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Two paths déuuggd in a wood, and 1 -

0

I took the one Less travefed by,
And  that has made all the difference.

(/ Robert Frost.
\

%4



” dichroinm spectra failed to emonetrate any Gifference b ¥tween the apo- /W

of the gtructure and catalyt

. ABSTRACT ) ’/
, / R . 4;' X
Certain considerations, including*nucleétide specificity and fﬂ ,iv
preliminary reports of molecular weiéht and subunit structure, suggﬁated
that structural or mechanistic homélogy might exist between the eﬁzymge

succinyl*CoA eynthetase and phodbhoenolpyruvate carboxykineeez/ Aeéecte ) ;
[ / '

prOperties of these two enzymea isolated /
' p 4[ i

7efore examined. /f : //,
ccinyl-CoA synthefas was shown to have a moleculnr weight of //

from Egoherichia coli were/t

140,000 by sedimentatibn e nilibrium techniques.. At/fow protein conéen-
trations, the azgz

i.e., dimers and

a structutal rearrangement accqmpanying phoe/ orylation.

oweaver, circular
‘ )

and phosphoenzyme, indica ng the phoephoryletion does not involve a gross
s o s ’ . :
conformational change with alteration in the contributions of a-helié/or
. /

B~structure. fThe ultreviolet extinction coefficient” Elzcm was determined

. to be 5.0 by two independent measurements of protein concentrations, namely

‘weight of 65, 000 as determined by sedimentation equilibtium and gel

colorimetric measurements using biuret and microbiuret methode-and by
interference fringe displacement in the ultracentrifuge. (\ |
Similar molecular weight studies and ultraviolet extinction co-
efficient determinations were done for the second phoephotrensferaee; -
phoophoenolpyruvate carboxykinese (PEPCK). This enzyme waa found to ‘be

a monomer under denaturing and nondeneturing conditions and hae 8 molecular

e s
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" metric assay employed. No euch/inhﬁbition vPs/apgdrent when the enzyme

//able covalent\interéed tes, sugq

/
7

/
/

)

, // ,
was coup ed to makate ddhydrogenas;Zin the p esencL of/NADﬁ.~/ ' /

o | )
// [0 |

electrop res{s in the g/esence of denaturants, The extinction‘coefficient
/ b}

, 1% C{/;as measured to be\ ]2 5. The amino acid composition reveals ' )

¥

' ' /

bacterial enzyme and 73,000 for the pig liver enzyme)
A previous report (Wright and Sanwnl (1969) J. Biol /?hem// /

/

244, 1838) described allosteric inhibition of PEPCK by NADA and thé /

/ / / / ;

8 in th¢ presehce of thi
/) /

inhibitor, Since our molecular wei ht Jtudies establie ed the;

/eZ}yne/

appearance of sigmoidal substrate—s&turation ploq

< -

be a monomer, a etructure not normally associated wit,;'
reinvestigated/the kinetics of VADH inhibition.
i\ ’c/ a1t r¢/'ﬁ
by. NADH did not change the normal hyﬁe&bolic subs satur ion cu veh.

The inhibiti was later shown by, others to be gﬂ ytifact ?f<Hh¢ colori-'

/

/' / i

/

/ .
. l ;L
/ ) i
y ’
. /

interesting featur s of PEPCK wér determi b é variety of / ‘
i 7, | 0/

kin tic studies. The TPaAependence of the HCO/ '4;/oxél’

!
// /

the relative rapidity of/the exchan&é ogethér w th sh
4

‘/ 7 // 4 //

t /role/of/'aubat te siﬂergiém for/

' of oéalo;cetat/ /

ﬁ?? in promoting the d carboxyl .i

E ) / / /,' l
at chehi . ium arc%/

vith a random; order of / szretd/att hment
the data sug#e t aiore e{ ac ////seque7> , ! 1
/ / v i e, Cen}?gl compl/r/interconvergion , ,
appeara to be alou/tela /ve t /Hichaelie/comple& equilibretion %?Z, // f'

olypyruvat -
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CHAPTER 1

INTRODUCTION

Enzymes which catalyze phosphate cleavage and phesphate t;ansfer re-
actions are a general feature among blological pathways and serve meny
functions: 'maintain structures,.provideAfunctional interactions, pro-
mote and regulate metabolic processes, mediate neural and hormonal mech-=
anisms, transport across membranes, and have: a determining influence on
genetic events' (1). Among these enzymes many have been shown to involve
covalently-bound phosphoryl groups as reaction intermediates, while
others may undergo a transient phosphory&ation that is not detected by
current methodology. Taborsky (1) in his review oh phosphoproteins shows
that all major types of phosphoryl transfer enzymes are represented among
the documented phosphoenzymes. Among the phoepha;ases—transferases,
glucose;6—phosphatase binds the phoephate that 18 cleaved from glucose—.'
B-phosphate at a histidine residue and then transfers it to water. The
mutases, such as phoephogluco- and phosphogiyceromutase, also cleave the
phosphate group from its substrates but then transfer it to a different
site on the same subsérate molecule, thereby catalyzing an intramolecular
transfer via a phosphoryl—protein intermediate. The kinases or synthe-d
tases follow a pattern with nucleotides acting as separate suﬁseratea
that serve either to donate or accept phosphate groups intermelecularly.
Pyruvate kinase, fer example, is responsible for the substrate-level

~ ~p.

phosphorylation of ADP' to ATP and for the biosynthesis of pyruvate from

o

phosphoenolﬁyruvate.

.

The identification of a possible phosphoryl residue is marked with

difficulcy. The steady state(iéncentration of a covalent phosphoryl pro-
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tein may be too low for detection or the bond may be hydrolyzed or may
have migrated to a different residue during its isolation For the oc-
currence of a phosphoryl intermediate one might expect a multistep mech-
anism with a partial reaction such as an ATP “— ADP exchange to phos-
phorylate the protein Such an exchange, however, can be misleading
Hexokinase, for example,ﬂcatalyzes a slow ATP ‘—7»ADP exchange in the
absence of other substrates and a glucose‘—7glucose-6—phosphate exchange
in the absence of nucleotides (2).. These exchanges are too slow to be

in keeping with the overall kinetics. It was -later determined (3) that

hexokinase indeed exhibits ATPase activity, but that it 1ig independent
~—

'of its kinasge activity and it seems not to be a phosphoprotein during its

normal role (1). ATP citrate lyase (4) provides another example of the
difficulty of identifying a phosphorylated residue. When 1its phospho-

* |

enzyme form was digested with Pronase and the phosphopeptides were sub-
Jected to Losgen rearrangement the results intimated the site of phospho-
rylation to be the Y-carboxyl group of a glutamic acid residue (4).
Howeverz 3- 2P—phosphohistidine was identified when the phosphorylated
protein was hydrolyzed with potassium hydroxide and chromatographed on
an anion exchange column (5, 6). The apparent contradiction could be re-
conciled by the possible existence of two different protein-bound phos-
phoryl groups or a possible partial intramolecular migration as was sug—
gested by Das et aZ (7). ' o e
Succinyl-CoA synthetase (SCS) catalyzes a reaction that is contained
within the Krebs cycle. ‘its chief role is substrate-level phosphoryla-
tion; it provides ATP as well as converting succinyl CoA te succinate.

Its phosphohistidine intermediate has been identified (8, 9) and the

amino acid sequence has been determined for a .dodecapeptide containing
L / .

/ ‘ . ) | " I.




this residue (10).

The first subjeet of the present re:f?fch was succinyl-CoA synthe-
tase (SCS) from Eecherichiahcoli. Earlier work in this laboratory and
elsewhere had been concerned mainly with the kinetic mechanism and iden-
Fification ef reaction intermediates. Our work with S5CS was focussea on
establishing fundamental physical parameters in order to provide a firm
bash;for understanding aspects -of its structure such as subunit. composi-
tion, number of binding sites per molecule, etc. - B

The second enzyme we studied was phosphoenolpyruvate{carboxykinasew

(PEPCK). It catalyzes the following reaction: .
X
OAA + ATP w=> PEP + ADP + HCO, ™" | (1]
‘ -

The reason we chose to work, on PEPCK was that this enzyme showed promise

of having some structural and mechanistic relationships to SCS. PEPCK
shows parallel nucleotide specificity to SCS: bacterial PEPCK (11) and

t

SCS (12) usually prefer adenine nucleotides whereas the correeponding
enzymes fromlmammalian sources.are specific for inosine or guanosine
nucleotides. .Chang end Lane (13) reported that liver mi;thondria under:
'go rapid adaptation to PEP formation becadée of the presence of an active
GTP (or ITP)—generating system which they suggested to be the major meta-
- bolic role for SCS. Therefore, the functions of these enzymes may be”
effecti;ely coupled.

Another obvious similarity which stimulated our interest in PEPCK

was that both it and SCS had the same molecular weight trend when iso-
lated from diéferent sources. SCS from pig heart (14) has a molecular -
weight of 70, OOO while that of the E. coli enzyme is 140,000 (15, and

this work). PEPCK is similar in that the pig heart enzyme also has a
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molecular weight’of 70,000 "(13) and that of Bacillus stearothermophilus
is 140,000 (16). Since SCS from heart 1s a dimer (aB) (14) and the Z.

coli enzyme a £etramer (a282) (17), we suspected the same rélationsﬂipw
to exist for the PEPCK enzymé, the mammaliaﬁ enzyme pefhaps consisting

of a dimer and'the bacterial enzyme a dimer of dimers.

We also sﬁspected that catalysis‘py both en;ymes might involve the
same covalent ingérmedigte such as the phoéphohistidine residﬁe of SCS.
If so, that coﬁld indiéate an evolutionary relationship.l Carrying this
argument to‘the extr'eme, the d subunit of SCS, the site ofy phosphofyla—
tion of that enzyme (18), might be a constituent of PEPCK, carrying out
ﬁhe same partial reaction. If only the active site on the énzyme 19 con-
served, while the rest of the molecular structure.diverged, we could ex—‘
pect to see similgr mechanistic feaéures. Such conservation of strucglral
characteristics has beenbdocumente& for the serine proteases (19, 20, 215,
NAD—linked dehydrogenases (22) and the Ca-binding proteins (23), for ex-

ample. In our work on PEPCK we therefore set out to establish possible

similarities to SCS with respect to structure or mechanism.

Succinyl~CoA Synthétase Background

Kaufman (24) showed in 1951 that scs from spinach catalyzed the fol-

lowing reaction: -

- succ-CoA + NDP + P, ~> guccinate + NIP + CoA [2]

This reaction is fully reversible and requires divalent cations for acti-

vity.

. The first suggestion of a phosphorylated intermediate was made by
P : _ : |
Kaufman (24) who proposed an E-P form on the basis of an isotope exchange:

between ATP <> ADP in the presence of spinach SCS and M32+, but in the

L
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absence of other aubatratea In Boyer 8 laboratory theAphoaphoenzyme
was isolated from both E. coli (8) and pfg heart (9) and .the phosphoryl

group was foond to be attacned.to the N3 poeition of-avhiatidine residue .
(25). Using a rapid mixing and qoenghing denice to measure thé”kinetics
of establishment of the steady state, Bridger et al. (26) determIned‘

that -the kinetica of E-P formation during'the pre-steady state were

those expected of an obligatory intermediate of the reaction.

SCS was shown to exchange 180 beteeen.inorganic phosphate.and the
aucc&nate,carboxyi oxygen in the absence of .di-~ and trinucleotides tn @
bboth bacteriai (27) and mammalian enzymes (28), stégésting either a co-
valent succinyl-phosphate intermediate or. a concerted reaction mecﬁanism
with direct attack of auccinate oxygens upon the P-N bond of phosphohis~
tidine. Kaufman (24) investigated in 1955 the possibility of a succinyl-
phosphate intermediate by reacting synthetic succinyl phosphate with SCS
but he could not detect product formation. This was reinvestigated by
Nishimura and Meister invl965 (29), who reported that succinyl-phosphate
was used by the bacterial enzyme in the formation of both ATP and snc-'

cinyl-CoA when SCS was incubated with doubly—labelledsuccinyl—phosphate
32

P). They also_showed that SCS in the presence of y-32P—ATP

j «

and succinate and in the absence of CoA formed succinyl-phosphéte. The

( C and

above reactibn was shown to be reversible in that succinyl- phosphate
could be iadlated from the reaction mixture containing E-P and succinate
(30). SCS from pig heart could be dephosphorylated by incubating E-P
with succina“ S

The involve . of a phoaphate.and"a'auccinyl-phosphate intermediate

is congistent wi: _-ne following three-step reaction:




E + NIP ~> E-P + NDP  / 7 [3]

/ ,/

E-P + succinate == E-succinyl-phosphate /// [4]

/

' /
E:succinyl-phosphate + (oA we=im succinyl-CoA” + Pi + E [5]

I3

Sum: NTP + succinate + CoA == NDP + succinyl~CoA + P, [6]

Wang (31, 353, in this laboratory, confirmed the phosphorylated inter—
mediate to be a phosphohistidine by a comparative acld hydrolysis of a

- synthetic phosphohistidine model and E-P, and then finally by 1solating
and sequencing the dodecapeptide at the ‘active site containing the phos- -
phorylated histidine residue. .

The first evidence for the presence of subunits was reported by
Ramaley et al. (15) who observed dissociation 1into phosphorylated and
non-phoephorylated components following treatment of SCS with pemercuri-
benzoate. Grinnell and Nishimura (33, 34) also detected in immunodiffu—
sion patterns apparent dissociation into subunits in the presence of
mercurials. Leitzmann et ql. (35) studied partialiy dissociated enzyme
upon succinylation or upon treatment with denaturants such as guanidinium
hydrochloride. They suggested that the enzyme dissociated into fourmap—
*;a;ently identical subunits as indicated by. several methods: polyacryl—
am&de gel electrophoresis, sucrose density gradient centrifugation, gel
.filtration,nand ultracentrifugation analyses. This suggestion was not
supported by plots shown from their sedimentation equilibrium runs of
fringe displacement vs. r2, these showed slight curvature which is indi-
cative of size heterogeneity (a range 6fcapproximate1y 32,000 to 25,000

‘molecular weight)., Bridger -(17) provided unambiguous evidence by SDS




polyacrylamide gel electrophoreaig tha\ SCS from E. coli is composed of

two non-identical subynits, 1. é/ (aB) From amino acid composition of

the o and B subunit it was also established shat the smaller a subunit is
not derived from B, but that « and B are separate gene products (18).
Bridger's data were~eaailf reconciled with preliminary molecular'ueight
studies (15) to suggest an asz tetrameric structure, the smaller & subunit
bearing the phosphohistidine and having. a molecular weight of 29,500

and B having a molecular weight of 38,500.

As mentioned earlier, pig heart SCS appears to be half the size of
the E. coli enzyme (14) It 1is compqged of an (aB),dimer of molecular
welght of near 75,000, but ifch of its subunits is somewhat larger than
that from the Z. coZz source (14). The moleghlar weights of a and B are
34,500 and 42,500 respectively with the a subunit also bearing the phos—
phohistidine residue. ‘A further difference between the bacterial and
mammalian enzymes 1is that of nucleotide sbecificity. Bacterial SCs pre—
fers ADP and ATP as substrates while SCS from mammalian sources use only
GDP and GTP or IDP and ITP indicating a requirement for the 6-keto sub-
stituent on the purine ring. «

At first glance, it might be thought that the kinetic propertie; of’/'k
this enzyme with its phosphorylated intermediate might show the typical
ping- pong pattern (36) with ATP binding first to transfer its terminal
phosphate to the enzyme followed by dissociation of ADP before attachment
‘sf the second substrate. A classical example of a phosphoryl enzyme
showing such ping-pong kinetics is‘nucleoside diphosphokinase (37).

Its phosphorylation reaction is 10-fold faster than.the'overall reaction
(24,000 and 2,700 xnin_l respectively). In the case of SCS, however,

’although the phosphoenzyme is knoqn to be an obligatory intermediate,
Y .

p




the rate of ADP <> ATP exehange reflecting E-P formation in the abgence
of other substrates is very low. The slow exchange is enhanced'gy the
.presence‘of the other éubstrates,.a phenomenon Lnown as 'substrate syn-
ergism' (26). 1In keeping with the slow ATP <> ADP éxchange, the initial
rate kinetics were found not to obey a simple ping-pong kinetic pattern,
but rather a sequential ohe (12). Further by meaSurements of the kine-
tics of isotope exchange at chemical equilibrium Moffet and Bridger (38)
determined that the kinetic mechanism for SCS is fully random, while the

preferred route is shown in the following scheme:

'S

CoA  succ I Py  succ-CoA
ATP '
E (E*ATP*CoA-succ,
E-ADP:Pj *succ-CoA)
Ny ®
succ CoA .- " 8succ-CoA Py
9

Scheme A. Proposed partially random sequential mechan-—
ism for the overall SCS reaction t

L _ , .

Although these exﬁefimencs seeqfi:\;slablish the ginetic mechanism, .
other fﬁndamental'questioea remained.‘ One, for e#ample, is the extent of
phosphorylation of SCS and its relationship to subunit association'and
dissociation. The a282 structure of SCS, probably éoseessing two actiye
gites, suggests that téo phosphoryl groups should be incoréoratedbper
mole of eezyme, yet it has been found to ineorporate only one ph;sphate
V‘with reietive ease, showing 'heif-of-tﬁe-sites reactivity' (10) Anothe;
question that may be correlated to the extent of phosphorylation is the

disparity of specific activity between different enzyme preparations that

have been purified to apparent homogeneity (35). Greater stability of SCS

7
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and res{};ance to proteolytic digestion has been attributed to a confor-
mational change accompanying phosphoryiation of the smaller subunit (18,
31). |

An area that had not been thoroughly investigated, but.that is funda-
mental to previous and future work, concerns the basic physical parameters
of this enzyﬁe. Qé get out to do molecular weight studies by various
methods, ultraviolet extinction coefficien; determination and circular
dicﬁroiém measurements. These experi;ents are desgribed in Chapter III.

Phosphoenolpyruvate Carboxykinase‘Backggound

' PEPCK is at a branchpoint of two metabolic pafhways: it leads from
the Krebs cycle and is8 the first obligatory enzyme to cataiyée‘reactions
in_ the gluconeoéenic pathway. From'mammalian éodrces it 1is foun# mostly -
in gluconeogenic tissue (liver and kidney) indicating that its main role
“is PEP synthesié as part‘of ;he carbohydfate synéﬁetic pathway. The im—b

portance of the reverse reaction, i.é. an an#pierotic‘role of? OAA synthe-
sis 1s restricted by the reqﬁirement for higﬂ concentrations of HCO3_, Tﬂe
Kﬁ of which is abou; 15 mM, compared fg tﬁg_ievele of HCO3_ in(man of only 5-8
mM (16). éhrago and La;dy (39) showed thaf'PEECK is the rate-~-limiting
step in glucose synthgsis‘in'ﬁerfused rat.iivagfq Even though PEPCK is
believed to reghléﬁe the flux of gluconeogénesié and @ wealth of reports
-relatihg to in&uction and.fepression by physiological factors have been’
‘published (see Ref. 40), there is little information concerning factors
that directly affecﬁ the caﬁalycic’activity. PEPCK produccion~responds
to certain dietary and horﬁonal manipulation (16) and its activity is
glso'contrblled by cOmpaftmenggbibn (41)vwithin the mammalian cell.
Krong,et aé. (42) induced PEPCK in the rat liver by injecting a cyclic.

