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VOP carboxyikinoase which eatalyses the reaction

s
-
195 ¥ 3
i N T St Fes v— eo3 4 L Ty
FED + IDE ¢ CO, LOTTWL NS B W §
3 o—————

vas purified frow sheop kidney uitochondria and sone of its
physical, chewical und lkinetic properties have beon investigated.
This enzyune was shown to De simiiixr in mest respects so {the
ocuivalent enzyne fron pip liver.

«mino aclid anaiysis revesloed no poarticular atvpical
Teatures of the protein wlhiile aspoetral onolysies indicated the
absence of any cofactors. Ilowever, the wnoleoular weipht of

1e protein as deterained by the twe stoandard techmiquos,

wephadex gel filiration amd sedimentation~diffusion anulysis,
were 44,000 and 71,100 respcetively. 4An estimato of 72,000
was ¢btained from elcoctrophoresis in the presonce of asodiu
dodedyl sulphate, thus conlirwing thie estimate obtained using
the ultracentrifuge,

~nitial velocity studies of the oencyue using an ancoupled
assay systeou rovealoed non-hiyperbolic saturation lLinetics when
particalar pairs of substrates were varicd, geg., FCU and 00
oy LOF and 110&3" oy I'CP awd l‘énﬁ*, The inetic patterns were
typienl of those cbtalned in a eyston showing negative
sooperntivity with respect $o substrate binding. Hovever,
further analysis of the systen indicnted that negative cooperativity

. i 3 L 2 . . ) - Pl P o
as delined by levitold and Doshidaw {3,135;;,; ¢id pot Lfully



deserdbe the observed hinetics, get., (o) the uomifessaticon

of tiwe interactions was dependent on the norticulor nairs of
subgtrates vardiod, (h J the depree of interaction as nessurod
by the \‘..; value voarded with the substrate concentration

{c) o iy one mole of substrate por wolo of onmyme wias bound,
iu} the bLivhasico initiol veloclty onatbermns wore olininotod

i o coupled assay sysitow vas uvsed. The sivilarity betwesn
he in vive conditions and the uncoupled asgsy with respoci

to thic concentrations of PUI amd val sugpested that the Uaa

would be mn luportant offector combrolling thie balince betweon

the carbexylation of Ll and the decarboxyiation of Cidl,
xtensive studies with the covumon audno acid modifying
reagents hove boen caryicd out in an attewnt to ¢lucidate the
awine acid residuecs ipn the ocotive site of 1L carboxyidnasc.
The presence of two reacéive sulphydryl residues was positively
identified using Weothylumalelwide {11!}, i-Cluoree2, j=dinitro-
bonzene {(IAFZ) and 5, 5'~dithiobis (2-nitrobonzoic noid). Tho
esddue reactive towards NIl was protected by 1P {and ITP)
alithwupdy 4t wvas shown that wihidle 200 binding wvas aboslished by
recction with W 4thuds residus was not sirictly a nucleotide
binding group since it hwd sowe apparent cotalydic function.
Neaction with DEFD {or 2,4, C-t¥initrobenzenc sulvhonie acid
(1305 ) ) wos not specific we two sulphydryl grouns were
woditled. Therce was also o slight reaction towards o histidine

- A

Y e T Em Ty 3y .
regiduc. Both 'm™ and 107 protectod agalnst (2D {(and THIU)



{2id)

podification, so 1t was concluded that BN was reacting with

that residue modificed by Hile The presonce of o secomnd

',;,.
reactive sulphydryi residue which was protected by 11
2 « 3 - : s 4 - R T S
vas condiywmod using b H'-dithiobis{Z-nitrobensoic noddj,.
LS
Docousce of the protoction alforded Loy im™ agedingt ONFD

{ond THDL ) voddificatdlon, it is suggested thot this sulihydryi

3 3 - % 9 B 4 9 % oy T Ty - - - - “ ::n%. il ) [
regldne could Do o ilgsond Tor the ensyue-hound 'n” . tuddies
e X . 4.3 . - —_ gy ", el o i . jd o  EEFegd * =
on thwe uwodification of U0 coarboxviiinase widlhy U, DN o

diaszobenzene sulphonie seld (UBL2) at voxydln conditicons of
mi andicated o groun of 1:;;8 apout G.5. Al availoble evidence
is consistent with this groun beoing a hdstidine residue. 2t

Ls)

;£ Y 1 +
suggested that $hils groupr could also be o ligand for In™

(2N
&

ag thls cation affords protection to this roun aguinst
D05 mediidcation.

wvidence pexrtolning o the sechrnisy of action of

carboxyiinase e been obtained from H.ll.lle gstudics on i

and substrate binding, initinl velocity and vroduct irmhibition
studies on the carboxylstion reaction and an anaiysis of the

rroperdies and recuirencenits ol the ,{, .,,m ool roactlion,

£y .
3

In” binds dircctly to the onsyue whillie PETp JUP, IT7 sngd G004
were shown Yo bind independently to the blymory susyue.dn
complex. ‘The mucicotide binds tightly to the onsyme oven in
whsoence of wetal lon. fdnedtic onalysis indicoted o

scguential wechanisu for YUY carboxylinesc. Tho central

(‘1.;_

AL A . - K . e . " o T IT ey o - T 0 o
conplex cousisting of onuywe, in~ , L0k, Pl amd U, is Torued

L2



by o treoferred patlhney where 200 binds fisst Joliowed by o

roncdon addition of I and €U, llowovery, it would nppooar

that ©U,. is noxunlly bound last {or released irst) us the

e

OO GAL oxclunise renction is more rapdid than teoverall
Lo} 5

carboxyiation or decnyboxylation reactions. There 1s strong
aovidence Tor the nuarticipotion of two metul lons in the
catoalysis. otwiics on the U0, 104 oxchampe roeaction have

srovided considerable ovidence lunt the reactlon catalysed

13&

154

v this ome@yue cceours via o twowstel sechinndsu with the

shosphoryl troansor frou VEP to D00 preeading the carboxylation

;v

oi an ensyuie-hound enolpyruvate interucediate to i,

mochonisn is propososd wivich can ageount Tox oll the available

syidence and dnvoles the participation of welanl-bovnd hydyoxyl

LOTS .
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.1+ INTRODUCTION N,

-

The importance of CGE fixation in photosynthetic and
autotrophic organisuse is readily appreciated as all carbon
atoms in these organisms are derived from this source. However,
in the case of heterotrophic organisws, the luportance of CGE
flxation is less readily appreciated because the evolution of
ﬁGz frow decarboxylation reactions wasiks the CGE fixation
process. %ood and Werkman (1938) first domonstrated & unet
QQQ uptake in heterotrophic crganisms following thelr observae

tion that propionic bacteria used substroate amounts of CGQ when
grown on glycercl and proposed the condensation of CQE and a
three-carbon coupoumi. Uwver the last thiriy years, the
phenonionon of 002 fixation in hieterotrophic organisms has
been fully recognised and extensively investignted and it is
interesting to refiect that the enzywe which was largely
responsible fox the original 002 fixation observation was not
characterised until 1962 (Siu and Wood, 1962). The importance
of this <¢iass of reaction in heterotrophlc organisus has since
been demonstrated by the number of enzyumes capable of net 802
fixation aml their strategic position in the metabolic scheunc.
Wood and Stjernholm (1962) defined priwmary CC, fization
@#® a reaction by which COz is cowbined with some acceptor
molecule to form a new carbon-carbon bond which resulits in a

net fixation of Cﬁz. Thus, excluding those enzyues where

302 is affixed to a non-carbon atom, e.,g., carbamyl



phosplhinte Torwation, these authors divided thosce enzyues
capuhle of net OO, Dixation into three classes depending on
o

their mete of action:

{n} fixatiom of 20, by roduction,
b} fixation of CU_ by bictin-containing ensyues,
{c} rixation of U, by cnoyl coupounds.

e

(a) Iization of CU. by reducticn
£NREIOND. QL Lk _
{i) malate dehydrogenase {decarboxylating) L.C. 1.1.1.30=40,

{11} isocitrate dehiydrogenuse {decarboxviating)
ZeCoe 1ole£gl§1"3$2

Dt

(i1i}) 6-phosphogluconate dchydrogennse {docarboxylating)

Lol s ]
Daelds Lelaleitde

“hen Uchoa (1945) demounstrated the reversibility of the
reaction catalysed by isocltrate dehydrogenase (£.C. 1.1.1.42;

Leaction 1.1), he provided the first deuwonstration of & nei o,
e

P

In

stiaocitratc + NADY = seomoglutarate + € + NADDH

¢ 84
2 2

eoe L3141}

fixation using a purdified onsgyue frow a heoetorotrovhic tissuc.

Similarly, the wmalate enzyue {(£.0. 1.1,1.46; Heaction 1.2)

I
P
Ih
Y aawn T ra TV w——— s o Py  BEATYOR §
tepaiate « WAL pyruvate + U, + HALTIL cee (12
o e

was shown to be revoersible {(Ochoa gt pl., 194t).



Jitir JICU
-

Analogous onmymes for {i) and (ii) will utilise NAD.
Imergy for carboxylation would be provided by the splitting
ol {=ii bonds of NADVIL, and HADH, although the preferred

directlon of resction ls decarbozyilation.

b} iz tion o GO by bi

(1) pyruvate carboxylase LeC. Gulielel.
(1i) acetyi=-Coi carboxylase 5L.C. G.h.L.2.
{i1i) propionyl Toi carboxylase 1L.C. G.lL.l.3.

{iv) ﬁ~ﬂmethylerotonyi Cos corboxyliase Z.C. Gol.lal.

All the enzywes of this group are characterised by a
two=-gtep wechanisw involving the obligatory intermediate,
enzyue-Co, {¥aziro and Gchoa, 1961). With one exception,
the frec energy of hydrolysis of the teruinal phosphate of

4TP is used to activate the 0, molecule {lleactions 1.3«5).
5

L
1;{:
Yeblotin + ﬁCQg + AT e ﬁ.bietiﬂreﬁﬁ + Ay ?@

cas {1.3)
cLoT
Le blotineCC, + RCH, 005004 === ¥, biotin + R{HCOSCoA
- ra ase—s
e e gl » 25,)
:%;:E?-" CB’&"

+ AT + RO, OCSToL RUGCSHLoA + ADP + 37,
2 wmiNs : Y L VINTEY i 1

eve (1.5)

-
r:

3




The acceptor volecule is o Toonoyne L cateor,

Beiley

acotyl Col for acetyl UoA cavboxylase, except for pyruvaio

carbozylase vhero pyruvate is the acceptor. IHowever, pyruvale

carbounvinge tron liver {Zeecch and Viter,

(Ling

catalytic awounts of the acyl Coa estor,

and i.eech, 1966) shows am absciute

1203} and kidney

raguirenont {or

acetvi Coa, while

miersbial pyruvate carboxyluses elther are stdvulated by this

¢stor aa in the case of yeast pyruvate carbexyiasc {Kuizesmil,

&

o

aspergillius niger (Bloow and Johnson, 1262) and Iseudepons

gitronellolds {(seubert and Rember

{Reactions 1.3-3) iz vet

aley 1965) or are vnaffected as with the enzymes irow

The exception to the reasciion scheae detailed above

o

[¥3 ]

Iyivnalony)

1501}

Loa carboxytransferase

cecurring in propionic acid bacterin (lood gt gl., 1963)

euzyvie does not Idx U, Drt rathsy tronsiors

res

o

. This

the corboxyl

grouy of pethyluwalonyl Coi to nyruvate to give OLL {Reactions

S
S ,‘ S

methylnalonyl Cod o+

wyruvate + D.bietin-Co
e

nethylmalonyl Coa +

pyruvato

|

ey
s
R
RS

S
propionyl Cod
Lebiotin « D44

proplonyl Cod +

L300

P
ot
»
Lo

L—_—

T,
ot
L 3

"

S

- .;%
s e w&-.ﬂ-}l



At

This seriecs of renctions owphasises the rele of blotin
as o tronscearboxylating agent. The bilotin is atitached to the
nrotein through the £ -ez:zx:_.y of o iysine resicdue and the biotine
LU, dutermediate s been shown to be 1'ei-carboxybictin
{imoppe, Ningelwmamn ond - ynen, 196L;  Huno, Ringeluamm and
iynon, 1964 ).

AR

Fiantion of OO

{0

a7 enol coupounds
P
(1) phosphoenclpyruvaie carboxylascs
{2} phosphopyruvate carboxylusc {phosphorylating)

B.C, x’i}n:&blojl«

Y

{’b} plrresphopyruvate carboxylasc (ﬁ;rmmz}hosp}mrylating)

Yoo ‘. e 2
welse Galal P P

{c) phosphopyruvate carboxylasce {transphosphoryloting

T g ¥ “
dad BESE iy 'lois"‘”“’

(¢} phosphopyruvate corboxylase (tramsphosphorylating)

ribulose diphosphate carboxylase H.0. H.1.1.39.

