTA, 1 mM DTT and 16 mM KC] - After washing the column

a linear gradient from 16 mM KC] to 100 mM KC1 was used to

elute the enzyme.

Routinely 0.34 g. sucrose was aaded to each ml of

~enzyme solution and this was then frozen in portions;

K

3. Purification of malic‘enzyme

The supernatant so]ution resulting from the .ammonium

ulfate pre01p1tation of ATP c1trate lyase was used for the

‘purification of malic enzyme The solution was: adJusted to
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50% final concentfation of ammonium sulfate, stirred and
centrifuged for 30 minutes. The precipitate was discarded
and ammonium sulfate was added to the Supernatant'to 80%
final concentration' stirred and centr1fuged as before. The
prec1p1tate containing malic enzyme act1v1ty was dissolved
in a minimum volume of 20 mM Tris-HC1 buffer pH_7.7 contafn-
ing 2 mM 2-hercaptoethanol. r

The extract was desalted on a Sephadex G-25 coabse '
column (5 x 60-cm) equilibrated. w1th the same buffer, and
app11ed d1rect1y to a DEAE- Sephacel column (5 x 45 cm)

: equ1]1breted and washed with the same buffer. After,washingf
the enzyme,wae_eluted by applying a linear gradient of 5
column volumee of starting buffer and 150 mM Tris-HC1 buffeﬁf
pH 7.7 containing 2 mM 2-mercaptoethanol. MoSt active
ffactions wene pooled and concentrated 10-fold with the aid
of anuImmefsible Mo}ecuiar Seperator (Mil]ioore'Corporafjon;
Bedford, Massachusetts, U.S.A.). i .

The“extracf was finally applied to a Sephacry] $-200-
_dsuperflne column (2. 5 x 60 cm). equ1l1brated and run with 70
| mM’ Tr1s HC] buffer- pH 7.7, containing 2 mM 2 mercapto-
ethanol ‘ o , ‘

The enzyme eluted 1mmed1ately after the vo1d volume,‘
was pooled and stored in the cold as a prec1p1tate 1n 75%

'ammon1um sulfate.
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C. RESULTS AND DISCUSSION
1. Isolation of ATP citrate lyase.

Table Ibsummarizes the results of the survey of the
stabiljty of ATP citrate lyase under various conditions. Of

the compounds tested at 0-5°, the best protection was

:'afforded by c1trate Subsequently, we found that pH 7. 4 gave

- a better recovery than pH 7.8 on the ion-exchange column, as

was suggested by Inoue et al (20).,Based on these findings

we decided to'develop,a new procedure for the purificationv

of ATP citrate lyase.

The homogenized crude liver extract was fract1onated

us1ng a number of establ1shed techniques which ut1l1ze the

7d1fferent solub1l1ty character1st1cs of prote1ns By the

evening of ‘the first day of pur1f1cat1on, the extract can be:

‘appl1ed to a DEAE Sephacel column Th1s anion exchanger can f

w1thstand high flow rates and the elut1on of the enzyme is

usually complete within 24 hoursv(Fig'4) The enZyme is
finally appl1ed to a Sephacryl S 200 superf1ne where the

‘enzyme eluges 1mmed1ately after the void volume In some

cases. the enzyme st1ll conta1ns 1mpur1t1es after this step

fwhlch can be conven1ently removed by a second DEAE- Sephacel

column us1ng a sl1ghtly h1gher 1on1c strength and a more
shallow grad1ent The enzyng;elutes in an. apparent homo-
geneous state as Judged by polyacrylamide gel electro-

phores1s in the presence of SDS. If the. pur1f1cat1on is done

-_too slowly,van add1t1onal two bands w1th lower molecular‘

weights appear in the gel electrophoresis pattern These
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TABLE 1

Stability of ATP citratezlyase during storage

Temper-  Days of o Activity remaining (%)
ature storage -
Add1t1ons
2- mercaptoethano] MgC12 and EDTA
None 7 ATP c1trate sucrose
0-5° 1 90 56 © . 60% 107 61
o 3. - 20 6 12 80 12
38 0 0 0 tr2 0
-20° SR 94 115 140 120 138
3 19 22 . 34 72 55
38 tr tr e 27 51

--—_--__.._—.._-_-—_>--_..—_--..._--._-—-_—__-__-'_-—_--_..-._-

' The act1v1ty after dialysis haS'set at 100%.

= trace of activity.
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~ Fig.4. Chromatogram of ATP citrate lyase on first - ,
- DEAE-Sephacel column (2.5 x 60 cm). After application of the
~protein, the column was washed with 2 column volumes of
starting buffer; 20 mM Tris-HC! - 1 mM EDTA - 1 mM DTT, pH
7.4, Then a linear gradient of 0 to 0.3 M KC1 in starting
buffer. (5 column volumes) was applied (at fraction 100) to
~elute the enzyme. ATP citrate lyase eluted at a salt concen-
tration of 35 mM KC1. SRR :
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polypeptides probablylarise~fr0m the higher molecular weight '
band through limited proteolysis'during the isolafion, as |
disclissed by Singh et al (123);; |

| A SUmmary.ofvthe.purification procedufe is’given in
Table II.lThe gel filtration is the slowest step ‘and a fair .
amount of ioactivation;ocours. This is probably due to
oxidation of the.enzyme, since the‘activity can be alMosl_

completely restored by incubatlng the enzyme with DTV (124).

After;the‘completion-of this worK-a similar improved
purification procedure was pdblished by Linn and Srefe
(111). These invesfigators'achieved good stabilizafioh of '
the enzyme by including- 10% glycerol and h1gh concentrat1ons
of DTT 1n the buffers. Thls enables the recovery of more

than 50% of the ATP citrate lyase act1v1ty.

}2. Storage of ATP oitrate lyase. |
Generally, storage protocols for ATP cifrate lyase have

been based on the principles'of exoludiné air and including
a reducing reagent such as DTT in the enzyme preparat1on
(20, 117 124 125) Despite these preeaut1ons-the enzyme
l activity is lost within 1 to 3 weeks. We have tried to store
the enzyme as an ammonium sulfate precxp1tate but more than
half of the activity 1s\lost overn1ght at 0-5° However,
B based on the experiments reported in Table I, we_routinely'

" add sucrose to the'purified'enzyme preparation and store it

at -20'. We have been able to store. the enzyme more than a



TABLE 11

Purification of. ATP cifrate lyase

,______,_,____-_____--__-__-_________________,_______.__________

Protamine sulfate
Ammonium sulfate

'Polyethylene
glyco]

DEAE-SephaCel
Sephacryl $-200

Second v
- DEAE-Sephace!l

Total Total Specific :

- Volume protein activity. act1v1ty1 Yield
(m1) (gram) (units) , (%)
1030 39.5 3480 0.08 100

1070 26.4 3410 0.13 98

357 5.5 2580 0.47 74
42 4.1 2320 0.57 - 66
- ' 1y
110 0.35 1180 3.4 34
61 0.13 330 2.5 8.5
289 445 4.5 12.8

T T T T e e e e e e e e m et e e e e e e e, n ..t e, . —_.m .- ——-— - - -

! Specific actiVity is expressed as units/mg protein.

49
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year with very little loss in activity.

3. Propertles of ATP citrate Iyase

When freshly pur1f1ed enzyme’ 1s ‘assayed. the absorbanceﬁ
decreases 11near1y with t1me the rate of decrease be1ng
B proportlonal to enzyme concentrat1on On the other hand |
enzyme preparat1ons wh1ch have lost some activity e1ther 2
. dur1ng pur1f1cat1on or dur1ng storage are apparently _
" activated during the assay (F1g '5). The 1n1t1a1 rate of -
decrease of absorbance, wh1ch is 11near for }.%% 3 minutes,
starts to increase and reaches finally a new linear rate:
Fig. 6 shows thatlboth the initial and the final rates are
proportional to thé'enzyme concentration Thefdifference
between the two rates can be reduced but not e11m1nated by
pr1or 1ncubat1on of the enzyme in the assay med1um before
adding CoA to initiate the reaction. A s1m1lar 1ncubatqon
was found to restore much of the.ATP citrate lyase activtty
~which'had been lost during dialysis (126). fhe'obvious‘
candidate-in thevassay,mixture to be respons1b1e~for this'”

apbarent‘activation is the reduCing,reagent.

4. Isolation and properties of malic enzyme.

The malic enzyme can be obta1ned from the same pooled
rat llvers that are used for the isolation of ATP c1trate
lyase. When ATP-c1trate lyase‘1s prec1p1tated with‘ammOnium

X 3
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Fig.5. Effect of ATP citrate lyase concentration upon

, time course of NADH oxidation. ATP citrate lyase was assayed
.using the coupled enzymatic assay described in chapter 11,
where the time course is followed by the disappearance of
NADH at 340 nm. 10 pl, 15 pl, 20 pl and 25 pl of ATP citrate:
‘lyase (0.79 mg/ml) were assayed and the reaction was started
by the addition of CoA. : o o ‘
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F1g 6. Effect of ATP c1trate lyase concentrat1on on the
initial and the final rate of NADH oxidation. The initial
- (O ) and the final rate of NADH oxidatidén ( @ ) were
determined from fig.5 and plotted’ agalnst volume of ATP
c1trate lyase (0. 79 ‘mg/ml) added. _
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.sulfate, the malic enzyme stays in solution and can
successfully be fractionated between 50% and 80% final con-
Centration of ammonium sulfate. After desalting, the extract
is app11ed ‘to a DEAE- Sephacel wh1ch removes most of the
1mpurit1es (Fig 7) and f1nally to a Sephacryl $-200
izsuperf1ne column (Fig. 8) which, glves an apparent homo-
geneous. protein as determ1ned by polyacrylaMIde gel electro-
I‘phores1s in the presence of SDS A summary of the’ ;‘
pur1f1cat10n is g1ven 1n Table III ‘
B In contrast to ATP citrate lyase the malic enzyme 1s

Z remarkably stable during 1ts 1solat1on 3’d/1n thg pure
state. It can be stored for Iong per1ods of time as an.

ammon1um sulfate precip1tate w1thout any loss vn act1v1ty

The- spectrophotometr1c assay of mallc enzyme, record1ng o

'-the appearance of NADPH at 340 nm, is. Irnear w1th time and



54

KON o - 120
4 - T
- i
| i
_os} é 116
..E;“|50
€. B < v
o 9 2 !
S B = P
~ 06 b 112 5 -
4 ’ > 4100 §
S LS
goar 1 1BE | e
g | W B ¢ =
o - \. %g 4 .50
202 .- | .14 > 1
g%% g ' - u

- FRACTIONS (=22 ml)

. Fig.7. Chromatogram of malic enzyme on DEAE-Sephacel
column-?s x 45 cm). After the sample was loaded, the column
was washed with 7 column volumes (290 fractions) of 20 mM
~Tris-HC1 - 2 mM 2-mercaptoethanol (pH 7.7), followed by a
linear gradient of 20 mM to 150 mM Tris-HCY (2 mM =~
- 2-mercaptoethanol, pH 7.7) qof 5 column volumes ‘to elute the
- enzyme. = L - o R -
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‘ F1g 8 Chr-omatogram of mahc enzyme on Sephacryl S- 200 v
superfine column (2.5 x 60 cm). The column was equilibrated
and eluted with 70 mM Tris-HC1 buffer (pH 7. 7).’ contammg
.2 mM 2- mercaptoethanol , o ‘
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' TABLE III-

,Pur1f1cat1on of mal1c enzyme

-.-------—----—..--—-—---------—-----_---------_‘.o--------_.

Total Total Spec1fic

Step . Volume protein activity activity! Yield
e T Tl Toniia) T Yige
Crude extract 1030. 38.5 3757 0.1 100
Protamine sulfate 1070 ‘26.4' e8| 0.14 96
Ammonium‘sulfate‘“ ) 86 3.4 ‘_2}37-’ 110!8 B .73;
DEAE “Sephacel {ig 007 4772 25.3 47
Sephacry s-éod 19 6503¢. 113 378 30

——-——--———---—-—---’--——--—-—--——-——-—---'—‘-—-- ——————————————

L S



V. A STABILIZING FACTOR FOR ATP CITRATE LYASE
_ , y
A. INTRODUCTION
- Phosphofructokinase actiyity in liver is subject to
similar dietary adaptationlas thevlipogenic enzymes. Its:
induction has been shown to be the'nethresult of'both
enhanced rate of protein synthesis and a decreased rate of
prote1n degradation (50, 128) Our attention was drawn/to the
phosphofructok1nase system‘by the discovery by Dunawayfand
Segal (83) of a labile, dialyzable factor in rat liver
'supernatant whose Ievel fluctuates oppos1te to that of the |
degradat1on rate of phosphofructok1nase and which can pro-
tect the enzyme agalnst thermal and lysosomal 1nact1vat1on
in vttno It was suggested that the"?actor might control thel
rate of degradat1on of phosphofructoklnase -in v1vo by
_sh1ft1ng the equ111br1um between enzyme conformers to a moreh
proteolytlcally res1stant form _ o
~The. phosphofructoklnase stab111zxng factor was pur1f1edv‘
from rat l1ver to apparent hompgene1ty (83) The factor was

| reported to have a molecular we1ght of approx1mate1y 3, 500

o and was thought t0-be a pepttdef based on 1ts ultrav1olet |

'1spectrum, suscept1b1l1ty to pronase and correspondence w1th'
,<n1nhydr1n p051t1ve mater1al on’gel filtration and paper

.delectrophoresis Am1no ac1d compos1t1on (glu gly: cys, 1 1:1)
suggested the presence of glutath1one or a der1vat1ve‘1n the

factor preparat1on (83).

.57
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Because of the parallels in the d1etary adaptatlon
patternhbetween phosphofructoklnase and ATP c1trate lyase,
‘we thought it to be an attract1ve poss1b1l1ty that the
factor might affect tne stabillty:of‘the latter enzyme We
"part1ally pur1f1ed the stabilizing factor achrdlng to

Dunaway and Segal (83) and the exper1ments reported in th1s'

~ chapter show that the factor exerts m1laruprotect1ve
,.effects on ATP c1trate lyase _;7£i::j> | : ) .