N

AMP analogue (N6,02'-dibutyryl cyclic adenosine 3',5' monophosphate) into



adrenalectomized ratq< The 1initial stimulation ceased after two hours

despite repeated cAMP administration, but could be restored when hydro-~ '

‘cortisone had been given at zero time. This Suggests that the mainte-

nance of cAMP-mediated induction of PEPCK is dependent on the simulta—_
neous presence of glucocorticoids. A more drastic fluctuation in PEPCK
levels is observed when carbohydrate intake is altered. Fasting produces
a 2,5-fold increase in PEPCK in rat liver where the enzyme is in the
cytosolic fraction (43). This increase ig not observed in pigeon liver
where PEPCK is found exclusively in mitochondria (44). Refeeding of a

carbohydrate diet repressed enzyme synthesis. 1In g, coZz, glucose was

" found to be the most effective carbohydrate repressor of PEPCK; others ,

such asg fructose, galactose and gluconate were less effective (45).
PEPCK synthesisg was induced when the bacterial culture was grown in
medium containing C3 and C4 compounds as sole nutrients. Growth on suc-
cinate, pyruvate, fumarate, a-ketoglutarate or’ malate effected a 10-fold
increase in PEPCK production (46).

Recently Lardy and his coworkers (47 48, 49) reported interesting
effects of aniong and divalent metal cations on rat liver PEPCK. Ability
of Fe2+ to stimulate PEPCK was lost during enzyme purification and re-

stored by the addit. n of liver cytosol, Suggesting that an agent’ Jlost

- during purification was responsible for activation. A large Protein

fractionated from the cytosol of molecular weight near 80 000 (49) was
found to be responsible ‘for the Fe2 stimulatory effect. This ferro-
activator' showed the same sub-cellular distribution as does PEPCK; con-
siatent with a role in regulation of 8luconeogenesis (48). _Since its
activity is the same in fasted or fed rats it is conceivable that the

ferroactivator may play a role in controlling pyruvate kinagse and

10




‘pyruvate carboxylase to prevent futile substrate cycling (48).

Possible factors affeoting the activity of PEPCK include the avail-
abiiity of sobstrates (16). The Km for HCO3 (10 - 20 mM) is very high
compareo to the intracellular concentration of HCO3 of 5 - 8 mM in man
(16), fo 'eiample. Other enzymes involved in CO2 fixation display a: .ﬁ
much lowe requirement for H(,\O3 ; for example, PEP-carboxylase (16) and -
pyruvate carboxy ase (50) both have a K of 1 mM or less. This would
suggest thst PEPC dbes not play an important anaplerotic role of 0AA
synthesis Some controversy exists over‘the Kh value for OAA which is
surprisingly high, 0.1 - 1.0 mM in’mammAIian cells (16) and even higher .
for bacterial cells, 2.5 mM (51). During fasting the intramitochondrial
OAA concentration increases‘B-fold, elevating the concentration to. only
1.8 uM (52) which is still two to three orders of magnitude lower than
the establlshed &n values. The low concentration of OAA auggesté that
PEPCK would favour OAA production rather than utilization Attempts *
were made to account for the discrepancy between %" and OAA concentration.

-
Ballard (53) showed the Kﬁ to be in the range of 9 - 30.uM for PEPCK iso—

lated from rat, -chicken or sheep liver. ¥*e reported the Kﬁ for OAA to

be dependent on the source of the enzyme, on the nature of the divalent
)

cations and on the presence of malate. The problem requires further

& , _
observed when OAA concentration is varied (54). No such problem exists

i

1'%3; the trinucleotides whose Kﬁ values are well below physiological con-

sg?dy which is made difficult because Michaelis-Menten kinetics are/hot

centrations (approximately 3 mM for ATP in E. coli (55), and 1.0 mM for

rd

GTP in mammalian cellsg (56)).
ATP, the indicator of the energy state of the cell, plays a major

role in controlling glycolysgis, gluconeogenesis, lipogenesip and terminal

==
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oxidﬁgion in eucaryotic cells (55). Fluctﬂatlons in the ATP-AMP levelp
also control some glycolytic enzymes in the bacterial cell (55). For
example, F. coli phosphdfructokinase is acg&va{gg,ky ADP (57), one of
the two pyruvate kinases is activated by AMP”(SB), and pyruvate dehydro-
genase 18 also activated by AMP (59). Wright and Sanwal (51) suggestéd
that NADH may be the grucia% control for gluconeogenesis. They reported
that éEPCK from Z. coli-is/éllosterically inhibited by NADH.1 This in-
hibition parallels that of NADPH-apecific~malic énzyme and malate gehy—
drogenase. All three enzymes are also induced during gluconeogenesis A

whep grown on C3 and C4 compounds (55). NADH could be considered appro-

t¢/for controlling glucOneogengsis since its intracéllqlar level is

indicative of the state of glycolysis. The level of NADH in glucose-
grown cells increases by a factor of 1.6 compared to that in succinate-
groﬁn cells (55).

Léne and coworkers (60, 61) inQestigated the kinetic mechanism of
mitochondrial PEPCK 1isolated from pig liver. Chang et al. (60) ptuhied
the relative rates of the o?erall carboxylation, decarboxylation and an
.ITP-dependent H14C03_ <¥¥ 0AAZ exchangé reaction. The relative ratés
‘were found to be 1,"8.3 and 30 for OAA production, for PEP formation andvfs
for the ITP-dependent Hll‘CO3 <> 0AA exchange reaction, respectively :
Under the same conditions they failed to observe significant exchanges
between GDP-8-14C and GTP, 32p-PEP and .ITP of PEP-1-14C and oaa. Tnie
was taken as evidence against the pbssibility that a phosphorylated inter- |
mediate exists in the ITP—depéndent HCO3 ~—> OAA exchange reaction.j

Based on the faster rate of the ITP-dependent HMCO3 w—* 0AA exchaqge
P

) ,
After this writing the inhibition by NADH was shown to be an artifact.
2See Chapter v, Section A2, “for detailed description of this assay.

~



reaction compared to the rates of PEP or 0aA formation, Chang et al. (?0)

postulated a two-step reaction (60) as shown:

k

1
E + PEP + 1IpP «-k-h* E-X (7]
-1 . .
_ ky ‘
E-X + Hco3 T-; 0AA + ITP [8]

Such a scheme could explain the disparity of relative rates. The more
Ly

rapid ITP-dependent OAA -~ Hl[‘CO3 exchange may be ascribed to k2 and k _2

being greater than kl and k-l' Miller and Lane (61), also working with

pig liver PEPCK, proposed the'following mechanism of the carboxylation

reaction from initial rate kinetics and binding studies:

E-Mn-PEP~IDP

> E-Mn-PEP-IDP-CO,,

E-Mn~PEP-CO, 7 (3
E~Mn-OAA-ITP

: W

E + products

[

Scheme B

\
. ) .
The above Scheme B sh0f7/that the reaction is a partially ordered sequen-

tialvqne. It shows tha't PEP agd/or Mot are the first substrates to bind
ti;e free enzyme and thl\lDP and COZ then bind randomly to the ternary
-E—Mn—PEP complex. (The auth;;§~believe that. CO2 rather than HCO3_ is the
active carboxylating species.) The concerted chemical mechanism proposed
shows that ITP and IDP and also OAA and PEP share the same binding site.
The C02—binding site overlaps the OAA-binding site which explains why

CO2 is a competitive inhibitor with OAA in the overall decarboxylation

reaction (61)

.

Felicioli et al. (62) studied the kinetic mechanism of chicken liver




PEPCK by initial rate kinetics and product inhibition studies aof the ITP-
dependent 0AA wr*-H14C03— exchange reaction and the decarboxylation re- -
action. They reported én‘ordered bi-ter sequential wechanism with ITP

binding ‘to the free enzyme before OAA and with Products being released

in the follosing order: HCOB—; PEP and IDP. 1DP showed competitive

product inhibition with ITP only and showed uncompetitive inhibition

with 0AA, whereas PEP was a4 non-competitive product inhibitQ{Lwith both
OAA and ITP. ‘

With the E. coZi'en;yme, wriéht and Sanwel (51) suggested a partially
ordered random mechanism. From their data. obtained by initial rate ki-
netics and product inhibition studies they determined that the nucleo-~
tides (ATP, ADP) bind to the free enzyme form foIIXwed by random hinding'
of the other substrates. This is in: keeping with the foregoin - proposal
(62). that the nucleotides bind first to the free enzyme, but in opposi-
tion to Mil;er and Lane 8 scheme (61) which designates PEP to be the
first substrate to bind the enzyme.

Chapters II1 and IV of this thesis deal with studies of some physical

parameters and kinetic mechaniSm of PEPCK isolated from E. coli. | The

\

‘subunit structure is of particular interest s8ince the mammalian EPCK is

known to have a molecylar weight of 70,000 (13), the Bacillus s earother—

) mophzlus enzyme, 140 000 (16), and the yeast enzyme 252 000 (62) These

figures Suggested that the bacterial and Yeast enzymes were multiples of
the mammalian subunit structure. This trend was also reminiscent of scs,
where the bacterial enzyme 1s a dimer of the dimeric form of t‘e pig

heart enzyme. Interest in a comparative subunit study of PEPCK from dif-

ferent sources was bolstered by the report of allosteric homotfapic zoop~

erativity for the E. coli enzyme in the presence of the inhibitor, NADH




_(Sl). The reporggd allosteric properties implied the enzyme to be an
aggregate of subunits, which is the simplest model to account for more
than one binding site per substfate. This prompted us to do a detailed
Structural study of g, coli PEPCK under dISQOCiating and non-dissociating

conditions.

15



CHAPTER I1 R

GENERAL MATERIALS AND EXPERIMENTAL METHODS -

A. GENERAL MATERIALS

1. Chemicals

Tris (enzyme grade) and ammonium sulfate (ultrapure) were pur-

chased from Schwarz/Mann Research Laboratories. Sephadex G~50 (20-80 ﬁ),
Sephadex G-100 (40-120 u), Sepﬁadex G-200 (40~100 p), DEAE-Sephadex A-25
(40-120 p) and QAE-Sephadex A-50 (40-120 ) were.obtained from Pharmacia
Fine Chemicals, Uppsala, Sweden. Calcium phosphate gel was prepared by -
Mr. E.R. Brownie according to thelmethod described by Tsobai et al. (63).
" Dowex Cheiex 100 (200-400 u) (analytical grade) was purchased/from
Bio-Rad Labora;ories. Disc electrophoresis supplies were obtained from
Canalco. All other chemical§ were‘feageqt grade and were used without
further purificétion. |

E All isotopically labelled Eompounds‘were purchased from New Eng-
land Nuclear. Analogues of ATP were prepared by Douélas Jéhnson et al.

(64). Scintiverse scintillation mixture is the product of Fisher Scien-
‘ \

tific Co.

2. Enzymes
Phosphorylase a was kindly donated by Dr. N.B. Madsen and all
other proteins (except SCS and PEPCK) were purchased from Sigma Chemical

+

Co.'or from Pharmacia Fine Chemical Co.

B. GENERAL EXPERIMENTAL METHODS

1. Polyacrylamide Gel Electrophoresis

Analytical gel electrophoresis was conducted according to standard
T ,

F
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procedures (65). For electrophoresis in the presence of SDS the method
of Weber and Osborn (66) was followed, using the normal 10% acrylamide
solution or 7% acrylamide for larger proteins. Gels for cross-linked
proteins were prepared according to Davies et al. (67).

Protein samples‘forﬁanalytical gels were centrifuged from 75%
(saturated, w/v) (NH4)2564 Suspension and dialyzed against 0;05 M potas-
sium phosphate buffer pH 7.2. For SDS gels, samples were dialyzed at
room temperature for 3 hr against the above buffer supplemented with 1%
SDS and l7 mercaptoethanol. Protein samples for cross-linking experiments
were incubated for 3 hr at room temperature with dimethylsuberimidate
(0.015 - 0.375 mg/ml) in 0.2 M triethanolamine hydroehloride, PH 8.5 (67).
In all 3els 3 ul per tube-of'b.OSZ\Bromphenol blue‘was used as the mark-

er dye and electrophoresis was carried out at 4 - 8 mA per gel for 4 hr.
* 4
S

2. Sedimentation Equilibrium Runs
All molecular weight studies were done by the conventional low-
speed sedimentation equilibrium method described by Chervenka (68). When

loading concentradons were greater than 1 fig per ml, runs were done with

‘the Beckman Spinco Model E ultracentrifuge equipped with Rayleigh inter-

ference optics. For lower loading concentrations a Beckman Model E ultra-
centrifuge was used which was equipped with a photoelectric scanner.
Both analytical ultracentrifuges were controlled with electronic speed
controls and refrigeration units.

The data were analyzed with the aid of an IBM 360 computer (with
the guidance of Dr. W.D. McCubbin) with pProgrammes made available to ug 7
by Dr. W.T. Wolodko (69). The apparent weight average molecular weight,
Mw, of a. homogeneOus protein_determined by sedimentation equilibrium, is

3

given by the following equation:
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- [ 2RT _ Hd In c] | (9]
(l-Tb)wz drz' 4
' >

where: R is‘the universal gas constant,
T 18 the ex rimental temperatyre in °K,
Vv 1s the partial specific volume of the protein,
p is the 8olvent density
w is the angular velocityz
¢ is the protein concentration at r, and
r 18 the distance from the axis of rotatioh
When Rayleigh interference optics were employed a c (protein concentra-
tion at the meniscus) had to be calculated according to the following

equation'
Cb 2 :"\
; (c -c ) - r- de o
c = ¢ o b “m - [10]
: . 2 2 .

b m

where: co is the initial Protein concentration,
rm is the distance from the meniscus to the axis of rotation,
r 1s the distance from the cell bottom
¢ is the Protein concentration at r, and

' S
With the photoelectric scanner the absorbance value, A, wag'a direct

measure of Protein concentration at any point along the cell. A plot of
natural logarithm of Protein concentration (Y, expressed. asg fringes or"
absorbance units, A) pg. r (distance from axis of rotation) yielded a -
straight line with a slope of d 1n c/dr for a homogeneous aystem The

-Wweight average molecular weight at any position along the cell was then

determined by the above equation for M B . .
. , -




19
AN
The partial specific volume (v) was calculated according to Cohn

and Edsall (70) from the amino acid composition of the enzyme (see Chap-

>~

ter IV).

For ultracentrifugation experiments{“pgptein samples were pre-
pared by dialyzing extensively against bufter (50 mM potassium phosphate,
50 mﬁ potassium chlotide, pPH 7.2), which had previously been passed

through a column (2 x 20 cm) of Dowex Chelex 100 resin to remove heavy

"metal contaminants, some of which are known to dissociate SCS (15). This

precaution was found not to be necessary for molecular weight studies of

PEPCK

3. Refractometric Protein Determination !

Essentially following the method of Babul and Stellwagen (71),
meagsurements of protein concentration baeed on refractive index increment
were done in a4 Beckman Model E analytical ultracentrifuge equipped with
Rayleigh interference optics. The number of fringes corresponding to
each of several loading concentrations of protein were counted with the
aid of a Nikon Model 6C microcomparaterfyand tne protein concentration
was calculated from the average refractive index increment of 4.10%0.13
fringes mg_l ml -1 determined by Babul and Stellwagen (71) The ultra-
violet extinction coefficient was then determined from a plot of previous-

ly measured absorbances at 280 mm JEB\protein concentration (mg/ml).

4. Estimation of Protein—Concentration by Biuret and Microbiuret

For the determination of ptetein concentrations both biuret (72)

and microbiuret (73) methods were used. In bothocases bovine serum al-

bumin and tibonuclease A were used as standards. Theif?concenttations ' 4

were calculated from their respective extinction coefficients (74)}, ,
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5. Preparation of SCS from E. colt

Succinyl-CoA synthetase was prepared by Mr. E.R. Broynie from
succinate*grown E. coli (Crooke's"strain) according to the method‘of
qutzmann et al. (35) with the following changes: QAE-Sephadex was‘used
in place of DEAE-Sephadex for ion ‘exchange chromatography and a final
gel filtration step on G-100 Sephadex was added. The enzyme used through—
out the physico-chemical studias was chromatographically pure (showed a

single protein peak) and elecrrophoreéically homogeneous and had a speci-

fic activity of 30 units per mg. Isolated SCS was routinely stored as a
' /

~/’_’““—_Brecipitate in 75% (saturated, w/v) (NH, )ZSO4 at 4° and is very stable

under these conditions.