A
4 >
{111} phosphoribosyi-anincimidazole carboxviase

ER I o i b 4 Ly
svebs e fj e *o! PRSI

{2) The subject sntter of this thesis is concerned with
this group of ensyuces and discusslon of their prornerties will

be leit to subseqguent sections.



{il)} Ribulose dinhwsrhate earboxyiasce catalyses o
priusry CG:: fixation retctlion in all photosynthetic tissues
{Colvin and Basshos, 1562Z). Ribulose-l,S~diphosphiate is
sarboxylated to yield fwo cquivalonts of J-nhosphoglyceric

(:%.:i,i) This enzyue catalyses the condensation of a carboy eyl
group te position § of the inddazole ping of 5Y-phosvhoribosyle
Searidnoimidaszole to give S'-phosphoribosyl-i-amino-j-imidazocle
carbosylate durdng the biosynthesis of purine nucleotides
{iiizens mmd Buchanan, 1959).

The energy of carboxylation by this group of enzymes is
provided by cleavage of the enolphosphate U-F bond in {i),

I wa, bowd of the one-diol in (ii). ami the fZ‘,~I* Dol of
the encwauine in {(1ii)} {Woud and Stjornholm, 1962). In the
case of TEP carboxyviiinaso {b, ¢} and YEY carbox yiransphosphory-
lase {d), the free snorgy of hydrolysis of the enoiphosphobe
bond iz effectively trapped by the lormution o GIP {or ATD)
andd Lf'ﬂ'i*i respectively so that theose reactions are freely
roeversiblo.

FEVATEON OF or, B OO SIOTNOL RVALS,
-

*
T
&

This group of enuyues catalyses the formation of 044
with PO as the €U, acceptor. They differ in shosphate
o

aceentor, as shown:



b
4

(a) ® ' {aj ¥ i
{(b) oy & (b} o1y
(3 we R [y A4 . ﬂ
..JK.:':z ¥ ¥ i\m— ( c ) ’r%*;} .;? St {:-{.M\v & {C } :hr;‘q;’-; L3R K ] (1 L s }
{a) 7, {a) p¥,
- wh

The first two

motwbers of this group, J0F

curbonyiase

{orthophosphate : oxaloacetato carboxy-Lyasa (phnﬂpaarylating},

LeUe Lelal.31) which uses water as the

L

el

.,__g;}: 4+ ﬁ{;q < }zv)(_‘g )
b o

shosphwmte scceptor

Ghi v Ty wws (LJLE)

+ ozaloacotate carboxy-lyasc

{transphosphoryiating), L.C. 5.1.1.32) waich uses GdP (o

gy

IDF) as phosphate acceptor

=4
.
i ¢ 4
18 a i % 5
Oan 0 FL 58 % {1 ol i }

Co, + GOT

wore Glscovered almost

(1953) in plants mad Utter and

liver rospectlively.

in soue ULcro=organisns, ..y

asdmiltoancously by Jandurshi

The third

and (poediner

fae ik

arehashi {1084) in chichen

member ol this group is Lownd

yeast (Conmuctn and Stoppand,

15630,b) and is similar to the mataalian enwyue excent thot

it uses adenine micleotides rather than juanosine (or inosine)

nucleotidas.

¥

LYV carboxytransphiosphoryla:

It was not vntil 1961 thot the Ta rth souber,

H& (pyrephosuhute v oxaloeacetate
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carboxy=lyase § transphosphorylating ), LeL. G.3.1.38) wiiich
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was discovered by Vood and his co-workers in prosionic acid
bacteria (Hiu, Wood nnd Stjernhioln:, 1961; oiu and Vood,
1962 ),

Compared with the other meoubers of this group, I2F carbo

3oy

Lase shows one basic ddffercnee in that the reaction is
cssontially irrveversibie (Bandurski, 1955; Tchon, Loocwus

.

and Vennesland, 1955}). The othoer uenbers ecaotalyse the reversible
carboxylation of PO, Ulth PLP carboxyidinase, the rate of
decarboexylation of UA4 Ig fastey than the rate of carboxylation
of Py {Clmm, et gle., 1966; this thesis, Chapter 3) whilec with
P carboxytrangphosphorylase, coarboxyiation is the preforred
direction {Loclmuller, Wood and Davis, 1966). These obscrva-
tions would therefore supgest o role for PP carboxylinase

in gluconcogenesis by forming PP frow Q4L The other ucubers
of the group would fulfil an "anapicerotic? role {Iiomberg;,
1965 ), iee., maintaining, wvia CAA Tormation, the ievel of

citric seld cyele internmodintes which have beon depleted hy

various synthetic remctions.
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The first crucial stop in the formaiion of giycogen
o glucose from lactose, alunine or other pyruvate precursors

11 liver and kidney is the foruation of IHY. This could occur

Pbe

through the reversal of pyruvate liincse whose reversibility
has beon denonstrated {(Lardy and Siegler, 1945). However,
the rlysiological siymificance of this obscrvatlion was
cuestionod on energotic groundds (-«mrﬂ'bwg 1955 ) and its maxdwal
coentribution dn liver te PED synthesis is only a small fraction
that needed for gluconcogenesis {Utter, 1903). The discovery
of PiP carboxykinasc in chichen idiver {Utter amd Rurahashi,
1254 ) provided the iirsi link in the by-pass of pyruvate
inase by comversion of Ois to Pul. This "bhyepuss® would
require o GTPegencrating syston which uny be supplied by
succinyl Cod synthetzse (udge, et gle.y L9543 Nordiie anc
Lardy, 1963a) or nucleoside diphosphate Linase (Govers, 1967).
Utter and lurahashi (1954a) and Ireobs {1954) nostulated

thot ¥UP was synthoesised frou nyruvate as follows:

ualate enzyuc

pyruvate + O0C, + NADIIL, malate + NADD
s For )

ere {2.2)

walate ‘ o .

nalate + HAD GO e N, w.e K141

dehydregenage
L DL+ GUT + CUp eew (1411
OAL o+ QTP =

e

carboxvizinase
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pyruvate + GTP « NADDH, e PLD v GDE e NALE
‘-v
- ATh
+ NAD + HADIL,

Hewever, several factors argue against the involvewent
ol the walate eneywe in this scheme, ¥iz., (o) vashed chichon
iiver vitochondria were essentially doveid of ualatbe ensyie
andd yet they were cupable of syntiwsising signilicant awmounts
of YUY frou pyruvate (lendicine and Ttter, 1562}, (b) the
3;;_‘3{&1}? ) values for boih pyiruvate and :aicuj" arc high {Utterw,
1963}, (c) horuone administration or metabolic conditions
which favour gluconcogcnesis produce cither noe effect on this
enzyue or depress it (lardy. gf ale., 1964) wnd this activity
is virtually absent frou runinant liver Ulnson and Dallard,
12685  Young,Thorp and de Luuen, 18569).

4 pe=cxzanination of liver adtochondria resulted in tihwe
detionstration of pyruvate carboxylase {Utter and leoclh, LOGU;

-w

Locch and Uiter, 1963) which carhoxyiates oyruvate to Torn Uha

thius completing the dicarboxylic acid "by-puass® {Utter, 1963):
) pyruvate . 4 . .
zfs'f;’wv.ﬂtﬁi + ATEF + \:Uq kmdn Vs S Ll ‘*}i L {l':")}
"  carboxylase
E*A '\.'Y‘;

Wl o+ GTE

arboxyi.inase

o N LETSIY L Ty W . anh ATy T
ST i;‘m‘ v atQ odnad v hadd B SR 4 50 F A O ¥ I S
M R



cinece two equivalents of mucleoside triphosphate are
reduired, the energetics of the nathway are fovourable for
D0 pynthesis and an efficient coupling of purified pyruvate

carboxyiase amd PU carboxyidinnse has beon douonsirated

Sy

Utter and Jwedh, 1963}, in contrust to the walate onzyuie,
the capacliéy ol pyruvate carboxylase alvways appears o be
pufficient 4o account lor the observed rate of gluconeosencesis
in rat liver {Henming, seiffert and seubort, 1963) and shoon
liver (Filsell, Jarrett, Taylor and leech, 1369).

This cdlearboxyiic acid pathway for TIF formation frow

pyruvate appears to be common Lo all vertebrates and yveast

{Utzter. 1969), lewever, certain bacteria possess osnother

mnochanisu of PDY formmation frow pyruvate. liigcevery of P
carboxytransphogsphorylase in proplonic acid bucteria {(Reaction
1.12; Siu and Wood, 1962} suggested a coupling of this onuyue
and pyruvate carboxylose (Reaction 1.15) foxr PII foruwation
frou pyruvate. dSuch 2 coupling was found to be eonergetically

foosible using chilcizen liver pyruvate carboxylase {Wood, ui ol.s

966 arthwugh less efficient thon the pyruvate carbomylase
ant PO carboxyiinase couple {(leactions L.15; 1i; 16). Celle

Iree extracts of these bacteria do catalyasce VL4 foruntion
Trow pyruvate, C0, and ATV as expected for mruvate sarbouyiase

but there was a requireument for iy {Vood, 196i). Cooper and

g,-'

iwornbexrs {1965) described the properties of a new enzyme {rom

ize £Oii, PP synthetase {Reaction 1.17), which in coubination

R

St
e

Ho
Le¥

with carboxyiransphosphorylase would be oxpocted to



L
pyruvate + ATD - PEP + AP + P, eas (1.17)
synthetase

carry out OAA synthesis. llowever, this would not explain
the Pi requirement. Further studies by Lwans and . ood (1968)

demonstrated the presence of pyruvate:phosphate dikinase

which had been reported in tropical grasses by Hatch and
Siack (1968), This effects the reversal of the pyruvate
kinase reaction by utiiising the free cnergy of hydrolysis
of the two termimal phosphate bonds of ATF {Reaction 1.18)
and in combination with PLP carboxytransphosphorylase would
bring about the observed UOA4 synthesis (Heactions 1.18;

125 19).
pyruvate: phosphate

PEP + AMP + FPi

pyruvate + ATP + E-""i
) dikinase
ssw (B187

PE? carboxy=~
PEP + ©G, + P CGAA + PPi
transphesphorylase

L 2R €lllz)

SUMe pyruvate + Cﬁg + ATP + 2P, CAA + AMF + ZPFj

ess {L.19)

Le coli do not possess pyruvate carboxylase or PEP

carboxytransphosphoryiase although they can effect an CAA
synthesis as do the propilonic acid bacteria. This is achieved

by PEF carboxylase {Canovas and Lormberg, 1965) coupled with



PEP synthetase (Cooper and Xornberg, 1965) (Reactions 1.17;

103 20),

Pr;}':’ T ey x %
pyruvate + ATP : PEP « AT + T, ees {1.17)
synthetase
PEP + €O, + H,U PEE GAL + Py ees {1,10)
carboxylaso

Stii: pyruvate + ATP + CC_ + Ii20 e GAR 4+ AMDP 217*,1
: _~

This OAA synthesis by PEP carboxylase is essential for
maintaining the lLevels of ciltric acid cycie intermediates,
iseey it serves an “anaplerotic" function (Kormberg, 1965).
This is deumonstrated cieariy by growth responses of mutants
of L. goli (Awarsingham, 19593 Ashworth, Lormberg and %Ward,
1965) and Sgluonclls fyphimuriun (Thoodore and Englesberg,
1964 ) whlch lack P¥P carboxylase. Those mutants, although
they possess uwalate enzyme and FEP carboxykinase, will only
grow on pyruvate or its precursors if citric aclddé ecycle
interuediates are added $o the growth mediumi.

The majority of niants effect the primary 6&2 fixation
reaction by ribulose diphosphate carboxylase (Calvin and

Basshaw, 1962). However, recent evidence has shown that in



some speclies of grasses the first carboxyiation products
are VA4, aspartate and walate and not 3-phosphoglycerate
(Hateh ama Slack, 1966; Hatch, slack and Jolmson, 1967)
consistent with JEP carboxylase cataiysing the priwary
carboxylation reaction. It was subsequently shown that

in those species where this labelling pattern occurred,
ribulose diphosphate carboxylase was wuch less active than
in other photosynthetic tissues and that the PE? carboxylase
activivy, present in the chloroplast, was wuch higher than
the photosynthetic capacity of these tissues (ilack and
lHatch, 1967). The requirewent of PTP synthesis demanded by
this new carboxylation pathway is achieved by pyruvate:
phosphate dikinase (Reaction 1.18) which was demonstrated
in those tissues showing this new carboxylation reaction
{(Hatch and 5lack, 1968; Johmson anc Hatch, 1968). Thus,

the couple producing Uil would be:

pyruvate: phosphate
pyruvate . ATV » ., : ALP + PLP + PP,
cikinase
ses {1.18)
TRENTY
PP ¢ €O, + H,U . Grh ¢ P \
carboxylase '
e (3 S0 )

e
&

%

pyruvate + ATE + CG, + H G wewe 008 & JI7 ¢ VP



i5.
it is moteworthy that PEP carboxykinase in animals, yeast
amnt certalin bacteria and FI¥ carboxytransphosphorylass in
the propionic acld bacteria catalysge similar reversible
reactions but appear to function quite Jdifferently; the

formexr acting as a decarboxylase and the latter as a
carboxylase. Also, Z. coli, proplomic acid bacteria, certain
other wicro-organisus and plant tissues phesphorylate
pyruvate directly with AT? vhereas in animals, yeast and
certain bacteria this is effected via UAL. Un the other hand,

animals, yeast and soue bacterie foxwm O4A directly frow
pymwvate whereas propionic acld bacterdia, L. goli and certain

hacteria and plant tissues achisve this viae VEF.