Together with the earl1er work on phosphofructokinase,’

these experiments'suggested the exciting concept that the

stabilizing factor might be a pleiotropic mediatbr, regu-

-

lating (at least) l1pogen1c enzyme turnover }ﬂ«hégponse to -
/

1nsul1n stimulation. For these reasons, the\gjféct of the
factor was also tested on mal1c enzyme another adaptable

1ipogenic enzyme
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B. METHODS . o
1. Partial purification of ATP citrate lyase.
| Most of these experlments were performed before the
development of our standard pur1f1cat1on procedure (see
'chapter IV) and the enzyme preparat1on used was obtained as
follows. | - |
200 grah‘woodlyn/wistar ratS-were'starved.for two days
and then refed a high carbohydrate; fat-free diet.for three'.
-;days; ATP citrateﬁlyase_Was isolated from the liver‘and _
partially purified according to.a'procedure adopted from
InoUe'et al (20) and modified as follOWS L1vers were
: homogen1zed in three volumes . of 10 mM Tris- HCl buffer pH
7.4, conta1n1ng 10 mM 2- mercaptoethanol” 1 mM EDTA, 5 mM
”'sodlum c1tr§?§ and 0. 2 M KC1. Follow1ng centrifugat1on'atﬁ
15, 000xg for 30 m1nutes. 2% protam1ne sulfate in the same
i buffer was added to g1ve(a final concentrat1on of 0.2%. The
“enzyme was prec1p1tated from the supernatant w1th 45% f1nal
l‘concentrat1on of ammon1um sulfate The prec1p1tate was ,
‘ ld1ssolved ln the above buffer mod1f1ed to conta1n only 20 mM
KCl and‘hav1ng a pH of 7. 8 and then d1alyzed agalnst the,
same buffer DEAE cellulose ‘was equ1l1brated with d1alysis
-buffer and elut1on ‘was carrled out by us1ng a cont1nous '
-gradient of - dialys;s buffer adJusted to pH 7. 4 and to a

'f1nal concentratlon of KCl of 0. 4 M. Act1ve fract1ons were

”'t_pooled and concentrated with 45% ammon1um sulfate The =

precipitate was dissolved in homogenizing buffer and applied..
to a column of Sephadex G- 200 equilibrated with the same Sl
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buffer.. Fractions‘with a scecific‘activity over 1.0 units/mg
were7poo]eddand sucrose was added (0.34 gram sucrose to 1.0
ml of solution). The'enzyme so obtained was stored at -20°
untit used Thisvpartially purified.enzyme was used for the
studies concernlng thermal stab111ty and treatment with

trypsin and chymotryps1n

2. Complete purfficatlon of ATP citrate Iyase

The ATP citrate lyase preparat1on used for the studies

. concern1ng lysosomal degradat1on was isolated and pur1f1ed

from rat liver as described 1n chapter 1v.

A

~

3. Preparation of the stabilizing factor.
| W,For the ear]y experiments’described in this chapter,
the stabi]tzing factor;uas prepared essentially_according,to'
Dunawaytand'segal t83).'WOodlyn/Wistar rats wereustarved 4
. days'and'tﬁen refed a highicarbohydrate,rfat-free diet for
one'day LiVer were nomogenized in 50‘mM Tris-HC]1 butfer"pH‘

- 8.3, conta1n1ng 250 mM glucose and 10 i 2- mercaptoethanol

't The 90% ammon1um sulfate supernatant was exten51vely

o dlalyzed using Spectrapor 6 membrane tub1ng (mol. weight cut
. of f: 2 OOQ) ‘The solution was then concentrated with an
‘;Amlcon H1gh Performance Thin- Channel U]traf1ltrat1on System

s1ng a UM2 DI%flo membrane (mot. we1ght cut off 1 ooa).

_Th1s preparat1dh of ‘the stab1l1z1ng factor was used to
: e , .
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!

investigate its effect on the thermal inactivation of ATP
eitrate lyase and its susceptibility to trypsin and
chymotrypsjn. The stabt]izing factdr;was subjected to gel
filtration on a column bf Sephadex G-25 fine (1.5 x 85 cm)
pooled and concentrated by lyophilization before be1ng used

-
in the studies w1th lysosomal extract

q. Thermaf inaétivation of ATP citrate lyase.
. Thermal inactivation-bf ATP citrate'lyase was‘performed’

in a Temp-Blok Module Heater set at 37 The t1me needed for

50% 1nact1vat1on was calculated us1ng linear regression

analys1s on sem1-logar1thm1c plots.

5 Tryptic and chymotryptlc treatment of ATP crtrate lyase.
Tryptic d1gest1on of ATP c1trate lyase was done
accord1ng to S1ngh et al (123). To 1 mg of enzyme in 10 m\

bTr1s -HC1 buffer, pH 7. 4, conta1n1ng 1 mM EDTA 10 mM

2- mercaptoethanol 0.2'M KC1 was added 0.01 mg TPCK-treated -
' tryps1n and after 20 m1nutes 1ncubat1on at 25 0. 4 Hg TLCK

-was added to stop the react1on Tryps1n and TLCK werev

d1ssolved in- 0 1 M Tr1s -HC1 buffer pH 7.4, In the control

o sample buffer was added 1nstead of tryps1n o |

' ChymotrypSIn d1gest10n was done 51m1larly To 1 mg

rl»enzyme in 10 mM Tr1s HC] buffer. pH 7 4, conta1n1ng 1 mM |
:fEDTA 10 mM 2 mercaptoethanol 0.2 M KC1 was added 0.05 mg
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chymotrypsin. The remaining activity of ATP cifréte lyase
was determined at time intervals, andbfinallyﬂtHe

o

inactivated enzyme was analyzed by SDS gel electré%@oresis.

i

6. Preparation of lysosomal extract.

Lysosoma] extracts were obtained by the procedure ofﬂ
Ragab et al (80). Sprague-Daw]ey'Eags weighing about'350
gram Were used. The "lysosomal cemposite ffactieh" suspended
in, 0.1 M Tris-HC1 pH 7.0, containing 1 mM EDTA,g‘ 10 mM DTT
and 0.25 M sucrose, was freeze:thawed 10 timee and then
centrifuged’at 100,000xg for. 60 minutes.'The’reshltihg
supernatant, containing a 15-fold enrichmeniefn the specific
vactivity ef acid phosphatase (80’; was used as lysqsoﬁ§l

extract.

7. Protein determination
Concentrat1on of stab1l1z1ng factor was estlmated from
~ the absorbance at 190 nm follow1ng exhaust1ve d1a1ys1sv

agalnst water (83).

8. Stability expenlments wfth malic enzyme.

o~

Malic enzyme was dlalyzed overnight aga1nst 20 mM

'sod1um phosphate buffer pH 7 7, conta1n1ng 2 mM 2 mercapto-, .

. ethanol. 15 pl enzyme (28 pg) was m1xed with 40 pl 20 mM
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sodium phosphate buffér pH 8.0 or stabifizing factor (12.0
mM) and 10 pl of 1.0 M sodium phbsphate,‘for pH-6.0-7.7 or
1.0 M Tris-HC] for pH 8.0-10.0 was added to produce the
desired pH. For pH/studies, the’mixture was incubated at 37°
~and for temperatufe stédies, the 'pH of the mixture was 7.7.
Sémplesvwere'removed at time~intervals for assay of

remaining activity. ) ,
0 : - .
: . E )

e
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.C. RESULTS
1. Thermal inactivation of ATP citrate lyase. |

’.The stability o# ATP citrate lyase at‘37' deoended on
1the pH, as'shoun in Fig. 9. At a orotein,concentration of
‘1 mg/ml1 there was no appreoiable loss of enzyme aotivity
within 2 hours at pH 7.4, whereas aL pH 8.3 the enzyme
rapidly lost 1ts activity. ’

. The stab1l1z1ng factor described by Dunauay and Segal
(83) was purified up to and.includino the dialysis step.
When the factor was added in increasing amount to ATP
y oitrate lyase and the mixture was incubated at 37° and PH
i 8.3, ATP c1trate lyase was found to be‘protected against
- thermal 1nact1vat1on (F1g 10). A control sample, in wh1ch
lequ1valent amounts of d1alysate replaced the factor, showed
'no'stab1l1zat1onr The observed stab1l1zat1on of ATP c1trate

lyase 1s a function of the concentrat1on of factor (Fig. 11)

As indicated earlier, Dunaway and Segal (83) have N

reported an unusual am1no ac1d compos1t1on for the .
Stabillzing factor. The rat1o of glutamate glyCIne 1/2-
cyst1ne was foupd. to be approx1mately 1: 1.1, w1th only
tracesvof other_am1no ao1ds At this stage we wanted to ,ji»
"aSCertain that .our faétor‘preparatwon was identical to the
.one described for’ phosphofructok1nase To conf1rm th1s our
factor pur1f1ed ap~to and 1nclud1ng the d1alys1s step, was
subJected to acid hydrolys1s w1th or without pr1or perform1c

) ac1d ox1dat1on The results agree w1th those of Dunaway and

"' Segal (83), 1nd1cat1ng approx1matgly equal amounts of

”

g
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. Fig.9. The effect of pH on the thermal
ATP citrate lyase. ATP citrate lyase was dil
concentration of 1 mg/ml in 50 mM Tris-HC]
mM glucose and 10 mM 2
37° and t
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Fvg 10 Effect of stab1l1z1ng factor on the thermal -
inactivation of ‘ATP citrate lyase. 75 pl ATP citrate lyase + = ©
(2.2 mg/ml1) was mixed with 75 pi 50 mM Tris-HC1 buffer, pH
8.3, containing 250 mM glucose and 10 mM 2- mercaptoethano]
’p]us or minus stab111z1n factor (89.7 pg/ml). :

( Q) Enzyme alone, ? plus 50 pl stab111z1ng Eactor.
(A ) plus 75 pl. stab11121ng factor. An identical experiment
with 25 pl stabilizing factor was omitted from the figure .
for the sake of ctarity. At each concentration the rate of
]degradat1on in three separate m1xtures were: determ1ned
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glutamate,'glycine and halfcystine, plus small (<5%) traces
of other ninhydrin-positive'material: However, as Will be
_reported .in chapter Vi, analysis of a further purified

factor preparation gave a somewhat"different picture.

2. Treatment of ATP citrate lyase by varlousapnoteases
a. TrypSIn treatment S o B "a‘ﬂ
Recently, Slngh et al (123) demonstrated that ATP

lc1trate lyase, under cpntrolled cond1tlons, could be n1cked

by trypsin treatment giving rise to a fully actlve but
relat1vely unstable der1vat1ye This process appears to
. involve cleavage of 'the 110,000 mol. we1ght subunit, to .
produce.two smaller fragments. ‘It\Was‘ofiobvious interest to
determlne the- poss1ble relat1onsh1p of proteolys1s to the |
“'effect of the-stab1l121ng factor on the enzyme. Treatment of f
h,ATP c1trate lyase w1th tryps1n resulted in the conver51on of
‘“the ma jor pept1de to two smaller fragments (Fig. 12), a
process accompan1ed by no detectable loss of act1v1ty When',
the n1cked enzyme was tncubated at 37° and pH 8 3, it was .
‘}rapldly Jnact1vated w1th a t1/2 of 3.8 m1nutes (Flg 13) : "','4
z_éonf1rm1ng the lncreased lab1lity descrIbed by Slngh et al
vl:(123) Untreated enzyme showed a t1/2 of 8. m1nutes (F1g 10) |
When thé nicked enzyme was 1ncubated in the presence of the }d
:idstab1l121ng factor. we observed a degree of protectlon from B
1nact1vat1on comparable to that seen w1th nattve enzyme If : - /’

the stabil1z1ng factor is present dur1ng the tryps1n
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. Fig.12. SDS gel electrophoresis of native and trypsin -

trated ATP citra

te lyase. 5ug (outer tracks in each set of, .

~ three)%or. 10 pg (middle track) of ATP citrate lyase were - .
electrophoresed on 3. mm slabs-in the presence of 0.1% SDS

~ . and. the protein was stained with Coomassie blue.: The samples 2

- .applied ‘were: ‘a)

native enzyme; b). enzyme carried through .. -

2:'JPPOIGO‘YSTS;pggCedurebutiwithodt-trypsin addition: c) -

. trypsin treated

enzyme; and d) enzyme treated with trypsin

. in’the presence of stabilizing factor. (18 pg of factor to
~oolmgenzyme). . o Ut R T
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./ Fig.13. The effect of stabilizing factor on nicked and

. ‘unnicked ATP citrate lyase. The rate of degradation was
; - measured in a mixture of I mg trypsin-treated enzyme minus.
o } 2; of plus ( @ ) 19 pg-stabilizing factor at 37°. .

Enzyme (1. mg) treated with trypsin in the _-presenée\;of o

19 pg stabilizing factor. ( A ) control in which enzyme was e
. . handled identically except -that trypsin was omitted from the
;. pretreatment. Each experiment was done in triplicate. .
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- b. Chymotnypszn treatment

71

~

treatment, no change in the pattern of proteolysis was
detected by SDS gel electrocgoresis‘(Fig.12);,neverthe]eSs,
the[resultant product is protected to a eignificantly
greater extent than the enzyme, which had been'nicked in the
absence of factor. These results suggest that wh1le the

factor apparent]y does not prevent the major endoproteolyt1c‘

_cleavage, it may protect against proteolys1s near the end of
'a polypeptide chain, whwch may. be accompanled by fur ther

areduct1on in stab1l1ty but Tittle change in size.

-

- Treatment of ATP citrate lyase w1th chymotryps1n leads

-to complete loss of act1v1ty In addition to the “two major

polypept1des a number of addltfbnal protein bands - w1th lower

'molecular welght was observed on SDS gel electrophores1s

(F1g 14). Similar. results were obta1ned by Slngh and co-

workers (123) The stab1llz1ng factor had ‘no effect on the -

"1nact1vat1on and 1ts presence had no effect on the pattern

of prote1n bands on SDS gel electrophore51s oy

€

ck Lysosomal extract

Table IV shows the result of an exper1ment test1ng the‘

“'-effect o? the stab11121ng factor on the suscept1b1lity of

3_ ATP c1trate lyase to a lysosomal extract when ATP citrate l-

lyase was 1ncubated with a lysosomal extract at. pH 7.4 and

«



Fig.14. The effect of stab1l1zxng factors ’
chymotrypsin digestion of ATP citrate lyase//,?P 01trate
" lyase was treated with chymotryps1n in the absence or
presence of 30 pg stab111zlng factor/mg enzyme, The act1v1ty
~ of ATP citrate lyase was followed and a% time intervals ’
- samples were removed and appl1ed to SPS gel .electrophoresis. .
(a) Enzyme alone ‘after 40 min. (b) enzyme and chymotrypsin 7/
after 40 miny and (c) after 90 mirg., td) enzyme; chymo v
"tryps1n and stab1l1z1ng factor after 40 min.