The phosphorylated enzyme was prepared by incubating at 4° for 10
min, 15 mg SCS, “9 mM tris-HC1 PH 7.2, 0.1 mM ATP. and 5 mM MgCl Sepa-
ration of P—SCS from unreacted ATP was achieved by passage through a
Sephadex G-50 (1 x 30 cm) column. In an attempt to dephosphorylate SCS,
the isolated enzyme (5 mg) was enelgsed in a dialysis bag ‘and dialyzed

: for 8 hr against 100.wM tris-Cl pH 7.2, 5 uM EDTA, 10 mM MgCl,, 0.1 mM
ADP, 5 mM glucose and 1 mg yeast Hexekdnaae. /

a. SCS Assay

Routine assays of SCS were carried out as described by Ramaly et
al. (15) using the increase in absorbance at 230 nm due to the formation
of thioester (succinyl—CoA). The assay mixture (1 ml) contained 10 mM
succinaté, 0.1 mM CoA, 0.4 mM ATP, 10 mM MgClz, 50 mM tris-Cl pH 7.2 in
alecm pathlength cuvette. Rate of increase of absorbance at 230 nm was
me sured with a Cary Model 15 recording sgectrophotometer. One unit of _
SCS is defined as tﬂg amount of ena&me reqaired to catal}ze the formation

 of one imole of succinyl-CoA per minute at 25°. ”

Wi
o
- a7,
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6. Preparation of PEPCK from E. coli

Egscherichia colt, érooke's strain, wag grown in a 300 litre fer-
mentor on a minimal medium (15) containing 2.2% sodium succinate as the sole
carbon source. After harvesting 2500 gm of wet cells they were stored
frozen in 500 gm batches; these cell lots were usually the quantity used
for_a single enzyme preparation. Celis were disrupted by sonication (3
x 15 min bursts) at 4° and the enzymevoas purified by a proce&ure\based
on thet developed by Wright and Sanwal (51). We deviated from theirq
isolation proeedure by using an Amicon concentrator ratner than lyophili-
zation and an extra ‘ion exchange chromatography step on QA hadex be-
fore DEAE- Sephadex chromatography. Wright and Sanwal (51) a-h: 1 only
partial purification of PEPCK so the following steps were adde: to their
procedure. The %ngyme was subjected to gei filtration on G—%SO Sephadex
(2.5 x 100 cm column) and then to chrometography on a calcium onosphateé
cellulose (1:10) column (5 x. 60 cm) (75) which was eluted with a linear
gradient of potassium phosphate (5-—‘SO mM), pH 7.2. An additional four-

fold purification was achieved by these steps giving an enzyme preparation
\ .

found to be Virtually homogeneous (see Chapter IV for documentation of,

X
. =

purity).

a. PEPCK Assays

(1) Carboxylation Assay Type A

The rate of OAA formation was coupled to MDH and oxidation of
NADH was followed spectrophotometrically at 340 nm (13). The assay’medi-
um contained 100 mM imidazole buffer, pH 6.8, 0 2 mM DTT, 50 mM HCO3 N
1 mM PEP, 2 mM ADP, 3 units MDH, 5 mM MnCl and 0.2 mM NADH The progress
of the reaction was followed as the reduction in absorbance ‘at 340 nm
y

with a Cary 15 recording spectrophotometer. This assay was very repro— )

| N = ~

.
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ducible and was used extensively during initial rate studies. The rate

was linear up to 2 ug of PEPCK. Total voluge of assay was 1.3 ml,

A3

‘ (41) Carboxylation Assay Type B
.- The overall carboxylation coupled to MDH as described above was
monitored by the rate of iqotope incorporation into malate (acid stable

14

C) from H CO (13) The assay medium was\incubated at 30° for 15

3
min and the reaction was terminated by\the addition of 1 ml 2 N HC1.

0.5 ml aliquots were taken to dryness under an infra-red lamp in a well-
ventilated fume hood to remove unreacted H 4CQ\ ,The residue containing
the 14C—malate was then taken up in 1 ml H20 and counted in 10 m1 Scinti-
verse with a Beckman LSZSO Liquid Scintillation Counter. The plot of
rate v8. concentration of PEPCK was linear up to 0.7 ug of’ protein.

(iit) Carboxylation Assay Type C

C;}/?roduction of OAA in this third carboxylation assay’ was monitored -
colorimetrically by complexing OAA to an azo dye, Azoene fast violet B.
The color complex absorbs in the visible range at 520 nm® (51) A minor
change was made to the published procedure by adding the dye concurrently
with the ethanol to. stop the enzymatic reaction in order to minimize OAA
decarboxylation in solution. This assay 1s limited in that the OAA pro- ’
duced decarboxylates during the lO minutes of reaction time and also that
the color complex formed between OAA and the azo dye .fades quite rapidly.

The rate is proportional to enzyme concentration Up to 1.4 ug of PE?CK.

(iv) ATP-Dependent OAA ~> H14C03 Isotope Exchange Reaction

The radioactiwe exchange assay (13, 51,'76) measures the exchange

. e . 8 |

" between HMCO3 and OAA in the Presence of ATP and MnCl2 The reaction
mixture contained 100 mM imidazole~HCL at pH 6.7, 3 mM MnClq, 2 mM-DTT, 3 mM '

ATP, 40 mM HCO3 (1.5 x lO6 ch) 2-mM OAA and PEPCK (0.1.- 0. 3 ug)




stop the 4-minute PEPCK reaction and to convert 14 C-0AA to the acid-
stable ““C-malate, 40 mM EDTA, 10 my NADH and 5 units MDH were added.
After 5 minutes, 0.5 ml 4 N HCl was added to stop all reactions. This

was the 1§St sensitive assay, the rate being proportional to PEPCK con7//,
centration up to 0.3 pg per ml.

(v) o0aAA *r*-HlfCng and 14C—ATP <= ADP Exchange at Chemical

Equilibrium

Radioactive isotope exchange at chemical equilibrium is extensive-

ly used in_the determination of kinetic mechanisms (38, 77, 78, 79). The

rates of the two isotope exchanges were measured: 1I’C—’ATP ~> ADP and

ll'C—HCO - xé*~OAA. The equilibrium constant for PEPCK 1in -the direction

3

o

of PEP formation was determined to be 3.1 M by Jomain-Baum (80). The
relative exchange rates of ATP <— ADP and HCO3 1—5'0AA were measured
while raising the concentration of a substrate—product pair at a constant
ratio. Preliminary experiments were oone to establish enzyme and isotope
concentratione as well‘as sampling time for each of the two exchange‘

|

reactions.

After the addition of enzyme “to the reactants the mixture was in-
cubated‘in a small well-stoppered tube for 10 min at room temperature
to allow for minor adjustments to chemical equilibrium. ‘Approximately
ZSQ,OOO cpm of the specific isotope, either 14C—ATP or 14C-HCO3 , was
added after the 10 min—preintubation in a very small volume (5 pl) in "
order not to disturb the equilibrium. 50 pl samples were removed from
the reaction mixture for the ATP ~ ADP exchange and pipetted into 25 1
of 100 mM EDTA at times before and after isotopic equilibtium had been
reached ATP was separated from ADP on Wattman #4 paper by descending

chromatography using a solvent- containing 662 isobutyric acid 33% H, 0 and 1%

{




NH OH. ATP and App Spots were located under u.v. light, cut out and
counted in 10 ml Scintiverse in a Beckman LS 250 liquid scintillation

counter. For the 14

C-HCOB_ > 0AA exchange reaction, timed aliquots
were- pipetted into test tubes containing 0.1 ml of 40 mM ‘EDTA, 10 mM
NADH and 5 units MDH to convert 14 C-0AA. to acid—stable 14C~malate. The
MDH reaction was quenched after 5 min by the addition of 50 ) 4 N HCl
Aliquots of this ‘were brought to dryness in scintillation vials, One ml
HZO was added to solubilize 14 C-malate and the Sample was counted as be-

,

fore. «
AN

Rates of the isotope exchange reactions at chemical equilibrium
were calculated from the following equations (81, 82). F represents the
frac;ion of isotopic equilibrium attained at time t. R 18 expressed as

mM per min per mg of PEPCK in Q.5 ml at room temperature.

ATP] x [ADP] 1 1n(1-F)
© T Tamel e (ane] * % * ‘mg PERCK [11]
[KHCO3] x [0AA] 1 . In(1-F) (2]
[KHCO.] + [0AA] * ¢ ‘mg PEPCK~ .
“(vi) Decarboxylation Assay v

tion as described by Chang and Lane (13) could not be successfully repeat-

ed in our laboratory. o0aa was found to be very unstable and non-enzymatic
£3

decarboxylation occurred at a rate equal to or greater than the rate of

enzymatic decarboxylation.

4
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CHAPTER III
PHYSICO-CHEMICAL STUDIES OF SUCCINYL-CoA SYNTHETASE

A. INTRODUCTION |
An area that was somewhat neglected for succinyl CoA synthetase Qes
a thor0ugh study of the fundamental physical parameters of the enzyme.
Aside from high resolution n.m.r. and X-ray crystallographic study, the
body of our knowledge about the functyon and regulation of‘enzymes has
Vcome through careful physicalﬁend'chemical‘studies. Among the most basic
physical parameters that must bevprecisely determined are such things as
molecular weight, states of aggregation, measure of degree of secondary,
vstructurefand conformationai chenges in‘quaternary or tertiary structure
by ligand interaction. Estimation of protein concentration/in such stud-
ies is facilit;ted by knowiedgeiof the ultraviolet extinctién coefficient.
In this chapter we de@l'with,these physical parameters. The ultra-
violet extinction coerficient for caICulating protein concentration was
based on.two independent measurements of protein concentration Molecu-

\
lar weight studies were done by sedimentation equilibrium ultracentrifu-

gation in nondiséociating buffers under various protein concentrations

T b

to assess the state of subunit aggregation. Circular dichroism was used
as- a convenient methoﬁ for quantitating secondary structural content con-

tributed by a-helix, ﬁ-structure and random coil.

B. METHODS

Methods for determining molecular weights and extinction coefficient

are described in Chapter II, General Methods, under Sections 2 to 4.

Ultraviolet circular dichroiem measurements, using methods described

<
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by Oikawa et ql. (1966) (83), were made ‘with a Cary Model 6001 circular
dichroism attagnment to a Cary 60 recording spectropolarimeter ’ Tne
temperature was maintained at 27°, Nitrogen was flushed through the

cell compartment during measurements over the wavelength of éPO—ZSO nm,
Spectra were measured at protein concentrations of Q.76 mg per ml in a
cell of 1.0 cm path length. The results are reported in terms of mean
residue molecular ellipticity (8], given by the relation, [6] = 6M/100 1 c,
where M ig the mean residue weight (105 for SCS), 6 is the bbserved ellip-
ticity, 1 is the path length in decimeters, ¢ ig the concentration of SCS

in gm per ml. The units of [6] are deg cm-2 dmole

,

a

C. RESULTS AND DISCUSSION

1. Molecular Weight Studies

a

- Results from polyacrylamiﬁe gel\electrophoresis under denaturing
conditions in the presence of sodium dodecyl sulfate (17) gave estimates
for the molecular weights of the a and g subunit components of 29,600
*500 and 38 700300, respectively. Since quantitative molecular weight
data were early consistent with the presence of equimolar amounts of
the two subunit species, it was suggested that the native'enzyme is a
tetramer of the a B type. This structure would predict a molecular \ ,

welght for the oligomeric enzyme to be around 136, 000, which corresponds

nicely to 141,000 as determined in a preliminary sedimentation equili-

‘

brium experiment (15).

Detailed molecular weight studies by sedimentation/%quilibrium were
done“at varying loading concentrations. A range of protein concentration
was chosen in order to determine whether S5CS exists as a heterogeneous

population . non-dissociating medium. Great care was taken to assure

26




that the enzyme was not subject to heavy metal ion contamination which
is known to dissociate the subunits (15). Ultracentrifuge cells were

loaded with Teflon needles and all buffers were first treated wi?h Dowex

:

Chelex 100 to remove hea@y metal contaminants for all our molecular
weight studies. The results are given in Fig. 1. At loading concentra-

tions of 1 mg per ml or greater the” enzyme tended toward the oligomeric

weight of'épproximately 140,000 but at concentrations lower than 0.5 mg
per ml the tendency toward the aB dimer could be dekected. With even
lower loading concentrations (%0.2 mg per ml) dissoclation toward mbno-
mers is suggested by our results. ““Teherani and Nishimura (84) found
predominant af dimer formation in their study of SCS which had been crossg-
linked with dimethyl sQ;erimidate. They did not obserVeban increase in
af ‘dimer formation when proteig‘concentration was reduceh to the range
where dissociation occurred‘during sedémentation equ ium runs. It

is interesting to note at this point that physiological concegkrations

-

are roughly 1 mg per ml. We can expect the enzyme to be mostlv in thng

i .
§ !
b : -~

.
active tetrameric structure in vivo. F)

The dissociation of oligomeric protéins at intermediate concentra-

tions is not uncommon. For exampfég SCS seems to resemble the yeast al-

dolase system (85) which coexists as a monomer;dimer mixture. In the
range. of concentrations of 0.42 to 1.24 mg per ml the native dimeric al-
dola§g gives a biphasic profile of molecular weights of 40,000 and 80,000
as shown by.sedimentation eéuilibrium. In/the presence of dissociating
medium; a éingle inactive species of molecular weight of 40,00b is ob—
Qéfﬁéd. S I |

If({pe state of phosphorylation is related to the tendency to

dissociate, we can attribute the heterogeneity ebserved in sedimentation
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S
FIGURE 1. Dependence of weight—average molecular weight on the concea—

tration of succinyl-CoA synthetése. ' Panel A: replicate
runs with data collected QX means of photoelegff}c\gggnner
at a wavelength of 235 nm. The differept symbpls indicate
three different enzyme preparations, all of which showed
no detectable impurity when analyzed by gel electrophorésis
in either the presence or absence of detergent. 1In all cases,
the initial loading concentration was 0.2 mg/ml.
Panel B: -data collected by'means of inté?ference.optics;
initial loading concentration was 1.5 mg/ml. All experi-

ments were performed at a rotor bpeed of 9000 rpm and at a

temperature of 20°,
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equilibrium runs to the fraction of dephosphorylated enzyme. Protein
samplts that were not incubattd with ATP prior to sedimentation equili-
brium studi®s consisted of a heterogeneous mixture of stable phosphory-
lated and unstable dephosphorylated enzyme, At this point we should also
be reminded of thg disparity of specific activity among different enzyme
preparations, although purification to homogeneity was carefully moni-
tored by polyacrylamide gel electrophoresis. In the absence of t phos-
phoryl group, the apoenzyme is relatively unstable or 'loose' (31) and
terhaps under particular conditions it will dissociate from its tetra-
meric'form to produce'trimers, dimers and monomers.

Pearson and Bridger (86, 87) studied the assembly of the enzyme
following isolation of the & and B subunits. They showed that the tetra;

e
tion-of the a subunit must change its conformation in such a manner that

merij?tion requireé that the a subunit be phosphorylated. Phésphoryla—
it 1s able to refold correctly and interact productively with the B sub-
unit. In that study (86, 87), only 40~60Z of the original specific acti-
vity‘was recovered after recombination. Perhaps the partial recovery of
the activity is due to aberrant recombination. .

The pig heart enzyme, on the other ha;E; 1s an af dimer of/;blecu—
lar weight near 75,000 (14, 88, 89). The molécular weights of the a and
B subunits are 34,500 and 42,500 respectively, as determined by polyacryl-
amide gei‘elegtrophoresis (18). Their molecular weights are slightly
larger than those of the a and g sutunits. respectiveiy, of tacterial en-
.zyﬁe. Phosphorylation of this enzyme showed incorporation of one phos-
phoryl grbup per dimer. The a-monomer carries the active site phospho-~
histidine residue (14). The pig heart also shows -stability uéoh phos-

phorylation as does k:f E. colt enzyme (89)."Cross-lihking experiments

v
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with the mammalian enzyme showed only formation of dimeric species (84)

which is in keeping with the dimeric structore.

2f Circular Dichroism Experiments

The effect of phosphorylation on enzyme conformation can be moni-
tored by circular dichroism meaSurements. This method quantitatively
probes the contribution of a heyd« B-sheet and random coil. Changes in
the distribution of secondary structure might be expected to accompany
phosphorylation of the « 3ubunit since this process is known (10, 31) to V
effect changes in stability and subunit interaction. A spectrum of the
circular dichroism in the far—ultraviolet region (200~250 nm) for>the
phosphorylated form of SCS is given in Fig. 2. ' The observed minimum mo-
lar ellipticity of -6900° at .219 nm is indicative of a structure possessg-
ing mainly\random coil structﬁre.‘ Chen et al. (90) have derived an equa-
tion that relates parameters from the dichroism spectrum to the am0unts )
of the three structural components (a helix, B—sheet and random coil) -
using reference proteins whose structures have been elucidated by X-ray
crystallography Fractional contributio s of the a-helix .(f ), B sheet
(f ) and random coil (f )—have been thus calculatad to be 0. 14 0.08 and
08 respectively. Attempts to compare the dephoZp

hindgred by technical difficulties. When SCS was incubated with hexo-

horylated- enzyme were

kinase; glucose and ADP, the p;oteases inherent in the commercial hexo—'
kinase preparation (31) inactivated SCS. When SCS was dialyzed with.hexo-
kinase in the buffer outside the dialysis bag,vcomplete dephosphorylation
was not achieved Partial dephosphorylation of .up to ,50% was achieved,

but the circular dichroism data were superimposable with the data obtained

‘with maximally phosphorylated ‘8CS. ScCs was.Subsequently»dephosphorylated

by incubation with succinate and MgCl2 (91).‘ Circular dichroism measure-
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FIGURE 2.

Y .

Far ultraviolet circular dichroism spectrum of succinyl-
CoA synthetase. See Section B, Methods, in this chapter

for experimental details.

[
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ments with completely dephosphorylated SCS showed no significant differ-
-ence in the contribution of the three. structural components and the spec-

trum was again Superimposable with that of the phosphorylated protein.

1%
Thus we conclude that phosphorylation of the enzyme does not cause it to

undergo a conformational change of Sufficient magnitude to involve signi- )

ficant change in'distribution of structural components. This finding is

somewhat surprising in view of the fact that phosphorylation is accompa-

.

nied by a very large decrease in susceptibility to proteolytic attack

(31). | . : : (

3. Determination of Extinction Coefficient . }

l

To establish another useful characteristic of SCS and to deduce

possible errors in calculations of concentration (e. g., in determining

specific activity or stoichiometry of phosphorylation) it {8 important

to have an accurate evaluation of the absorbance of SCcs at 280 'nm. Pre-

vious determinations were done byuRamaley.et aZ. (15) by dry weight and

by Grinnell and Nishimura (34) by a method devised by- Lowry et al. (92).
“

In our estimation of protein concentration, two colorimetric methods were

used: biuret (72) and microbiuret (73). Both of.these spectrophotomet-

" ric methods are dependent on the formation of a color complex with pep-

tide bonds It was therefore significant to determine this parameter by

‘a method independent of a colorimetric procedure (8, 34), Concentrations

of protein samples of known absorbance were measured by refractometry in
the analytical ultracentrifuge with Rayleigh interference optics. Refrac-
tive index increments of proteins vary less than 22, whereas the molar

refraction of amino acid residues show a4 greater variation (71). Absor-

bances at 280 nm were plotted against SCS concentration and the absorp-

tion of 0. 49 at 280 nm was determined for 1 mg per ml of protein [ElZm at

34
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TABLE‘I \

( Determination of Uitraviolét Extinction Coefficient of

. Suceinyl-CoA Synthetase :
\\\z‘\\ i
’ Sl ) .

-

b Calculated ElA
lem

Method for Protein Determination ' 280 nm * SD

at

Interference fringe kisplacement : © 75.110.04
' 4.5%0.09

~

Microbiuret ) T . 4.,9%20.03
 5.0%0.24

5.0£0.03

Biuret © 4.8%0.06
' 4.9£0.04
5.30.08
S © 4.8%0.04

a8 4.9%0.07 \

Mean . . 4.9%0.07

4.