1.4. f{a) PEP CARBOXYLASE

This enzyue was Tfirst dewonstrated in sninach
loaves by Bandursiki and Greiner {i953) and was shown to

catalyse the ilrreversibie carboxylation of PLP to 0AL and Fi

(Reaction 1.10). It has a wide distribution in plant tissucs

and micro~organisusincluding wheat gern (Tchen and Vennesliand,
1955 ), peanut cotyledons (Maruyawa and Lane, 1962), tropical
grasses (Hatch, slack and Johmsom, 1967), L. coli (Canovas

and Kornberg, 1965), Thiobacilius thicoxidans {Suzuki ang
Werkman, 1958) and Salmonella typhimurivw (Haeba and Cook,
1265). iIn the topical grasses whore this enzyme catalyses the

priwary CC, fixation reaction, it is located largely in the



chlovepiast (Slack and ilatch, 1967). It has not been
detected in andwal tissues.

FEF carboxyliase from 5. typhiwurium exists in dilute
soiutlons as a tetrauer of woleccuiar welght 200,000 and
wikiergoes a concentration~depondent aggregation over the
range 2 ug per wl te 5 wmy per wl (laeba and Lonwal, 1965).
vodium dodecys sulplnte caused o Jdisagpgregation to a monomer
unit of molecular weight 45,000 with a coucomitant exposure
of four sulphydryl groups. JAuino acid anaiysis gives also
& ulnivum moleculiar weight of 49,000, sSodimentation
analysis of the Z. goli enzywe {(Smith, 196&) indicated that
tire enzyuwe existed as a diwer of woleculur weight 168,000,
1 ¥ urea caused dissociation to a monomeric unit while ﬁ52+
and aspartate, an allosteric inhibitor (lLaecba and sanwal,
1965), resulted in the formation of a tetramer. Both dimer
and tetramer appear tc be catalytically active. lHaruyans
et gl. {1966) obtained = wolecular weight of 350,000 Frowm gel
filtration amalysis of the peanut cotyledon enzyme. slthough
no analysis was wace of gubunit structure, H.0L.R. studies of
1t binding indicated sixz woles of an2+ bound per 306,000 g
of enzywe protein ((iller et al., 1966). This would alsc be
consistent with a polymeric structure with 2 wonoweric unit
of ebout 50,000,

in all cases, FLF carboxylase is inhibited by sulphydryl

reagents such as p-hydroxywercuribenzoate and stiwmulated by

recducing agents such as Goll. This would sugpest & sulphydryl



residue in the active centre although no analysis of this
has been reported. Results of haruyaua et al. (1966) suggest
the involvewent of an iwmidazole residue in Mg3+ binding.
This conciusion was derived frou the susceptibility of the
peanut cotyledon enzyuwe to diaso-benzene sulphonle acid and
the presence of a residue whose pKﬁ = T3 asseciated with
Mg<' and PEP binding. Obviously, this would mot exclude o
sulphydryl residue being responsible for the observations
as dlazonium salts will react with both sulphydryl and imidazole
residues {Landsteiner, 1945). Further analysis of this
iniibition is required before an imidazole group is positively
impiicated.

idke other moubers »f this group ofensynes, several
divalent cations are active including Mg~ , lm~' and Ca>¥.
Using the parawagnetic ign, kngf, N.WR. studies indicated
that 10%" was bound directly by the enzyue (iiiller et al.,
1968). Therefore, this enzyuwe way be classified as a Type II
enzywe {(lildven and Cohn, 1970). Addition of PEF to the
anzyme.%h?+ binary coumplex decreasod the enbhancewent of
the proton relaxation rate of water by the binary couplex.
This is consistent witli I'DP binding through the metal ion in
a "metal bridge" structure (Mildvan and Cohn, 1970). Also

consistent with this structure 1s the data of laruyama et al.
(1966) showing a group whose pi, = 7.3 coumon to the binding

of PEP and fig='.



The reaction catalysed by PEF carboxylsse has a
sequential wechanism as no partial reactions have been
dewonstrated (Bandurski, 1955; Tchen and Vemmesiand, 1955;
Haruyama and Lane, 1962) in contrast to the Cﬁzaﬂﬁﬁ exchange

reaction catalysed by PEF carboxykinasce (Utter and Xurahashi,
1954 ) and PEF carboxytransphosphorylase {Vood, Lavis and
Willard, 1969). The keto and not the enol foru of UaAa is

the primary carboxylation product of PEP carboxylase (Tchen,
Loewus and Vennesland, 1955), while HCOB' appears to be the
active speciles of 802 in the reaction (iar wyawa gt gl., 1966).
Un the other hand, the other two wmeuwbers i this group of

3” or UGBE”

(Coope‘r et al., 1968). Although there are inherent assuaptions

cnzynes both appear to use CGE and not HCC

in the interpretation of the data of liaruyaua gt gl. (1966)

there are other points vhich favour this conclusion, viz.,

the huigh pll optimuw of pH 6.0 and the low I‘Imm‘;? for HCOB'

of 3.1 x lﬁ"h M at pH 7.9. Those enzymes which use 602 all

pxhibit < igh K for HCU, .
exhibit a very high ‘mapp ry 3

4 mechanisw was proposed comsisting of mucleophilic
attach. by a bicarbonuice oxygen on the enoiw-phosphoryl
phosphorus atouw leading to a transition state {?ig. 1sl)e
The simultancous displiacement at the bicarbonate carbon and
phosphoryl phosphate atous leads to the kete foru of UAA.
Binding of PEP through !m~ in & mammer similar to that

proposed for pyruvate liimase (iildvan and Cohn, 1966) would
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FiGe 1ele The mechanism proposed by llaruyama et al, (1966) for peanut

cotyledon PEP carboxylase,
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enhance the positive character of the phosphoryl phosphorus
thus Tacdlitating mucleophilic attack by the bLicarbonate
oRYEEn.

in keeping with its iuportant metabolic role of replenishe-
ing citric acid cycle interwediates, bacterial PEP carboxylase
iz subject to a wulitiplicity of controlis. These controls
are qualitatively the sauc for the enzymes frow . coli and
2« Lyphipmrdum although ne such controls have yet been
reported for the enzyue from plants.

The enzyme eoxhibits positive cooperativity with respect
to PEF (Maeba and Sanwal, 1969; Corwin ami Famming, 196E),
is activated by acetyl Coa (Yacba and tanwal, 1965
Canovas and Kornberg, 1965) and is subject to procursor
activation by fructose~1,6-diphosphate (Sanmwal and llaeba, 1966).
Transamination of the enzymic product gilves aspartate which
is a powerful feed-back inhibitor of the cnzyme {Maeba and
sanval, 1965; Nishikice et al., 1965; 1zui et al., 1967)
while ithe E. goli onzyme also appears Lo he susceptible to
ather related nmetabolites such as malate and succlinate
{Corwin and Fanning, 1968). 4 partially specific activation
by nucleotides was down by Sanwal and iacba (196Ga) with
CDF, GIT and CHP Deing the most active. However, the partial
apecificity and the high nucleoside diphosphate kinase activity

would suggest that the gizc of the nucleotide pool is the



is the contreliling factor as appears to be the case Tor
aspartate transcarbamylase {Gerhart and Pardoe, 1962) where
& variety of nmuclectides exert o feed~back effect on the
enzyue. This nucleotide activation which is potentiated
by acetyl CoAwould allow CAA foruation for energy requirciients
undex conditions where aspartate levels are high.

Somo dmsight inte the vechaniss of control of ILP
carboxylase by the above allosteric effectors was provided
by sanwal, Hueba and Cook (1966). The onzywe was activated
by polycations such as polylysine and yet was still susceptible
to wodulations by asparitate and Dructosce=-l,g-phosphats. In
addition, noun-polar solvents such as dioxane, ethanol,
Z=-propancl, diwmethiyisulphoxide and propylene glycol activate
the engzyms reversibly and, apart frowm 10% (v/v) Jdioxane with
aspartate and fructose-l,G-diphosnhate, the enzyue is not
desensitised by this treatmient. At the low concentrations of
solvents used, the prine effect would be expected to be the
weakening of hydrophobic bonds (Fauzmerm, 1959) while the
increase in pﬁa ol iondising groups and the resultant alterae-
tions in ionic inteructions in the protein {{izuika and Yang,
1965) would be secondary. lowever, in view of the activation
by polycations, this secon@ury eifect may well be guite
significant causing an effect analogous te thiat of the polyw
cations on the ionic interactions in the protein. The desensi-

tisation could result frow the effect of dicxane om the hydroe
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phobic interactions in the protein at the concentration of
dioxane used. None of +he activators or inivibitors of

Se Typhiimrium PEP carboxylase caused any apparent change
in the polymeric state of the enmzyme. Thus, changes in the
state of aggregation of the enzywe are not nccessarily a

prerequisite for, or a consequence of, activation or

inhibition.

(b) IEBP CARBONYTRANSPHUSVHORYLASE

S5iu and ¥Wood (1962) first dewmonstroted the presence
of PLI carboxytransphosphorylase in propionic acld bacteria and
this remains the only reported svurce of the enzywe. It has
been purified to near homogeneity and readily crystallises
as suall needles (Loclmmller, Vood and Davis, 1966). It
catalyses the reversible carboxylation of PP in the presence
of I, te give OA4 and TP, (Reaction 1.12). Carboxylation
occurs seven-fold fustor than decarboxylation while in the

absonce of HCGB“, the enzyue will catalyse the irreversible

PEF 4 91

pyruvate + PF, eee (1.22)

dephosphorylation of PEP to pyruvate {the pyruvate reaction;
Reaction 1.22). The pyruvate reaction is strongly inhibited
by HCGE— end reducing compounds such as G3ll and cccurs at

about one~tenth the rate of carboxylation (Lochmuller,

Wrnnd armd Nawdia 1ahaaY.
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The native protein has an apparent molecular weight of
430,000 mithough an active form of the enzywe with about onc-
third the specific activity of the larger molecule has been
ochsearved (Hood, Davis and Willard, 1969). The sualler
unit has a sedimentation coefficient of 7.45 cowpared with
15.25 for the native enzyuwe. Treatuent of the enzyue with
5 Il urea resulted in an inactive 7.05 protein unit {Lochmuller,
Vood and Davis, 1966). These results would suggest that the
native enzyume is probably tetraveric.

The requireument for reducing coupounds such as Guil for
maxinmuw activity is characteristic of this enzyme group. it
would suggest the prescnce in the active site of a sulphydryl

group whose integrity is essential for activity.
The wetal ion requirement is somewhat wore couplex than

that for the other enzywmes of this group aithough the cations

4.3 -2 - 24
which are active, Ig !m~ and Co 1 ars characteristic.

These wetal loms are active with both the GGQ fixation and
iy -
pyruvate reactions while both reactions are inhibited by i€ 4

EPs even in the »nresence of 12 ml ﬁgz* {Dnvis, Yillard and
Voods 1969). Howover, 10"4 ¥ EDTA causes only 10% inhibition
of the COQzUAA axchangre reaction in the prosence of PPi

Yood, Vavis and Willard, 1969) suggesting that the enzyume

s5t1i1l vetains its active conformation. Thus, it was postulnted

that two uetal lons are required: Type 2 which is disscclable

o 5
Pl 73,

¢ e Bt . : . .
{15g™y o™ and Im™") wnd a firmly bound metal, Type 1I, as



o
:’3.} &

yet unidentified, whose function is blocied by chelators

{Davis, Villard and Wood, 1969). The inhibition by LDTA
3

is mnot relieved by dialysis. Althoupgh Co  will relievs

the EDTA inhibition, this relief was not the result of Co=T

binding te an aseenzyne (Willard, Davis and ¥ood, 1969).