§ ) . . :
a" . . . - ..
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wc " TABLE IV
Protection by stabilizing'facfor¢against lysosomal inacti-
vation of ATP citrate lyase at pH 7.4 and 37° ‘
Stabilizing | kg (min)-1
factor P . oy
............ A
(1) 2 net attribut-
with without - . able to lyso- .
lysosomes = lysosomes . somes: (1) - (2)
" Mbsent . 0.070 ' 0.0153 - 0.055
. Present ©0.0034  0.0027 - 0.001 -
25 pl ATP citrate lyase | 3ipg)'was incubated with or

~without 50 pl lysosomal ektract (108 pg protein), with or

without 50 pyl stabilizing factor (100 nmoles amine) at 37°
and pH 7.4. First order rate constants (kq) were calculated
from the linear semilogarithmic plots of remaining activity
versus time. L, ;' o R S

° .

x o . s
. i
h Lo
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-37l, its rate of inactivation was 4.5 times greater than in
"~ the absence of lysosomal'eXtract The stabilizino factor‘,
'reduced this 1ncrease by 98% Thus the factor prov1ded
~effective protectwon of the enzyme from 1nact1vat1on by a
lysosomal extract, a result similar to that observed w1th
'phosphofructok1nase (83). |
In order to" 1nvest1gate the fate of ATP citrate lyase |

dur1ng;lysosomal_)nact1vat1on, a similar -eXperiment was
performed with the amount . of lysosomal extract towered
- 30-fold. During the course of the experiment samples were

v

removed for assay of rema1n1ng activity (Flg 15) and for

analys1s on gel electrophores1s 1n the presence of SDS )

(Fig.16). |

In the presence of stab1llz1ng factor and lysosomal
const1tuents, ATP citrate lyase (F1g 16a) was quickly n1cked

(R1g 16f-i) to. form two assoc1ated fragments with full
enzymat1c act1v1ty More general proteolys1s and

'1nact1vat1on that occured in thé;absence of stab1llz1ng _

oo {

'.factor (Fig, 16b- e) was retarded On, the other.hand the (fff$\- A
'1n1t1al n1cK1ng that occured 1n the presedce of stab1l1z1ng
‘factor was much faster than that in the aésence of factor

"Dur1ng the 4. hours 1ncubat1on per1bd the controls showed

‘if'Yery little 1nact1vat1on (act1v1t1es rema1n1ng after 4 hours

‘were 84% and 97% for eqzyme alone and enzyme plus

'stabillz1ng factor, respect1vely) and no change 1n the gel

pattern could be seen The data therefore suggests that thevfh

4:_ Kassoc1at16n of the factor-with ATP citrate“lyase promotes&a -
Lo e N R

N : . . . . . ot

P e?
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_Fig.15. Effect of stabilizing factor on lysosomal
inactivation of ATP citrate lyase.
‘was . incubated with. 0.15 mg lysesoma
~ without 48 pg stabi
were removed at intervals for

. REMAINING = ACTIVITY

H
o

N
o

N

_1

:,\_.i'>‘« v

5

TIME (hrs)

C e

Lot

1 mg ATP citrate lyase
1 extract, with or
lizing factor at pH 7.4 and 37°. Samples
/als assay of remaining activity .
«and for application to SDS gel electrophoresis. . = . -
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y
Fig.16. SDS gel electrophoresis of ATP citrate lyase
inactivated for various times by lysosomal extract in the.
absence and presence of stabilizing factor. 88 pg protein
was' applied in each well. Samples from left to right are as
follows: a) enzyme alone, (b-e)-0, 1, 2 and 4 hours in_the
~absence of stabilizing factor, (f-i) 0, 1, 2 and 4 hours in
the presence of stabilizing factor. Lo o

‘T . B . .
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ﬂ,preferent1al proteolytIC attack w1th the prodUct1on of a
stable -and active’ enzyme spec1es, that is res1stant to
~ further degradation. |
o 3. Stability studies of malic enzyme.
| A ser1es of exper1ments were 1n1t1ated to determ1ne the
- conditions where thermal inactivation of mal1c enzyme
proceeded at a reasonable speed Malic- enzyme&turned out to
'zbe a remarkably stable enzyme At 37°. the enzyme wasnverym
"t stable between pH 6.0 and pH 10.0 (Table5V)} although at |
pH' s below 7. 0 some sl1ght 1nact1vatlon cou]d be pbserved
When - the mixture was held at pH 7.7 and the temperature
var1ed, a rapld 1nact1vatlon occured above 507 When the
stab111z1ng factor was included,. -we could not observe any
-stab11121ng effect. . = T B
Ma11c _enzyme also showed surpr1s1ng tolerance to the

~presence of proteases, concentrat ns of 1ysosoma1 extract

3 :that qu1ck1y degraded ATP c1trate 1yase had no effect on the.e
H_act1v1ty of malic. enzyme and no proteolysts could be f
1detected ‘by. subsequent electrophoret1c analy51s (not shown)
::However. tryp51n treatment resulted in a rap1d ]oss of about
: 50% of the act1v1ty At pH 7.7 and 37 the 50% level was :
f'reached 1n less than ) mtnutes W1th 10% tryps1n to mal1c
’enzyme (welght by weIth) Progress1ve1y less tryps1n only
L'J:‘ﬂresulted in longer tlmes needed to reach th1s level Many .
‘dt"w:attempts to demonstrate an effect of the stabtliz1ng factor bffy
'Efon the proteolytic suscept1bility of malic enzyme uere |
"ﬁift,without success - ar, o _q'vj%.;g;x“




Effect of heat and pH on malic enzyme
———————————————————————————————————————————— -f—-———--————-
: ~ Activity remaining
~after 30 min. (%)

i C T TTTTTTEr Tl
Temperature pH - factor + factor
———--- T A =mmmmmmmmmmmman +4--

37" 6.0 . g2 . - nd?
37" 6.6 82 - nd
37° 7.0 96 nd
37° ) 7.7 112 nd
37° 8.0 94 nd
37° 9.0 101 ‘nd
37" . 10.0 107 nd
45 7.7 100 © nd
50" 7.7 92. nd
51° 7.7 87 nd-
52°. 7.7 68 : 65
- 55 7T 13 15
_ 5

TABLE V

W BN M A e em e G G TR TR G Gr G Gk wr G e W TR SN Gh G R e TR R W AR TH W G ES e SR D M Ar mm Tm Me Ee M SN WM G W e G e e e Ee

1 The exper1mental déta1ls are -described under “Methods"'

- The: va]ues shown are from a s1ngle representat1ve exper1-

- ment.

" 2.nd =

not determ1ned
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'proteolyt1c and thermal suscept1b§ijty is related to the

D. DISCUSSION

The results presented here 1nd1cate that .a factor’

present in liver has the ability to confer thermal stab1l1ty

on ATP c1trate lyase and the factor in quest1on is very'
likely 1dent1cal to one previously shown to stab1l1ze

phosphofructok1nase agalnst thermal and iysosomal 1nact1-'

'vatlon (83) The demonstration that” the factor has a very

dramatlc protect1ng effect on ATP c1trate lyase, agalnst

' 1nact1vat1on by a lysosomal extract lends further cred1b1l1-

ty to an 1mportan1vphys1olog1cal role,for»the stab1l1z1ng

factor. | . | ‘ :
It was- suggested by Dunaway and Segal (83) that the

.

ba51s of the effects of the 1nteract1on of the stab1l1z1ng

factor with phosphofructok1nase may be promot1on of a shift

'.rto a.conformational state of the enzyme whwch 1s less -

suscept1ble to thermal and lysosomal 1nact1vat1on The7t1me

~course of changes in the leve] of the factor and of phospho-

fructok1nase further supports a role for the factor ‘as a

[44

'regulator of the degradat1on rate of . this l1pogen1c enzyme
- (50,83, 128) '

One 1mportant quest1on is whether the degree of -
half ltfe of a prote1n A general correlation has been found

where short l1ved enzymes are less res1stent to 1nact1vat1on,

/.

.by heat (73). S1m1lar conclu51ons were obta1ned when melt1ngi
\x;curves were measured/and compared w1th degradat1on rates forf

3by~n1ne different intracellular enzymes (129) Th1s study led

<



s %0.
to the proposal that proteln turnover is thermodynam1cally
_controlled such that suscept1b1l1ty for degradat1on depends
on the equ1l1br1um of conformat1onal states that a prote1n
\t\\\can assume. These conformers could d1ffer from each other by-
| beiﬁg more'or less unfolded implying that the more unfolded
prote1n is (i.e., a large unfold1ng equ1l1br1um conshant)
the hlgher the rate.of degradat1on With regard to the '
pathway of degradat1on Ballard suggested (63) that the

1nzt1al step in the degradat1on of. phosphoenolpyruvate '

carboxyklnase 1s a thermal denaturat1on to be followed by f_v' l

. proteolys15 In contrast . Segal (lSO)vconcluded that/the B
degradat1on oftalan1ne am1notransfega§efdoes not depend on |
1 pr1or thermal denaturatlon | g i .

The relevance of thermal 1n£ct1vatlon of ATP c1trate
lyase to its rate of degradatlon is further compl1cated by
the observat1on that the act1v1ty is h1ghly dependent onvthe -

freductwon state of the enzyme (131) The pH dependence ‘of -
‘the thermal 1nact1vat1on of ATP citrate lyase %F1g 9) :
suggests that the loss of act1v1ty 1s related to an ox1da-13'
'lht1on of part]cularly vulnerable sulfhyd#'l groups on the
| enzyme Exper1ments related to this aspect together w1th '7j';
-.the molecular mechan1sm of the stab1l1zat1on process exerted
,‘by the factor, are further d1scussed in cﬁapter VII
The lysosomes occupy a central pos1tion in all’” o
?,d1scuss1ons of prote1n degradatton (78) These organelles‘
flcontain the maJor1ty"of the proteolyt1c actlvity 1n the cell
’Vfand although practically all of the hydrolases exert maxﬁmum

\‘_
. N ’
pe

P



'.1ysosomal extract should show very 1

-.ﬂu o . . 81
act1y1ty in the ac1d reg1on,'am1dases have been 1dent1f1ed o
in the lysosomes whlch are\most act1ve at neutral pH '
~(132,133). A good corre]at1on has been observed between-
" proteins’ susceptibility to degradat1on by lysosomal extractl
}and their ha]f—]ives'in vivo (76,77). These studies as well
“as the exper1ments by Dunaway and Segal (83) on the effect
of the stab111z1ng factor on phosphofructok1nase were \
performed in sl1ghtly acid cond1t1ons Our exper1ments weré?i
per formed at pH 7.4, where the ac1d' roteases of the '_
jttle act1v1ty Th1s'
suggests to. us- that ATP citrate gyase is either extremely
sugceptible'to'proteolytfqg:ctivity or that‘neutra1 '

« e
. \ . - . B
proteases are present in t

lysosoma1AeXtract Interest?
I1ng]y, acety] CoA' carboxylase has also been found to be
degraded by a lysosomal extract at, neutral pH (82) '

* The ma1n problgm in ass1gn1ng a role’ for the 1ysosomes
'1h the degradat1on of 1ndgv1dual prote1ns is the mechan1sm
by whlch these prote1ns are se]ected for removal. It has
been suggested that prote1ns are act1vely transported into
- and out of the lysosomes and oncg 1ns1de the selectwon is
made based on their suscept1b1l1ty to proteolytlc attack 1n
lthe ac1d env1ronment (78) Wh1le th1s could expla1n the
apparent energy requ1rement noted for prote1n degradat1on
'(134) ~the idea of large prote1ns mob111ty through the lyso-
\ somal membrane is not generally accepted

Another aspect of the mechantSm of - prote1n degradat1on

'_1s the d1scovery of soluble proteases spec1f1c for certa1n

1
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groups of enzymes (79). The existence of these<proteases
~increases the flexibility of the proteolyt1c machinery in
such a way that groups of related prote1ns could be selected
- for degradat1on dependent on the presence or absence of

ligands such as cofactors, substrates or products, which can

stabilize orllabilize thevproteins. The stabtlizing factor

: could'then’be\regarded as'another ligand, specifically .

' regulat1ng the turnover of 11pogen1c enzymes. The factor has
now been shown to affect phosphofructok1nase and ATP citrate
--1yase and 1t is very plau51b1e that th1s group w111 1nclude
other l1pogen1c enzymes.

' Another 1ntr1gu1ng result that has come. out of th1s
work and the resu1ts presented by S1ngh et al (123 1s the
'l1m1ted proteolyt1c cTeavage (n1cking) caused by each of

‘tryps1n, chymotrypsin and lysosomal extract. The initial
: stepvinvthe degradation pathway for ATP citrate lyase cou]d
be n1ck1ng to form a mod1f1ed enzyme which 1s more 1ab1le
(123). The stab11121ng factor did not protect against
nicking, but actually enhanced the rate of the initial
_cleavage w1th protect1on aga1nst further 1nact1vat1on by
1ysosoma] extract The role of the factor in the 1nduct1on‘
of-ATP citrate lyase could then be to decrease the rate of
degradat1on and thereby ass1st in 1ncreas1ng the amount of’
the enzyme to supranormal levels The presence of the
'_pstab1l1zlng factor would also allow for an increase in the

‘rate: of mod1fwcatlon of the enzyme by n1ck1ng by some ,

soluble mtracellular ‘rotease This nicked enzyme once the -
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stimulus for .induction is removed and the factor 1evel is at
1ow levels, would be removed quickly to return the amount of
the énzyme to basal levels. While these ideas are highly
specu]at1ve,.some support has been found in that nicked
enzyme <is more labile than uhnicked enzyme (123). Further-
more a corre]atlon has been found between in vivo half-lives
and susceptibility to. proteolyt1c attack by spec1f1c
proteases. such as tryps1n and chymotryps1n but‘not w1th
non spec1f1c proteases, such as subt1l1s1n and pronase
(135). L

Results on hand suggest that the stab111z1ng factor may

.be spe01f1c for phosphofructok1nase and ATP c1trate lyase.‘;

'v since it does not affect g]ucok1nase or pyruvate K1nase (83)-

or malic enzyme as shown 1n this work
The failure of the factor to stabi]ize malic enzyme may

correlate with the observation that'the degbadation'rate‘of

: th1s enzyme in liver is not reduced fo]]ow1ng a cycle of

,;starvat1on and refeeding, (120) ‘Although malic enzyme is-
tv1ewed as a lipogenic enzyme, partly responsible for genera-
tion of NADPH'to.be‘used for the synthesis of fatty acids,
many observat1ons suggest that the enzyme may part1c1pate in

other roles as. we]l (174).(The hepatic enzyme is 1nduced

~ upon deplet1on of the protein in the diet, a cond1t1on not '
'corre]ated with an 1ncreased rate of ]1pogene51s If malic
enzyme is 1nvolved in alternat1ve funct1ons (175), 1t is- not
'ksurpr1s1ng that it is not affected by the stab1]1z1ng factor

0,

~‘wh1ch might be very spec1f1c in the regulat1on of .
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lipogenesis. 4

Further experiments to elucidate the chemical nature of

the}stabiliz?ng factor are reported in subsequent chapté}s

4,

of this thesis. =



VI. PURIFICATION OF THE STABILIZING FACTOR

A. INTRODUCTION ' o,

The stabilizing factor;.first discovered by,Dpneway and
Segal (83), has now been shown to decrease the in vitro
-1abilify of two 1ipogenic enZymes. namely phesphofructo-
Kinase (83) and ATPncitrate lyase‘(chapter V), against both,v
heat and'a lysosomal exfract The possibility that the
factor may p]ay an important role as a regu1ator of enzyme
,degradat1on was,cons1derably increased by the finding that
- its level in fhe liver respendea to the same stimulusfand in
‘the same d1rect1on as phosphofructok1nase (83 128) and ATP .
citrate lyase (10) _

Dunaway andeegal (83) isolated fhe stabijiiing factor
in the presence of 0525 M glueose and/the preparétion.was.
judged to be pﬁre based on (1) the appearance bf a symmethi-

' cal peak after the flnar‘gel f11trat1on on Sephadex G 50, -
(2)/the presence of only one band on SDS polyacrylam1de gel
ef%ctrophoresws after sta1n1ng with Coomass1e blue, and (3)
the ©occurence of one ninhydrin- pos1t1ve spat on paper
e]ectrophores1s The amino acid compos1t10n}suggested the
,‘presence of g]qtathione; but the“&actor was thought net to
-be‘glutathiene per se; based on ifs ineffectiveness as a
IStabilizing'agent ofvpnOSphofructokinaSe.‘Furthermere. com-
-~ mercial glutathione separated from the stabilizing aqtivfty
on Sephadex G-50, end,it>we5sshown that glutathione taken.