1




heme -globular Proteins which possessed an éyerage fringe displacement of
4.10+0.13 interference fringes per g per ml. Table I glves a sdmmary
of results. from the three methodg used, which"arerin general agreement
with the yalue.of S.il degermined earlier by Ramaley et'azw (15) uding
dry Weight determination, and Grinnell and Nishimura (34) using protein

determination pioneered'by Lowry"et al. (92). The low ektinction corre-..

lates well to the low,content of tyrosines and tryptophans in Sc§. These
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CHAPTER 1V
PHYSICO;CHEMICAL STUDIES OF PHOSPHOENOLPYRUVATE CARBOXYKINASE

v

A. "~ INTRODUCTION

(16)). Following comparison to the mammalian apg yeast PEPCK of mole-
cular weights 73,000 and 252,000 Tespectively (16), the authors postylate
the mammalian eénzyme to be 3 monomer, the bacterial enzyme tq bg a dimer,

and the yeast enzyme to be a tetramer. However, there is no further evi-

possible subunit structyre of PEPCK. During the study of the kihetic
mechanism of PEPCK,~Wright and Sanwal (51) suggested aggregation to ex-

pla;n the sigmoidal kinetics in the presence of NADH, since thig type of

electrophoregig in the Presence of SDS wag used in conjunction with a

cross-linking Teagent. Protein samples were Previously incubated with

SDS or with the bifunctional reagent, dimethylsuberimidate (DMS) (67).

37

eteanan L,



N\

"~on SDS polyacrylamide gel electrophoresis.A The conspicuous absence in

38
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: ’ ' s V
arrangement of subunits and the alteration of Sdach arrangement incurred
/

by binding of effectors. For example, 53'ﬁentioned earlief, Teherani

and Nishimura (84) applied this approach to SCS and Separated five bandg
their patterns of dimers of like subunits (i.e. a2 and 82) and the pre-

Kohlhéh and Boatman (93), in anothér relevant study, applied the cross-
linking method to gtudy ligan; effecfs on the quaternary structure‘of .
SanpneZLz 18opropylmalate synthase. Incubating with DMS' and subseéuent¢
SbS ggl electrophoresis‘gave rise to four bands (molecular weights

50,000, 100,000, lS0,000‘and-ZO0,000); upon this basig a tétrametric
structure was proposed. 1Inp ;he abse -e of ligandé, the pattern consigt-

ed mainly of tetramers and dimers. This pattern changed to one of di-~

Amino acid analysis waspdone by the standard me thod &éscribéd by
Mopre and Stein (94), Copposition of bacterial PEPCK is decidedly. dif-
ferent fro& that of the yeast and mammalian eénzyme. From the analysis
we—were also able to éalculate the partial specific voiume (70) (v =
0.730) which was used in the calculation of molecular weiéhts from sedi-
mentation equilibriym data. The N-terminal residﬁe of PEPCK‘seems to be
blocked; attempts to identify it by the "Dansyledman" technique (de- -
scribed by Gray (95, 96)) ended 1in failuré. The ultraviolet extinction

coefficient for caiculating Protein concentration was based on two inde~




pendent measurements of pProtein concentration: microbiuret (73) and
measurements of the refractive index increment in the analytical ultra-

centrifuge (71).

B. METHODS

the enzyme against Q.05 M N—ethylmorpholine buffer (pH 8.
lizing before hydrolysis. Analyses were performed aft protein hydro—
lysis in 2 ml of ¢ N constant-boiling HC1 for 24, 48, 72 and'9o hours at
110°C in Pyrex tubes (25 mm x 65 mm) sealed under acuum The hydroly—
sates were then evaporated to dryness in a rotary evaporator and dis—
solved in a suitable amount of deianized water The amino acid composi~
tion of protein ..s determined on a Beckman Spinco Model 121 or Durham ;
D500 under standard conditions in sodium citrate buffer, essentially as
described by Moore and Stein (94). The values of the ;mino acid residue
composition .were calculated on the basis of number of mples per molecular
weight of protein. The yiélds of serine, threonine, methionine and tyro-
sine were extrapolated to zero tim% to correct for hydrolytic destruction.
Tryptophan was, determined by an independent method described b Liu
and Chang (97). Protein samples were hydrolyzed in 3 N p-toluenesulfon
acid containing 0 2% 3-(2-aminoethyl)—indole in evacuatedvsealed tuhes'

for 22 48 and 72 hours at 110°C, followed by the standard automated

P Tk
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amino acid analysis described above. The number of sulf- -yl groups

were estimated from a DTNB modification of these residues under dissoci-
. ! A%

ating conditions, as described by Habeeb (98). The total cysteine and

cystine content was measured as cysteic acid by performic aéid oxidation
/‘l
(99). |

C. RESULTS AND DISCUSSION

1. Molecular Weight and Subunit Structure

The molecular weight for E. coli PEPCK was estimated by Wright
and Sanwal (51) to be approximately 64,000 based on Sephadex G-200 gel
filtration and zone centrifugation in sucrose gradients. These investi-
gators did not explore the subunit structure of PEPCK by studying'mole—
cular weights in dissociating buffers, but assumed the enzyme to be an
aggregate of more thau one subunit to eccount_for the allosteric kinetics
produced by NADH. They observed that NAbH induced homotropic cooperatir—
vity and sigmoidal kineties on substrate gaturation curves when HC03— aﬁé)
PEP were varied. This phenomenon is generally regarded as a property of
oligomeric proteins where multiple binding sites per substrate -are made
available by the aggregation of subunitsa.f ta <

Fig. 3 shows a representative sedimentation equilibriu:)run in
non-dissociating medium. The molecular weight (M ) of 65,000 was caICu—

lated from a plot of 1n ¢ vg. r2 which behaves as an ideal single-compo—

nent system. In this and several other experiments negligible aggregation

o

3Examples of allosteric monomeric proteins have been cited in- the
literature/(lOO 101). Ribonucleotide reductase (100) is activated where-
as homoserine transaceylase from Bacillus polymyxa (101): ‘18 subjected to
feedback inhibition by methionine and its derivatives. Both of these mono-

meric enzymes show allosteéric control, but neither shows homotropic cooper+
ativ;ty in kinetic patterns. . . SR

-
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FIGURE 3. Determination of molecular weight of PEPCK by sedimentation

3

equilibrium. Data were taken from the_photoelectrif scan-

ner (A = 280 nm). The conditions of Ehe run were as fol-

lows: solvent, 0.1 M tris-HGl, pH 7.5 with 0.1 mM dithio-

; temperature, 22°C; speed, 11,000

thrgitol and 80 mM MgCl2

rpm.



o8

06

04

0.2

2

T

42

‘nav




43

in the medium. Table II lists the resultsiof‘several molecular weight
estimations in the presence and absence of denaturants. The average
molecular weight of 65,000 under non- dissociating conditions by sedimen—
tation equilibrium confirms Wright and Sanwal's (51) earlier estimate, -
Polyacrylamide gel electrophoresis enables the reliable deterni—
nation of)the molecular weights of monomeric proteins or of the monomeric

’,polypeptide chains of proteing containing several subunits (102, 66).

\

Gel B in Fig. 4 shows that: a 31ngle band is produced by electrophoresis

i
in non—dissociating conditions, attesting to the, purity of the enzyme

preparation PEPCK also shows a single band following electrophoresis

in the Presence of SDS, as shown by gel A of Fig 4. This rules out the

-

possibility t at the enzyme’ is cﬁnstituted of subunits of substantially

differing sIzés a : N

\ N
i ! «

Weber and Osborn (66) have shown that a linear relationship exists
between the logarithm of molecular weight and the e;ectrophoretic mobi~

lity of polypeptides in the presence of SDS. This method can’ be used

N

with confidence to ‘determine the size of polypeptide chains for a wide
7

_variety of proteins. The molecular weight of PEPCK was calculated from ,

such a plot of logarithm of molecular weight of standard proteins. Fig.

v

5 shows that the molecular weight of the basic structural unit of PEPCK . N

is 64,000+2,000. From the results of our .molecular weight study .in_ dis- ) J
sociating and non- dissociatingsmedium we are’ left with the clear concluy~

sion that PEPCK is ‘@ monomer exhibiting the same molecular welght (ca ‘ : -1

~

65,000) uynder all conditions ) : T -

1

The conclusion  that PEPCK is a monomer is further supported by o




TABLE II

’

Molecular Weight of E. coli PEPCK in presence and

absence of denaturants

)

Conditions

?2§é:>ed
Molectilar Weight

\\\/' Sed. eqm., 0.1 M Tris-HCL, 0.1 mM
dithiothreitol, pH 7.5, 80 mM

MgClz, 20°C

Sed. eqm., 0.1 M Tris-HCl, 0.1 mM
dithiothreitol, pH 7.5, 1.6 mM
MnCl,, 20°C ~

Sed. eqm., 0.1 M Tris-HCl, 0.1 mM
dithiothreitol, pH 7.5, 1 mM
EDTA, 20°C

Sed. eqm., 0.1 M Tris-HC1, 0.1 mM
_dithiothreitol, pH 7.5, 1 mM

EDTA, 4°C
Calibrated gel filtration lumn

Centrifugation iﬁ sucrose /density

»

gradient -

SDS;gels (mean * SD for seven
determinations)

-

65,000

62,500

69,500

59,000
64,000

65,000

64,000+2,000

* Ref. 51

¥




FIGURE 4. Polyacrylamide gel electrophorQ§is of a preparation .of
. PEPCK. Gel A: Electrophoresis conducted in the presence
of SDS using 7% gels. Gel B: Analytical run in 7% in

absence of denaturants.
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FIGURE 5.

Determination of molecular welght of basic structural unit of

PEPCK by SDS-gel gléctrophoresis. 7% Gels were used. The

M~AAstandards are: 1, bovine serum albumin dimer; 2,.glyco—

gen phosphorylase; 3, bovine serum albumin monomer; 4,
glutamate dehydrogenase; 5, ovalbumin. The molecular
weight calculated for PEPCK is based upon-the migra. ion

(mean t SD) measured in seven replicate experiments.
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FIGURE 6; Electrophoresis on 5% polyacrylamide gels in thé presence
‘of SDS. A. “Cross-linking of PEPCK with DMS; ,;Gel 1:
17 ug PEPCK CtOSStlipked with }35yug DMS. Gel 2: 15 ug .
PEPCK cro;s-linked with 163 g DMS. . Gel 3: 15 ,';jg PEPCK
in the apsenée of DMS. B. Crﬁsg;linking of SCS with 6MS“.
(control).‘ Gel 1: 24 hg'SCS croés—linked‘with 7.5 ﬁg '
DMS . del 2: 21 ug SCé'croés—linked with 163'ugvDMS:

Gel 3: 21 pg SCS in the absence of' DMS.

~a
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strates or NADH, Protein samples were incubated with minimum and

o
maximum Concentrations (0.015 mg and 0.38 mg) of DMS and inp the absence

i -~
and presence of substrates or effectors to encourage possible ag-
socilation of subunits. Ip all casesg (see Fig. 6)‘SCS, which was uged as

1

a control,\showed ;h._,‘-ical five-band Pattern whereag PEPCK remained g

4 monomeric structure for PEPCK, we cannot

_ ,
quaternary Structure in the Presence of gup-
? H - o

strates_orvfh’ Y W85 observed in isoprop&lmalate synthase (93),

© Our results

contained on a single Polypeptide chain, -ch a monomeri Structure ig
difficult'to Teconcile with the_pigmoidal kinetics shown by Wright and

Sanwal (51), This difficulty pfompted us to reinvestigate the inhibition

enzyﬁe (13), yeast enzyme (103) and Z. coli enzymé (from thig work)

is given on Table I1II. op Preliminary inspection they show similaritieg
in that al1 three enzymes co;tain approximately equal pPercentages

of basic, acldic and afomatic regsidues. Closgr inspection of ip-
dividual amino acid contributions ghow that lysine, aépartate, threonine
and tyrosine are ;11 >2% lower and that arginine, glutamate

and proline, are all >2% higher in the pig liver PEPCK (13) than

in the E. colz PEPCK., A comparison between yeast (103) and
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TABLE I1II
Amino Acid Composition of Phosphoeéolpyruvate Carboxykinase
‘ PEPCK
Pig Liver Yeast E. eoll
Amino Acid (Ref. 13) (Ref. 103) (This work)
* z * y4 * Z

Lffsine 26 3.9 155 6.9 37 6,3 '
Histidine 12 1.8 69 3.1 17 2,9
Arginine 48 7.2 95 4.2 24 4.1
Tryptophan 13 2.0° 30 1.3 7 1.2
Aspartic Acid 53 8.0 224 9.9 64 10.9
Threonine 31 4.7 147 6.5 38 \6.5~
Serine 31 4.7 142 6.3 26 4.4
Glutamfc Acid 70 10.6 231 10.2 52 8.9
Proline , 56 8.4 116 5.1 36 6.1
Glycine 64 9.7 155 6.9 49 8.4
Alanine ) 55 8.3 180 8.0 53 9.0
Half-Cystine o 15 3.3 41 1.8 6 1.0
Valine ‘ 44 6.6 145 6.4 38 - 6.5
Methionine 20 3.0 16 0.7 14 2.4
Isoleucine 28 4.2 150 6.6 ~ 30 5.1
Leucine 58 8.7 181 8.0 53 9.0
“Tyrosine 12 1.8 90 4.0 " 20 3.4
Phenylalanine 27 4.1 95 4.2 22 3.8

* , ‘

Number of residues per molecule of enzyme. Pig liver, yeast and _
E. coli PEPCK have molecular weights of 73,000, 252,000 and 65,000
respectively. ; ) '
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bacterial PEPCK shows other differences: glycine and methionine are approx-

Amately 2% lower, glutamate is somewhat higher in the yeast (103) than 1in

the bacterial enzyme.

-

Free sulfhydryl 8roups were determined by DTNB modification in

the presence of SDS. (In non-denaturing medium the sulfhydryl groups

were not available for reacting with DTNB, but ed in the interior

of the molecule and became exposed only when the protein was unfolded.)

This determination showed PEPCK to have four sulfhy groups per mole.

Total‘half—cystine content determined by performic acid oxidation to cys-
teic acid was six per mole of enzyme. ' Jt 1is possible that unfolding of
the polypeptide chain in the presence of SDS was incouplete‘leaving two

of the sulfhydryl groups buried in the secondary structure and inaCCes—

'

sible to DTNB ) _

The protein concentration for the deé%rmination of the ultraviolet’

extinction coefficient was determined by microbiuret (73) and interference

fringe displacement in the ultracentrifuge (71). Data Arom several ex-
/L /
periments are listed in SSBle v from which the average value of Eizm is

calculated at 280 nm to be 12.5%#1.5. This value correlates well_with that

Previously determined for SCS when we compare -the content of amino acid

.

residues which contribute to the absorption near 280 nm. In PEPCK the
tyrosine and tryptophan content is 2.62 whereas in SCS their content is

roughly 2%. For these proteins the extinction coefficients at 280 nm

are 12.5 and .5 respectively This argument cannot be extended
ultraviolet absorption of the pig liver PEPCK (13) The val

Elcm is 6.13, defé?ﬁﬁ%ﬁd by estimating the protein concentratiom\ from

‘n




54

EY

TABLE IV

Determination of the Ultraviolet Extinction Coefficient
of Phosphoenolpyruvate Carboxyk%nase

Calculated Elz at
lem

Method for Protein Determination . 280 nm + SD

" Interference fringe displacement 12.0+0.15
: 9.1%0.2

e
N

™ Microbiuret - 11.6+0.9
+15.943.3
14.1#3.1

Mean 12.5+1.5




value of 1.862 x lO_4 as the sgpecific refractive index increment per mg
v >

per ml. The total tyrosine and tryptophanr ntent is 3,72, almost the

same’as’thesbacte%iél PEPCK which has an absorbance of twice the value.

The lower extinction coefficient in the pig live; PEPCK could perhaps be

due to“stacking of aromatic amino ac¢ids and resultant m-electron delocal-

ization.
':
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CHAPTER V
KINTTIC STUDIES OF PHOSPHOENOLPYRUVATE
CARBOXYKINASE
N
INTRODUCTION

1. Inhibition by NADH

Since Wright and Sanwal (51) had shown that this enzyme gave rise to

sigmoidal substrate saturation plots when asSayed An the presence of

NADH, we were eager to reinvestigate and confirm this p--sible case of

a monomeric enzyme exhibiting homotropic cooperativity.

Our resulrs presen(ed in this section dif ggr from thoée of Wright 3

-

and Sanyal (%ﬁ% in that we do not detect sigmoidal substrate saturation

“a

plots in the’présence of NADH. Such lack of homotropic cooperativity is,

howe?ar, easily reconciled wlth our conclusion that E coZL PEPCK has

'

R
a: monomeric structure

exchange reactions together wlth the overall decarboxylation and L

&

‘2.~,Comparison of Relative Rates
d .

Chang et al. (60) studied the kinetics of various possible

/

carboxylation reactions catalyzed by PEPCK from pig liver. They/found

'that the rate of the Mn-ITP- dependent HMCO3 Av-OAA exchange/was faster

than the rates of eithe; .et PEP or OAA: formation. /Ihe relative rates

< /

at pH 6.8 were 30 for the exchange reaction,/8’3 and 1 for the PEP

L

_and 0AA formatlon,reepectively. Thejaufhors were unable to detéct

significant exchanges of GDP—8—14Crwith'g?P, 32PEP with ITP or PEP-

1

I I . :
—14C with OAA and goncluded that a covalent intermediate, either a

PR ANRY

>




57

bound phosphoryl Eroup or a nucleotide was not involved in the reaction’
mechanism. bBased on the faster H6037¢7“OAA exchange reaction and the
ITP requirement indicates that cleavage of the B—carboxylate C-C bond
of OAA occurs concomitantly with or following a4 prior reaction of ITP,

the authors proposed that the overall catalysis must occur in two steps:

ki ,
E + PEP + 1IppP \?ﬁ_ E-X [13]
. k . RNl .
§ - — N\ : o
E-X + Hc03 \k_z E + O0AA + ITP . [34&;

the first step, kl and k -1» = vid be the rate-limiting Step and kgiﬁgl

and k 2 the fast step that exchanges lI‘C between HCO3 and OAA.

With the £. coli enzyme, a similar study indicated the rate of ATP-

O
dependent HU‘CO3 ‘—7-OAA exchange to be four times faster than the

overall carboxylation. The relative rate of the decarboxylation of OAA .

Ir .rder to inves¥?gate the disparity of relative rates under more

equal and controlled conditions, we measured isotope exchanges betw¢en

14
H CO3

specific reactant concentrations in the two parallel experiments were

" ¢~ 0AA and 14 —ATP “—» ADP at chemical equilibrium The

identical and calculated from the equilibrium ﬁpnstant of 3.1 M (80).

Wher. weasured under identical conditions the exchange rate of H l‘CO3

‘— OAA was confirwi to be four times faster than the 14 C-ATP % ADP
A < - G

exchange.