The reqguirewment for £u2+ to relleve the LDTA inhdbition
of the pyruvate reaction led Davis, Willard and Vood {1969}
to propose a heavy motal ion requirement for the pyruvate
reaction. However, such a metal fon would need $o be Lirnly
bound to {the enzywe as the deactivation of the pyruvate reaction
by thiol compoumnds was revoersible by dialysis with no Cuz+
roguirenent. Ca2+ was capable of rewoving IUT4A, thus the $u2+
requiroment was additionnl to DUTA removal. Perhops a wmore
attractive expianation would be that Cuz% reverasibly oxddises
& susceptible group on the enzywme in thie presence of molecular

b
»

exygen. LEUTA treatwent rewoves the trace amounts of Cu”

thus, the pyruvate reaction is inactive until oxidation is
promoted by added ﬂu2+. Such an oxidation would need to be
roversible by thiol compounds. Therefore, oxidation of a
suiphydryl group to a disulphide or even o sulplionc would
explain the data. Iobashi and Horecker {1567) have reported
the réver&ihle oxldation of sulphydryl residues of rabbit
muscle aldolase by Cu~’ complexes and molecular oxygen.

Alse, Horganm gt al. {(1969) reported an irreversible



inactivation of plg and ox Liver carboxvlesterases in the

presence of hydroxylamine, woleculie O, and tracoe awounts of

e
»,

cu”" although, in this case, studies with model systeus
indicated oxidation of tyrovsine residucs {(Fernley and Zerner,
196G ).

48 le the case Lforx PP carboxzyikinasc, CUQ was the active
apecies of 602 involved in the enzymic carboxylation of PEP
by PYUP carboxytrensphosphorylase (Cooper ot al., 1963).

wood, Javis and ¥illard {1969) proposod the reaction
nechonisy detalled in g, 1.2. The Uwgzﬁhﬂ sxchawre
reaction which requires PP, and Type - weial For maximun

| h o

activity would occur by Heaction 1.23 where lig™  forms a
bridge between enzvme and pyvophosphate. U4AA coubines with
this cosmlex to Toxu pyrophosphoenol-Uds which is then
reversibly decarboxylated to enzyme~bound pyrophosphoenolpyruvate
(). It is this interwedinte which is coumon to both the
carboxylation and pyruvate reaections. Type & wetal ion
facilitates hydrolysis of the pyrophosphats bond so that
PEY becomes bound tlwough the Type IL metal ion and the
remaining phosphate bound through ﬁgz+ {(Reaction 1.24),
fsgsscarboxylation and decarboxylation occur via Reactions
led3=24. imn the pyruvate reaction, Hzﬁ roplaces COZ aml
hydrolysis of the cnayue.pyrophesphoenoipyruvate intermediate
{Z) occurs yielding pyruvato and PP, (Reoactions i.24-25).

The FinEP cxchange reactlon, which reguires both Type I

amd 31 metal ions and G'z, occurs vio the reversal of the whole
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reaction and is not strictly o partial reaction. This is

also the case for the P?i:Pﬁ? and Pf&Pi exchange reactions.
in fact, the only partial reaction would appear to be a
Cﬁz:ﬁﬁi cxchange reaction in thoe presence of ﬁ32+, although
this wos not recognised by these workers. addition of Pﬁi
stirmulates this exchange at leagt J0-foid. The fact that
10™% 1 EDTA only inhibits the exchange reaction about 107
while the full reactlion is almost coupletely inhibited would
indicats that the exchange reaction does not rely on the
reversal of the couploete reaction. Thus, despite the fact
that E?i would turnover in the abseunce of IUT4, since the
decarboxylation systen would be couplote, this substroate
activates the exchange roaction Der 86y Leley PPi vust produce
a more favourable protein conformation. This would be
analogous to the synergistic effect proposed by DIridger,
Lillen and Doyer (1968) to explain why exchange reactions
could be slower than the overall reaction. Thess workers
proposed that in the absence of a particular cowponent of
the overall reaction wiilcih dg not involved in the partial
reaction, the enzywe conformation way not be ddeal for the
Pwll expressiom of activity.

<t ds noteworthy thot the results of the partial rcactions
of sheep Lkildney mitochondrial POY carboexylunase are very
simdliar to those dilscussed above for I'DY carboxytransphorylasc.

— . . 2 . n L CIA A
58 carboxyliinase catalyses a In -depondent £0,:0A4 exchange
L



reaction and indtial velocity studies of the concentration
dependence for tho three reactants, CCU,, CAA, and im°',
csonfirned that this reaction was enzyuically catalysed.
ITP stivmulated the exchange rate 30-Told and this rate was
greater than the rate of ITT turnover, while 10P also

stimulated the exchmmge reaction but without undergoing
turnover itself. Iurtherwore, the exchange reaction did
not rely on the reversal of the coupleic reaction (sce
Chapter 6). Tinally, there is evidonce that catalysis also
requires two metal lons. Thus, it is tenpting to conclude
that these two enzyues which catualyse such siwilar reversible
reactions have very siumliiar wechenisns. This similarity
7ill be discussed further in the thesis.

The physiologilcal importance of the pyruvate reaction
is seriously questionable as these bacteria show high pyruvate
kinase activity (Devis, Willard and Wood, 196%9). No mechanisu
Ffor control of PEP carboxytransphosphoryiase s been described
apart from a suggestion that PIy may fulfil this role {Lavis,
Willard and Vood, 1269) as PP, is a strong ivhiblter of both
the carboxylatlon and decarboxylation reactimms (Lochmuiller,
VWood and Davis, 1966). HHowever, this inhibition could be

largely due to an dlonic strength offoct.



{¢) PEP CARBOXYIINASE

PEF carboxylidnase is the enszyme of particular
interest iz this thesis and was {irst detected by Utter
and iurahashi {1954 im chicken liver. .1 has since been
shown: to seceur in several othier species. This activity
was originally thought to bo confined to liver and kidney
(Utter, 1959) but it has subsequently been shown to have
signiiicant activity in white wuscle {Cpie and Newsholme,
1567} and adipose tissue (Ballard and Hanson, 1967). In
addition o aniunl sources, it has been detected in wheat
gere (Tchon and Vommeosiand, 1955), veast {Camnmata and

Stoppani, 19G3a,b,c) and 2 variety of micre-organisms

fory

\Zates and Werkwan, 196C; Uchida and idikuchi, 1966; Shrage
and Shug, 1566; right and sanwal, 1969).

in oaumaalian tissues, the intracellular distribution
of the enzyue varies greatly from species toe species with
wore than 0% of the vnuywme localised in the cytosol of
rat, wousc and hamster liver (Nordlie and Lardy, 1963)
while in the livers of pigeons (Gevers, 1267) and chicitens
{Utter, 1959) the activity is aimost exciusively mitochondrial.
tiost other species have significant activities in both cellular
fractions of liver (Wordlie and Lardy, 1963; Dallard, Hanson
and Ironfeld, 196L; Chang and Lane, 1966; Tayior, Wallace
and Xeech, 1970). The mitochondrial activity is ilocated

in the aatrix (Landriscina et al., 1970; Tayler, Wallace

8L



and Leech, 1970C).

The relationship between cytosol amd mitochondrial
activitios of the cnoywos also gseems to vory from specles
to species. In wost species vhere the efTects of diet and
horuonal changes have been tosted on hepatic PP carboxy-
Iinase, only the cytosol activity is adaptive and this
activity changes in the same direction as the overall
gluconeogenic flux {Gevers, 1967; Lardy gt al., 1964;
Nordlie, Varricchio and Iolten, 1965). 4&lso, only the cytosol
activity of T. pyriformis is repressible by glucese (Shrago
and Shug, 1966). This differential response would suggest
that the two enzyues were different proteins and this has
:been shown for guines pig (Holten and Norxdlie, 1965) and rab
(Ballard and lHansomn, 1969). However, both cytosol and
witochondrial activities of sheep liver {Taylor, Wallace
and lieech, 1970) and pig liver (Swiatek gt al., 1970} vary
together, possibly indicating that one protein spocies

exlists in these animals.

The uarmalian onmyme catalyses the reversible GIP-
{or ITDP~) dependent decarboxylation of VAL to PLP and GDF
{or 10P) {Reaction 1.1L). Iowever, the bacterial ecnzyme
shows a differont mucleotide specificity frow that of the

nommalian enzyue. The encyue frow yeast (Cammta and =toppandi,

1963a) and Rhodopscudomonas spheroides {Uchiida and Hilmchi,

1966) has an absolute requirement for adenine nucleotides



while that {row R. mubren {Bates and Veriwan, 1960) and

T. pyriformis {(shrago and Shug, 1966) is active with either
adenine or guanine unucieotides but the guanine mucleotldes are
preferred in the former case, thie adenine nucleotides in the
Lotter.

EY carboxykinase has becn prepared frow plg liver
witochondria {Chang ond Lane, 1966) and rot Liver cytosol
{Dailard and lansom, 1969) in a howmogencous state and has o
molecular weight of 73,300 and 74, 50C respectively. The
yeast encyme bas been obtained crystalline and bas a
wolecular weight of 252,000 {Cammata, 1970)., The pig iiver
aud yeast enzymes show considerable differences in amino acid
composition, despite warked similarities in cataiytic properties.
No evidence of subunlit structure for the enzymes has been
reported.

PEP carboxykinase frow all sources shows a susceptibility
to thiol reagents such s p-hydroexymercuribenzoate and a
requirement for thiol compounds such as GoH for waximuwn
activity, This would suggest that the integrity of &
sulpvhydryl residuc is essential for activity. 4&n spnalysis of
this requirement has been reported by Darns and fieech {1966)
who showed that one sulphydryl resiuduve was wwodified by
Heothylualeimide {NEM) and this residue huad an apparent

catalytic function.



3.

Using un*T at pH 7.6, Cooper gt zl. {1968) demonstrated
that the active species of 002 used by PEU carboxykinase was sz
in comwon with PEPF carboxytransphosphorylase. This would bhe
in accord with its optimum pli of 6.5 for carboxylation with

™" as the activating cation. Ilowever, in Chapter 3 it is
shiovn that, with Rgz+ as the cation, the pH optimum is shifted
o 7+5. This could suggest that o differemnt 602 apecies was
utilised by the different metal ions as the Cﬁz concentration
would be decreased about 7-fold at pl 7.5 reiative to pll 6.5.
Yecast IL? carboxykinase would also appear to use ﬁﬁ2 in accord
with the low pli optiwum of 5.6 « 6.0 {CUanmatz and stoppani,
1963a) whereas it is doubtful that €O, would be the active
species for the enzyme from I. pyriforuis as 1t shows unaxiwum

activity at pH 9.5 in the assay of Shrago and shug (1966).

The wetal requirewent is again characteristic of this
group of enzymes with Mn??, ﬁgz* and Eoﬁ* all active, The
specificlity for the wetal ion varies withi the source of the
enzyue, e.%., the yeast cnzyme is activated by xn2+ {6U5: as
effective as Hng+) in contrast tco that from otlhier sources
{Cannnta and Stoppani, 1963b)., Within the one tissue, the
specificity varies frouw cytosol to wmitochondria, from carboxylation
to decarboxylation and with pH. Iolten and Nordlie (1965)

showed that both cytosol awmd mitochondrial pguinea »ig liver

o

o ai

¥

activities were specific for in in the carboxylation direcetion.

¥

llowever, Yor the decarboxylation reaction, the cytosol mctivity



3i.

. e . 5 . .
was more specific for Mn” at ail concentrations and pli values

» z s L r"'l"
testod while the mitochomdrial euzywe was wmore active with iig”

above 4 wi at pl 6.0 and above. Also, significant was the

Lo ) b

synergistic effect of ™" and g™ shown for the decarboxy-
lation reaction at pil 8.4 by both zulinea pig liver activities
{Holten sud Nordlie, L965) and by the ral cytosol activity
{Foster gt al., 1967) and, especially in the latter case, the
aeffects of the two wetal ions were sssentially additive.

such dota would be consistent with the invoivewent of two

»

metal ioms in catalysis {¢f. PEDP carboxytrausphosphorylase ).
fidller ot al. (1968) used oquilibrium dialysis, gel
filtration and proton rolazation rates of water (PiRl) te study

ik

the binding of In” and substrates te pig liver witochondrial

PRT carboxylkinase. o binary @nzyme.in;+ conplex was shown

by FRER studies thus clasgifying the enzywme as Type 11 {Mildven
and Cohm, 1970). Ternary enzyme.ﬁnﬁ?.subsﬁratn couwplexes wore
detected Tor 1D¥, 170, PLEF and UAA. nn3T was shown to enhance
markedly PEP binding but to inhibift 1LIF bindimg. Analysis of

the PRI data on the forwmation of the PLP and IDP termaxy

couplexcs led these workers to conclude that the protein

displaces two of the six water wolecules co~ordinated to

F

w

rk

5

s VEP two and 1Di' oney Le.ee.y o metai-bridge siructure
{31ldvan and Cohn, 1979) is proposed fTor the binding of PEP

amwi fD¥, Although the data is consistent with this proposal,



especially with respsct to PET binding which is riariedly
g B " . _
cohaneced by xn™ , 1t does not eliminate the concept of two wetal

ions particlpating in catalysis (Foster ¢t gl., 1967). in

fact, Niller gt at. (1964} report the Torwation of higher

ordey couplexes of the form enzyxzm.i;ngr.zsubstrﬂte..}ing' foxr
GL¥ and GIY comnsistent with the subsirate for the enzyue heing
5. Li¥” or im.ITl’f'z", Additional evidence presented in this
thesis will add weight to the concept that PLP is bound

24

shrough ©m™ but that im.l0F” is the substrate for carboiyle

ation and not 1pp3=

as proposed by Miller et gl. {196¢),

Chang gt al. (1966) demonstrated that the only exchange
catalysed by pig liver miltochondrial PP carboxykinase was a
2in2+ - and ITP-dependent CGS-—E}A.&.. exchange roaction. This
particular reaction appears tu be catalysed by this eunzyue
frowm alllsources when the appropriate nucleoside triphosphate
is present. Such a finding would suggest a sequential wechanism
with the dissociation of 1DP or LT the rate limiting step.