*

'threugh:the purification precedure wégﬁremoved'at the
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) , ,
dialysis Stepf

In‘order to assess the physiological role of the
stabilizing factor éﬁd its interaction with ATP citrate
lyase, we deemed it gssenf' N\ Yo °Tarify‘the CHemical nature
of the factor. This chaptér is cancerned with the further
.purification and charactériZatﬁon 6f-the stébilizing factor;

"
A
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B. METHODS

1..Preparation of stabilizing?faCtor in glucose med ium.
The stab1l121ng factor was prepared essent1ally .
'—accord1ng to Dunaway and Segal (83) as descr1bed in chapter
V. The 250 mM glucose solut1on was buffered e1ther with 50
mM Tris-HC1, pH 8.3, plus or,m1nus 10 mM 2-mercaptoethanol
or with 5 mM EDTA, pH 8.0. [ o

r

f

2. Assay of stabiliz:ng actrv:ty

~

" The stab1l1z1ng factor was rout1nely assayed us1ng its

stabilizing effect towards the thermal 1nact1vat1on of ATP

o c1trate lyase ATP c1trate lyase was passed on a. column of

Sephadex G-50 med1um (1 x 9. cm) equxl1brated with 10 mM

Tris-HC1 pH 7.4, containing 0.2 M'KCl,“?;mM EDTA and 10 mM
,Qﬁmercaptoethahol. The protein cdncentratioh Was“adjusted tcl
1 mg/ml-and 20 pl was mixed with 40 pl stabilizing factcrs B
and 10 pl 0.4 M Tris-HE1 pH 8. 4 was added to ensure\that the
pH of the mixture was 8.3. The mixture was 1ncubated ina
' waterbath (Thermomi x 1441, Braun Melsungen AG) set at 37 5
'ahd samples were removednfor assay ‘of remaining act1v1ty of
‘ ATP citrate lyase at time 1ntervals The- percent act1v1ty

remaining after 30 minutes was calculated ‘using l1near

regression analysts on'semilogarithmic blots;
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2n

{ 3. SDS polyacrylamide gel electrophoresis | |

| Polyacrylam1de gel electrophores1s in the presence of
SDS was performed accord1ng to Weber and Osborn (136) in 10%.
or 15% gels

4.'ﬁmino acid analysis.
The determ1nat1on of the am1no acid compos1t1on is
'descr1bed in chapter II. |

AutomateéiEdman degradation was performed in a Beckman

. 8908B Sequencer us1ng the Polybrene/O 33 M Quadrol buffer

Aprocedure of HunKap1ller and Hood (137). Conver310n of the
th1azol1none der1vat1ves to the correspond1ng phenylthio-.
hydanto1ns was carr1ed out by 1ncubat1on with 1 M HC1 at 80
for 10 minutes. For TLC 0.2 mm th1ck s1l1ca gel plates w1th ’
fluorescent 1nd1cator (E Merck) were used and developed '

with 1,2~ d1chloroethane/acet1c ac1d (10:1).

5. Protein determination us:ng fluorescamlne |

| The concentrat1on of the stab1l1z1ng factor, based‘onf;
free am1n0vgroups waS'determ1ned by»sz reaction with
'Jfluorescamlne using GSH as a standard. The manual procedure
of Bohlen et al (138) was followed except that 0.2 M sodium
vborate buffer pH 8. 3 was used (0 2 M boric a01d titrated to
- pH with_ NaOH) The fluorescence was read on a Turner Model

7430 spectrofluorometer The same buffer was used when



optimum‘pH for maximum fluorescence was determined. A
'standard\GSH sOlutton was made up to | mM in water. The X
actual concentrat1on was“determined by its ext1nct1on at 236

nm at pH 9.0 where E(HQO)-3162 (145) .
| 4 .

6. Carbohydrate determinatioh |
'The carbohydrate content was determwned by the
phenol sulphuric acid method (139) using glucose as a

stgndard The colour was read at 490 nm after development

-

7. Other proCedures.A o
High voltage paper electrophoresis at pH S 5.was
performed in a G1lson High-Voltage Electrophorator (Model D)
at 3000 Volt for 45 m1nutes as descr1bed by Ryle et al
"(140) The buffer system was pyr1d1ne acet1c ac1d water

“(100 3:900 by volume)

Ascendlng paper chromatography was perf;:;éq\n1th

'Whatman No 4 paper and. developed in n-butanol: pyr1d¥he water'

(643byvolume) ‘ . ‘ ®

Peptides were located with 1% n1nhydr1n n acetone
(141) and carbohydrates w1th AgN03 NaOH spray (142) /

é

.'/‘(
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C. RESULTS ) L | | \
1. Preparation of stab# izing factor in glucose medium.

‘ lhe stabiltzing factor was isolated from rat livery
stupernatant in the presence of 250 mM glucose The sltght
modifications 1ntroduced did not change the propert1es of
the f1nal preparat1on The elution proﬁ%le of . the factor on
‘a Sephadex G- -50 med1um column is shown in F1g 17. This
proflle can be compared w1th the one obta1ned by Dunaway and
‘Segal (83) Gel f1ltrat1on can afso be performed on a
'Sephadex G- 25 fire column as shown in Fig.18. The use of -
fluorescamine to asifz:the eluant is descr1bed below.
| To ascertain the: pur1ty of the factor, a sample was
}subJecteqkto polyacrylam1de gel ‘electrophoresi$ 1n the
jpresence of SDS. We could not see any prote1n band after
sta1n1ng with CoomaSSIe blue, wh1ch is contrary to the .

finding: of Dunaway and Segal(83) The factor preparat1on was ;

subsequently subJected to high voltage paper electrophoresxs

": -at pH 6 5. Because of the sxm1lar1ty between the factor and-

glutathlone noted by Dunaway and Segal (83). we ran com-
'mer01al GSH as a standard together w1th other amino ac1ds
After sta1n1ng w1th ninhydr1n one maJor spot was found
wh1ch mlgrated towards the anode almost 1dent1cally to GSH
- (Fig. 19) Careful 1nspect1on revealed ‘another spot close to

the orlg1n wh1ch was very weak in 1ntens1ty
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.. Fig.17. Chromatography of stabilizing factor on
Sephadex G-50 medium (1.5.x 115 cm). The column was
equilibrated and run-at 6.5 ml/hr with 0.25 M glucose in 50 .
mM Tris-HC1 buffer (pH 8.3). Absorbance at 260 nm, relative:
fluorescence (determined with the fluorescamine assay) and
stabilizing activity were determined. on the eluant. The
- column was calibrated with bovine serum albumin (for the

void volume), cytochrome c and GSH. - -
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" Fig.18. Chromat
_Sephadex G-25 fine (

ography of stabilizing factor on

1.5 x 107 cm).

_The column was equili- »

brated and run at 5.3 ml/hr}With‘0ﬂ25fM,Q]uCosq in‘59mMﬂEDTA
(pH 8.0). Absorbance at-260 nm, relative fluorescence and

* stabilizing‘activity were determined on the eluant.

column was calibrated with bovine

.~ void volume), cytochrome ¢ -and GSH.
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2. Characterizat ion of the stabillzing factor.

| The amino acid composition of the factor was determ1ned
after acid hydrolysws w1th0and w1thout prior perform1c ac1d
.oxwdat1on The results are presented in Table VI. Thel

| ox1d1zed sample gave an add1t1onal n1nhydr1n pos1t1ve peak
eluting after 42 minutes in the 1n1t1al buf fer . We have not
been able to 1dent1fy th1s peak. Only traces (<5%) of other
‘n1nhydr1n positive materlal was present. i '

After dansylat1on and acid hydrolys1s, a s1ngle spot ‘
] correspond1ng to dansyl glutam1c ac1d was detected on a

o

silica gel sheet.. _ ’
- When a sample waS'supjected to Ed;an degradation only_
- the f1rst step .gave a UVﬂabsoerng ‘spot when analyzed by |
VTLC However, th1s spot d1d not com1grate with PTC- glutamlc
ac1d or any other‘Known amlno ac1d‘der1vat1ve’ Both the
: amino acid composition and. the presence of glutamate 1n the
-‘N term1nal pos1tlon ralsed the poss1b1l1ty that the factor
"is gluﬂath1one or a glutathwone polymer GSH'1s a
trlpeptlde ‘having the pr1mary sequence H2N glu cys gly COOH
where the amlno group of. cys is coupled to the - carboxyl
group of glu The amino group of glu wou 1d react with PITC
F'but the Y - linkage would prevent cycllzat1on and cleavage
from tak1ng place in the presence of anhydrous acid.
'AFurthermore. 1f glutath1one is present in the sample,. t
would be poss1ble for the- 1- chloro butane (used in the

”sequencer to extract the cleaved thﬁazolwnones From the

\rema1n3ng_pept1de)vto d1ssolve the PTC-glutathIOne;‘therpot'
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“TABLE VI
Amino aciducomﬁosftion of the stabi]izing factor affer acid
* hydrolysis : o
TR L T G a—— qmmm - —————
! .__{j Tt : :
, < . After
Amino acid performic acid
treatment!?
‘Glutamate L 1.0 - 1.0
G]ycine," . 1.11 1.62
Half-cystine o  0172 N .-
Cysteic acid? = - | T 2
X3 ° - ©1.88

T T S e e T e e e e e e e R e m CE S cm .. e —m e e m - -

_ ; o
1 A1l values are relative to glutamate. .

2 -The colour factor for aspartic acid was used in.

- calculating the amount of cysteic acid.

3 X was_eluted by the initial buffer (0.2 M sbdium citrate,

pPH 3.25) with a retention time of 42 minutes. X has not been
identified. = o . ' :

\
! .
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detected on the TLC p]ate could then be PTC- glutath1one
washed out of the sequencer reaction cup desp1te the
presence of po]ybrene (wh1ch_1s used to reduce pept1de
extraction by 1-chloro butane). To test this idea, GSH was
sub jected to one Edman degradat1on cycle in the sequencer
and the 1 chloro butane wash was done as before. The
resultant extract was run on a TLC plate together with the
first cycte product of the stabilizing factor and ‘indeed
\they were found to comlgrate This’ suggests that the factor

preparatlon contains glutath1one

S.IProtein determination using Fiuorescamine.
o During these stud1es it became ev1dent that a fast and
sens1t1ve method of prote1n determ1nat1on was needed .
gNe1ther the Lowry-method (127), the m1crob1uret method (143)
-'nor'the dye bindingvmethod-of Bradford (144) gave any colour
'react1on w1th either the stab11121ng factor or w1th GSH The .
latter method depends on' the b1nd1ng between prote1n and |
) Coomass1e blue and th1s could exp1a1n our earlier fa1lure to
'~ detect the factor on SDS gel. electrophores1s wh1ch was . |
}sta1ned with Coomassie blue ‘ |

We were however, successful w1th the f]uorescam1ne
assay as déscrlbed by Bohlen et al (138) Fluorescam1ne
’ reacts w1th pr1mary am1nes to g1ve a h1gh1y f1uorescent Q;
aderwvat1ve stable for ‘a few hours 1n aqueous medium The
relat1ve.fluorescence is dependentvon the pH (Table VII).

&
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L - | TABLE VII

Efféct of pH on fluoréscence of sfabilizing factor, GSH and
an amino acid mixture after reaction with fluorescamine

e e et T iR i Tl T S P g

. Amino acid - Stabilizing
pH : .mixture?t’ - GSH ~factor
8.0 1.02 1.0 1.0
8.3 - 0.99 0.5~ 0.99
8.6 . - 0.80 0.74 -+ 0.76
8.9 0.63 0.63  0.59
9.2 0.44 - 0.46 . 0.43 q \
9.5 0.28 -~ 0.36 . 0.29

o o e e TR ® e e e e e e e e e e e e e M e e e e e e M e A G e e e e e e me we e

' The amino acid mixture contained glutamic acid, glycine
and cysteine in equimolar ratio. , , ) . .
2 The fluorescence at pH 8.0 for each mixture or substance
- was arbitrarily set to 1.0. It is not intended to imply
equivalence of fluorescence at pH 8.0 for all three
mixtures. = - : ' ' : : :



98

For a]] three m1xtures the pH- opt1mum is between 8.0 and
8.5. F1g 20 shows a standard curve based on the react1on of
GSH with fluorescam1ne at pH 8.3. The method is fast,
'sens1t1ve and h1ghly reproduceab]e, although we found that
the resultlng relat1ve fluorescence was d1m1n1shed w1th
solutions of fluorescam1ne that were more than two weeks
old. The fluorescamine solution was therefore renewed once a

' weeK

4 The relationshlp between stabilzzrng factor and
'}glutathlone

Am1no ac1d analys1s of the stab1l1zwng factor suggests
that it is similar to or 1dent1cal with glutath1one How-
ever,. the ultraviolet spectrum ~f the factor was found to be
‘:d1fferent from that of either reduced or- ox1d12ed gluta-
' thjone, having a def1n1te peak around 260 nm (F1g.21).
Furthermore, while theusoectrum of GSH iS'sensﬁtiVe to pH
(Fig.22), the spectrum of the stabilizing factor and of GSSG
did not‘change appreciably over the pH range'of_B,b to 9.5.
In additfon exoerimentS‘reported in chapter'VII'show-that‘_;
the stab1l121ng factor does not contain any free sulfhydryl
groups and furthermore GSH cannot m1m1c the stab11iz1ng
- effects of the factor in the concentrat1on range where:the"
latterfis effective. A]so;.as'documented in chapter VII,
rGSSG‘Shous no stabitiZing activity at aTI;iNeVertheIess
considering the data it is possible that either glutathione
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‘ 'Fig.20. Correlation of relative fluorescence-*with'thé :
amount of GSH after reaction with fluorescamine. '
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Fig.21. Ultraviolet spectra of the stabilizing faétor.g
- GSH and. GSSG at pH 8.3. Reduced and oxidized glutathione -

‘were dissolved in 50 mM Tris-HC! (pH 8.3), to 0.2 mM and 1,6'."

mM. final concentrations, respectively. The stabilizing
- factor in-50 mM Tris-HC1 (pH 8.3) = 250 mM glucose was 0.5
~mM in' primary amine. - Fo T s
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copurifies with the stabilizing factpr“or'that the factor is
a gTutathione derivative. | v
In our hands, GSH elutes close to the stabilizing

factpr both on Sephadex G-50 mediam (Fig;17) and on Sephadex
G-25 fine (Fig.18)ﬂ This is in contrast to the results of
Dunaway and Segal (83); whio found that glutathione elutes
after the factor on Sephadex‘§-50.chromatography._Further-
more, GSH has a motecular weight of approximately 300 and |

" should beiremoved in the dialysis step. Indeed if freshly
prepared GsH in 50 MM Tris-HC1 buffer pH 8.3, containing 250'
mM glucose is dialyzed 44 hours againstAthe same buffertor'

_ buffer cphtaining no glucose only about 10% remained in the
dialysis bag (Table'VIII), wh{¢h agrees with the |

observations of Dunaway and Segal (83). If on the other hand

x 4GSH 1s stored at 0- 5 for 6 days before d1alys1s, only

,20-40% of the GSH was removed The suspected aggregat1on_

phenomenon was -verified when a sample of the same solution

- was passed through a Sephadex G-15 column where the GSH was

: fouhd in the void volume (Flg.23..bottom panel). The experi-
ment”waS»repeated only this. time a sample of the stored GSH
‘was removed at d1fferent t1me intervals and passed through a

. ‘Sephadex G-15 column equilibrated with 20 mM sod1um

phosphate buffer pH 8.0 (Fig. 23 top three pane]s) From.the~°

-
“

elut1oﬁ'behav1our. it appears that the apparent aggregate
breéaks down when di]uted into buffer containing no glucose
The above glutathlone”solut1on waS»tested‘for stabil1zing

activity on ATP citqate_]yase'but:none was found..