3. I/—\ial Rate Kinetics and Product Inhibition of PEPCK .

ann initial rate studies and studiea of exchange of : 14

between 0AA and HC 3 in the Presence of ITP Chang et aZ (60) proposed R

b U PP
3
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a two-step sequence for the pig liver‘enzyme as shown in the previous
section (equations 13 and 14). Since the exchange reaction was found to
.~ be 30- and 4- times faster than the overall carboxylation and decarboxy-
lation rate, respectively, the first Step was suggested to be rate-
limiting. The observation that PEP inhibits the ITP-dependent
HCO3_ “4— 0AA exchange réaction and does not inhibit the overall
decarhoxylation is consistent with the aboye two-step sequence. 1In
a later paper, Miller and Lane (61) abandoned the two-step mechanism for
4 concerted one on the grounds of a more thorough investigation of
initial rate kinetics. The formation»of a central complex consisting
of enzyme, Mn2+, PEP, IDP and HCO3- proceedg by a mixed ordered-
random addition of combonents PEP and/or an add first to the free
enzfme to yield an active enzyme. complex (if HCO3 binds first a dead— ‘
end complex was formed) then IDP and HCO3 may bind (61) in a raqaom
fashion. From the primary double reciprocal plots it was shown that
only OAA was ga competitive product inhibitor with HCO3 j.and that ITP “45§1f;¢f‘;
'showed a 'mixed' type inhibition. o v/‘ _ v

Wright and Sanwal (51) suggested a §e;;ential mechanism for
" bacterial PEPCK, based on initial rate Studiea’in the absence of products.
All the primary plots of 1/v vs. 1/S showed a ‘pattern of intersecting
lines to the left of the ordinate A sequential mechanism could be
either ordered with substratesbinding to the enzyme in a compulsory

”~

binding Sequence, or rapid equilibrium random, with substrates binding

to the enzyme in a completely random and raoid manner and only, the
interconversion of the quaternary complex being rate limiting, or a
partially ordered-random mechanism Product inhibition studies (51)

indicated that only ATP and ADP bind to the free enzyme but technical
<



difficulty prevented determination of the order of binding of PEP and

HCO3—. If ATP had been shown to be competitive with all substrates,

a rapid equilibrium random mechanism could have been proposed.

Since ATP gave nonjcompetitive inhibition with PEP and HCO3-, a rapid
equilibrium random mechanism was ruled out. Another consequence of
random binding of substrates (for non-rapid equilibrium) (36) $§ that
the replots of slopes and intercepts of the double reciprocaliplots
against product inhibitor are noplinear. in their Vork Wright and San-
wal (51) found only linear replots. From all of this they.proposed an
ordered binding sequence for bacterial PEPCK.

e A ‘\.!
'elocity data suggest that the major

In the present study, initialﬁ

kinetic mechanism for bacterial PEPCK is fully random sequential.

4. 1Isotope Exchange Rates at Chemical Equilibrium

The initial rate kinetic experiment described in the hrevions
section defines a rapid random equilibrium kinetic mechanisp for PEPCK
and this must be a major pathway of the catalytic process. However,.
these studies are not sufficiently sensitive to rule out the possible
operation df minor pathways under various conditions. A more sensitive
probe of reaction mechanism is the study of the kinetics at equilibriym

in the absence of net chemical change made possible by the use of

»

isotopically-labelled substrates. o
A discrepancy remains be;ween the rates of the overall carboxylation
meaSured by a sensitive conpled enzymatic reaction and the ATP-dependent
1 ﬁ%ﬁ OAA exchange reaction discussed previously under 'Comparisonﬁg

of Relstive Rates . To investigate the disparity of exchange rates we

measure&ﬁthe two etchanges HCO T <— 0AA and:ﬁTifb—v ADP in the presence

‘ 2 v’ A.ﬂ"s L . :,,F
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of a substrate-product pair at an increa;ing concentratien ratio. This'
would differentiate betgeen an ordered or'random sequential mechanism,
as was elucidated by the piloneerdng work ofiéoyer and Silverstein (8%)

to support our in}tial rate kinetic study. It will also indicate
whetﬂer the mechanism is fully random or possesses minor pathways of
ordered substrate binding or of eead—end binding complexes as would

be indicated by the dlsparity of relative rates. 1In a.compulsPry binding
sequence, the most rapid exchange must occur between the last reactant

to bind and ﬁhe first product to dissociateg all other exchanges must

be slower or equal in rate.

5. Nucleotide Specificity

SCS end PEPCK both exhibit a nearly identical nué¢leotide
specificity. Their funetione’could be pefhaps coupled by the capacity
of SCS to generate‘the nucleotide triphosphates. SCS from mammalian

]SB rcee prefer guanosine or inosine nucleotides. The pig heart enzyme

is so capable of utilizing GTP derivatives: 8-aza GTP (104) or

6-thio GTP (88). The E. coli PEPCK was t

¥s been established

ificiﬁy for adenine nucleotides, but if:,

/ ¥ -
:eéently that ATP can be replaced by GTP and ITP showing decreasing

// effectiveness in that oiger (18).

PEPCK is+similar in that the mammalian enzyme prefers GTP and
- GDP. or ITP and IDP as substrates. Barzu et al. (105) reported that

guinea pig liver PEPCK shows a stringent requirement for nucleotides :
&_—

L

with intact keto and NH groups at Cg and Nj of the purine ring. This

selection would include GTP, GDP, ITP, IDP, XTP and XDP. Analogues of

GDP in which the ﬁl is masked and the keto group at Cg 1s converted

ught to adhere to strict specs.

60
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o

to the enolform shows no substrate properties. The E. coli PEPCK has been
~noted to be quite QElective for ATP in thelcatalysis of the ATP-

dependent HCO., 4—, OAA exchange. This was investigated by Wright and
Sanwal (51)‘who found GTP and ITP to be inert as snbstrates for tRe
bacterial enzyme.

y

Since SCS proved to be not as st;lngent in its requirement for
' Lo
jpecific nucleotides, we were interested to reinvestigate the
nucleotide specificity of the bacterial PEPCK with inosine and
guanine nucleotides together with several analogues of ATP.

B. METHODS : _

5 1. Inhibition by NADH
&
iy

o

The’ colorimetric ass us for NADH inhibition study is

described in Chapter II under General Experimental Methods. The study.

9 v
Y e

was carried‘out in 80 mM MgCH%;dnd several experiments were repeated

in which the MgCl2 was replaced by 5 0 mM MnCl in order to compare

the k}netic properties.

2. Comparison of Relative Rates

&

For this study all assay systems used are given in Chapter II

» under General Experimental Metpods. To determlne the rate of the

overall carboxylation, all three assays for OAA formation were used:

isotope incorporation from‘l4C-H003_into 14C—OAA, spectrophotometric
measurements of NADH oxidation at 340 nm when the reaction was coupled

r N
to malate dehydrogenase and the colorimetric assay in which OAA forms

a colored complex with an azo dye and absorbC 520 om. The con-~ -

cEntration of substrates for the first twa_assays were as follows:

’-

» v : - - T

61
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5.0 mM MnClz, 2.0 mM DTT, 40 mM KHCO3, 1.45 mM PEP and 2.0 mM ADP. For
the colorimetric measurements the substrate concentrations were 5.0 mM
MnClz, 0.2 mM DTT, 50 mM KHCO3, 9.47 mM PEP and 4 mM ADP. Substrate
concentrations for the 1sotope exchange reactions were: for the |

H 4C03 <= 0AA exchange 5.0 mM MnClz, 2.0 mM DTT, 40 mM KHCO3, 3mM ATP
and 2 mM OAA. For the exchanges at chemical equilibrium, concentrations
weﬁg adjusted accordihg to the Kéq of 3.1 M (for PEP formation) (80):
‘1.7 oM MnC12, 13.3 mM KHCO3, 0.2 mM PEP, 0.2 mM ADP, 0.01 mM ATP

| 16.7 mM OAA and 2.0 mM DTT. )

3. Initial Rate Kinetics and Product Inhibition oijEPCK

The coupled enzymatic assay used in the study of initial rates

P
and product inhibition is described in detail in Chapter II.

4, Isotope Exchange Reactions at Chemical Equilibrium

Isotope exchanges between HC03- “— OAA and ADP <~ ATP were done

with 14C—HCO ~ and ;AC-ATP. Methods of isolating the radioactive products

a

3
are described in Chapter P&.‘

A .
-

5. cleotide Specificity i
Nucleotide triphosphate dependent H'MCO3 “— 0AA isotope exchange
agsay was used in determining the nucleotide specificity. The assay

system is described in Chaptet II.

i

C." RESULTS AND DISCUSSION . : .

1. Inhibition by NADH
Wright-and Sanwal (51) found that plots of velocity versus the
concentration of PEP and HCO3_ become sigmodial in the presence of NADH.
Our own conclusion that the enzyme consists of a single subunit is irreconcil-

able with current models for homotropic cooperativity. However, in

-




“y
contrast to the previous results we observed normal substrate saturation

curves in our study of inhibition by NADH. Fig. 7 shovs a duplicate
of Wright and Sanwal's experiment (Fig. 8 of Ref. 51). In this and

several other identical experiments with several preparations of pdre

PEPCK, inhibition was observed but there 1s no evidence that NADH induces

homotropic cooperativity.
‘Ballard (53), 1in his study on mammalian cyto;ol PEPCK, saowed that

malate was a competitive inhibitor with respect to 0OAA when Mn2+ was the

added divalent cation but non-competitive when Mg2 was the.cation.

—~

Such an altered inhibition characteristic was not observed for the E. coli

* enzyme when an was exchanged for Hg in the inhibition stwdy with

N‘DH.‘ This is shown in Fig. 8. It has previously been observed at
in the presence of an (rather than Mg ) the K values are lowered (53).
Fig. 7 illustrates that the K for PEP in the presence of Mg is 8 mM

while in the pPresence of Mn (Fig 8) the K for the PEP is reduced to

150 5 mM. The maximum velocity in the presence of Mhz as the activating

cation was slightly increased (1.5-fol1d) compared to'that in the presence

of M32+. S Wy

s

Subsequent to our study, it was reported (106). that the inhibition
of PEPCK by NADH was an artifact of the colorimetric assay. This con-
clusion agrees well with our observation that NADH 1is not inhibiting when
the coupled enzymatic assay was used in which activity was followed by
the oxidation of NADH to NAD at 340 nm. In all coupled enzymatic assays
0.15 to 0.3 mM NADH was added. At this concentration maximum velocity
was achieved while at higher- concentration of NADH the velocity decreased.

However thg,decreased rate at NADH concenttatfzn over 0.3 -mM could perhaps

R and
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Figure 7 Double reciprocal plots of velocity ve [PEP] showing
inhibitory ‘effect of NADH. Other components of the

assay solution were 80 mM MgClz, 0.2 mM-BTT 40 mM NaHCO3,

3.8 mM ADP and 0.1 M tris-HCl, pH 7.5. The rate of

f

gxaldacetate formation was measured colorimetrically.

S







Figure 8 Effect of replacement of MgCl, by MnCly; on kinetics and

©

NADH inhibition of PEPCK. Conditions are ag givén under

Figure 7, expect that's.o'mM MnC12 was substituted for

MgCls.

o






be due to a secondary effect on malate dehydrogenase, which 1s known

. tobe inhibited by NADH (55). From our study of '‘Comparison of Relative .8
Rates' we observed that the rate of 0AA formation measured by the color-
imetric reaction was 20.7 umoles/min/mg while that measured by the
coupled enzymatic Xeaction in the presence of 0.2 mM NADH was slightly
higherx28 Umoles/min/mg. Since Figs. 7 and 8 would require that 0.2 oM
NADH inhihit the catalytic activity by almost,SOZ,-this apparent : o ,
1inhibition is confined to the colorimetric assay and is therefore likely

an artifact, G,

2. Comparison of Relative Rates

The relative rates of the overall carboxylation andlof the over- -
. _
all decarboxylation compared to the ATP-dependent H14003-‘4-0AA exchange
reactions“are given ianable V. we calculate a gmaller (fourfold)
disparity in rate than that reported for the mammalian enzyme (60). -
Before consideration of the disparity in rates we must accpunt'for

the ATP dependency of the HCO3 “~ 0AA exchange reac .o ., It mhst be

'recognizad that this exchange need not reflect a partial reacélon because

it shows an obligatory requirement for ATP. 1In the présence of ATP and
OAA, the enzZyme is provided with all the necessary=|uBstrates to catalyze
the overall decarboxylation to form products (PEP' HCO3 and AD?S There- \\\fﬁ
fore,~ the most obvious rationale for the ATP dependence would involve |
exchange via overall forward and reverse*reactions once sdificient PEP )

had accumulated to allow the’reverse to proceed. This explanation ia

unattractive, hOWever, in view of the relative rapidity of bhe exchange,z

the apparent lack of time: lag§§76) and the fact that the exchange is S

¥ . ‘ N i - . : gﬁ'
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. w B Table V - o o
R : _ : e
’/ ' - Comparison of.Relative Rates
;5 '7/ ’ of Phosphoenolpyruvate Carboxykinase
:!-'I'u‘ , - " ’ B . \ .;;, N
. d
' Reaction Rates
* . ke
E. coltl pig liver:
Carboxylation Reaction o
1) Coupling PEPCK to MDH " g
(a) 14C—HCO3—,1ncorporated into ol
malate o 29.5
(b) Oxidation of NADH measured
spectrophotometrically 28.3 - 1.0..
2) Colori?etric assay 20.7 = -
N ”
Decarboxylation Reaction -
1'9 i - .
1) Coupling PEPCK to PK and LDH ) .
. (a). Oxidation of NADH at 340 nm N.D. 8.3
Mh—ATP;dependent TEEEHCO3— “7 OAA. 109.0 30.0 : A
- . | |
, ,Isotope Exchange at Chemical ‘ - R " - b
) . Equilibrium o R NS - . :
H, ! 14 T : ‘ . ‘o . v o
~ 1) C—A'I'P “r ADP e e 0.317 - 2. S .
et o—uco3 < 0AA SR T
. o .)".-'6\4.,4‘,, PRI sl
' Rate is expressed as’ umolés}per min per mg PEPCK. .
vk o
‘*Rate is’ expressed gs @poles per m1n per 55x-10 -3 unit of
purlfled PEPCK (60). ® ‘
- N.D. We were not able to repeat engymatic decarboxylation of
- OAA since nonrenzymatic decarboxylation was equally fast or
faster. ,
~ € ’}.‘-:’
§ S

w2
.
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FOs

inhibited, rather ths/n 'stimulae'd‘, by the addition of PEP (Fig. 9)4
F ] | .

'whﬁ'n all s\ﬂ)stra

- -
) . vy :
w? : &

4

T3

“ An alternative nrodel, which we consider to be conﬁ;tent with all

N

v av‘silable":data, would envision a 'substrate synergism' role for ATP

in promoting the HCOS— 4~ 0AA exchange. This concept was first

developed to account for anomalous exchange kinetics of succinyl-CoA

o

sYnthetase: (26). With thdt enzyme the ATP <7 ADP exchange reflecting

phosp’ﬂ'benzyme forma\!sion was found to be relatively slow but stimulated
o . ; )
by other substra a ,

» - 5 .
N ,-H P . N
Oinding sites are filled. This phenomenon has been_

4 . .
designated substrate synergism (26). For PEPCK, .the A'IP*—d"pendent isotope

exchange ﬁetﬁ@ H(;O T OAA would be viewed in a similar manner: with
-4 ¥
ATP effecting substrate syner.gism. A'L‘P exhibits an 811 or none effect w5

[ oy

for the HCO3 “ OAA e}{change reaction, rath*%‘ than a stimulation of a '

Tt R

s A [ e ’. v
slow exchange vln .this role ATP would be bound ﬂ&th’e enzyme be~fore OAA

» .

empp—————

could be hydrolyzed This is shown in the following %g,he U LM

~ ; B '_- ¢

BEICIE . SCHEME c , B V.
Z - R
‘It 1is curiou,s that PEP gives non—competitive idhibition with ATP

for the ATP-dependent HCO3 “7 OAA exchange reactiom (Fig.’ 9) whereas ) .
ATP ‘gives competiti inhihition with PEP during thg&xboxylation L .
.reaction. (See Fig.}15 of Section 3 on Initial Rate ngtics and -, s
Product Inhibiti@u this chapter ) A, : '

. .
’ R B .
“ . IR = . bl L e
. : ' ol
. . .
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s Figure 9
’ B ) o - R “.:".
ATdeepedHent‘isotope exchange reaction ‘showing inhibitom
(,m, -
effec"_giji_df PEP. Ot;her comp%ents of the agsay solution
ﬂf:“ 4 ,;':‘ -‘ ] ‘
‘Tw.“ ] LY : L
v v 0 ],,, M imidazole-—HCl, pH 6 8. 1Z‘C KHCO (3 x 104 cpm/umole)
’ AL, N )
b was the isot‘gpe added to the assay. - ;
‘#};L«: * C}
o o ' . K ‘°' iy
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*.
- 4
. . )

2
A

iy



72

¥

f; »u,o 5 10 5 20. 26

-l
\.
: P 4
-
i
-~ '
e
) - ’
r v !
-
; 14

(arey mmt e




Scheme C. iIl“'ﬁrates that the fast step 1s the hydrolysis of 0AA

. to enolpyruvate and bicarbonate, accounting for the 14C exchange in

question. It seems to be essential that ATP {g attached to its sgite
before this reaction can occur, and to be particularly important

that the Y~phosphoryl group of ATP is appropriately ligated, since

X

ADP cannot replace ATP. The .slow step folloWing the hydrolysis of

OAA 18 ‘the transfer of the terminal phosphate of ATP to :enolpyruvate

S

to form PEP. Inhibition of the,exchange by PEP must. be the result.

» N . ) N
¢ ~ )
<. ;o
v e h
° : SCHEME D
4
-V“ - .
-;l’llz,, e R . PANENE 3 . bl 3 i:;.v,,».‘.q .
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Such a scheme is supported indirectly by our observation that ADP

will not replace ATP, nor will the B,Y-methylene analogue of‘ATP

(Sge Section 5 of this chapter). However, this model would be

expected to exhibit an ATP “-> ADP exchange it ADH 1s released following v
. phosphoenzyme formation. When 1I‘C-ATP and colﬁ'ADP were incubated, in .
the presence of PEPCK and a!&ence of other reactants, no exchange was .
dbserved (See Fig. l8 of Section 4 of this chapter, in which ‘gaa& -

ATP < ADP exchange occurred only in the presence of other reactants.) gg,a

Y,
. 32 A
Furthermore, incubating the enzyme with Y-~ "P-ATP showed n& sncorp-~

-‘oration-of label into the protein peak folloying separation on a '9%</;
Sephadex G-150 column 5 Therefore direct tests for phosphoenzyme form— L
w a‘
ation and reversiB‘g,ATP cleavage render Scheme D unlikely. ' The failure'

ORI -q}’:g - \D
of B Y—CHZ—ATP to support the exchange must’ then be interpreted in terms

of strict structural requirements near the scissile bpnd. The carbon-

4

L bridged terminal phOspha 'B Y—CHZ-ATP probably has the wrong spatial

s gN’é“ B
orientation to fit the cavity on the enz ‘ﬂhis 1atter argument is -t
: >3
{/ ‘ in agreement with Scheme C in which intact ATP effects~substrate synergism

2
and supports the lack of a phosphorylated enzyme intermediate.