In addition, 1dller and Lame {1968) denonstrated thot l“’(»

&

oi 2{210{? was not incoerporated into the phosphoryl group of
PuP or 10P during decarboxylation. This further sugpests

@& concerted uechaniswm for the phosphoryi travsfer and eiiulnge
tes nny wechanisw involving hydrolysis of a pheosphate bond
oi' an intermediate. The inherent assumption in such an

experiwent ls that the cnzywe~bound water is in equilibriuvom

with the water of the soivent and that hydrolysis is not



effoected by water generstod during the reaction and immediately
reused without equilibrivu. The concerted sechanisw for the
conversion of substrates o products proposed by these
workers is ghown in Fig. 1.3, VYL undergoes nucleophilic
attack on its plwsphoryl groups btautomerisces and accepts wthe
carboniuwm ion Forw of EGE analogous to the pyruvate kinasec
reaction where PLY accepts a proton instead of the carboniunm
ion (iiidvan and Cohmn, 1966},

Furtheruore, Miller and Lane {(1963) attempted & kinotdle
analysis of the order of additlon of substrates aud relcoase
of products and produced svidence to suggest a mixed ordereds-
randow addition of substrates, i.8., wien =t was bound,
gither PP, 10V or Gtﬁ might bind mext bt 1 10F ox C;E
bound prior to PEF, the VLF site was unavailable anu a deadeend
compiex (Cleiand, 1963b) was forwed. lowever, the conditions
used for this analysis were not ideal as often threc subsirates
wers varying at non-saturating levels woliing interprotation of
the vesulits aifficult and subject to error. This writicisw
does not invalidate their concerted prenciion but only perhaps
the ordey of substrate addition. ieliciolil, Darsacchi and
ipata {1970) proposed an ordered Bi Ter (Cieiand, 1963a)
mechanisw for chicken Liver witochondrial ¥EP carboxykinase.
liowever, the binding characteristics of the pig liver
mituchondrial engyue {(Millewy &t g@l., L9G5) and sheep kidney
mitochondrial enzyme (this thesis) show randow binding of

substrates. 7This would preclude such un ordered Bi Ter
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TIG. 1.3, The mechanism proposed by liller and Lane (1968) for pig

liver mitochondrial TEIF carboxvkinase,
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mechanisu. Therefore, although PLEY carboxyliinases from variocus
sources catalyse siwliar over-all reactions and partial
reactions, they way show differences in the order of addition
0of substrates and release ol nroducts.

Ferhaps the wost urgent need at the wowent is an
evaluation of the Cﬂz.ﬁﬂﬁ exchange reaction in the absence
of nucleoside triphosphate. To date, this has been dismissed
as ﬁnt being signiflicant perhaps iargely because of the wuch
higher activity of this reaction in the presence of nucleoside
triphosphate. 1t has been shown in this thesis that sheep
kidney wmitochondrial PEP carboxykinase will catalyse the
exchange reaction in the sbsence of 1TF, but the presonce
of a nucleotide greatly stimulates this activity. The relaoted
enzyie, rLP carboxytransphosphiorylase, also appeers to
catalyse this reaction in the absence of P?i although this
wvas not recognised probhably because of the 30-fold stimulation
with PP, (Vood, Davis and Willard, 1969). If this exchange
reaction in the abseunce of mucleotide is real, then it iwplies
that mucleotice is mot essential for the sxchongye reaction.
tather, the nucleotide becawies an activator anu its turnover
becomes secondary to its priwmary activating eilffect {Eridgar.
Iiillen amd Boyer, 1966)}. Furthermore, this partial reaction
would alsc have to be taken into account in any proposed

wechanisii. It is to be rewembered that unuclicoside diphosphate

will stimulate decarboxylation of U4si (Ghang and Lane, 1966;



Cannata and Stopanni, 1963a) and, with the sheep kidney
mitochondrial enzywme at least, will stimulate the CGE;&AA
exchange reaction without turnover of itself. Therefore,
phosphoryl transfer or splitting of o high encrgy phosphate
bond would not appear to be essential for decarboxylation
or carboxylation per se¢ (sce Chapter 6).

it would be expocted that PEP carboxylkinase would be
subdect o several control wechanisms considering its Ley
position in gluconeogenesis. However, atteupts to detect any
metabolic effectors have so far folied in maommalism systens
while in sicro-organisus only one exauple of an ascute control
has been reported, yviz., an allosteric inhibition by ﬁﬂﬂﬂg
in B. goti (¥Wright and Sanwal, 1969}. In this case, sigwoidal
saturation kinetics, shown with PLP, ECGE" and UAL, were

Getected only in the presence of the effector and this was not
the result of any change in the polyueric state of the enzyue.
L. goli cells undergoing rapid glycolysis showed elevated levels
of NAHHQ 2.05 wi) compared with cells grown on succinate

{1.2 wi)., Therefore, this inhibition couid be physioclogically
significant although the concentration depondence of the Nﬁﬁﬁz
inhibition was not reported. However, these workers did not
indicate whether thelir enzyme preparation was contaminated

with malic dehydrogenase as low levels of this activity couid

produce the observed effects.



Although this wrewains the only roporied case of acute

control of PL? carboxyliinase, there axre numerous seports of
adaptive control via changes in cnzywe levels. .in general,

any changes in enzyme level which occur are in the sace
direction as overall gluconocogenesis, g.p.s bacteria and wouaals
both show a depression of PEP carboxykinase wihwn the orgunisu

is fed a high glucose diet {shrago and shug, 1966; Shragy Young
and Lardy, 1967; oshrago and Shug, 19693  de Torrontegui,
Palacian and iLosada, 1966). On the other hand, fasting (“hrago
et al., 1963) or feeding on & diet low in carbobydrate increoses
ZLF carboxykinase in rats while sefseding fasted rats with a
diet containing suificient carbohydrate decreascs the slovatod
enzywe levels (Young g% ail., 1964). Vhille the rat romains the
most extensively atudlied gnimal in this field, similar

increases with fasting ars scen in the oytosol &ctivit& of
suines plg liver [Lardy ef al., 1964). Thus, tho activity of
hepatiec PREP carboxyhinase in umost specles is related to the'
metabolic state of the organisu.

Chviously, changes in the metabolic state of ap animal
would alter the hormonal balancs. Therefore, adwinistration of
horuonoes related to carbohydrate wmetabolism would be sxpecited
to alter the PLP carboxykinase levels. Tasting an adrenualecte
ouiged rat still shows the elevated hepatic enzyuic levels
{Foster ¢t al., 195G] suggesting that the adrenocortical horwonoes

are wot solely respousible for the enhonced onzywme Levels,



Sdivindstration of insulin Jdepresses the elevoted levely of o

diabetic rat (vhrago gt gl.s 1U63) whiile bleching insulin sccret-

S

Lon with mannocheptulose Liluon gt pnd., 1002; Coore of zl.s 1963 )

spusces o rapid inexosse in Lepatlic VID carboxyvidinase levels in

s
£, . . e - . e o sqd g 41
the rat {shroago ef gl.s 1963) and the puinca pig {(Lardy gk Sles

w————

1964 ). A1l dincreases in o mywe lLovels are blochked by purowycein
and actinouyein U imdicating that thoe adanitive changes invoive
incrcased onzyue syathesis although the rolative contribution of

enzyue synthesis ond degradation wost lilely vary Lrouw onc

condition to ancthior.

-

Foetal livers frow both rats and muinea pigs contain only
the mitochondrial VN7 carboxyiiinasce activity but de not curry out
gluconoogenesis. They only develiop the oytosol activity at birth
gimultancously with the deovelopuont of pluconcogenesis iBaillard
and linmson, 196%a). This is in scecord with the observation that
the eytosol activity is usually the only torget foxr adaptive

o
4

contrel {lardy gt al., 1964; Hordlie, Varricchio and Ioiten, 19453

Gevers, 1967; Jommson, ! Dbort and lay, LU70; although with plp and
siiecp liver, both mitochondrial and cytosol activities vary togethex

(swiatei gf al., 1970 3 Taylor, Wallace ami lecch, 1970).

Vhiat then is $hoe role of the witovdhoixivdal FLl curboxy-
inasoe in those tisgues such as rebbit ond geinea pig liwer
vhere there is ligh P57 carboxyldnoss actlivity in the coytoscl?
Fron atudies on avian and lanmd liver, Utter, lcech and Lerution

{1064} proposed that both malate and YL vore transnorted to

the cytosol Lor comversion to carbolyydrate. Whuls would
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provide o roles for both mitochondrial {(synthesis of PEP) and
“he cyvtosol activities jutilisation of Uan Irow malate).

)

Lardy, Foetkau and valter (1965} and Haynes (1963) proposed

an alternative schems where malate and aspardate wers ronge
worted to the oytosol in accord with the alwoat couplete
Lecalisation of YIEP garboxyidinase in the oytesel <of rat liver
(Hordlie and Laydy, L963). Garber and Ballard {1969) reporied
that isclated guinca pig liver witochomdiria accocumulated PIT

40 o concentration of 4 wil before addizional PIP was transported
out. This concentration is much higher than the Ul - G.3 il
range reported for whole liver {(Ray, Foster and Lardy, 1966
Holleston and Newslhiolme, 1907; Veidemann, Hews and irebs,

1969; Daird and Heitzwan, 1970) while the mitochondrial

levels of 04l are considerably below the L -« 1U Ll range
reported for whole tissucs {Williﬂmson, und ana hrebs, 1967;
Williamson, 1969). Therefore, it would appear that the carboxy=-
lation reaction of witochondrial PEF carboxylkinase could be
important in yive Judging by tho relative Levels of PIF and

OAA. 1In support of this, Jolmson, Ibert and Ray {197C) reported
that isolated rabbit liver witochondrio incuboated with pyruvate
and HCUB' liberated large amounts of malate ond aspartate (i
given NI, ) to the external wedivwu but only swall awounts of
PEP. it would appear that giluconeogenesis procoeds, in general,
in a sindiar manmer in DHoth rats and rabbits despite tho

presence ofF o witochondrial P carboxyivinose actlivity in
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rabbits. An iwportant "anapierotic" rolic is therefore
indicated for the wmitochondrial activity, a rele for which

drauatic changes are not necessary.

1eHe AJNS OF TS PRUJFECT

Zxitensive studies hove established & sigmificant role
for LY carboxykinase in both ronal and heratic gluconeow
genesis especlally in the case of the cytosol activity.

Hennl gluconeogenesls appears to be as active as thoe
hepatic pathway altuough the guantitative contribution of
thie sidney courtex to giucose production isg only sbout § - LU
2i the total glucose mroduction biecause of the ddfTerences
in tissus weight {Serutton and Utter, 1963).

Filsell gt al. {1969} reported thai sheep, wade diabetic
by aduwinistration of ulloxan or by pancreatectony, showed

the expected iuncreases in VLY carboxykinoase levels in iiver

ailthough ne change occurred in the kidney. This vbservaiion
indicates that the control of the adaptive respon. & which
operates in the digbetic livoer doss not appoar to be present
in the idney, possibliy indicative of different enzsywe species
being presens in the twotissues.

Hepatiec PEP carboxykinases from & variety of apecies ure
reuariably similar with respect to kinetic and physical
properties, while only subtle Giffercnces sxist between

cytosol and witochonirial activities frow the same cell



{(lioiten and Nordlie, 1965; Dallard and janson, 1969). Thore~
fore, an investigation of the sheepr kidney witochondrial Ll
carboxyhkinase was initiated so that o detailed couwparison of
ths hepotic and renal activities could be achieved. This
would allow an evaluation of the twoe protein specles and the
need fopr different conirol wechaniswe in liver and kidney.
Thig investigation will cover the physical properities of this
enzywus gnd the wmethods of control of its activiiy as well as
attempts to elucidate the wechanisu of thie catalytic reaction
both with respect to the pathway in-canverting substrate to
product and with respect fc the mode of intoraction and role
of the functional avrdno zcid resldues within the active
contre of the enzyue.