&y



TABLE VIII . “;

Recovery of GSH stored in glucose containing buffer,'after\\.
' . dialysis : . ' S

Days |  Recovery of

stored at 0-5° v Dialyzed : - GSH after
prior to dialysis against dialysis (%)

L . e e e

ST msmedecmeooo o Jrmomme

0 Tris . Lo T o
0 - Tris - glucose : 13 o
2 Tris 33

2 : ’ Tris - glucose 39

6 | | : Tris S "6

6 . Tris - glucose’ - 76

_____ T T N T T e S e n e et Rt e r r, e e Rt e, r ., — ., - _m. - - - - -

A 1 mM. solution of GSH was made up in 50 mM Tris-HC] pH 8.3,
containing 250 mM glucose. After storage at 0-5° for the -
indicated number of days, it -was dialyzed (Spectrapor: 6
~tubtng) against 100 volumes of the same buffer or buffer
devoid of glucose for 44 hours, with ‘one change of buffer.
The recovery of glutath¥one in the dialysis bag was : -
- estimated by the absorbance at 220 am before and after
dialysis. o , v T :
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Fig.23. Chromatography Qf‘gtutath1one, stored in .
glucose-containing buffer oh Sephadex G-15 column. A 1 mM
GSH solutlon in 50 mM Trnig-HC1 (pH 8.3) - 250 mM glucose was
stored at 0-5° the 1nd1cated number of days. ‘A 2 ml sample
"was loaded on a Sephadex G-15 column (1 .x 94 cm) equili-
brated and washed at 2 ml/hr with either 20 mM sodium phos-‘
phate, pH 8.0 (=P) (the top three panels) or 50 mM Tris-HC1
- (pH 8.3) - 250 mM glucose (=T/G) (the bottom panel). The
- void volume was determined with soy bean trypsin inhibitor.
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5. The stabjliging factor and glucose.

-QUnaway—and.Segal (83) reported a mo]ecular we1ght of
the stab1]1z1ng factor of approx1mately 3 500 If the factor
was a glutath1one der1vat1ve behaving 11Ke GSH 4n its )
ability to complex in the presence of glucose to form a
‘,large aggregate, this could then break down in the absence
of. glucose We therefore passed-a sample of the factor
thr ugh a Sephadex G-15 column equ111brated w1th phosphate
Jbuffer (F1g 24). When, the eluant was tested all the

N

’act1v1ty was recovered in an elut1on volume 1nd1cat1ve of a-

>

mo] weight of 500 or 1ess
To e11m1nate the poss1b1l1ty of retardat1on on Sephadex
due to 1ts carbohydrate nature, the stab111z1ng factor ‘was

1so run-on a Biogel PQ column .The elution pattern (F1g 25t

essent1ally the same. Stab}ﬂ1z1ng act1v1ty could be

tested for the presence of carbohydrate th1s was detected
.elut1ng Just- after the stabilizing factor Several other'ﬁ
UV-absorbing peaks were observed on these columns, - but none
.of them shoyed any stab1l121ng act1v1ty '

The above exper1ments suggest’ that the stab1]121ng
factor aggregates in the presence of glucose and more ;
tanortant that the factor is st11] active as’ a sma]] o
*molecuie How tHen wou]d the factor behave if 1solated from
rat liver in buffer totally devo1d of glucose'7 In order to’
answer thls quest1on,‘the stab1l121ng factor was prepared

from rat l1ver in 20 mM sod1um phosphate buffer pH 8. 0 and
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- Fig.24. Chromatogram of stabilizing factor on Sephadex . .
- G-15 column. Stabilizing factor in 50 mM Tris-HC1 (pH 8.3) -
. 250 mM glucose: was chromatographed on Sephadex G-15 (1 x 94
cm) equilibrated and run. at 2 mi/hr with 20 mM sodium phos -
phate buffer (pH 8.0). Absorbance at 260 nm an stabilizing .
activity was determined on the eluant. The col -was .

~ . " calibrated with soy bean trypsin inhibitor (for. the void

~volume);‘GSSG,andVGSH,:-
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Fig.25. Chromatogram of stabilizing factor on a Biogel
- P2 column. Stabilizing factor in 50 mM Tris-HC1 (pH 8.3) -

250 mM glucose was -chromatographed on a Biogel P2-column (1
©-X-94'cm) equilibrated and run at 2 ml/hr with 20 mM sodium

. phosphate buffer (pH 8.0). Absorbance at 260 nm, stabilizing
‘activity and carbohydrates (abs. at 490 nnf) were determined

on the eluant. The column was calibrated With soy bean
trypsin inhibitor (for the void volume); 'GSSG and GSH.
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purlfied~as before. After dialysis the solution was concen-

trated over a UM2 membrane. We'were unable to detect

stabilizing activity in the retentate but we found activity

~

\
\

in the filtrate, indicative of a mol.weight of 1,000 or

less.

6. Analysis of small'mol we ight stabijizing factor.
| The stab1l1z1ng factor recovered after gelf1ltrat1on on
Sephadex G- 15 (Fig. 24) or on Biogel P2 (Fig.25) was analyzed
by high voltage paper electrophores1s at pH 6 5 A total of
six n1nhydr1n p051t1ve spots were detected one neutral
three acidic and two basic (Fig. 26) We have not been able:
to 1dent1fy any of these spots as- the stab1l1z1ng factor(
e1ther 1nd1v1dually or in comé1nat1on To determ1ne whether
the electrophorests procedure 1n/pt1vated the factor, an
exper1ment was performed where,equal amounts of factor was
. applwed on two papers One paper was then run at 3’000_Volt
and for. 20 m1nutes 1nstead of the usual 45 m1nutes Thev
other paper was merely wetted with the electrophores15'f'
buf fer and allowed to dry.. Both papers- were then eluted with
_ water overnlght and the eluant was concentrated back toits
~_original volume by lyophilization. A1l of the activity was
recoyered'from"the paper'whichrhad not been electrophoresed,
| wh1le none was found in the eluant ofrthe other paper.

The stab1l1z1ng factor pooled after Sep aJex chromato-

graphy was analyzed for its carbohydrate content
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Fig.26. High voltage.paperveTectropHoréSis YpH 6:5) of’L

stabilizing factor after gel filtration on a Bicgel P2
column. 160 nmoles of stabilizing factor was applied and
~electrophoresis was performed at 3,000 V for 45 min.
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quantitatively with the phenotl-sulphuric acid.method usfng
glucose as a'standardand'quaﬁitative]y by paper chromato-
graphy. The factor, (0.3 mM in amine concentratjon) had a
carbohydrate concentration equivalent to 0.25 M g1ucOSei Two
'spots were visualized by spraying for carbohydrate (Fig.27),
one}heavi]y stained (RF= 0.94 reJative»tO'glucose)‘referred
to as the C-component and one slightﬁy coloured spotfmoving
just off the origin. This'latter .spot was not‘homogeheously .
V coloured but rather uneven such that the part farthest away
from the or1g1n was more 1ntens1ly co]oured than the rest
Furthermore, when the paper was. sprayed with n1nhydrjn only
'thecslowerzmoving spét could be visualized; whtch-will be
referred ‘to as the P-componeht' Preparative paper'chromato-
graphy was performed and ‘both spots were eluted w1th buffer
'and brought back to the or1g1nal volume. All of the act1v1ty';
‘Was recovered in the P- component Ultrav1olet spectra were
'taken of both -the P- and (ol component (F1g 28) Both -
components showed a maximum around 250 26Q nm, although the
one of the P- component was more well deflned w1th a
character1st1c pattern | S

- In order to ach1eve large-scale separat1on of the ’
carbohydrate from the prote1n, the stabilizing factor
solution was passed repeatedlyvthrough a ongel P2 column
and each time only tubes in the beg1nn1ng of the act1v1ty
‘epeak were pooled A factor solut1on SO prepared was reduced
| in its carbohydrate content to 0.6 moles of g]ucose to 1

mole of° am1ne,cHowever,rh1gh voltage paper elect#ophore51s
o BT o o o A
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. Fig.27. Paper chromatogram of the stabilizing factor.

Stabilizing factor (230 ﬁg carbohydrate) was applied on a

- Whatman paper No 4 together with 20 pg of each of the

- 'standards. A) glucose, B) glucosamine, C) N-acetylglucos-
amine, D) galactose, E) galactosamine, F) stabilizing '

- factor, G) glucuronic aeid, H) galacturonic acid, and I)

- glutathione. Shaded areas are carbohydrate and N denotes
ninhydrin-stained spot. The numbers are the Ry of respective

'spot (measured to the center of the spot) relative:to ' ;
solvent (n-butanol:pyridine:water; 6:4:3, volume by volume). /
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F1g 28. Ultrav1olet spectra of the components of the

""}stab1l1z1ng factor at pH 8.0 (20 mM sodium phosphate buffer)

- after preparatlve paper chromatography. The P-component was
0.2 mM in amine and the C- component was 5 mM in glucose



113

patterns of this solution were not different from before

(see Fig.26).
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D. DISCUSSION

Dunaway and Segal (83)‘found that the stabilizing

factor lost its activity during'stOrage,'but could be

-stabilized by the addition of glucose. Accordingly they.

'isolated, purified and characterized the factor in buffer

containing 250me‘glucose. we'?ollowed theirvprocedure in
this respect, and when characterizing the factor we also
found strong 1nd1cations of the presence of glutathione or a
derivative thereof. The amino acid composition the deter-
mination offglutamic acid as the N-terminal residue and its
re515tance to standard sequenc1ng methods, where the
resultant PTH-derivative comigrated ‘with standard PTH GSH on
TLC plates, all suggest that the factor preparation- after
the Sephadex G-50" filtration step contains GSH or a
glutathione like molecule

Could glutathione play some- role in regulating enzyme

-_turnoyer?.Glutathioneris the most abundant low molecular ,

weight thiol in the cell. While the reduced form (GSH) is

present %h relatiyely high concentrations (l-iO hM), thez’

:'concentration of oxidized glutathione (GSSG)Eis_only-about
1% ofithe reduced-form,(147l. Thegratio is maintained hy the

,highlygactive glutathione reductase,‘uhich requires NADPH as

_a‘cofactor (148) The-NADPH is SUpplied by glucose-S-phos-

phate dehydrogenase and indeed. in red blood cells the
act1v1ty of the pentose phosphate pathway 1s correlated w1th"

, the GSSG/GSH ratio (149)

A small rise in the concentration of GSSG has been
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shown to inhibit protein synthesis in lysates of rabbit red
blood cells (151)t In fact using diamide, a specific thio]
oxidtzing agent Kosower and'Kosower (152) have shown that a
variety of metabolic processes are strongly affected by
d1sturbances of the thiol d1sulf1de status of the cell.

GSH is 1nvolved in a variety of b1ochem1ca]~reactaons;~‘
for tnstance,-it'is an important reagent in 'the detoxifi-
cation of foreign compounds (153) and it has been shown to
participate in amino acid transport (154), where the v-glu-
.tamyl group of GSH 1s coupled to the amino. ac1d be1ng
transported across the membrane. This process is catalyzed
by a y'y-glutamyl transpeptidase and the GSH used up;1n,the
»f.reaction is regenerated in the +vy-glutamyl cyc]e The
enzymes of this cycle are clearly involved in the turnover
of GSH ~and the 1nterest in thls cycle 1ncreased dramatv-"
. ca]]y by the recent f1nd1ng ‘that ‘these enzymes are induced
in- parallel with the accumulation of abnormal prote1ns in
chicken embryo cells (155). »

A large percentage of the total GSH'may exist-boUnd to
protetns as mixed disquides’(156) Formatton of m1xed di-
-su1f1des m1ght play an 1mportant role in assurlng the cor-:
rect formatton of protevns dur1ng synthes1s. in prevent1ng-
'prote1ns from denaturat1on and in modu]atxng membrane -
act1v1t1es, such as regulat1on of insulin med1ated glucose
transport (34) Changes 1n the act1v1ty of a few enzymes of~;
the,carbohydrate metabol1sm could be attr1buted to the
_ formation of mixedudisu]fideSiwith‘low molecular weight

T
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‘thiolvcomﬁobnds Liver fructose 1,6- d1phosphatase has been
shown.to be act1vated by m1xed disulfide format1on,
homocystine be1ng the best activator (157). This enzyme was |
inactivated by GSH. Inactivation of rat liver glycogen syn-
thetase D by GSSG was demonstrated to be the result of mixed
disuifide formation between GSSG'and the sutfhydr;l groups . .
. of the,enzyme.'Reactivationvcould'be accomplished by GSH in
the presence of gluoOSe-S—phosphate (158). Also a factor
that inactivated'phosphorylase phosphatase was isolated from
rabbwt liver and identified as GSSG (159)

‘ It is evident that glutath1one is involved in many de-
- versified b1ologtcal processes,.many-of them poor ly under-
- stood. It is therefore'conceivable that glutathione also
plays some role in the regulation of~protein turnover. In
‘ discussing thevpurificatton,and'the characterizatton7of‘the
hstabilizing'factor'and its relationshipvto glutath}one,~tWO
poss1b1e explanat1ons for the exper1mental results must be
cons1dered. Firstly, the poss1b111ty that GSH copur1f1es
with the factor and- secondly, that the factor is a glutaf
thione der1vat1ve or that the factor is s1mp1y coupled to
GSH. | | o
| ‘Dunaway and'éegal-(83)interpreted'the~absence of
’ uv- absorb1ng peaks after the elution of the factor of ‘
’Sephadex gel f11trat1on as a sign that GSH was effect1vely':
removed in the d1aly51s step In addition, they found that
standard GSH was separated from the factor when these were‘d

o chromatographed together In,contrast.we were not able to
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: distinguish thebelution volume tor thexstabilizing factor
from that for GSH on gel filtration (Fig 17 and 18) In-
vestigation of the behaViour of GSH in the dialySis step
revealed an interesting apparent -aggregation in glucose
buf fer (Table VIII), which was verified upon Sephadex G-15
'filtration (Fig 23). Retainment of intracellular GSH upon
7dialySis would result in copurification of the stabiliZing .
:factor with. GSH and in the gel filtration step both of them i
' would elute together If GSH were present in our factor pre-
.paration as an impurity its concentration compared to the
'factor could be very much higher because thevintracellular'
_ concentration is high as discussed above From this it
follows that any characterization of the factor would yield
a picture resembling GSH.; J
Gel filtration of the stabilizing factor on Sephadex
- G- 15 (Fig 24) or on Biogel P2 (Fig 25) in the absence of
.glucose shows a much smaller molecular weight than origi-
.nally estimated by Dunaway and Segal (83) Glucose might
| cause an aggregation of the factor, but the activity does
not seem to depend on the aggregation state We have tried
without success to reaggregate the factor by incubating the
!small mol. weight factor in fresh glucose buffer It appears
that aggregated factor is an artifact caused by the presence-
“of glucose during the purification, Since isolation in the
absence of glucose yields a small mol weight factor that
‘penetrates the UM2 membranelli,OOO mol,weightlcut off),;
-~ although breakdown of aﬁ aggregate might have happened

-~
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dur1ng the first pur1f1cat1on steps. i