Scheme ¢ ‘appears to offer the most feasible explanation that i{s in

agreement with our‘experimental findings. It is surprising that the ATP—
dependent exchange assay has been routinely used throughout the literature

wﬁthout an adequate model for its “chemical mechanism. -In the‘pasc -dther

) workers have combined the data of the isotope exchanges wi{h net reactions

-

in their study of initial rates and product inhibition. We fear this to

0 .

.
e L4 S

3 No radioactivity appeared in the fractions ere ‘the protein eluted
rom the Sephadex G-150 columm, only background)-:counts (56 cpm), we¥e™
received.. - Ef Phosphorylation of PEPGKdgzpcoccurred a minimum of 105 cpm
Mould be associated with the protein pelk, . )

,‘_ \’ﬂ ‘ | ,_\\

’ -
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be imprudent, since comparisons between rates of net reactions and of
isotope exchanges are not easily interpretable (26), and also because

several detailed characteristirJ ol rhe respective reactions differ in

this particular case,

3 g

Increasing coqcentrationu ot 4003 (up to 50 mM) and ATP (up to

< 4 mM) gave rise to normal Michaelis -Menten kinetics without inhibiting the

ATP-dependent exchange reactign.‘P Thisdia-at'variance with Wright and
o 4
Sanwii.s report (Fig. 1, Ref. 5f§ whose plot of’ velocity ve [ATP]

&

showed ATP to be inhibiting at concentrations > 1 mM. OAA, on the other

~
Da . l/ l)
3 . . o

hand dges not*follow a normal substrate saturation curve fh agreement

)
Y

with Fig‘ 1 of Ref. 451; the reciprocal plot becomes hyberbolic concave—

i3

RN

&23?
rate inhibition may be attributed to abortive or dead—end complex

1.

rmation between the substnate and one or more enzyme forms at high

- 1 ._;; L

concentrations of aubstrate (107)\) The Michaelis c0nstant Ky, for OAA

determined from a ﬁrimary plot as the X intercept is 0.67 mM. (Fig.~ 10).

We can now return our attention to the differences in rates of the -
net react}ons compared to ATPLdependent HCO3 ‘sv OAA ékchange. In irder

" tio assess the significance of the apparent differential in relative rates,

L

_~» We measured the relative isotope exchange rates of HMCO3 “— OAA and

14C-ATP-‘-;‘ADP at chemical equilibrium We found the H14C03_ “— 0AA

exchange to be fdnrfold-greater than the ATP <. ADF‘exchange ‘at specjific
concentrations of substrates and products. Such data may. be uaed t6§ .
make a choice of- kinetic\mechanism from among various possibilities. The
followingasections on, 'Initial Rate Kinetics and - Product Inhibition

and a more detailed study of the 'Isotope Exchanges at Chemical Equilibrium

will focus more attention on these aspects of the reaction mechanism.

¥ . -

|
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at a\concentration of $.LAmM OAA This ia shown on Fig. 10 Such - .

o
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Double reciprocal'pypggbf velocity vs. [OAA] showing

substrate inhibit‘“

concent iohs >1 mM, 30ther components of the assay

are/2 mM MnCl,, 2.2 mMDTT,, 0.4 mM ATP, SOmMKHCU
and 0.1 M imidazole—HCl, PH 6.8.

into 0OAA yés measured- by the ATP-dependent 0AA < lAC~

HC&B-'(,S X 10%;cpm/umole) exchange rg;btion.
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« 3. Initial thg*Kinetics and Product I

e .f& Three~substrate enzymatic mechanisms*aj be divided into two
y

“"classes -~ sequential and ping—pong. A sequential mechgnism requires

formation, whereas the ping-pong gype mechanism is one in which snb—
strate addition and_product release occur alternately, usually with
covalent derivatives of the enzyme occurrind‘as intermediates. «Sequential
meghanisms for PEPCK could be one of the four following types: ’
1) random ter (rapid equilibrium), 2) ordered-ter; 3) partially ordered -
C where A and B add randomly angd 4) partially ordered A where B///d C -
add randomly. A ping—pong mechanism that is chemically acceptable fog
PEPCK would be bi uni uni uni. Kinetic equations have been derived in
o the literature for the above—ment&ed scheme ‘ Cleland (36) and by
"1 ) w R "
. Fromm (107). In addition to thes Iz&raic approaches, the method of* .

Cleland (108) allows predictions of’ initial rate_patterns and product #
inhibition patterns by inspection of the var&yﬁs possible kinetic
‘ mechanisms for PEPCK. The conclusions drawn from,such an analysis for

PEPCK are given on Table VI for initial rate kinetics

Initial rate kinetic patterns presented qpfsabLecyn&for the few

reaction séhemes proposed predict a pattern of straight lines that inter- ﬁ\\

.sect to the left of the ordipate -for the random ter and the pgrtially
¢
ordered - C reaction mechanisms. The fully ordered ter mechanism predicts

one jset of lines to be parallel and the others intersecting whereas the
s

; By
remaining two mechanisms, ,partially ordered ~ A and ping-pong lists. two

’

-

4 sets of lines to be parallel gnd one intersecting”
e _ Ty 3 .

w
e

78

rie

£




~ ‘ ¥ ‘
) AN LA
RECTRY 2 L ‘ >
Loty
RN Y 3 | .
N Table VI
i g "
R Type of Line Patterns of Double Reciprocal Plots
Predicted by Inspection for several Sequential and
- . a Ping~Pong Terreactant Mechanisms
Mechanisgm Substrates . ‘ Line Pattern
G .
A .. B C
I Random-ter .
(rapid equilibrium) vary. vangy sat'g eI
-5 ' ‘ vary sat'g vary I
: sat'g vary: vary ' A |
IT Ordered ter vary  vary sat'g
vary sat'g vary
sat'g ‘vary vary: = Teew
- Lo WL T g
IIT Partially ordered - vary . ‘gga'_ry ~sat'g i 7 e
-A . vary sat'g vary
E} (BC add randomly) sat'g vary vary
o IV Partially ordered vary. va'ry" sat'g . e
’ ~C vary sat'g vary
(AB add randomly) sat'g vary vary d
o ‘ .
. - - Q o A -
V  Ping-pong vary vary sat'g - @« T I
x -+ (b1 uni uni uni) vary - sat'g vary e P
" . sat'g vary °  vacgy o , P
.
P . - . = "~
e I: Intersecting A
‘\  P: Parallel , . : : N
[ Phe ) -
( w % .
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Double reciprocal plots of our initial rate studies are shown of
Figs. 11 to 13 for the carboxylation reaction for which one substrate
was varied together with a second substrate while the third was at
fixed saturating concentrations These studies were done in the absence
of products. For each individual line, the data were analyzed by a
programme written for the Olivetti~ Underwood Programme 101 which calculat-
ed weighted values and standard errors for Michaelis constant® and
maximum velocity (114). Fig. 11 shows a plot of 1/v vs l/.)P as PEP
was increased from 0.08 mM to 1. 08 mM and HCO3 <§%§ 92% sa%urating.. If
we assume that the slope of each line has‘the same percent standard error
as that calculated for its respective K value**‘Z the lines on Fig 11 ﬁhf'

B

l'be considered parallel within one standard error By the same criterion,
a .

the family of lines plotted on Fig 12 may also be parallel ThiS‘shows

y \.
a plot of l/v-vs l/HCO3 as PEP was increased from 0.08 mM to 0. 2’ mM )

and ADP was 882 saturating Fig. 13° is a plot of l/v Qp 1/ADP as HCO3

-,

- was increased from 2.31 mM to 38 5 mM and PEP was: 92% saturating. The

family of lines show a converging pattern; The slope”of each line differs

-

by more than two standard errors when the concentration of the varied '~}ﬁ

-

substrate (HCO3 ) is lesé than its K value. X shown on Fig. 13, when

£

*

. HCO3 concentration wd/ raised’ to 23. 08 mM and 38.5 mM no change in slope

. and no difference in rate is observed; the lines are al@ost superimpOsable.

Assuming for the moment that the line patterns of Figs 11 and 12

R

“are parallel the initial rate data are compatible with two of the five

reaction schemes.proposed on Table VI. The mechanism could either be

v & .
partially ordered -A or sequential ping pong (bi uni uni uni) However,,

l %

! @
the ping—pong mechanism 1is unattractive since no covalent énzyme inter—

mediate has been detected for PEPCK We would therefore be left with'the

LA
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Figure 11
K8

"of Hé§ The reactionugixture containe ‘in avfinal

(T

&

volume of 1.3 ml, 0 1M imidazole-HCL, pH36 8, 10 mM

MhCl2 1.5 mM DTTf 150 mM HCO and'PEPCK (Q.ll_units).

3

y )
,~The PEPCK asSay was coupled to MDH (2 5 units) in the :@
presence of 0. aymM NADH\ -‘i,;
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Such a scheme is supported indirectly by our observation that ADP

-~

!
will not replace ATP, nor will the @,y-methvlene analogue of ATP

“

. . ‘ N
(See Section 5 of this chapter). However, this model would be

expected to exhibit an ATP <+ ADP exchange if ADP is released following

[N

, ‘ 14 : ’
phosphoenzyvme formation. When C-ATP and cold ADP were incubated, in

y

the presence of PEPCK and absence of other reactants, no exchange was
. observed. (See Fig. 18 of Section 4 of ¢ is chapter, in which

ATP <= ADP exchange occurred only in the presence of other reactants.) €
e .

32 .
Furthermore, incubating the enzyme with Y- P-ATP showed no incorp-
J

oration of label into the protein peak following separation on a

Sephadex C—lSO,éblumn.q Therefore direct tests for phosphoenzyme form- .
ation and reversible ATP cleavage render Scheme D unlikely. The failure

of ,Yy-CH»~ATP tp support the exchange must then be interpreted in terms

’

of strict structural requirements near the scissile bond. The carbon-

bridged terminal phosphate on S,Y—CHZ-ATP probably has the wrong spatial

[
orientation ‘to ‘fit the cavity on the enzyme. This latter argument is

in agreeﬁent»with Scheme C in which intact ATP effects substrate synergism

~
'

and supports the lack of a phosphorylated enzyme intermediate.

Scheme (¢ appears to offer the most feasible explanation that is in

¥

agreement with aut experimental findings. It iS‘surprising‘that the ATP-

dependent exchange assay.haé been routinely used throughopt the‘iitérature

N . ' el R
"without an adequate model for its’chemical mech#inism. In the past, other

workers have combined the data ‘of the isotope exchanges witgwneL reactions

in their study of 1nitial r;pes and product inhibition We .fear this to

- ’

> No radioactivity appeare: :- the fractions where the protein eluted
from the Sephadex G-150 coli~ . only background cdunts (56 cpm) were
received. If phosphorylatlon of PFPCK had occurred, a minimm of 103 cpm
would be associated with the protein peak
]
. . ) ..‘

/o ' \

V4
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!
be, imprudent, since cnmpnrlgﬂns,hvtwoon rates of net reactioﬁs and of
isotope exchanges are not easily interpretable (26), - and also because
several "detailed characteristics of the respective reactions differ 16
this particular case. -~

Increasing concent:ations of HCO}_ (up to 50 mM) and ATP (up to

NA mM) gave rise to normal Michacligs-Menten kinetics without inhibiting the

ATP-dependent exchange reaction. This is at varia wi Wright and
Sanwnl;sifeport (Fig. I, Ref. 51) whose plot of lr-%:- ATP]

showed ATP fo be inhibiting at concentrations > mM. A on the other
hahd, does not follow a normal substrate saturé;ion curve. In agreement

with fig. 1 of Ref. 51, the reciprocal plot becomes hyperbolic concave=

.up at a concenfration of > 1 mM OAA. This is shown on Fig. 10. Such .—l

. . :n
substrate inhibition may be attributed to abortive or dead-end complex
formation between the substrate and one or more enzyme forms at high-

concentrations of substrate (107). The Michaelis constant, X, for OAA

determined: from a primary plot as the x intercept is 0.67 mM. (Fig. 10).

—

’ » .
We can now return our attention to the differences in rates of the
net reactions comﬁared.to ATP-dependent HCO3f “~ 0OAA exchange. 1In order

to asséss.the signjficance of the apparent differential in relative rates, .

we measured the relative isotope'éxqfangé rates of H14C03_‘47 OAA and

1 ~e . s . -
4C-A’I’P-‘-—; ADP at chemical equilibrium. We found the ;14CO3 4~ 0AA
exchange to be fourfold greater than the ATP “- ADP exchange at specific

concentrations of substrates and products. Such data may be_used to

O.. .
make a cholce of kinetic mechanism from among various possibilities. The

following sections on, 'Initial Rate Kinetics and Product Inhibition'

and a more detailed.stﬁdy of the 'Isotope Excﬁangég.gt'Chemical Equilibfium'

-
-

will focus more attention on these aspects of the‘réaptiOn mechanism.
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Figure 10.

“ -

ir'» OAA was measured by the ATP-dependent 0AA “=  C-

Double reciprocal plotsof velocity vs. [0OAA] showing

e

~ssubstrate inhibition at concentrations of OAA at

concentration: ~1" mM. Other components of the assay

are "2 mM HnClz,

2.2 mM DTT, 024 mM ATP, 50 mM K}{CO3

and 0.1 M imidazole-HC1, pH 6.8. Isotope incorporation
' ' 14

HCUB_ ( 5 x 103.cpm/umole) exchange .reaction.

v
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3. Initial Rate Kinetics and Product Inhibition

Three—-substrate enzvmatic mecharisms may be divided into two

~.

classes - sequential and ping-pong. A sequcntlai mechanism requires

that all three substrates be present on the enzyme prior to product
formation, whereas the ping-pong tvpe mechanism is one in which sﬁb—
strate additioﬁ and product release occur alternately, usualy with
covalent derivatives of the enzyme occurring as intermediates. Sequéntial
mechanisms for PEPCK could be one of the four followipgbtypes:

1" random ter (rapid equilibrium), 2) ordered-ter, 3) paftially.ordered -
C whcfe A and B add randomly and 4) partially ordered - A where B and C
add randomly. A ping-pong mechanism that is chemici;ly acceptable for
PEPCK would be bi uni uni uni. Kinetic equations have been derived in

the literature for the above-mentioned schemes by Cleland (36) and by
Fromm (107). 1In additionvto/theée algebraic approaches, the method of
C1d1land (IOé) alloys'pfedictions of initial rate patterns and product
inbibition patﬁerns by i?spézﬁionlef“thebvarious possible kinetic
«mechanisﬁé for PEPCK. The conclpsigsg drawn from such an analysis for )
PEPCK arg given on Table VI for initial rate kineticsf‘

Initial rate kinetic paéterns presented on Table VI for the few
rgactiog schemes proﬁoéed predict a pattern of straight lines that inter-
sect to the left of ﬁhe ordinate for the random ter and the partially

~ordered - C reaction mechanisms. The fully ordéred tér mechanism predicts

x4

v ‘ _
one set of lines to be parallel and the others intersecting whereas the

\

remaining two mechanisms, partially ordeyed - A and ping-pong lists two

gets of lines to be parallel and one intersecting.. ’ ;ﬁj
. —

J

78 °

)



1

I1

111

IV

Type of Line Patterns ot
Predicted by Inspection for several Sequential and
a Ping-Pong Terreactant Mechanisms

Table VI

NDouble Reciprocal Plots

70

l.ine Pattern

-A

-C

Mechaniasm Substrates ;
A R C
Random-ter
(rapid equili{brium) varyv vary sat'g 1
' varv  sat'g vary i
sat'g vary vary 1
Ordered ter vary vary sat'g I
vary p
sat'g I
Partially ordered vary vary sat'g P
, vary sat'g vary P &
(BC add rﬁndomly) ' sat'g vary vary I -
N o
"Partially ordered  vary vary sat'g 1
vary sat'g vary- 1
(AB add randomly) sat'g vary vary I
A
Ping-pong varv  vary sat'g 1
(bi uni uni uni) vary sat'g vary P
: sat'g vary vary P °
- \ )

I: Intersecting

P: Parallel

N

)
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Double reciprocal plots of our initifal rate ;::ETBG are shown ofc-

Figs. 11 to 13 for (e carboxvlntion reaction for which one quthratL

o
was variad tnpothor\with a qecond substrate while the third was at
fixed saturating concentrations.  These studies were done in the absgence

“»
of products. For each individual line, the data were analyzed by a

programme written for thg Olivetti—Undorwooa Programme'IOI which calculat-
ed weighted valuyes and standard.errnrs for Miqhaélis congtants and
maximum velocity (114). Fig. 11 shows a plot of 1/v va 1/ADP as PEP

was incroaséd‘from 0.08 mM to 1.08 mM and HCOB_ was 927 saturating. If

we assume that the slope of each line has the same percent standard error

4,/\.,
as that calculated for itsg respective Km value, the lines on Fig. 11 may

be considered parallel within one ttandard error. ﬁy the same criterion,
the family of§gines plotted on Fig. 12 may also be parallel. This shows
N

a plot of 1/v ve l/HCOB— as PEP was increased from (.08 mM to 0.22 mM

and ADP was 887 saturating. Fig 13 5 a plot of 1/v ve 1/ADP as HCO3_

was increaqed from 2.31 mM to 38 5 mM and PEP was 922 saturating. The

’

family of lines show a converging pattern. The slopé of each line differs

by more than two standard errors when the concentration of the varied
/

substrate (HC?E;zajs\éess than its Km value. As shown on Fig. 13, when

HCO3 concent}ation'was raised to 23.08‘mM and 38.5 mM no change in slope
and no difference in rate is observed; thé-lineé are almoét superimposable.
Assuming for the moment that the line ;atterns oF\Pigs 11 and 12

are parallel the initial rate data are compatible wiyé twp of the five

reaction schemes proposed oh Table VI. The mechanism ¢ould ither be

partially ordered - A or sequential ping-pong (bi uni

the ping-pong mechanism is unattractive since no covalent enzyme inter-

£

mediate has been detected for PEPCK. We would therefore be left with the
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Figure

11.

Double reciprocal initial velocity plots showing &ffects
of varying [ADP]and [PEP]at a fixed saturating concentration

of HCO3—. The reaction mixture contained in a final

volume of 1.3 ml'0.1 M imidazole-HCL, pH 6.8, 10 mM

MnCl, 1.5 mM DTT, 150 mM HCO., and PEPCK (0.1] units).