Zoart from the comparison with the equlvaient aoepatic
activities, such & study wailows a coupavison oi the wethods
af carboxyiation of twe reiasted cinsses 0L onuyucs, yii.,
the bistin-contalning enzyues such as pyruvalte carboxylasc,
and. the non-biotin Fil-carboxylating ensywes such as VLD
carboxyiinaze. Doth of these groups ol enzymea‘utilisa
the free onexrgy ff an O=-F bond cleavage te achiieve the forng-
tion 0f o new C~U bond between "Cﬁgﬁ and the carbon adjacent
to @& carbonyl groupn. i(in.the case oi the blotin enzyue,

wethylmalonyl Cod carboxyiransphosplhicryiase, a O« bona

cleavage replaces the o= bond cieavags.)

&
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studies on non~cnsyunic carboxylatlion recoctions
suggest two possible wodes oI sctivation of the reactants,

¥ime, (1) electrophilic activation of CC. by a Lewis acid,

P

and {ii) nucieophilic activation of the 602 acceptor

{x soweT, 1902). Carboxylation by biotin enzyvues is a two
step wechandsy inciuding an activaotion of the "CGQ“ to give
the o ﬂsdﬁ.biutin-CQQ intermiediate followed by transter

£ the ﬂﬁx te the acceptor molecule, i.o., biotin ensynes

rely primarily on mechonisu (i), the aectivation of "CO_ 9,

o
Cn the other hand, the PUP carbexylating enzywes do not iform
an enzyne-hound Sﬁﬁ interwediote. Furthermore, PL¥P is

an activated substrate with the pyruvate woiety held in the
enol configuraticn sc that it would be necessary for the
enzywe to vnintain the enolpyruvate configuration, l.g.,
wechanisu (ii} would predowinate, the activition of the Qﬁg
acceptor., Therelore, a detailed study o the mechanism of
PLP carboxykinasce would allow wore insight inte the orocess

of 06, fixation.
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whoxyizinase

{a) Pecnolpyruvaie (PEP, wonocyclohexvism

Cheniosl C@o’ Ueb oo

{c) Inos triphosphate (ITP) was a product of Sigma
Chonical Coey UeSade
¢ {(GTP) was a oroduct of
Feie DBiochemicals, U.S.h.

R B i .. - =1
{e} ggﬁliﬂbj. Ba 003 wie obtained frow the Radiochemical

Centre, Awmershaw, Great Britain amd “"C0, distilled under
[
vacue Lfrow perchloric acid inte an equivaioent auount of NaQli,
‘;" :;A‘"t %

To ensure coupliete liberation of ~~00,, the distillation fiasi:
Fi

= B I 1 1
wasgs warned. The soilusion of Nall 'CL,, was diluied to 50 uC
b

&

I

sl with 0.2 I %ﬂﬁﬁﬁﬁ freshly preparcd with [0, -ivec glagse
$ra

2

Do

distilled water. The apecific activity »{ the ﬁaﬂl%CG

L

solution was determined by dilution in giaoss-cdistilled wator
which had been neutralised by I i tris angd which condained
carrier ﬁaﬂﬁ03¢ Aliquots of this soiuvtion were dried on i
inclh squares of Vhatuwan 3 13! paper previocusly impregunoted with
33612 and counted in a Fackard-Tricarb scintillasion S8pectIoe.
meter,

purchwsed from: the

Caiifornic Corporation for Jiochomical Lesearch. solutions,



iy .

prepared iemediately Defore use, were adjusted to pl $.5 with

tcde (PmG1 ., 4.10.) was purchased frow
o~

British Trug Houses.

(h) Zumidazoie iminazolie] was a product of Dritish
Urug llouses.

{1} Coupling cowponents. Sodiuu giutamate, pyridoxal
phosphate, NADI, and AGP were all products of Sigwma Chemical
Coe.y Usiday while aspartate transaminase, malic dehydrogenase,
lactic dehydrogenase and pyruvie kinase were purchased Iron

the California Corporation for Biocheriical Research, U.S.4.

b
e Fe

ased Iros oigus Chewicnl
Coey Usuisdey was used for the H..«R. studlies, otherwise as im
> B W et . I {

wRCYLOTE Lo l‘h}-

(b)

purchiased frou lasiwan Crganilc

Chieryloals, UlS.4.4 was purdfied by distillation under raducod

pressurc. The pli of sclutions was adjusted with constant
i &

boiling iHCl.

C L was @ product of Sigma

spounds were all geonorous gifts of

Jre Halle Symons of this Department.
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{a) iphibitors. H-ethylmaleimide, p=hydroxrymercuribenzoic
acld, pe-hydroxywmercuriphenyisulphonic acid, 5,5'-dithiobis
(2-nitrobemzoic acid), 1=fluoro=2,i-dinitrobenzoic acid were
ail products of Sigma Chowical Co., U.d.4. Zodoacetamide, and
methyl dodide, distilled prior to use to rouove traces of
noercury, were both purchascd from Iritish Lrug louses, Lid.
iocosobenzoie acid, diazobenzene sulphonic acid were murchasod
frou K. and X, Labs., Inc., U.s.4. Dlethylpyrocarbonice acid
was obtained from Fluchka, 4., Switserland.

{b) ﬂ#ethzﬁ«l-iheoggleimidg was purchased from schwarz

Bioresecarch, inc., U.S.A.

; geid was a product

{a)

a product of Signmao

prepared by reacting Ne-ethylualeimide and i-cysteine. (Suyth,

Biuntenfeld and Xonigsberg (1964)).

() S-(l,zndicnrboxycthyﬁbbucysteinc wasa prepared {rom
maleic anhydride and I-cystoine according te the method of
Seryth, Dlumenfeld and Xonigsherg {(1954).

(n) DNP-gmiinoe aclds were purchased fron llamnn Research



Labsey UeSohe, oxcept im-DNP-l-histidine which was prepared

irom Heacetylhistidine and DNFD by the wethod of Hargoliash

{1955}

itrothiophenol was prepared by mixing
squinclar amounts of l-chiloro=Z; j=dinitrobenzene and sodiupm
suiphide in acotone with atirring at roou touperaturc.

The acetone was removed on o rotary cvaporater ankl the

residue dissolved in 1 ﬁ.Nﬁa@H containing i€ wu! 2-~usercantoe
ethanol, 2,4~dinitrothiophencl was precipitnted by acidification
with formic acid and the precipitate recovered by filtration.

2 s=ddimitrothiophenol was further purificd by dissolving the
proecipitate in 0.1 X Nﬂaﬁﬁ containing 10 i Ewmeréaptoethanci
and acidiftying with fornmic acide. The precipitate was recovered
by fiitration, washed with cold U.1 i formic acid, and dried

uncier vacuo for 72 hr.

The Packard Instrumenit C¢.,
UeBeie pupplied PPC {2, 5~diphenyl oxnzole) and dimethylPOPOr
(2 4mbig=2 (hemethylej-plhicnyl-oxazoylyl )~benzene ). These

compounds were disscolived in sulphur-free toluene according

t¢ the nethod of Dousquet and Christion (1560).
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irotein was weusured spectroplivtouctrically by the

8 wv—c‘

snethed o3 Warburg ond Ulnristion ns described by lasyme (1057

3

exoept durinr the purilication where giution of probsein fron

a elivomatosraphic surmort was followved as the sbhgorbance ot

e -~ L . - % R - _— o
20€ ml dn oo 1oen Lisht path.

L e 5, 4 . "
Defe  iiii Larbosopdposo Joosoys

Three assay wethods ocan be used to deterine carhor e

; - . s 2=, b s o) 4 5 om e EeE - R 3 4 » L, .
Hnoage ccotivity: \:.-.) e Sl and sn edonondent ocavboxylotion
“4 %,

{11) the : n“"" "—dependent 11

CU,, z LA exchanpe reaction
.} L.

b’

g

(iid) {the JTP- and in” -dependent decarbonyictionm of Ui,
{1) The carboxylation of VLI was followed by the incor-

noroation of GO, Anto wih widelr was converited to asunoartaio
z ) - &

-

by aspoartote tronsowinase. Sliquots of the ensywe (un

Golly wmiiks for & 5 nmine. assay) wore incubated in voenction

£ - . = £ ) -
wixntures {total woluuo UG5 s;:;l} centalning {in Jduoles s

. 3 £ - e - , s T pod T S
dmidasole (01, nll .0 (adjusted at 30U ;y 5l I CO,,

Ty Ve ERkE T 7 TN g 5 A % “ I s Fe
ié—oa:‘s ?&u); 5y ¥ au’ Ueipy Jalliy Galhy imll,y L. Guily Ueig
b e

sodiun plutavmte, J3 pyvridonai phesnlinte, Ul.00; aspartoate
tronsmsinase, 17 Lo {approz. .5 units j.  Jfter inecvbation

P _ ; ot A - e 2 3
Tor SelC mim. (as indicnted in the toxt) ot 307, the peactlon

was gtopped with G.25 wi of o 10U {u/v) trichlorvacetic acid

solution, A dter conbdrifuging to romove denatured pootein,



-

U,08 ml siiguots of the protein-free supormatint were dried
for 5 uin. ot 1006 on L inﬁh.éqzare@ of ihatwan 3 MM filter
papor and counted in & Pachurd-Tricard scintiliation spectroe-
sieter. Sach assay was oounted dn tripiicate uwsing the
gounting wedium described by Bousquet and Christian {1960),
This assay was used routinely in proference to the
cocarboxylation assay because of its groater sensitivity
aixl convenience. Purtherumore, use of thig assay obviates

the problems asscclated with the Instability of OGia.,

(i1) PEP carboxyidnesc catalyses i !n° =dependent
exchange between ﬁlhﬂos“ and OAA which 1s stimmilated by
inosine (or guanosine) di- and tri-phosnrhatos. Aliquots of
the enzyme (up to V.06 unlts for a 2 win. imcubation) were
incubatod in reaction wixtures (totai volume C.5 wl) containing
{1z pmoles); imidazole {C17), plI 5.5 {adjusted at 307),
50; imCl,, 23 ITP, 1; OAA, i Nazz:"”“f*wg (2.5 ui), 10; GSl, G.6.
4l solutione were previously adjusted to pl 6.5. The reasction
was initiated by the addition of OAA, incubated at 30° for
Z = 4 win. {as detailed in the text) and stopped by the
addition of .05 wi »f & I HCL saturated with 2,l~dinitrophenyie-

. " e rnh = . . .
hydrazine. The 0040 ip stabilised by conversion toe the

™)

y i=dindtrophonylhydrazone. The ussay sclutlons were processod
in tripiicate as for the carboxylation assay, and all radice

active counding was corvected for quenching by the chomnels



ratic method.

£ v
03 P B - R e 4 )
(1ii) The ITP~ and 10 -dependoni decarboxylation of

“Yisa loads to the formation of IDY and PEF. The spectrophoto-
uetric assay of Chang and lono (1966) was tried and found to
be unsatisfactory. The noneonzyitic rate of decarboxylation

8 i 2y
ol WAL ig depeondent on the concentration 9 free !mn or

“4
g™ and, to winimise this, excess ITT must be present
whiech ie inhibitory. The docarboxylation assay used was

5.2

wodified from that ofSeubert and Hutk {1965). iliquots of
the emzmyme {up %o 0.03 undts) were incubated in reaction
mixtures (total voluwe 0.5 ul) containing {in umoles);
imidazele (C17), pl 6.5 {adjusted at 30%), 5G; IT¥, G.5;

GAL, 1; i:m’)lz, 1; Goil, U.Be All solutions were previously
adjusted te pll 6.5. The reaction was Initiated by the
addition of 0ALA, incubated at 300 for Suin. anl stopped by

the addition of 15 wg sodium Dorchydride. The solutions were
immediately placed in an ice bhath for 2 min. and G.% ml 155
{w/v) perchioric acid werc then added. These wore neutralised

with 1JiCO,,, centrifuged to rewmove precipitated material and
-

the supernatant retained for FIT estimations.

THTATY

JZP was estinmtod spectrophotouctricaily by HADU
oxidation in a gystewm containing pyruvate hinase and laciate

x u o

dehiydrogenase. Aliquois of the supornatant were addod to a

solution (total voluwe 1 wul) comntaimning (in smoles )3 tris (CL7),



5C.

f‘,EI 7.«%; 3{..’; I:C:;,' 3,{-}; -3.}1' ‘V.f;; Ik ’612‘ :S‘.; isﬂu}l{' 00255 Pynlvate
inase, 1 uni$; lactato dehydrogenase, L unit; and the oxidoe

tion of HAVI was followed at 340 mu.