Most, but not all, of the carbohydrate can be removed
by reoeated gel f1ltrat1on and discriminate’ pooling. Also-
.paper‘chromatography sebarates the activity from most of the '
carbohydrate {?tg.27). The idehtity and role of thé Pemain-
ing carbohydrate moiety remains to be determined It might .
‘be 1mportant for activity, and the stab111z1ng factor could -
be a smal] glycosylated derivative of GSH (146). The stéb1-
11z1ng factor,,ear11er thought to be pure after Sephadex
G-50- f11trat1on, resolves into 6 n1nhydr1n pos1t1ve spots}.
.after B1oge1vP2 upon app11cat1on‘to hrgh~voltage paper
electrophoresjs at pH'B.S"tFig.ZS). This is puzzting;tas is
the{fact'that we are not ab]e‘tofregain‘the activity after
electrophoresis and elution of the paper. The possibility
that.the»factor'or‘bart of the factos migrates into the -
-electrophores1s buffer must be considered. ; .b

The rema1n1ng quest1on 1s whether the factor is
1dent1ca1 to glutath1one Th1s does not seem to be the case.
s1nce Dunaway and Sega] (83) found no. stab111z1ng act1v1ty
with e1ther reduced or ox1d1zed glutath1one We have come. to. |
51m1]ar conclus1ons, based on experlments reported 1n chap-'
ter VII Furthermoref the factor shows a. very characteryst1c '
uv- spectrum whlch is d1fferent from e1ther GSH or GSSG
(F1g,21). The absorpt1on max1mum near 260 nm-was not seen by
"fDUnaway'and Segal (83), but it is pOSS1ble that these
investigatorS'measdred theVUVfSpectrUm of afvery\diiuge

‘:samp1e, ihfcase'thegpeak-at.260cnm,COUld*bermissed.;Pn fact

a
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at very high‘contentration_we obserVed another plateeu'at
about 310 to 320 nm.
‘ Glutath1one is a strong -nucleophilic compound, and it
is therefore 1mportant when evaluat1ng the GSH GSSG statuej
- of, the cell “to cons1der various hidden forms. such as m1xed
d1su1f1des, th1olesters (160) and other glutath1one
der1vat1ves (161 162). The ro]es'of these various forms are
not wel]lunderstood. The possibtlity that the.stabilizing
factor is a new hidden form of GSH, 'cannot he’eXcluded' |
a1though this remains to be shown. Attempts to character1ze
the facf/; with' respect to its 1dent1ty and mode of action

'4are descr1bed in chapter VIT.



VII. MODE OF ACTION OF THE STABILIZING FACTOR

A. INTRODUCTION *~ = . I ,
" The two lipogenic enzymes>phosphofructokinase and ATP

\cttrate'lyase‘are.affected in a‘stmtlar way by a factor.

'.7obtalned from rat ther:supernatant The, factor stab1l1zes
these two enzymes in vitro aga1nst thermal and lysosomal
1nact1vat10n (83, chapter V of this work) The interest in
the stab1l1z1ng factor as a poss1ble phys1olog1cal regulator-
of prote1n turnover stems largely from the observat1on that
the level of the factor in rat liver can be altered by

_ d1etary and hormona??man1pulat1on The level of the stabi-

’ 1121ng factor is altered in the same d1rect10n as the level'
.of the l1pogen1c enzymes, but precedes the enz s in time

o upon refeedlng a h1gh carbohydrate diet to starved rats (83)
v"vor upon 1nsul1n treatment of d1abet1c rats (128). ) _

| Dunaway and Segal (83) pur1f1edrthe stab1ltz1ng factor

f_to apparent homogene1ty, and reported that its molecular |

| we1ght is approx1mately 3, 500 and that 1t is heat lab1le,f
suscept1ble to pronase d1gest1on and. as. d1scussed earl1er,,

‘ they suggested that 1ts chem1&al structure m1ght be related
Jto glutath1one | , t , .

~ We have attempted to pur1fy and character1ze the 5

1stab1lwz1ng factor (chapter VI) in order to conf1rm the,7 =
bresults obta1ned by Dunaway and Segal (83) and to further

"‘1ncrease our understand1ng of the. possible means of

't'1nteract10n between. the factor and 1ts target enzyme In’
N _ e :

' ‘;\ -
hal 120
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thfs chapter, 1 describe stud1es of the the mechan1sm of the
thermal inactivation of ATP citrate 1yase and of the nature
of the~stab111z1ng effect of the factor on the enzyme ;n_'
add1t1on a var1ety of compounds have been tested e1ther for
‘stab1lxz1ng act1v1ty or for ability to. chem1ca1]y mod1fy the
'factor in an indirect attempt to 1dent1fy the stab1l1z1ng

a

factor

"~

4
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'B. METHODS

1. Determlnatron of - stabrlrz:ng activity and proteln concen-
tration.. “
The procedure for thermal inactivation of ATP citrate

lyase and quant1tat1on of the stabilizing factor and GSH is

- d@scr1bed in chapter VI.

2. Iodoacetamide treatment of ATP citrate lyase.

“ATP citrate Tyase (1 mg/m1) was treated with jodo-

acetamide as follows. 20 pl enzyme?was mixed with 40 pl 20

\‘mM sodium‘phosphate pH 8.0»or‘stabilizing facto;,(4.4.mM)

and 10-p1 iodoacetamide in 0'5‘M sodium phosphate pH 8.0 was

added to produce the desired f1nal concentrat1on of 0.1 mM,

1 mM and 10 ‘mM. The m1xture was 1ncubated at 25 1n a water-

bath and samples were removed at time 1nterva]s for assay of

™~

.rema1n1ng activ1ty S »

o

3. Ouantitation of sulfhydryl grdubs

Est1mat1®n of free sulfhydryl groups ‘was done by u51ng

DTNB as descr1bed by Ellman (163) Determ1nat1on of mono-'

"

w\\s thlols after pr1or reduct1on of su1f1de br1dges was done ac-

cord1ng to the method developed by Zahler and Cleland (164) .
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4. Iodoacetamide treatment of the stabil:zrng factor
Stab111z1ng factor was treated with 1 mM 1odoacetam1de |
af'pH 8.0 for 4 hours at 25°. Cysteine was then a@ded to 1.2
mM final concenfﬁation and the mixture was incubated at 37"
for 90 minutes, a procedure which removes the unreacted
iodoacetamide. The stabilizingxfactor was then teeteq fer
activity and compared'witb a control, whefe iodoacetamidev
‘WéS-éllowed to react‘with cysteine before tﬁe factor was

added.

5. Hydnoxylamine treatment of the stabiliziég'factep.
4 A4 M hydrexylamine solution was neutralized Qiih an
.equal volume of a 4.6 M KOH just prior to use (165) and a
su1tab1e volume was added to a so]ut1on of stab111z1ng
factor (4.4 mM) to produce 0.2 M f1na1 concentrat1on A

sample of the.solution was tested for act1v1ty at zero time .

and after 4 hours 1ncubat1on at 25

6. Prdteolyfic igeStjon of the séabiriz;ng factor.

_ The'stabi] zing faetor was treated with' CMC-pronase at
25° accé}dingvt DunaWay and'Segal (83). fo 1 ml sahpies'of_
solution of stab 11z1ng factor, obtained either after
Sephadex G-50 f1ltrat10n 1n the presence of glucose or after

Sephadex G- 15 f1ltrat1on 1n the absencerof glucose, (30.8 mM.

j>_and 4.4 mM in the concentrat1on of pr1mary amlnes,
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respectively) were each treated with 10 md CMC-pronase (dry
weight) for 90 minutes. Assay of stabilizing activity was
performed in the range of factor concentration where the
standard curve is linear
7. Determination -of COA.

The assay of CoA using the coupled enzymatic assay of
-ATP citrate lyase was performed essentially as described’ by .
Srere- (166). ‘Each cuvette contained 200 mM Tris-HCl pH 8.4,
20 mM potassium Citrate, 10 mM MgClQ. 5 mM DTT, 2 units
‘malate dehydrogenase per ml, 0.14 mM NADH, 5. 25 mM ATP 8 pg -
T ATP Citrate lyase (speCific actiVity = 2 2 units/mg) and 0.1
- O 75 UM CoA. The reaction was initiated by the. addition of
enzyme and the reaction allowed to proceed until all the CoA
was exhausted The amount of NADH ox1dized measured as the
‘ difference in absorption at 340 nm before and after the

~'reaction was plotted against the amount of CoA added

8. Determination of citrate. |
An assay for Citrate eqUivalent in principle to that

of CoA ‘was developed 0 25 M KCl was included in the assay

medium (124), the concentration of CoA was 0.1 mM and that

i of potassium Citrate was varied between 1. and 5 uM
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9. Preparation of Glucose Tolerance Factor.
The Glucose Tolerance Factor was prepared as a‘chPOmium
complex as described by Toepfer et al (1675. The product was

identified by its ultraviolet spectrum (167).

®
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C. RESULTS v
1. Mode of action of the étab:ltzrng factor.

‘It is known that ATP citrate lyase is very susceptible
to ox1dat1on w1th accompany1ng loss of most of 1ts activity -
f(131) Fur thermore, stored enzyme wh1ch had lost act1v1ty
can be reactivated by incubation with DTT Based on the |
pH-dependence of the thermal inactivation of ATP citrate‘
lyase (chapter V). we suspected that this process'mtght
1nvo]ve oxidation of espectal]y vulnerable su]fhydry] groups
on the enzyme wh1ch are’ 1mportant for act1v1ty It was
therefore of 1nterest to test the effect of varioUs
thiol- contatnlng reagents as poss1b1e protectors aga1nst
therma] 1nact1vat1on of ATP c1trate lyase. While 2- mercapto-:
ethanol. at 10 mM final concentrat1on showed little
stab11121ng effect (Table IX) 1 mM DTT fu]ly protected the
;enzyme and 10 mM GSH showed 1ntermed1ate protect1on

ATl exper1ments descr1bed in chapter ' that |
demonstrated the effect of the stab1l1z1ng factor(were
_performed in .the presence of 2- mercaptoethano] In order to
d1fferent1ate between the effect of the factor and that of
the reduc1ng reagent the effect of the factor was studied
in _the absence of 2- mercaptoethanol Under-these conditions
‘the stab111z1ng factor 'was very. 1neffect1ve as a protector
- of ATP citrate lyase (Fig.28). The reason for this is not
cIear,_but we have, in all subsequent experimengs, tested
for stab11121ng act1v1ty in the presence of 2.8

‘2 mercaptoethanol
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TABLE IX

Effect of reducing reagents on thermal inactivation of ATP
: citrate lyase! '

e = - e = = dm St dm e - - . = > an = e an Br W= e = T v - v e = = = e e w -

Addition - ~ Activity remaining
; ~after 30 min. (%)

i, o - > e v e e em 4 m mn m Em e . ew em e e e e Mm M M mr m MR e M em Em m Gk Ee M G n SR e M e e T e m e en W em A e

None | | | 32.5 £ 5.0 (4)2

10 mM *2-mercaptoethanol o 43.0 + 6.4 (4)
10mMGSH 69.4 + 2.2 (3)
# i DR, |  105.6 (1)

1 100 pl ATP. citratelyase (1 mg/ml) was mixed with 50 pl 50 -
mM Tris-HC1 (pH 8.3) - 250 mM glucose, 15 pl 50 mM Tris-HCI

(pH 8.3) with or without reducing reagent and 10 pl1 0.4 M
Tris-HC1, pH 8.3 and the mixture was incubated at 37°. At

" time intervals samples were removed for assay of ATP citrate

lyase. The percent activity remaining after 30 min. was
calculated using linear regression analysis on
semi logarithmiciplot.

-2 Number of experiment.
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 [sTaBILIZING FACTOR] (mM)

% REMAINING ACTIVITY AFTER 30 min

. Fig.29. The effect of stabilizing factor concentration
on thermal inactivation of ATP citrate lyase in the presence
or absence of 2-mercaptoethanol. 100 pl ATP citrate lyase .

- (1 mg/ml) was incubated with various amounts of stabilizing
“factor in 50 p1 50 mM Tris-HC1 (pH 8.3) - 250 mM glucose. 15
K1 50 mM Tris-HC1 (pH 8.3) plus (@) or mihus (O ) ~
2-mercaptoethanol and 10 pl 0.4'M Tris-HC1 (pH 8.3) were .
added and the mixture was incubated at 37°. Samples were
removed at time intervals for assay of ATP citrate lyase.

. The percent aCtivity remaining after 30 min. (triplicate _.
- incubation mixtures) was calculated using linear regression

~-analysis on semilogarithmic plot. ’ R L
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The dependence of the stabilizing effect on factor
‘concentration (measured as primary'amines using GSH as a
standard) is shown in Fig 30. The stabilizing actiVity

increased sharply reaching a maximum at
§

declined. The effect of GSH was tested under identic 1
conditions GSH showed 1ittle effect in the concentration
range where the factor was most effective, bu} could induce
~thermal stability of ATP citnate lyase at higher concen-
trations, | | ' |

The concentration dependence of the effectjof the

stabilizing factor is very distinctive A simiiar decline at:ﬂ
bhigh concentrations of the factor was reported by Dunaway
and Segal (83) They found that the decrease in actiVity at -
excess factor concentrations could be eliminated by \
inc]uding 10 mM GSH in their incubation mixture. According-
ly, we repeated the experiment and included GSH in the
'mixture at a final concentration of 10 mM. Instead of an
eiimination of the decrease in actiyity,_we observed an
: ,addi'ti've eff’ect‘o\G\SH. (Fig.31). The difference in the

behaviour of ATP citrate lyase to that of phosphofructo-‘
Kinase was further reflected by the inability of DTT and GSH'
alone to confer thermal stability to the latter enzyme (83).
< These experiments suggest an interrelationship between
thermal stability and the oxidation state of ATP Citrate‘
lyase It should be noted that the ATP Citrate lyase :
preparation used. in these experiments was not fully active,:

and that attempts to produce a fuliy active reduced enzyme
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- N . - . . .
O

o 2 4 s 8
. 'CONCENTRATION (mM)

.~ Fig.30. Effect of stabilizing factor concentration and
GSH concentration on thermal inactivation of ATP citrate
lyase. 20 pg enzyme was incubated with various amounts of
stabilizing‘factor (O )orGSH (@) in a final volume of.
70 p1 at 37° and pH 8.3. Samples were removed at time
~intervals for assay of ATP citrate lyase. ‘The percent .
activity remaining after 30 min., calculated using linear .
regréssion analysis on semilogarithmic plot, was plotted
against -final concentration of stabilizing fmctor-and GSH.
Each point represents a single incubation mixture.
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Fig.31. Effect of stabilizing factor concentration on

thermdl inactivation of,K ATP citrate lyase in the presence of

~GSH. 20 pg enzyme was incubated with various amounts of

" stabilizing factor in the presence of 10 mM GSH at 37" and. -~

'pH 8.3 in a final volume of 70 pl. Samples were removed for
assay of ATP citrate lyase. The percent activity remaining
after 30 min., calculated using linear regression analysis
on semilogarithmic plot, was plotted against final-concen- .
tration of stabilizing factor. Each point represents a
single incubation mixture. .~ - .~ S
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by incubating with 10 mM DTT, followed by removal of DTT on
a short Sephadex coTumn have fa1led, since removal of |
reduc1ng reagent leads to-a rapid loss of act1v1ty If the
v_'enzyme s thermal1y 1nact1vated however, act1v1ty ‘can. be
restored by adding DTT in excess of 5 mM Addition of
stabilizing‘factor"on the other hand, fails. to restore the
activity It is poss1ble then, that the stab11121ng factor-
'1s ‘able to protect certa1n vulnerab]e su]fhydryl groups from
ox1dat1on but once they have been oxidized, the factor
'cannot of 1tse1f cause reduct1on and accompany1dg reacti-
'vat1on Th1s hypothesws was tested in an exper1ment .shown in
F1g;32. The Factor was added—to the.lncubat1on m1xture '
]etther 1n1t1ally or after thermal inactivation of ATP
‘c1trate lyase had proceeded for a certatn per1od of t1me
When the factor was added the rate of. inactivation ’{> .
‘.decreased apprec1ab1y and the new rate obta1ned was. s1m11ar"}

f1n all cases. When 2 mM DTT replaced the factor the

’f,act1v1ty increased to the or1g1nal level or above when 1t

. was added at zero t1me and after 3 m1nutes of 1nact1vat1on

but not after 10 m1nutes Earller observatlons have shown

‘that 5 mM or more of DTT is needed to. restore the act1v1ty

&

- after extens1ve 1nact1vat1on and if the enzyme is left in. an g,;'

h; 1nact1vated state for several hours 10 mM DTT only partlally

- restores ‘the activity. - 5 N
| Cottam and Srere (131) have shown that ATP c1trate
lyase is very sensltlve to 1nh1b1t1on by DTNB ATP c1trate o