2 3
The PEPCK assay was coupled to MDH (2.5 units) in the

‘presence of 0.3 mM NADH.

I
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Figure 12.

-

. 1‘:/.‘1‘ . IS u\

J ) Y,
-Doublereciprocal initial velocity plo;s’s owing effects_

of varying HCO, ]and [PEP]at saturating ADP'conceﬁttation,
. 3 S . .

. The reaction mixture contained in a final volume of

1.3 ml 0.1 M imidazole - HC1, pH 6.8, 10 mM MnCl,, ¢

1.5 mf DTT, 0.38 mM ADP and PEPCK (0.11 units). The
assay was coupled to MDH (2.5-units) in the preser ~ 2 .

of 0.3 mM NADH.
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Figure 13.

! ’ y

Double reciprocal initial velocity plots showing effects
of varying[ADP]and[HCOB_}at a fixed saturating cqnéentratﬁon.f
of PEP. The reaction mixture contained in a final vq1Uﬁ;'

of 1.3 ml 0.1 M imidazole - HC1, pH 6.8, 10 mM MnCl,,

1.5 mM DTT, 0.82 mM PEP and PEPCK (0.1l units). The

PEPCK assay was coupled to MDH (2.5 units) in the

presence of 0.3 mM NADH.

.
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partially ordered - A sequential mechanism. The patterns of-lines on
Figs. 11-13 are compatible with PEP adding first in an obligatory

binding order and then HCO, and ADP blnding randomly before any products

3

are released. This sequential mechanism is shown in the following

e

scheme.

L]

ADP Hco3"

4 +
PEP products
Cy t

E ) E*PEP+HCO,” *ADP
' K ‘ \\\\
Hco3' ADP

~ SCHEME: E
* However, 1% we consider the pattern of lines for all three plots

to. be truly converging-fafher than parallel, Scheme E is not the correct

~ ‘

.mechgnisﬁ. wa other mechanisms of the five listed on Table VI would

be' consistent with such a converging pattern, random ter and partially

ordered -C. From initial rate stﬁdiés alone, as gshown on Figs. 11 to

13 for the reaction in one direction only, it ié impossible té differentiéte
between the random ter and the partially ordered - C mechanism. Product
inhibition was undertaken to ansver some of the questions that were

posed by the initial&rate study.
Patterné‘of product inhibition by ATP are shovn on double reciprocal

plots in Figﬁ.lb and 15. Fig. 14 is a plot bf 1/v vefsqs 1/ ADP when

. . . - .
-
, . . N
v

P
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Figure 14.

0

pouble reciprocal plots of velocity versus[ADP]at
increasing concentrations of ATP and near—saturatiﬁg
concentrations of HCO3_ andvéEP. The reaction mixture
contained to a final volume of 1.3 ml 0.1 M imidazole
~HCl, pH 6.8, 10 mM MnCl,, 1.5 mM DIT, 38.5 mM 3603‘,
0.82 mM PEP and PEPCK (0.11 units). The assay was
coupled to MDH (2.5 unitﬁ) in the Presence of 0.3 mM

NADH.
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~ Figure 15. ﬁouble:reciprocalsplots of velocity versus [PEP]at

<4 ‘ .o
increasing concentrations of ATP and near-saturating

concentrations of HCO3_ and ADP. The reaction

mixture contained to a final volume of 1.3 ml\O.lM
imidazolé -HC1l, pH 6.8, 10‘mM'M5C12, 1.5 mM DTT,

38.5 mM HCO, , 1.54 mM ADP and PEPCK (0.11 units). The

assay was coupled to MDH (235 units) in the presence’of

0.3 mM NADH.
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ATP was increaged from zero to 0.38 mM and HCO}_ and PEP were at

o~

fixed levels o& 3 and*12 times thelir H; values, respectively. The
famiix of lines_which'were drawn by computer analyses intersect oA\the
1/v axis. A similar plot is presented “in Fig. 15 in which PEP was the
varied substréte and HCO3— and ADP jre at fixed levels of 3 and *30 times
their Km values. In both casés‘comZZXJCive inhibition is obgerved. The
comﬁon point'of intersection of the l/v axis corresponds to the approximate
anr (11 ymoles/min/ml) for th{s‘reaction.

. F{ga.l6 and 17 are similar inhibition studies, but for these .
experiménts the two substrates that were maintainédrét fixed concentrations
were not near saturating concentrations but kept at their approximate
Hm values. Under such conditions we also observe competitive inhibition
with either ADP or PEP as the variable éuSstrate. Since the two fixed
substrates are at low concentration, the foint of Intersection of the 1/v
axis is wellibélow the maximum ve%ocity e;peééed when all éubstrate sites

3

on the‘enzyme are saturated. However the Xm values for ADP and PEP
' J

L]

calculated from‘Figs.i6 and 17 are quite independent of the degree of
saturation of the remaining substraté binding sites. Fig. 16 exhibits
the same Km value for ADé in the presence of non-saturating concentrations
of PEP ana HCOB- as it does when these substrates were saturatgd (Fig. 14).v
The same observation is made on Fig. 17 which shows ‘the same Kﬁ value for
PEP ﬁndér non-satur#ting concentrations of ADP ;nd ﬁCO3- aé it does when
-Eheéedtwo substrates were gatutatgd (Fig;‘ls): |

Inhibition by ATP as showm oﬁ Figs. 14 to 17 is suggestive of either

a totally raﬁid equilibrium random mechanism or a partially ordered - C
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ure 16. . Double reciprocal plots of velocity versus[ADP]at

%ncreasing concentrations of ATP and fixed concentrations’

of PEP and HCO3 at their approximate Km values. The

RS

reaction mixture contained té_a[final volume of 1.3 ml
0.1 M {midazole -HC1, pH 6.8, 10 m¥ MnCl,, 1.5 mM DTT, 9.2 mM
HCO, , 0.069 mM PEP and PEPCK (0.1l units). The assay was

' coupled to MDH (2.5 units) in the presence of 0.3 mM NADH.
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Figure 17. "Double reciprocal plots of velocity veréus{PEP]

at increasing concentnations of ATP and fixed levels

3

reaction mixture contained to a iinalAvolume of 1.3 ml

v

0.1 M imidazole - HC1, pH 6.8, 10mM MnCl,, 1.5 mM DIT,

of ADP and HCO, at their approximate Kﬁ values. The

19.2 mM Hco3',

" assay was couﬁléd to MDH (2.5 units) in the ‘presence

0.023 mM ADP.and PEPCK (0.1l units). The

of 0.3 mM NADH.

L
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mechanism. These two mechanisms were also selected from initial rate
kinetics_when we cunsidered Figs. IL\tg 13 to be patterns of intersecting
lines. Therefore, from product inhibition patterms. we can discount
Scheme E which depicted the partially ordered - A mechanism The follow-
ing section deals with the kinetic studies of isotope exchange at
chemical equilibrium, providing further information to allow selection of
~one of the models proposed above. -
The Km values for all the substrates of PEPCK are given in Tehle VII.
All values were determined in the presence of an+ as the added divalent
'cation rather than Mg2+bwhich was'used in previous-studies (51). The
‘Michaelis constants for the smbstrates of the carboxylation reaction
(PEP ADP and HCO ™) were calculated from the primary double reciprocal
plots from our initial rate studies (Figs 11 to 13). The constants for
ATP and OAA, on the other hand, were calculated,from_the AiP—dependent
3 .

* The K value for HCO3 could be determined by either the overall carboxy-

lation or the ATP-dependent exchanfe/reaction; from both assays the

" value was approximately 13 mM.

The Kh values reported in Table VII are decidedly lower than previous-

ly reported by Wright and Sanwal (51) and those given by our own work
discussed undervSection 1 of this chapter.. Forvboth reports such deter-
.minations for the carboxylation reaction of PEPCK. were done by the colori-

methic assay. This assay indicated inhibition by NADH which later proved

3

to be an artifact (106) and it also seems to produce inaccurate K values.

1

For example, with this assay—Wright and Sanwal (57) reported a K value

for PEP of 8 mM in the'presence of MgClé while our own york shows the

-

HCO, <> OAA exchange reaction (see Figs. 9 and 10 of the previous section).
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Table VII .
B

Km and K{ values for Substrates of PEPCK

L

\

Substrates Km (mM) Ki (mM)
PEP 0.07 0.062
ADP 0.05 J/ R -
HCO3 13.0 =
ATP 0.06 0.04°
OAA 0.67 -
MnCl 0.09 -

o2
‘a Calculated from Fig. 9

b Calculated from Figs.'l6 and 17.
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t .
Km to be reduced &o 0.5 mM in the presence of MnClz. However, with
the coupled enzymatic assay the latter value is calculated to be almost

10 fold lower at 0.07 mM. Previously determined K, values of OAA and

»

ATP by the ATP-dependent HCO., <“» OAA exchange reaction (51) in thg

3
presence of MgCl2 were 1.5 and 2.0 mM respectively. However in the

presence ofgygplz the Km values established for OAA and ATP were 0.67

~n

and 0.06 mM, réépectively.

L ¥

The decrease in Michaelis constants when MnCl2 replaced MgC12 has
: ¥

_previdﬁsly been observed By Ballard (53) for PEPCK from sheep and chicken

liver. A threeféld decréase of the Km vélug of OAA Qag rgpprted for the
mitochondrial enzyme when Mn%T replaceq‘Mg2+. He also noted a fourfold
increase %n maximum,velocity in the\pregence of M’nCl2 reiative tq that
observed with MgClz. The latter difference was not as prOnounéed in

our results which showéd_; 1.5 fold increase in.veloéity, but a mbre
pronounced‘decrease‘in Michaelis constants. The Km for MgC12 for the
bacterial enzyme was reportea 051)‘tq be 4 mM, and thét Of MnCl2 Qas

found in the presént stuﬁy to be 0.09 mM. Both of these values are within

the range of<their physiological céncéntrations (109). Ballard (53)

‘stressed the physiological importahce of lbwéring the Kh for OAA since

the effect w&ﬁld‘place thé\yglue_in the range af the mitoéhondrial OAA

concentration. MnCl2 may also'play a gignificant role since it forms more

2+ 2+

stable Mn“ - ITP and Mn“ - GTP than the respective Mgz+ complexes (110).

Holton and'NordlieA(lll)‘found synergistic velocity effects when both

Mg2+ and ﬂn2+\¥ere'present together in fhe reaction mixture for pig liver

mitochondriél PEPCK. They ohserved the effecfs of the two ions to be almost

“ddditive and postulated a role of a Mg-ITP complex in phosphoryl transfer,

o

plus a separate role of an+ in facilitating the decarboxylation of OAA.
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The above—described effects of an+ on Km indicate thatfsuch an.

explanation is too simple.

4, Isotope Exchange Rates at Chemical Equilibrium

With three substrates and two products PEPCK offers many
-possibilities for study of isotope exchange rates. The relative rates
of such exchanges can provide information about possible binding orders

of substrates to the enzyme. For our experiments we chose’' the first two

i

of four possible exchanges: 1) ATP<— ADP, . 2) HCOB—A‘v OAA, 3) PEP <»

OAA and 4) ATP<- PEP. ‘These pairs were chosen, as will become clear,

Y

in order to include a 'similar' and 'dissimilar’ combination, thus

enabling us to recognize certain.competitive -effects on the exchange kinet~

4 . 8

~ics.

_ Fig. 18 shows the rates for both ADP <5, ATP and HCO, <+ OAA exchanges.

3
L] ) . 6 .
These are smooth hyperbolic curves that level off at R = 2.5 and 2.0 mM/min/
mg; respectively. At the plateau PEPCK is saturated with ADP and ATP,

the Buthrate—product pailr varied at constant ratio. " At the highest

concentrations tested ADP was raised to 20 times its K ‘and ATP was

AR

f v

raised to 8 times its Kﬁ. The ‘increase of ADP and{ATP to near saturating
levels produced no detectable reduction in the exchamge rates of either

_ pair. Since ATP is known to be competitive with ADP from our product
inhibition. study, this pair was raised in constant concentration ratio

A
to circumvent inhibitory effects. Neither ADP.nor ATP showed competition

for ‘either the HC03- or OAA site. To maintain chemical equilibrium (Kéq

is highk, 3.1 M at pH 7.5 (80)) the PEP concentration was raised to 0.3 M
for the HCO3-"7 0AA exchange and to 0.23 M for the ADP ‘v-ATP.exchange.
. .. N . ’, “ ) . E” ) . .

6In -all cases the units for R are given in mM/min/mg for a total volume
of 0.5 ml. - . , o 3
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Figure 18. Effects of varying[ADP]in constant ‘ra_tio with [ATP] on

3- <> 0AA exchange and on the rate of
- ATP <> ADP exchange. For the H1'4C03- “> OAA exchange

the ADP/ATP ratio was 5. Other components for this exchange

t:he rate of HCO

were 0.1 M tris—HCl,‘pH "/\.5, 3 mM IjTT‘, 2 mM MﬁClz,

10 mM HCO, , 5.0 mM OAA, 320 mM PEP and PEPCK (0.7 units).
x For the -C-ATP <> ADP exchange the ADP/ATP ratio Qas
4.0. ,O'the‘r components for this exchanéé were 0.1 M tris-HCl,
PH 7.5, 3 mM DTT,2 mM MnCl,, 150 mM HCO, ,10 mM OAA, 53.5 mM

PEP and PE\BQIS_ (8 x 107> units). Total volume was\ 0.5 ml.
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Fig. 19 shows the same exchange rates as a functiqn of ‘the
concentrations of HCO3— and OAA. The HCO3‘ “<> OAA'exchange rate.was
faster than the ADP <> ATP exchange rate, these being 2.6 and 1.5 mM/min/
mg, respectively. The PEP‘coﬁcéntration for these exchanges was somewhat
lower, 0.17 M for HCO3—"‘-,- OAA and N.09 M for ADP <» ATP. Lowering the
concentration of PEP increased the rate fo;-HC03_ “> 0AA (sis Figs. 18:

/
and 19) and conversely increasing PEP concentration decreased the

ADP <> ATP exchange. ’ . -
In multiéubstrate enzyme systems,.compulsory bindipg of substrates
has important preaictable effeats on exchange rates at equilibriﬁm (112).
In the EEPCK system, for example:'if HC03— oicOAA were the last reactants
to addAin a compulsory sequence, a Cén;inued inérease in the concentration

’
of HCO_, ‘and OAA while other reactants remained constant and in equil-

3

‘ibrium would be expected to give a coptinﬁédzincrease in 2803— < 0AA
exchange  rate, but lead to a decrease in tpe ADP <> ATP in;erchange rate.
Oq the other hand, 1f the reactants’ add randomly to the enzyme, a continued
increase in both isotope exchange.rates to a maximum would be observed
lwhen.the enzyme was saturated. Béth Figs. 18 and 19 exclude a mecﬁahism
of fully ofdered binding sequehce, since no decrease tﬁ zero in the'inte;—
change was observed. To thig point our data are consistent with a éandom’
sequepcelof substrate binding and product release. Random substrate
binding was one of the models proposed in the previous sgctiop‘of this
chapter from iﬁitial rate and product inhjibition studies.

&fFig._Zb illustrates the rates éf exchange reactions when PEP and

ATP were the substréte4product pair to be increased. The ADP < ATP

interchange shown on the bottom curve of Fig. 20 is similar to the curves
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Figure 19.

O ) .
b

/

Effects of .varying[OAA]lin constant ratio with[HCO3-] on

the rate of HC03- < OAA‘exchange and on the rate of

ATP <> ADP exchange. For the HMCO3- <> OAA exchange the

ratio of OAA/HCO3- was 1.25. Other components for this
exchange were 0.1 M tris-HC1, pH 7.5, 3 oM DTT, 2 mM

MnCl,, 0.3 mM ADP, 0.013 mM ATP, 171 mM PEP and PEPCK

2’
(0.7 units). For the -MC-ATP <> ADP exchange the ratio

of OAA/HCO. was 0.13. Other components for this exchange

3
were 0.1 M tris-HC1, pH 7.5, 3 mM DTT, 2 mM MnCl,, 0.12 oM

ATP, 0.55 mM ADP, 92 mM PEP and PEPCK (0.014 units). -

Total volume was 0.5 ml.
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~ Figure 20.

Effects of varying[ATP]in constant ratio with[PEPjon
the rate of excﬁange of HC03—,‘§-OAA and ATP-‘v-AbP.
For the HMCO3 <> 0AA eﬁchange the ratio of ATP/PEP
was 0. 024, Other componEnts for this. exchange were

0. 1 M tris—HCl, pH 7. 5 3 mM DTT, 40 mM MnCl 38.6 mM
ADP, 20 mM HCO3 , 10 mM OAA and PEPCK (O 7 units). For
the 14’C-A.'1‘Pv"--7-ADI’ exchange the ratio of ATP/PEP was
0.1. Other, ;omponentsfof_the assay were 0.1 M tris-HC1,
pH 7.5, 3 mM DTT 10 mM MnClz, 8.44 mM ADP 150 mM- HC03-
4 mM OAA and PEPCK (8 x 10 -3 units). Total volume was

0.5 ml.
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on Figs. 18 and 19. It shows a saturation curve that levelled offat .
‘ ) . ; } ,

e smooth curvelindicates that neither ATP nor PEP

(PEP 1is varied from O to 4 mM)'compete for the ADP or ATP binding. sites,

‘regpectively. 1In mafkéd,cont;ast, the HCO3— “> OAA interchange plot

produces a maximum rate oflk = 5.4 mM/miﬁ/mg followed by a decrease to

a rate of é”mM/min/ﬁg. At this 1evé§rthe rate is constant and does not

decreése with further elevation of [PEP] and_ [ADP]. PEP concentration

'in this experiment varied ffoﬁ 0 to 41'mM.' Maximum.intérchange occurred

at 4 mM PEP and levelled off at approximately 16 mM PEP. Thig effect

could be tbe result of several possible causes. . 1) PEP could be in

direct competition for the OAA binding site, although'complete inhibifion'

of the exchange Qouid be expected at sufficieﬁtly high [gEP]._ 2) The

decrease in rate is suggéstive of.avg;;;ially.compdlsory binding path-

way of PEP bin&ing after HCO3;,and/or ATP aftér 0AA iﬁ the‘reverée

) direction. 3) Since the rate decreased to a lower'level, buﬁ not to zexo,

‘this dbservation is consistent with the présence of.ATP or PEP decreasing
+°  but not éreventing the-dissociation of H¢03- or OAA. ‘The above inhibitibn
could not be observed for thé ADPf‘? ATP exchange because it = is below
thé_range of PEP concentration that produced the stimulatory and
" inhibitory effects- 1@ the. Hcp'3-‘ “» oM inte.rchange'. - | R -
Fig. 21 is a similar experiment to that of Fig. 20 except [PEP]'
and [dAA] are .increased at constant ratio.7 The iate of ADP “» ATP

exchange rises in a smooth saturation curve with a maximm rate of 2

- -

7 ’ ‘
Note that in this experiment the curves are plotted to different
concentration scales on the abscissa. a

OO e B 6D e L

Atk S o R






Figure 21.