DEnsmyunic activity is expressed in units, One wmit of
cenzyuic activity denotes the carboxylation of 1 dmole of LY
per uin. at 3OG under the standard assay conditions described
in Section 2.7 {i) above.

Specific activity is expressed as units per ug of

protein.

Freeze~drioed mitochondria wers prepared from the corisex

of fresh asheep kKidneys witlch had beon stored in ice as soon

Fuy
B
o

pogsibie aftexr slaughter of the aniwals. The towmperature
at all siages of the preparastion was uaintained at @®. The
cortex was separated frow ﬁﬁe wedulla, comective snd adiposo
tissue and hemogenised in & Waring Blendor with 3.5 vol. (wu/v)
of Us25 i1 sucrose contalning 10"% i1 ZDTA for 1 min. The
homogunate was centrifuged at 60¢ = o for 20 min. The
supernatant solutions weré combined and centrifiyged at 23,0006
% g for 15 win, The mitochondrial precipitate was suspended

e Y
&5

in iU LDNTL to & Linal volume of hald that of the originel

homogenate and then recentrifuged at 23,00C¢ x g for 20 min,



51.

The final residue wus suspended in o windona voluwe of
167% o ETA, frogen quicikly in o dyry ice/ethancl wuixturs
and placed on a vacuut iine overnighi. The frecze dried
mitochondria were powdered in e Varing Diendor and stored

at room temperature in zn evacuated dessicator.
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3.1. ANIRODUCTION
LY carboxykinase has been prepared from pig liver
witochondria in & homogeneous state by Chang and Lane (1966).
The method used by these workers included an awzmonium sulphate
fractionation and chromatography on DEAE-cellulose, pil 7.0,
cellulose phosphate, ni 7.0, and hydroxylapatite, piH 7.9.
Lttempts to purify sheep kidney mitochomirial PEP carboxylkinasoc
by this nethod were unsuccessful as the onzyne did not bind
to cellulose phosphate at pH 7.0 while chromatography on hydroxyle
apatite at pH 7.0 resulted in only 10 - 20% recovery of enzymic
activity. In fact, recoveries of activity were always low if
the enzyue was bound to a chrouatographic support, irrespective
of its nature, and subsequently aluted. Recently, Ballard
and Hanson (1969) have purified the rat liver cytosol PLD
carboxykinase. Again, their method could not be adapted to the
sheep luidney witochondrial enzyme as this snzyme was not bound
by DiAD-cellulose at pil 5.0 nor does calcium phosphate gel
adsorb the enzyme. in addition, it was found that iso-sloctric
focusing, an essential part of the purification of the rat
cytosol enzywe, usually resulted in a decrease in specific
activity of the sheep kidney mitochondrial onzyume.
Thus, a8 new purification method had to be doveloped
which would by-pass the problem of the instability of the

enzywie when bound to a chromatograpitic support. This was



L
\«3
-

achieved using the lon-cxchange Sephadex gols under conditions
of nii and iomic stremgth where fhe onmynic was retarded but not
bound. This method resulted in enuyme proparations of hipk

specific activity with good recoveries,.

Jeleiie LpURATION O PTR CANDONTINIASDL

n oo ; : 5 & : o

411 operations were conductod at © - L0, The rosults
obtained in o typical purification run arc suumariscd in

Tabla 3.1,

Idtochondrial powder {50.0 {;;.z) was oxtracted with
L idtre of 5 x LU 7 Il phosphato (I ), plf 6.0, contuining
-d}

H
e - . -4 r - s 5 ' . 1
Ex 10 * o onoma awl 5 x» 10 g GEIL with stirying for 1ib win. amd

the insoluble material was romoved by centrifuging at 23,000 x

T3

for 15 win. Solid cumondun sulphate {(24.3 £ per 100 ml of
extract )} was added to e extract slowly with stirvivg, the pll
being modintained ot pll 6.5 with L. 2fter ¢ stenditg: for 10 wine,

the precipitated protein was reuoved by conirilug Sangg at 23,000
x g Por 15 winm. and the superantmmt rocovered. lurther soiild
armoniun sulphoete was added {13.2 g por 1UCG wul of supernatant)
to the supernatant with stirrving, waintaining the i at 6.5,
Tho precinitated protein was recovered by centrifvsing at
23,00C 2 ¢ Pfor 15 min. The nelled was talen ur oin o wdnduns

-

o NS g - A
volusie of & x 10 7 I shesphate (50 ), I 6.0, containing

4 P SR e R e 7 3 T 2 > 2
5 o= 10 SUTA anld 5 ox 10 OG5, ond the digsolution of Lo



IABLE 3.1: PURL

ICATION OF SHEEP YIDNEY TOCHONDRIAL

PP CARBONYI ASE
R S e ey

Treatuent frotein m Activity Eﬂﬁﬁﬁ; Tield
(mg)  “260mp  (units) (units/ug)

Lxtract, pit 6.0 18565 G.08 826 0.06 100

dmmsondum Sulphate

Fractionation .. G4 3 1.19 26 .16 585

Sephadex G100,

ol 6.8 .. 5456 Le58 1506 1.02 56,0

sheSephndex,

P 6.2 o 56.6 1.76 186 3.1 233

DEAB-Sephmadex,

DI 6.8 .. 21.2 1777 101 he7h 1z.2




¥

pollet was facllitated by dialysis against tho ahove huffer
for 1 h. At this stage, the volume of the oneyue solution

was 30 -« 33 wl.

The enzyme solution was applied tc a Sephadex
) X ™2 ar
G100 columm (6 x= 43 cu) equilibrated with 2 = 107" i phosphate

r'%‘ i 5 2 ‘é"“ b " 4 A b3 & ‘2
{K" )y pli 6.8, containing 5 x 1077 I CDTA and § x 1074

HGEl,
i eluted with the same buffer. The void volume of this
column was 670 ml and the peak of enzymic activity appeared

aifter & further 470 wl. The onzymic activity was detected
using the ”‘caz..ﬁmmm assay (Section 2.7 (1)) and the
protein concentration was monitored at 200 mu. The siost
active Iractions were pooled and the protein precipitatoed
with sollid ammonium sulphate (39.0 g per 100 1l »# soiution)
at pil 6.5. The peilot, recovered after centrifuging at 23, 00C
x g for 15 min., was dissolved in & x 1079 phosphate (K ),

pH 6.2, containing 5 x 10™% 1 EDTA and 5 x 10™% 1 sl (total
volumie, 5.0 ml). This solution was desalted on z Sephadex G25
columm (2.6 = 26 cu) equilibrated with the above buffer. The
first 55 ml of eluate were discarded and the engvue was
recovered in the following 15 wi. This enzyne solution was

then concentrated to about 3 wl on a Sartorius vacuun-filtration

uwombrane. 4 typical elution profile fronm Sephadex GLGU is

shown in Fig. S.1.
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Fraction No.
TIG. 3.1 The protein and activity profiles resulting from T carboxy-
kinase gel fTiltration on 3ephadex G100, pIf 6.8, Aliquots (22 ml) were collected.
)

60 ml per hr. ( ), enzrmic 2ctivityr: ( seeeess ),

low rate was about
as absorbance at 230 mpu.

protein, determined
¥ v L
1-2 3
: .'-_ s
: E
08 p =
L'lcm : -'. >
280mpu 3 =
64 L '- r g - * 1 ’:3:
./ ] L i 3 -1
15 20 25

Fraction No
The protein and activity profiles resulting from "7F carboxy—

ephadex, pH 6.2. ¥Flow rate was about 30 ml ner hr

TIG. 3.2,
rinase chromatograrhy on 335-3
R " v

and 10 ml alinuots were collected. ( (cecenne ),

), enzymic activity;

s

protein, determined as absorbance at 250 m.



The enzyue golution was applied fto an SE-Sephadox
R v _ -?
coluun {C50, 4 x 56 ocm) previously equilibrated with 6 x 10677 I

3

phosphnte (K*), pH 6.2, containing 5 x L10™F 1 BDTA and 5 x 107% 1
GSH, and sluted with the saus buiffer. Ths protein and enzyulc
activity werce monltored as described {or the bephadex GLuU
colurm, The tubos with tho highest specific activity were
nooled and the protein precipitated with solid ammondun

sulphate (39.0 g per 100 wl of solution) at pli 6.5. The

protein was recovered, {reed I{row gumondus sulphate and

concentrated to about 3 ul as described above cxcept that the

gl

buffer was 5 x 167 ! phosphate (K ), pli 4.8, contalning

-l

‘_3
5 x 1677 1 EDTA and 5 x 16”7 i GS8H. A typical elution

profile frowm 3E-Sephadex is shown in Fig. J.2.

The enzyue solution was applied Lo a DEAL-Sephadex
columm (450, 30 x 2.7 cu) previously equilibrated with 5 x
16™% 11 phosphate (X7), plf 6.8, containing 5 x 107% 1 gsH,
aml eiuted with the same bulfer. The protein amd enzymice
activity were monitored as described in (b) above. The tubes
with the hipghest specific setivity we®e pooled and the enzyue
was stored as & suspension inm ammoniim sulphate (uo g per
100 ul of aolution, pH 6.5). The enzyme was stable for
severnl months in this form. A typical elution profile frou

DIAD-Cephuadex is shown in Fig. J.3.
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Flow rate was about 15 ml per hr and 4 ml aliquots were collected.,

0-6
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Chromatography of PUil' carboxykinase on DEAS-Sephadex, pvH 6.8,

-
V)

specific activity; ( eeeese. ), protein, determined as absorbance at 280 my.
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3.2.B. DPUYSICAL PROPIRTIDS

An initianl swlecular wveight study was carried cut
using Sephadex gel filtration. 4 Sephadex GL50 coluwm
. : 44 . -
{185 z 1.5 cw:) was squilibrated with a 5 x 167° X phosphate

t3

solution, pll 6.8, comtaiming 5§ x 1077F & LDTY ame 5 x 1070 1
G, and calibrated with cytochrome ¢, pancreatic ribonuclease,
chymotrypsinogen, ovalbuuin, bovine seruz albumiln monomer and
dimesr and cytochrous ‘%:;2. Blue dextran gave the void volume
(VQ). PEFV carboxykinase was located by the 80, wfixation
assay {Gection 2.7 (i))¢ The results of this analysis are
shown in Fig. 3.4 plotied accortiiﬂg to the wethod of Androws
(1764 ). The molecular weight estimate obtained was 47,500,
Nolscular weights §1) of proteins ueay also be determined

using the Svedberg Iquation (Svedberg, 1940)

R’Ts : .
o m e {3,1,3:

’
vhere Ry Ty 8y Ty ¥ ami P are the gas constant, the absolute
temperature, the scdimontation asefficient, the diffusion
coelfficient, the partial speciflc voluums and the density of
the solution, respectively. Therefores, a iknowledge of s, D
and ¥  are required for o determination of the woleculay

weight.

PLP carboxylinase (1.0 « 7.5 mg per mwl in & solution
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FIG. 3.4. Determination of the molecular weight of PEI carboxylzinase by

gel filtration. A Sephadex G150 column (185 x 1.5 cm), previously equilibrated
with 5 x 10™2M phosphate (Z7), pH 6.8, containing 5 x 10~°17 BDTA and 5 x 10~ 4y
:5E, was calibrated with the following proteins: 1, cytochrome c; 2,
pancreatic ribonuclease; 3, chymotrypsinogen; 4, ovalbumin; 5, B.3.4,

monomer; 6, P.3.A, dimer; 7, cytochrome b,. Flution volume was plotted

2.
against log molecular weight (Andrews, 1964). PEP carboxykinase was detected

with the CO.,~fixation assay.
[
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-q 2

containing .05 H plhosphate iK Yo 1077 1 DDA and 10"55’ i GSH,
pil 6.8} was centrifuged at 59,78C rou in the Deciman lodel I
ultracentrifuge using the AN=F rotor. Fhotographs of the
schlieren patterns were taken overy § - 16 wmin. after the
rotor attalned waxivum velocity and these were analysed to
give the distance (M) moved by the peaks frow the cenire of
tie rotor.

Log N was plotted as o function of time. The slope of
these straight line plots is reolated to the sediwentation

coefficient and the velocity of the rotor by

—_— 2.303/60 g
f"nabs = (»J}.Gl)ﬁ)( (277(1’:{)!13/60))2 coe QB.,‘.)