‘~lyase is also inhib1ted by iodoacetamIde in a tlme- and
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Fig.32. Effect of stab111z1ng factor or DTT add1t1on

during thermal inactivation of ATP citrate lyase. 20
enzyme (1 mg/m1) was mixed with 30 pyl 20 mM sodium phosphate
~{pH 8.0) and 10 pl 0.4 M Tris-HC1 (pH 8.4) and incubated at

- 37" Samples were removed at time interval for assay of ATP -
citrate lyase ( x ). At start of the incubation (O@), after

" 3'min.’ (CJW) and after 10 min. (AA) 10 pl stabilizing

" factor or.DTT (in 20 mM sodium phosphate, pH 8.0) were. added
“to final concentrat1on of 2. 5 mM and 2.0 mM, respectively.
‘Incubation was continued and samples were removed at time
intervals for determination of enzyme activity. Solid . \
. ymbols represents the add1t1on of stab1llz1ng factor and -
open symbols that*of DTT. :
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concentration-dependent manner (Fig.33). With TO,mM‘
iodoacetamide half of‘the;activity is lost in less than 5_‘*
 minutes. In Fig.34 it is shown that this inactivation by
iodoacetamide can be prevented by the addition of the.
stabitizing factor. Th1s protect1on lends fur ther. support to'
the idea that the stab111z1ng factor is 1ntenact1ng w1th the .

sens1t1ve su]fhydryl groups of ATP c1trate lyase

: %
)

2. Properties’and-stabilitiesDOf‘the stabiliZing'FactOP'"

| Results of Dunaway and Segal (83) and us (ohapter VI)
‘show a poss1ble relat1onsh1p between the stab1l1z1ng factor
and. GSH. Desp1te th1s, 1t is our present bel1ef that the |
stab111zgng factor probably has 11tt1e or noth1ng to do wlth
- GSH, but that the latter 51mply co- pur1f1es with the factor
through most of the- pur1f1cat10n protocol In add1t1on to
our above demonstrat1on that GSH or GSSG cannot. replace the L
factor. th1s view 1s supported by a. number of other |

observat1ons

When the stab1llz1ng factor was t1trated W1th DTNB we
c0u1d not find any free sulfhydryl groups ((0 05 per free‘;
'am1nogroup),,and none were 11berated by pr1or reduct1on w1th :
DTT. To further, explore the nature of a p0551b1e sulfur'd' “ 
mo1ety’1n the. stab1l1z1ng factor, ‘we treated the factor W1th J
1odoacetam1de After treatment a sllght excess of cyste1ne, K
‘was added to remove excess 1od6acetam1de The result (Table

X) shows that the stabillzlng factor is- not sensit1ve to .

é
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: F1g 33 Inact1Vat1on of ATP c1trate lyase by 1odoacetj
“amide. 20 pl enzyme (1 m?/ml) ‘was mixed with 40 pl 20@mM
sodium phosphate {pH 8.0 iodoacetamide in 0.5 M .
sodium phosphate (pH 8.0) was added to start thé reaction _ .
and the mixture was 1ncubated at 25°, Samples were removed 4 '
“at time intervals for assay of ATP c1trate lyase. : E
Control ( OV, 01mM(..10mM(A)and10mM(A)
iodoacetamide. The rate of inactivation at each. concen- .-
’ trat1on of - 1odoacetam1de was - determ1ned in tr1pl1cate 2
"’. ) . ) X G ’ . tie . . ‘ -w , u' ‘4 - .;. . X w,”/:\. ; .
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‘ - Fig.34. Effect of stabilizing factor on the '
inactivation of ATP citrate lyase by iodoacetamide. Enzyme
- was incubated with 10 mM iodoacetamide.( O ') as described in
‘the. legend to Fig.33. The effect of the stabilizing factor .
was ‘tested by substituting 20 mM sodium phosphate (pH 8.0) .
-with factor in the same buffer. Final concentrations of .
stabilizing factor are as follows: 0.63 mM (@ ), 1.3 mM
(A~) and 2.5 mM. ( A ). Triplicate experiments were done at
each concentration of factor. - - - : :
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iodoacetamide treatment at alkaline pH, indicating the
absence of free sulfhydryl groups.

Characterizatton of preparations of the stabilizing
factor (chapter V1) indicates the presence of'carbohydrate.
It was considered possible that a carbohydrate moiety might
be a necessary part of the factor perhaps linked to the
sulfur group’ of cyste1ne in GSH in a thiocester bond _
Hydroxylam1ne is Known to react w1th esters and produce a
hydroxam1c.a01d derlvattve with the carbonyl function
thereby Iiberating a free alcohol (165). Treatment of the
factor with‘hydroxylamjne'did not lead to loss of stabi-
jizing activity~(Tab1e X). Liberation of free’sulfhydryl
groups was tested by the method ot.Uotilav(168)_in which
DTNB‘is present and the reaction followed at 412 nm ;Thts
.was unsuccessful, however, s1nce our hydroxylam1ne solut1on
reacted with the DTNB in the absence of factor and produced
2 moles of th1on1trobenzoate for each mo]e of DTNB.

The\stab111z1ng factor that we have prepared (chapter
VI) ‘seems to be d1fferent from that of Dunaway and Segal
(83) D1fferences were noted espec1ally 1n 1ts size and
u]trav1olet spectrum Dunaway and Segal (83) found that
'"bo111ng for 10 minutes destroyed half of the- act1v1ty and

all of the act1v1ty was _ ]ost Upon pronase d1gest1on 'They

also reported that the act1v1ty was lost fa1r1y rap1dly

without glucose present in the solut1on In contrast we have'd'
- found no loss* of act1v1ty if the factor ls stored w1thout "

glucose We have also kept the factor at 37 <more than 15

3
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CTABLE X
Effect of various treatments on the actiQity of the
: stabilizing factor‘; :

T S T T P E r e e E C e st e - e e oo - .- e e o-e-e-----—-——— - - . o —

Treatment ' Time of treatment (hours) '
' .0 0.5 1.0 1.5 4.0
Iodoacetamide ’ 622 - o= - - b3
Hydroxylamine .70 - 76 - 56
Heat, 100° ' . . .-
After Sephadex G-50 53 32 - - -
After Sephadex G-15 - 64 - 63 . - -
Pronase . 2 o :
After Sephadex G-50 56 52 .. - - 67 -
After Sephadex G-15 43 - 46 - 51 -

_..().-,----_-__-.._--..-...----_--_--_..--_.'-_1..-.._-.._----_-----'_

' Stabilizing factor, which had undergone treatment for the
indicated period of time, was incubated with ATP citrate
lyase. Standard assay condition was 20 H1 ATP citrate lyase
(1 mg/ml) plus 40. ul stabilizing factor in 20 mM sodium
phosphate (pH 8.0) plus 10 pl 0.4 M Tris-HC] (pH 8.4) and
incubation at 37°. The value shown is the activity of ATP
citrate lyase remaining after 30 min. (in %), and is the
~ average of three experiments. The standard deviation ranged
from 3.7% to 7.9% Test of the factor was performed in the
range of factor concentration, where the standard curve is

linear (see Fig.30). . . . _
2 lodoacetamide was finst allowed to react with cysteine
.before the addition of stabilizing factor and test of the
- activity at zero time. - : : S . '
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hours without any loss of activity. These apparent
differences led us to 1nvest1gate our stab111z1ng factor in
1ts stability towards heat and pronase As can be seen
(Table X}, our stab1l1z1ng factor pocled after a Sephadex
G-15 f1ltrat1on run in the absence of glucose can be bo1led
for an hour without any loss in act1v1ty The Same was found
for factor prepared 1n the presence of glucose up to and
1nclud1ng the Sephadex G- 50 f1ltrat1on accord1ng to theA
-method of Dunaway . and Segal" (83) Similarly, the act1v1ty of

none of the preparatlons was affected by pronase‘

3 A search for the identity of the stabfltzrng Factor
' A search for . other potentlal stab1l1zers of the thermal

1nact1vat1on of ATP c1trate lyase was 1n1t1ated S1nce the

,cond1t1ons for thermal 1nact1vat1on (1 e. 37° and pH- 8. 3 or.

. above) are the same for max1mum act1v1ty of the enzyme( we
decided to test the subs&rates for ATP citrate lyase When
the substrates were tested at saturating concentrat1ons,
'c1trate and CoA was found to 1nduce thermal stability of ATP‘
c1trate lyase (Table XI) This ra1sed the poss1b1llty thatv
these metabol1tes might be present 1n the factor solut1on in.

s1gn1ficant quantit1es The assay for CoA descr1bed under

C -
------------------

'In the origlnal pur1f1cat1on the homogenized rat liver
supernatant is heat treated for .1 minute at 60°. When we _
extend this to 15 minutes, ‘more than half of the activity is
lost. This treatment leads to massive prec1p1tation of
proteins and perhaps the stab1ltz1ng factor is trapped in
this flocculation and coprecipitates with unwanted prote1ns,
'account1ng for the loss of activity at that pOlnt - :

N
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”TABLE X1

Effect of substrates on the thermal inactivation of ATP
c1trate lyase

e e e e e e e G T e S M R M N R A e G M AR W M e M e e SR W e e M e e e e

ing
___________________ tration (mM) . __.8fter 30 min. (%}
Citrate 3. 1342
20 71.8 £ 3.4
CoA e 0.01 . 3.9 z.d.e
0.05 40.5 + 2.2
0.1 88.3 £ 2.6
aTP - | 5 . 1.5 % 4.3
 AMgci2 o ;;» R T ) 3.8 0.8
ATP + MgCl, Cose10 E l7.2 i'big‘

----—----—---_——-_-——-——-------_-—--——-—------—--—------—

-+ 20 pl ATP citrate lyase (1 mg/ml) was ‘incubated with 40 p1

- of "'substrate in 20 mM sodium phosphate (pH 8.0) and 10 p1 -

0.4 M Tris-HC] (pH 8.4) at 37°. Samples were removed at t1me
intervals for assay of ATP c1trate lyase. The percent

~activity remaining after 30 min. was.calculated using linear

regression analysis on semilogarithmic plot and is the
average of tr1pl1cate determ1nat10ns plﬂs standard .

'»dev1at1on
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"Methods" is:sensitiVeienough to detect.0.1vnmoles of CoA
'(Fﬁg.SS), When the factor solution was tested for the
presence of'éoA; none'could:be detected. If CoA is present |
there is Tess than 0 5'pM an amount having no stabilizing
:act1v1ty on the enzyme The same factor solut1on conta1ned
”1 63 mM stab1liz1ng factor.

An equ1va1ent me thod for c1trate determ1natwon was
dev1sed, ATP c1trate ]yase‘15'known;to show a biphasic
| Lineweaver-BurK‘plot when cttrate is the varying substrate
| _(1%4), which becomes 11near in the presence of 0.25 M KCl
At high ionic strength we were able to detect as 11tt]e as 1
nmoles of citrate (F1g 36)2. When the factor was tested for
the presence of citrate the absorbance change was not o
~ different from the b]ank ‘Thus it can be concluded that 1f
'c1trate 1s present its concentrat1on is less than 3,5 pM
an amount wh1ch does not show any stab11121ng act1v1ty

A var1ety of other compounds have been tested in the1r )

'ab111ty to stabilize ATP c1trate lyase aga1nst thermal

'-1nact1vat1on (Table XI1). Cottam and Srere (131) have shown

that when GSSG 1s added to an assay ‘mixture of rat l1ver ATP
_ c1trate lyase a marKed time- dependent 1nh1b1tlon is observed
‘wh1ch is reversed by DTT. ItJis c]ear that the enZyme is .
sensitive to d1su1f1de 1nh1b1t1on and consequently 1t is not
‘surprls1ng that GSSG has no stab1llang effect dur1ng the
thermal 1nact1vat1on of ATP,c1trate.lyase (Table XII).

2]t seems, however, that the enzyme contained some internal
bound citrate, since we observed an absorbance change
yw;thout the addition of citrate ' - '

A
N
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‘A ABSORBANCE . AT 340 nm

O-O' i .‘ . ’- . »'v‘ X : ’ '. »_ . ,» i

< o . o0z o4  os 08
E | ~ .. NMOLES ' OF CoA o

soom |
- Fig.35. Assay of CoA with ATP citrate lyase. The enzyme .

- was assayed with the amount of CoA varied (for details of

- assay conditions see under "Method"). The -reaction was

— 'started_by.the addition’ of enzyme and allowed to go.until -
completion. The difference in.absorption at- 340 nm before
. and after. the reaction,w§§4plotteduagainst~the amount of. CoA :

7.
i
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' AABSORBANCE AT 340 nm
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o nM,O_LES , OF CITRATE ’
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R . "
-

_ _ F1g 36 Assay of c1trate ‘with ATP c1trate lyase The . -
' enZyme was ‘assayed with the amount of citrate varied (for
assay conditions see "Method"). The reaétion was started by

" - the addition of enzyme and allowed to go until completion.

- The difference in absorption before and after the reactlon o
;was plotted aga1nst the amount of c1trate added
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TABLE XIT

Effect of various substances on the thermal 1nact1vat10n of .
ATP c1trate lyase‘ .

e e M S m e Th E o Y e TR T R M e e TR M de e e S e e e e S MR AR e e M e o e A e e E S e e

‘SUbstaﬁce - Final concen- ~ _Activity rema1n1ng
‘ ' : tration (mM) - ‘after 30 min. (%)
) .
GSSG : 1.0 - §E4 3.1 £ 0.7
GSH + 1.1 5.5 . 19.1 % 3.2
lucuronic acid 2.1 : 10.5 - 34,0 % 3.1
{1:5 molar ratio) - 4.2 : 21.0. - . 60.7 + 4.6
: - . 6.3 : 31.5 : ~ 71,1 £ 1.4
8.4 : 42.0 . . B7.5%1.8
GTF . 0.t-100 3.5+ 0.6
‘ \ . ’ » ¢ . .
CaCly, NH4CI, |
MgC13, Mnc12, o | o |
- or FeCly. .20 . 3.6%0.6
Biotin _ 1.0 3.4-.% 0.3
- 5.0 12.0 + 4.4
Pyridoxal- 0.1 34209
. phosphate = - 5 2.0 : 3.4 + 0.4

---.-—--..-----.._-—---..__—--...-—--_---——--—---—--—----....-——-.