‘3 mM DTT, 40 mM nnCl

Effects of varying[PEP] in constant ratio with[OAAl on the
' \

~__exchange rates of HCO, <7 OAA and ATP - ADP. For the

H14003' <7 OAA exchange the ratio of PEP/OAA was 4.1.

Other components of this assay were 0.1 M triS—HCl, pH 7.5,

,» 38 mM ADP, 1 mM ATP, 20 mM N

"and PEPCK (0.21 units). For the 14C—A,TP “ ADP exchange

the ratio of PEP/OAA was 5.0. Other components of thié

assay were 0.1 M tris-HC1 pH 7.5, 3 mM DTT, 2 mM MnCl,,

0.54 mM ADP, 0.09 mM ATP, 105 mM HCO, and PEPCK

Lo A
(0.014 units). Total volume was 0.5 ml.

e
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mM/min/mg. The rate is not inhibited by the increase in PEP concentration,
Presumabiy beceuse'this is enly\raised £0 4 mM‘wﬁich is below iFs inhib-
[ " itory concentration. The ﬁCO3_:47 OAA exchange rate is stimulated to '
\\\J,G\Q mM/min/mg at 4 mM PEP and levels off at 16 mM PEP to a rate of <:
4 mM/min/mg The same explanations for the inhibitory effect for Fig. 20
can be applied to Fig. 21, except for competitive inhibition by PEP at
the OAA bindin&\locus: since increasing [PEP]’and [0AA] in constant ratio -
eliminates competition beteeen'them for the same binding site. Inhibition
of the exchange due to PEP binding in a.partially compuleo;y order after

¥ ‘
HCO, is still a possibility] whereas inhibition due to a compulsory -

3
"binding order of OAA and ATP can be ruled out since AT? was not varied
during this experiment. The third argument given for Fig. 20 could also
.be applied to Fig. 21. The,dissociat on of“HC03; or OAA may be decreased
due to the iﬁcrease of the PEP and ATP. However, only PEP is common to
both experiments, and it is likely responsible for the apparenthgar a
inhibition. Such inhibition suggests ‘that PEP biqu in a partially
compulsory ordér after HCO3 , decreasing the dissociation of OAA from the
enzyme complex. | | |
Bumpy saturation curves pey/net ha§e been observed'for the interchange i
of HC03—.47 6AA in Figs. léﬂend'19Abeeause in Bqth cases the initial fEP |
cbncent:ation was beyond the range'where stimula-ion and inhiﬁition is
apparent. However the effect of PEP can be’aefected by the disparity in

rates, summarized in Table VIII.Whenever PEP concentration was over 0.05 M

~the rate of HCO ‘*rOAA was affected. Such a dramatic effect is not

3
associated with the ADP “- ATP interchange which is.less sensitive to

PEP concentfatioﬁ.

<
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Table VIII
i

Effect of PEP Concentration on the Rates of.Exchange.
~ <— 0AA and ATP <~ ADP

9f HCO3
PEP (M) Rate of Rate of
HCO 3 “— 0AA ‘ADP <— ATP
0. 300 : 2.0 - ) -
0.170 N 2.7 -
"0.090 | - \> ' 1.5
0-050 ] - ; 5.5
0.041 | ' ’
N . 4.0 4 -
0.004 ' 5.4 2.0
- < ”
Rates are given in mM/min/mg
Total volume of assay was 0.5 ml. - ‘
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Results given above eliminate the partially ordered - C mechanism

which. was consistent with the results from initial raﬁes and product

inhibition studies. While we cannot rule out complex inhibiting

relationships as Fhe cause of the depressed rate of exchange,z3 the data

may be easily interpreted in terms of a sequential mechani;m with a
preferréd binding sequence. The partially ordered - C mechanism can be
eliminatea since no exchénge was completely inhibited when anothef reacﬁang
éair was increased. However if the mechanism is rapid equilibrium random,
we should expect all exchange rates to be identical. This was not the
case. For example, Figs. 18 - 21 show disparity in rate of iﬁterchénge‘
between HCO., “— OAA and ADP‘LT ATP. This could be the result of the

3
concentrations of reactant in each experiment which could not be kept -at
X, . ) ) .
the same level for both exchanges. In a previous section on 'Comparisdn
of Relative Rates', however, several experiments were reported in which

the concentrations‘qf reactants were identical for both the HCOj- “~7 OAA

and ADP <> ATP exchange; the rate of HC03— <+ OAA was four times greater
) X . [

.tban the ADP “—» ATP exchange. The small disparity suggests'that the

central complex interconversion may be relatively slow. The observations

that all substrate interchanges have rates within one order of magnitude
o ’ )

of each other under the conditions tested may reflect a contribution of

the rate of interconversion of.the quaternary reactént—prqduct complexes

aé well as substrate dissociation steﬁs-(77).

s

8Iﬁ other similar studies (12, 77) competitive interactions have been
avoided by experiments in which all reactants are elevated together in
constant ratio. This 1s obviously not feasable here, since the asymmetric
stoichiometry would result in displacement from equilibrium. -
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5. Nucleotide Specificity

Table IX 1ists the nucleotides  and their effectiveness in par- ,
ticipating in the nucleotide triphosphate-dependent HIACOS-‘-tOAA’exchange
reaction of PEPCK. The structures of the less common ATP analogues are
'shown on Fig: 22. Compared to ATP, all other nucleotides tested exhibit
activity that ranges from 0 to 54%. Of the analogues tested, a,B~CH2—ATP L o
displayed the most activity. This analogue is not altered in its'base and
sugar moieties but has a methylene bridge between the a and B phosphate groups.
B,Y- CHZ—ATP in which the methylene is inserted betweenvthe terminal
phosphate groups shovs no activity as a substrate. As previously

discuséed the Y phosphate pocket on the enzyme/must be occupied Sor ATP
to fulfill.-its role in the ATP-dependent HCO3_ “ OAA exchange reaction;
B Y-CH -ATP must -have the wrong orientation to substitute for ATP. |

.+ Other analogues of ATP are recogn. :d as substrates AraATP in which
_the ribose residue is replaced by arabinose displays 35Z substrate activity.
Alterations in the base moiety are more important. Tubercidin, in which
7-N 1is replaced by 7-C shows 307 residual activity, N—6-CH34ATP 217 activity
and formycin only 17% activity.' 1,N6—ethemo—ATP exhibits no substrate
properties. The extra 5-membered ring is perhaps too bulky to be} ‘ o
accommodated at the active site. |

ADP and AMP are inert as substrates in the exchange reaction.

However, deoxy-AlPlgave 40% activity. GTP;VdGTP, ITP and dITP were all
'poorer substrates than ATP. ; . . |
. E. coli PEPCK does not exhibitjas stringent a requirement for nucleotide

triphosphates as was previously thought’(SI). The nucleotide triphosphate site

on the enzyme shows a wide tolerance for alterations in the base, sugar or



Table IX

" ‘Nucleotide Specificity for PEPCK ,

. ‘ ) % _activity

ATP o 100

ADP : 0

AMP S 0

" dATP ' -, .40

GTP X ) 30

dGTP d(K j .15

ITP - e 15 . .
1y S / o 15 |
Tdiﬁ | ,' }:<; ‘30. .

araATP | T35

ﬁ—6-CH3ATP' L . | 21 .
FTP S , _ 17 g
EATP « | : 0

B,Y~CH,-ATP | | o .
a,B-CH,~ATP o . . 54

The 14C—KHCO3P‘47JM&A exchange assay contained in a total
volume of 0.5 ml the following: 0.1 M imidazole~HC: pH 6.8,
100 mM KHCO,, 3.0 mM DTT, 10 mM MnClz, 2 mM OAA and 0.4 mM
trinucleotiaes; 250,000 cpm.of 14C—KHCOj was added per assay.

t
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Figure 22. Structures of tubercidin 5'-triphosphate, arabinose-ATP,

N-6-CH, ATP, formycin 5'—tfiphosphate_and.€ ATP.
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phosphate mbietiés. When the 6-N amino group was changed to a keto group
as in GTP or ITP, or modified by methylating at the 6-N position
recognition was not 1o§t. “ |

This étudy shows quite a broad specificity for¥nucleotiée triphosphates
for E. coli PEPCK. The degenefacy of its specificity with respect'towpuriné
nucleotides parallels that of SCS (113). For both enzymes, while ATP is
‘clearly the preferred and physiologically important éubstrate, GTP #;d
ITP can be used as subsfrates; ‘the order of efféctivenessiis |

ATP>GTP>ITP.
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CHAPTER VI

~ CONCLUSION

N

‘reaction mechanism., PEPCK is a monomer under all circumstances and carries’

PEPCK shows very little resemblance to SCS, either in structure ’og

out its ter-bi reaction on a single polypeptide chain of molecular weight

- of 65,000. SCS, on the other hand, is a more complex tetrameric structure

consisting of two unlike subunits GiB)z. The & subunit contains the poten

tial phosphohistidine reaction intermediate and is capable of catalyzing

'its own phosphorylation in the absence of B (87). The phosphorylation of

o subunit confers stability to the enzyme structure (31) and directs the

correct refolding of the polypeptide (86), whereas no such reaction inter-

mediate has been identified in PEPCK PEPCK and’ SCS would appear to have

no common origin in that they do not share the a subunit. The molecular

'weight trend of SCS (a tetramer of 140,000 in E. colz and a dimer of 70 000

‘in pig heart) is not upheld in PEPCK in which both the mammalian and

E. coli enzyme have a similar monomeric structure of molecular weights of ..

I3

73 000 (60) and. 65 000 (our work), respectively.
Our molecular weight study with SCS by 8edimentation equilibrium

confirmed the tetrameric structure to have a molecular weight qf 140, 000
This result agreed well with previous determination of 146 000 by

Leitzmann et al. (35).. SCs is known to exist mostly in :he tetrameriC'form
which when phosphorylated is more stable than the .apoenzyme which is =

described as possessing a 'loose’ structure 3. It was xherefore surptis—

ing to. observe a tendency for this stable polymeric Enzyme to dissociate

to dimers and monomers during sedimentation equilibrium runs at low’ protein

' concentrations. DisSociation could‘perhaps be due to'the'fraction of SCS. L&

- S ' B : o

1119
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molecules that are not phosphorylated and are susceptible to falling apart,
¢ . - ) '
or it could be due to encyme that has been damaged during isolation. It
would be interesting to compare the dissociating tendency of the native
enzyme with that of the reassociated tetramer. The recombined enz;me is

- fully phosphorylated (bearing one phosphoryl group per tetramer) yet

exhibits only one half the reactivity of the native enzyme (86) By such

a sedimentation equilibrium experiment a correlation could be mAde of

4

the activity and the extent of dissociation, since no definite comparison
can yet be madesbetveen.the degree of phosphorylation and the extent of
.dissociation of the native enayme. | =

It is surprising that SCS undergoes dramatic stabilization upon
phosphorylationiwithout a large structural change. By circular dichroismv
measurements no shift in the contributions of the three structural com—
ponents could be detected following phosphorylation. The circular dichroism
absorption,spectra oj_the'two enzyme forms were almost superimposable.t ,
APerhaps a more sensitive prohe fdr_measuring“such changes'would reveal'
that more suhtle structural changes do-take place.
& fhe sequence of events in our work with PEPCK'sas'exciting' Wright
and Sanwal (51) had reported that the E. coZz enzyme exhibited homotropic
cooperativity in the presence of the inhibitor NADH. They assumed that
the enzymeiwas an aggreéate or associated in-the presence‘of'this effector{h
We then determined.that PEPCK was monomericiunderdail'conditions tested =
as was shown in phapterllv. At this stage.we had a monomeric enzyme tﬁat
gave sigmoidal saturation curves (Fig.,7 of Ref. 51). Reinvestigation of

the’ NADH inhibition showed normal saturation 2urves with linear Line-,‘

‘weaver-Burk: plots (Fig. 7 and’-8) in agreement with our monomeric structure

L)



‘mediates h

. arise t

Al

determinatiOn' However, very recently the inhibition of PEPCK by

NADH has been attributed to an artifact (106

of the colorimetric assay
used throughout this study. |

The reaction mechanism of SCS'determiued by initial rate kinetice
was not coneistent wirh a ping;pong ﬁechanism despite the participation
of covalent—enryme phosphate reaction intermediate./ Using initial rate.
kinetic data as a sole»test for 5 mecﬁanism'present a;poseible danger

of overlooking intermediates. Since enzymes irylvolvin‘g‘covlalentin’ter—T

generally shown ping-pong kinetics, a tendency may in turn .

‘

; consider the lack of sueh'kineticexas\eyidence ageiust covaleht
reaction inrermediates.. Initial rate Snd isotopelekohgpgefstudiee ePpport-
ed a randou sequential mechanism with.a preferred pothway’of‘ATP binding
first and AJL\dissociating last (38). ' : o . R
To elucidate the kinetic mechanism of PEPCK, similar studies of

initial rate, product inhibition and isotope exchange at equilibrium were
) 4 _ . - ;

done. Initial rate,kine;icé'did not allow us to choose between the ping-

pong or several sequential mechanisus postulated on Table VI. Since no

covalent in§§fmediates could be isoleted,'é ping-pong mechanism was not
ar- attractive model for this enzyme. From the listed Sequential reaction

mechanisms only the ordered - ter could be eliminated by initial ‘rate

studies. Further information was derived frém the product inhibitioq

/

study with ATP, showing competitive inhibttion patternq with both ADP

and PEP.v:These experimente narrowed our choicé»of reaction meehaniém-.

down to two schemes, random and partially_ordered -'C (where A and B

add rendouly){ Isotope'exchangelstudies at .chemical equilibrium

reuealed.the‘major reaction pathway to apprOXimate fully rabid equilibrium

random with a preferential order of substrate binding. This is apparent

o8
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from the differential,rates-of interchange of the ATP <> ADP -relative

to the HCO3— <» OAA, and also from. the-bumpy exchange rate plots
(Figs. 20 and 21). Such behaviour is due to PEP binding after HCO3 .
However in none of the isotope,exchange ex eriments did  the rate tend

towards_zero as the concentration of a react&nt pair is eleva?ed, confirming

that the preferred order of eubptrate attachmentﬁis not obligatory; By

this study we have eliminated the partially ordered -~ C model proposed by :

the prOduct inhibition‘experiments; ieaving the‘fully random mechanisn

as the only one consigtent‘with all kinetic data. | |
Although PéPCK is said“to control the-éluconeogenic‘f}ux (115) being

the first committed enzyme of gluconeogenesis, no\obvious controis have been

discovered. 6AA is at the centre of the branchpoint to many synthetic

pathways hesides gluconeoéenesis. It combines with‘acetyi;CoA to form ‘ .

¢

citratn which regulates the flux through the Krebs cycle,IOAA is also'a
precurser in pyrimidine, sialic acid and aspartic acid synthesis. None

of these products provide regulation by feed—back ibition orlby
.activation oY PEPCK. It‘appears that the only ‘contfol is c. its synthesis,
althongh the availahility of 'substrate could;serve\as a control since - ’
OAA 1is present at verg low concentrations in:the :ell | Since PEPCK seems"
to be.an important control point, higher levels of control might exist |
which are either destroyed during the isolation procedure, such,as‘ inter-
vaction with other proteins. o ! ' L

The rat liver enzyme has been studied mpre extensively. Bentle and

" Lardy (47) showed that the rat enzyme is stimulated by divalent transition

.\\\\\—Teta; ions. Catalytic activity is increased by incubating cytosol PEPCK



' 2+ 2+ + + :
with Fe” |, Mn~ , Co2 or Cd2 - When pure enzyme was incubated with the

above metal ions, all but Mn?'+ failed to stimulate. A an+ effect was also
observed with the F, coZi'en;yme; It decreased considerably the Kﬁ

values of several substrates. The other metal ions were not tested»ﬁith 3
the bacterial enzyme. The activation of purified rat liver cytosol |

" PEPCK by Fe2 ~could be restored by ‘the presence of a cytosol protein

factor, ferroactivator (49) .. The stimulation of an is quite different
fromvthe mode of action of.Fe2+, since Mn2+ activation is‘not‘protein—

mediatedlbut the metaliion alone is,the actiVator. The activator protein

s of comparable molecular weight to PEPCK and in vttro studies’ indicate

& ,-
that PEPCK. combines with the activator in a ratio of 1: 5. Physiolbgically

PEPCK 1s thought to be activated mainly by Fez rather than by 1‘1n2«+

V the Othervtransition metals since iron is the most abundant transition
- metal ion in the cytosol (49). 'Mn2+‘concentration 1s too low to be
.effeetive; | | |
| : The ferroactivator and metal ions are the only reported effectors
that alter the catalytic activity directly on the preexisting PEPCK

B ¢ ‘o
protein. All other regulators exert their -effect at the level of PEPCK
:synthesis._ There is a large alteration in the rate of enzyme synthesis
in response to the metabolic state of the aniﬁali vDuring starvation
| PEPCK is synthesized and during the. refeeding cycle gluconeogeneses
is shut down and PEPCK is repressed to a basal Iével (116) Similarly,
in bacteria. grown on glucose PEPCK synthesis is repressed but when the
dgrowth medium contains only 3— or 4;eafbon compounds as the sole carbon source,

_gluconeogeneses.is turned on and PEPCK synthesis increases up to

18-fold (46):




Altzzzghhgyég is now understood about fhe basic features of

bacteriél PEPCK (its monomeric structure, physical parameters and
reactipn'mechanism)lfhe details of control mﬁst be brought into
&legref”fochs. It would bé interesting to see if the bacferial enzyme
respbnds,to the cytosol ferroaétivator or if it responds to Fe2+ alone;
since we did find a'siéilarity in the‘quj/response in both animal and
bacterial enzymes.. Further manipulation of PEPCK synthesis could be
made with_N6, 0?'—dibutyryl cAMfitorcomparg thé respo#se in E. coli with
thag of mAmﬁalian PEPCK. Regardless of whether thé enzyme is from
prokaryotic or eukarYotic cells the ﬁain control of its activity, namely
induction and repression of_syﬁthesis, seems to be under the ultimate
‘regulation of cAMP. As discussed above.tﬁg liver enzyme is sti;;lated
dufiqg éonditions>favouring elevated CAMP.l;velﬁ, while in E. coZi.
"coﬂditions févouring cAM?—mediatgd'catabélite repression cofrela;e with.
redﬁced'levels of PEPCK. Involvement of cAMP‘cou1d.be shown by groﬁing
E..éolf cells in theipresenée'of N6; 02'-dibﬁtyry1 cflic AMP.
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