A For exper1menta1 deta1ls see ‘the legend to Table XI.
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Y .
The sulfhydryl group of GSH is nucleophilic and, for

. example,-can react with an'aldehyde function of a carbo- & t

’ hydrate to form a th1ohem1aceta1 This was considered

poss1b1e because of the presence of- carbohydrate in the.
preparat1on and the tentat1ve identification of glucuron1c
_acid based on paper chromatography of the stabilizing factor: .
(chapter VI) GSH was m1xed with an excess of glucuron1c
acid and- tested for stab111z1ng'act1v1ty, but\lt was not
‘vdiffenent from GSH aione (Table XI1). Thzzsame result was

obta1ned w1th glucose: and ga]acturon1c ac&d)(not shown)

Another poss1ble cand1date that was e11m1nated was the -

50?ca1led Glucose Tolerance Factor (GTF). Th1s material is
composed of glu, gly, cys (1 mo]e:of'eaCh) and 2”moles-of'
.nicotinic acid“complexed'to_chromiumv(171). GTF has been |
Vreported'to be reduired to maintatn.normal gtucose tolerance
.and GTF deficiency'ts'characterized by delayed removal of
glucose from the blood stream (161,162,171). A chromium
. ,compTex with GfF-activtty‘wasbprepared accordtng to'the

:t procedure of Toepfer et al (t67)’and Was tested over a wide

:yrange of concentratlons for protect1on of ATP c1trate lyase
agalnst heat 1nact1vat1on (Table XII). Under»our cond1t1ons
we could not detect any stab111zat1on | | |

| Several catlons were tested as the1r ch1or1de salts for

'protect1on of the enzyme aga1nst thermal 1nact1vat1on (Table

~;XLI) Of the metals tested none showed any protectton

F1nally we tested two cofactorSr b1otin and pyrldoxal .

; phosphate It has been shown that biot1n deficlency reduces o

N
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w,the‘aotiv{ty of ATP’cifrate lyase and malic éhzyme fn'avian
‘TiVer (172). The presénce of either of these cofactorsfdid
not modify the thermaflipactivation of AfP citrate lyase
(Table XI1). - | |

4 - e
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D. DISCUSSION

Cottam and Srere (131) showed that the loss of most of
. the act1v1ty of ATP c1trate lyase that occurs upon reactlon
w1th DTNB is correlated to mod1f1cat1on of 6-8 of the 50 or -
o) sulfhydryl groups present in the enzyme It is poss1ble
. that the enzyme may be ox1d1zed on storage with format1on of
d1sulf1des that can easily be reduced by a th1ol reagent

The thermal inactivation of ATP c1trate lyase is very.
f'rap1d above‘pH 8.3. It can be’ retandéd and evén revefsed by‘
«’the add1t1on of thiol reagents, espec1ally DTT. Wh1le the
mechanism in this case probably 1nxolves an oxidation-
reductron, 1t is clear that the stab1l121ng factor works
-d1fferently The add1t1on of the factor dur1ng the
'1nact1vat1on process apparently halts the process at that'
state We suggest that the factor may bé able to fnteract
w1th the rema1n1ng sulfhydryl groups 1nh1b1t1ng the1r ¥
’further ox1dat1on or part1c1pat1on in 1nact1vat1on _ ‘

' Such a protect1ve role of the stab1l1z1ng factor is <
lfurther suppor ted by the observat1on that it can protect
aga1nst loss of act1v1ty caused by 1odoacetam1de Some or. '
all of the senslt1ve sulfhydryl groups may be located near

ﬁ the act1ve site of thF enzyme, since Cottam and Srere (131)

l showed that the 1nact1vat1on of ATP CItrate lyase by DTNB

"could be part1ally prevented by Mg- c1trate That the factor'
is 1dent1cal to c1trate can be excluded stnce c1trate in
:_suff1c1ent quantlty to stab1l1ze the thermal 1nact1vat10n of

.ATP c1trate lyase could not be detected 1n the factor :

1
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solution. . = ..

4
»

How then ls}the stabilizing factor able to protect the

1mportant sulfhydryl residues from ox1dat1on7 The fact that

.

no free sul*hydryl groups’can be found on the faétor or can

be l1berated by its .reduction argues aga1nst m1xed d1sulf1de

"format1on between the factor and the enzyme although such a

mechan1sm could expla1n the apparent\th1ol regu1rement for
the effect1veness of the stab1l1z1ng factor The‘add1t1ve-
effect of GSH and the stab1l1z1ng factor can. be viewed>as
comprised of two processes work1ng 51multaneously or |

sequentlally, i;e., reductlon bnySH and protect1on 'Tree ’

- sulfhydryl groups by the stab1l1z1ng factor.

- The 1dent1ty of the factor is still a2 puzzle A var1ety

__‘of compounds has been tested and eliminated as stab1l1z1ng
_candldates The Glucose Tolerance Factor seemed an exciting -

'prospect s1nce it is known to have an amino acid composi- -

tion s1m1lar to the stab1l121ng\factor and shows a def1n1te"

'absorpt1on max imum around 260 nm (167) The s1m1lar1ty

"between the UV- spectrum of the P- component of the factor

D
preparat1on that was eluted from a paper chromatogram

}(chapter VI) and that of GTF 1s very str1k1ng A synthetlc

chrom1um complex wh1ch 1s Known to have GTF act1v1ty d1d
however, not show any: stab1l1z1ng act1v1ty GTF should not

be el1m1nated all together. however, s1nce d1fferences could

fconce1vably ex1st between the synthet1c and the natural

B 3

In a study of phospoenolpyruvate carboxyk1nase from rat

-
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116;}, Ballard and . Hopgood (72) were espec1ally 1nterested
1d the initial- -sequence: of degradat1on of this- enzyme In
vitro 1nact1vat1on of th1s enzyme proceeded rapidly with .
heat, trypsin and a microsomal fraction of rat liver. The
;’1nact1vat1on was accelerated by cystlne and to a lesser
extent by GSSG and retarded by DTT and GSH Ba}lard and
Hopgood “(72) speculated that 1nact1vat1on by a th1ol di- *©
sulfide exchange reaction preceded any proteolytlc
degradation. They also found that 1nact1vat1on by heat and.
' by the'mwcrosomal fract1on but not by tryps1n - could be
retarded by an* and CoZ*,'catlons that can funct1on as
) reactants in the enzymatic react1on B1nd1ng of these
cations may promote fold1ng of phosphoenolpyruvate carboxy-
/ k1nase 1nto a conformat1on that is more Stable
Some d1fferent,catlons‘were tested-for,thewr effect on‘“»

the;thermal inactivation‘of‘AlP citrate lyase,‘ﬁut no 'f.'{st
stabilizationrcould be observed. This doeS’nOt preclude a .
cat1on be1ng the actual stab1l1z1ng factor, since only a
l1m1ted number were tested and also a cat1ontm1ght not. act
"1ndependently Such a case has been - proposed by Lardy and ]
coworkers (173) who haye isolated ‘an act1vatlon prote1n
'p( Ferroact1vator ) of phosphoenolpyruvate carboxyk1nase
wh1ch requ1res Fe2+ for act1v1ty In agreement w1th th1s:k
‘n_dconcept Ballard and Hopgood (72) showed no d1rect effect of

- Fezr upon the in yitno 1nact1vat1on of‘phosphoenolpyruvate
carboxyktnase o - ' 5 |

- Dunaway and Segal (83) found the1r stab1liz1?9/factorl

U

Q

%
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-to be sehéitiVe’to pronaée digestioh and to high tempera-
tures. in’centrast_we found that all of our stabilizing
activity could be recevered'after boiltng for 1 heur ahd
after extensive pronaée'digestion, As cpntrols. the same"
.}reatmentevwere perfobmed en factor preparation prepared up
tp'and tncluding the Sephadex.G-Sb fi]tration step. This
'.prepafation'was also stable. - Only at'the heat treatment step
of ‘the or1g1nal pur1f1cat1on did we lose stab1]1z1ng
'act1v1ty for ATP c1trate lyase perhaps simply by phys1cal'
entrapment 1n the prote1n prec1p1tate ‘ ' '

“The poss1b1l1ty must then. be considered that the
: stab1l121ng factor for phosphofructok1g;s”1s not the same
Uas the one for ATP c1trate lyase Future work will be »

‘requ1red to solve th1s quest1on R




VIII. CONCLUDING REMARKS
ATP;citrate lyase occupies a position in lipogenesis where
it could direct the pverflow of catabolizable metabolites
into-fatﬁy‘acids'and triglycerideslto be stored and )
reutilized at times of energy restr1ct1on ATP c1trate lyase
is not the only enzyme which responds when starved rats are
refed a high carbohydrate diet or when dlabet1c,rats are
treated with insulin. A whole set of?enzymes respond in
Jpara[lel by an increase in their levels;'Insulin, thought to
be the primary s%gnaijin thisvinduction‘ dOes’not enter the
cell. When 1nsu11n reaches the target cell the 1nteract1on
between the hormone and 1ts receptor br1ngs about a 51gnal
to the 1nterlor of the cell. The' 1dentity of . th1s s1gna1 is
stilt a mystery Many suggest1ons have been put forward but
none of them has he]d up to close scrut1ny (34).

Many d1fferent b1olog1cal processes are 1nfluenced by
~insulin. Some of these responses occur w1th1n m1nutes, such
‘as fac111tated glucose transport and act1vation of certa1n

._enzymes, wh1le others take hours and days to exert their
vi1nfluence on the metabol1c processes An’ example of the
‘latter response is prote1n turnover Stitl Obscure tstthe"f
intermed1ary l1nK or 11nks between the insulin contact with
the cell and the f1nal responses be they a change in the
t_catalyt1c act1v1ty, a change in the rate of prote1n

'gturnover. or other responses

In the time period between the elevat1on of c1rculat1ng:

1nsul1n and the final attainment of high levels of lipogenicd f

-4
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enzymes, the level of the stabilizing factor increases to
several times above normal levels. This sequence of events
argues for an'important function of the stabiiizing factor;
The'proposaj that the resultant action of insulin i3 a
retardation of the rate of degraoation of specifically
‘11pogen1c enzymes during the . 1nduct1on process has been
rat1f1ed in the case of phosphofructoklnase As a conse-
quence, a topic for future research is the determ1nat1on of
the rate of degradatlon of ATP citrate lyase under d1fferent
leetary and hormonal cond1t1ons | -

\ In order to understand the role of the stab11121ng
"factor, its or1gln and its 1nteract1on with its target
enzymes,'1t is necessary to know the chem1cal 1dent1ty of
cthe factor “While its chem1ca1 structure is still not at
hand at the conclus1on of th1s work much 1nformatwon has
,been obta1ned Two facts can be emphas1zed as a result of'
the present investigat1on 1) The molecular s1zelof the '
‘stab1l1z1ng factor is much smalier than‘origina1ly‘estimated
by Dunaway and Segal (83) The d1screpancy can probably be
r;related to the presence of glucose 1n the medium. 2) The

stab1llz1ng factor is- not glutath1one per se and 1s un11kely

?f‘.to be a der1vat1ve of glutathlone although th1s poss1b1l1ty o

.n has not been excluded In 11ght of the present knowledge we
hope that the 1dent1f1catlon of the stabtlizing factor can

" be achieved in the near future | B

R In the final days of preparat1on of th1s thesis Larner'“v

o ;tet al (178) reported the discovery of a factor from skeletat'v



: | 183

muscle generated in the presence of insulin. The factor was

named “insulin-mediator“ and was shown.tojhave profound
v‘inhibitory effecf on cyclic-AMP-dependent protein Kinase but
~not on cyclic- AMP independent Kinase. The mediator was also
able to stimulate glycogen synthetase phosphoprotein phos-
phatase. A simultaneous publication by Jarret and Seals
(179) revealed that apparently the same mediator was able to
;stimulate pyruvate dehydrogenase in adipocyte mitochondrial
subcellular;fraction. The insulin-mediator-was ‘found to be
heat-stable; a property which was used in the.purification. |
The elutionion a SephadeX“G~25'column corresponded with a

'major 230-nm peaK and a ninhydrin-positive peak . and the

- molecular weight of the mediator was estimated to be about

1,000}to 1,500 (178), These properties are strikingly
similar to'the properties of the stabilizing.factor.
: -1t is reasonablevto'arguefthat intracellular insulin"'
~-aCtion is mediated by a second messenger Do the insutlin--
. mediator substance or the stabilizing factor or both
function as 1ntracellular messenger for 1nsulin7 Are they
“the same substance’I |
A discuSSion of.insulin action cannot be completek;'

,without mentioning several recent published reports about '
- protein. phosphorylation spec1f1cally stimulated by insulin
' gStudies of protein phosphorylation in adipose ‘and” liver
| cells have implied the presence of an 1nsul1n dependent

cyclic AMP 1ndependent protein kinase system (150 1691170)

In adipocytes .and hepatocytes insulin stimulates selectivelyv
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- the‘phosphorylation<of a polypeptide of approximately ‘
~ 125,000 molecular weight (108,150). The polypeptide has beene
'1solated and 1dent1f1ed ‘as the subunit of ATP citrate lyase

(108 109) The insulin stimulation is spec1fic but also
adrenalin and glucagon can increase the degree of phosphory-
lation of the ‘enzyme while at the same time promoting phos-
horylation of other proteins <The effect of glucagon has
~ been confirmed by Janski et al (110) who have‘used an .
. | 1mmunochem1cal approach for rapid 1solation of ATP c1trate
~ lyase from hepatocytes ‘ 7 '
The role of structural phosphorylation of ATP c1trate
/lyase 1s not clear It occurs on a serine residue and is
'»qu1te distinct from the phosphorylated catalytic 1nter-'a |
mgdiate The enzymatic activ1ty TS not altered by phosphory-‘-
lation so a metabolic role for ‘this process has to be sought*v
elsewhere Phosphorylation could cause some structural
'-f‘alteration of the enzyme and thereby 1nfluence 1ts |
"susceptibility to proteolytic degradation Since alteration >
_ivof enzyme content occurs under conditions where the |
ioinsulin/glucagon ratio varies ‘and SInce the level of an
‘;genzyme 1s determined by both 1ts synthesis and its\degra- B
\jidation one can speculate that phosphorylation of eXlstlng
liff;:enzyme molecules may change‘the rate of degradation of the _r
"~ifl"enzyme It is of great 1mportance to establish the rate of =
ititftdegradation of ATP citrate lyase during a starva—ui 'b‘ -
.. tion- -refeeding schedule Furthermore. a test of the in vltro

*”Ji:stability of phosphoenzyme and dephosphoenzyme can perhaps

1
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c]ar1fy the phys1olog1cal role of . the phosphorylation .
mechanism ‘
The d1scover1es of a stab1l121ng factor, an o
1nsu11n-med1ator and 1nsulin dependent phosphory[gtj
ATP c1trate lyase are perhabs all linked to 1ntrace14 lar
regulatory processes in a coordinated fashdon Further
research will undoubtedly help to resolve these questions

-and lead to a deeper understanding of 1nsul1n action in

mo]ecular terms
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