Bog, o the sedlmentation coefficient the protein would
¥
have in & solvent with the demsity ond viscosity of water at

20°, is related to & by

obs

Mg, »T
“a0,w soba("'l:ﬁf} J X -"’lw—) (

A1)

Ppi e ) L. (3.3)
wvhere 7L ‘ii/qz@ is the viscosity of water at t° relative to

that at 200, "M /,.1 " is the viscosity of the soiution relative
to that of water and f 20, and 'Dt are the densities of
water at 20° ppd soivent at t°, rospectively. The valus

32(}’ - is depemdent on the protein concentration, Therefore,
the wvalue 322’ w ® the sedimentation coef{icient at zers protein
concentration, is obtained by plotting = 20,v as o Tunction of

the protein concentration and extrapolating to zero concentra-
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&

tion. The value for s,

O ohtained for sheep kidney uitoe
oy R ’

chondrial PEP carboxykinase was 4.388 cowpared with 5.218

For the pig liver wuitochondrial zmzyme {Ghang and L.ane,

1966). The equation

52@"’ = &5“0.“" - lLiaCe see (30&)

wvhere ¢ is the proteln concentration in mg per mi and k =
GC.03135 mg’i ml describes the concentration dependence of the
sediventation coefficient.

Tho diffusion coefficient (D) of PEP carboxykinnse was

obtained by the method of Haowahars {1969) using n double sector

synthetic boundary cell in the AN—D rotor. Inzyme (C.15 ul,

3 - 5 ug per wl in a solution containing ©,05 I phosphate
¥"), 107% 1 EDTA and 1074 1 GS1, pi 6.8) was loaded inte one
scctor of the cell and 0.5 ml of the solwvent into the othor.

The cell was rotated at 12,590 rpwm and photographs of the

schliereon patterns were taken every 1 - O wuin. after the rotor

areals) .2
( GeTamel)) Y@

chtained from the zchliieren patterns and plotited against

reached the preset velocity. The ratio

times. The zlope of this iine is &‘ﬂ'ﬁghs fron which D

2C,w
was found to be 5,84 x 10”7.
. o
Applying the Svedberg Equation {Lgn. 3.1) with s, "

equal to L.54S, 300 - oqual to 5.840 x 16“7 and v egual %o
A B
0.730 (obtained from the awine acid couposition (Secticn 3.28

(b)) by the uwethod of Cohn and Ldsall. 1941). the wmoleecular



weight of sheep kidney wmitochondrial PEP carboxykinase was
caloulated to be 71,100,

Hince these twe wmethods gave such different cstimatos,
the wolecular welght of FEY carboxykinase was deteruined by
the wethod of Shapire et pi. {1567) where the protein was
subjectod %o polyacrylamide electrophoresis in the presence
of the anionic deterpgent, sodium dodecyl sulphate. The
gysten was callbrated with the feollowing proteins: catalase,
ribomuclease, ovalbuuin, uyoglobin, glycersaldeliyyde-j-phosphate
dehydrogenase, D.S.di., glutamate dehydrogenase, liver and
vonst nleohol dehydrugenase, lactate dehydrogenase, carbonic
anhydrase, L-anino acld oxidase and pyruvate kinasc. PLP
carboxykinase (200 ug) was dissolived in C.4 wul of C.0L ¥
phosphate {Na™}, pil 7.0, containing 0.1% (w/v) sedium dodeeyl
suiphate ond 1% {v/v) Z-umercaptoethanol. The proteins wereo
olectrophoresed om 100 acryvlamide gels containing normal
amounts of cross-linker at £ wa per tube {Wober and Usborm,
1969) untiz the marler dye had moved about three-quarters of the
woy through the gels. After electropihioroesis, the length of
the gel and the distonce moved by the pariier dye wers msasurod,
The gels were stained with Coomassie briliiant blue and then
destained in acetic acid/methancl/water {3/2/35%: v/v/v). The
iength of ﬁhﬁ #els after destaining and the positions of the

blue protein zones were recorded. Using the expression



distance of protein wmigration

Hobllity = { - ) X
length afder destalning
( length before stainin{;)
distance of dye migration cee (3.5)

the mobilities were calculated and plotted agninst log
uolecular weight. Trom this method, the molscular weight of
PEY carboxykinase was fournx! to be 72,000 in agrecmont with the

estimate obtainod with the ultracentrifuge.

(b) Ami

Prior to acid hydrolysis, the protein was Carhoxye

nethylated by the method of Iidlne and Wells (1970) medified
from that of Crestfielid, loore and Stein {1963). Protein,
about 5 ug, was dissolved in L nl »f a solution containing
$.0 I urea, U.6 I tris {€17) and .01 I DDTA, i 5.6. The
urca solution was previously delonised by chromatography on a
aiized bed resin immediately before usc. f=lLisrcaptoethanocl,
106 pl, was then added and the protein was reduced at 37° for
L hr. lodoacetic acld, 26.8 mg in .1 wi of 1 i Nalll, was
added. Afteor 15 min., the solution was transferred o
dialysis tublng and dialysed exhaustively against 0.0L & EQR#HC{J’BQ
The solution was protected from iight during cearboxywmethylation

and dialysis,.

The protein was hydrolysed under vacuunm in Glass~distilled
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constant boiling point UCL at '3.05 - 116%, Iiydrolysates were
dried by votary evaporation. The hydrolysates wore analysad
with o Dockman 120C Amince Acid imalyser using a single colwm
with gradient elutlon according to the method of Piew and

torris {1960). The auino ncid o uposition of sgheer kidney

uitochondrial PEP corboxykinase is shown in Table 3.2,

e o Y

3.2,0. JGPRCIFICITY PROPINITIE OF PUP CARBONYITNASD
: S S i oo S A A

The hn;+~ and IDiP=~dependent carboxylation of PER
yields UA4 as the carbosyviatiom product. If no coupling systen
were used, the product uay be stabilised by the addition of
2y k-dinitrophenylhydrazine in & M HCL giving the 2,54~
dinltropliienyllhiydrazons. IHowever, if the aspartate transaminaso
or the mmlate dehydrogenase csoupling systeus were used, the
04 would bhe comverted te aspartats or malate resgpuctively,
(Foruic acid, instead of trichlorsacetic acid, was used Ho
stop the reactions here to overcome salt problems in the
chrouatography. )

samples of these throe reaction uixtures obiained using
H&%Cﬁj“ worce chromatographed on Vhatman 3 127 paper in the
solvent, l-butanol/propionic acid/water (10/5/7, w/v/v) for
i5 r. ime radioactive band was found in cach case. The

_ F : "-t‘ o e =
radioactivity was cluted with a 1077 1 ZDTA solution,



3, GARBOXYITINADE

Smino acid Rgai&ues poer wole Roai@ues por mole
{sheep iidney)® {(pig liver)

Cysteine® 13 15
Aspartic acid 57 53
Threonine™ 36 31
Serine® 59 31
Glutanic acid 79 7
I'roline” 5k 56
Glyeine 63 64
#lanine 55 55
Valine L2 Ll
ilethilonine ik 20
“soleucine 39 20
L.eucine 52 58
Tyrosine 12 iz
Phenylalanine a9 27
Lysino 34 26
Histidine 13 1g
Tryptophan® 13 15
Arginine 3G LB

&+ ilolecular weight, 71,100; b. loleculoxr weight, 73,300
(Chang and Lane, 1966);
. Corrected for destruction during hydrolysis;

&e Deotermined spoectrophotonetrically by the method of

F g P U e N

P=

2s  Determined as curboxywmeihyleysteine;

+ »+ N
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concentrated and rechirouatographed with the appropriate
internal standards, in the soivent systous, lebutanoli/
propilonic acidfwater {10/5/7, v/v/v) or ecthanol/conc. ammaonia/
water (80/4/16, v/v/v) on Vhatman No.2 paper. in sach Case,
the radiocactivity corresponded exactly with the internal
standard. Thus, the product of sheop kidney witochondrial

YEP carboxykinase was Q4L as expacted. The standard sanpie

of CAlwZ, h-dinitrophenylhydrazone was prepared by the uethod

I

of Clift and Cook {1932). (u.Pt. = 211° {dec.): Lit. valuo =

211°

{dec.)).

The product of the ITP- and Nng+~dﬂpﬁﬁﬁ¢n$ decarboxylation
of Q4L was shown to be PLD by being utiliised by pyruvate

kinasc. In addition, IDF (ox GDP) can partially replace ITP

{or GTP) in the decarboxylation reaction. However, in this
case; pyruvate was the product and not PEP as shown by beilng
utilised by lactate dehydrogenasae. This is in agreesumt with
reported sbservations with tho equivalent onzyue from pig

liver mitochondria {Chong and Lane, 1966) and veast (Canmata

and Stoppani, 1963¢), although in the lattsr case adenine

micleotices are favoured such that ADP replaces ATE.

The effect of pil on the activity of IDF carboxylidinase
wvas oxamined over the range, pi = 5.7 « G.8, for both the
CO, ~fization reaction (Fig. 3.5) and the €4, : 084 exchange

. B -
activity {Fig. 3.6} in the presence of Im~' or i~ as the
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activating wetal ion. With the carboxyiation reaction, the
oIl optivnmm is 6.5 with I’ing'r but uoves to pil 7.5 with ‘g"%
with 2 much lower actilvity being observed. ilowever, in the
casg of the c&azcma exchange activity, the pil optiwum is
independent of the divalent cation but varies with the

mucleotide, yin., DI 6.5 with the triphosphate but pil 7.0

with the diphosphate.

The relative magnitudes of tiwe carboxylation reaction,
tho %E:Oﬁzz exchange reaction aml the decarbexylation reaction
vore assessed using either inosine or guanosine nucleotides
in the presence of I‘Enz*' or z'igg*' ag the activating metal ilon.
The results of this investigation are showr in Table 3.3.

The exchange reaction was ifaster than the decarboxylation
reaction wvhich, in turn, was wore rapid than the carboxylation
reaction. This is in agroowont with the results of Chang

et al. {1966) and Pelicioli et al. (1966) for the guinea pig

livor mmd chicken liver mitochondrial activities respectively.

However, there are specios differences with reapect to the
relative rates of the reactions as Chang e¢ al. (1966) roport

up te a 32-fold difference between the exchange and carboxy-

lation activities for the pig liver enzyue coupared with only



SOMPARISON OF THD RATES OF TID INZY: D-CATALYSLD

T settimmhencay

REACTIONS WiTH INOLIND OR QUANCGSINE NUCT DOTIDES AN Hnﬁ?

e
e

A 1"

Components % Activity™

Carboxylation: 1DP + M~ 100

GDT & " 83
gy &z ﬁ+
Ipr + g 3
avy Yo, +
GDF + If(;:)' 5
3, ¥,
IDP + zin;'" z;:g:* I
s S B ;
GDY « Hp" o+ hﬁh+ 456
. i e )
CO,/0AL Txchange: ITP + in™" RGO
= -
GTY + M~ 213
IDP + ym”~" 132
3
er + ™" 140
,)“3 &
P = ot o L -
I?P +» g 185
GIP + g 161
IDF ¢ MHg™t 5
2 -in:‘z"' Fa
L - A [ 3
g :
- g Tracao
; — 2+
Docarboxzyiation: T8 » I 130
E ]
GTI + im”~ 68
iTE + }‘3;{;2'5" Trace
L ]
-y . .i‘ .
orr + g~ Trace
o 20 prER
ITP + im™ o+ up® 131
R TIR yi 2k £y
G’TP he ;‘.»,n L ) a_-;.g 6U

@, Ixpressed as i activity relative to carboxvlation with
iDP and im~",
stondard assay conditions were as doscribed in Secotisn
«:7 excopt that micleotide and metal ion weres added as 1ndicated
above. iien both cationa were Present, each was added to o

concentration half that normally prosent.
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a 2.6=fold difference for the sheep lidney onmywo.

Je3. DIDCULSION

The purification schouc

reported here yields enzyue with is almost homogencous as
indlcated by electrophwrotic analysis in the presence of
socdiume dodecyl sulphate. 24 ninor contaninant af slightly lower
molecular welght amounting to only about 5 of the total protein
vas detected. The difficulty of purifying thisz enzyme was
marikedly incremsed by ilts instability when bound to any
chrouatographic support. This is in constrast to the pig
liver umitochondrial (Chang and Lane, 1966) and the rat iiver
cytosol {Dailard ond lHanson, 1569) sheynes.  In hoth thess
casos, the purification involves binding the enzyue to a
chrouatographic support followed by subseguont eiution.

lany other teclmiques have been tried for the sheep widney
sneyue but with limited or negliipgiblie success. Those include
cailcium phosphate and protamine sulphate adsorption, CH-cellulioss,
Fhospho~celiulose, DiAl-celluloss, (Al-sephadex and hydroxyie
apatite chrowatograplyy,; iso-electric fucusing, avmoniu:
suiphate backe-extraction and preparative el electrophoresis.
ilowever, with the observation that the engyue bohaves as a
molecule of 48,000 molecular welght on Sephadox gol Tiltration,

substantial purification should be achioved by rochrouatow



graply om a Dlo=Gol ¥ coluwm where the profein should now
behave as o particle of wmolecular weipht 73,000 if & specific
interaction of ths onzynme and dextran causes the rotardation.
The apparont low molecular woight on sephadex was not detocted
until very late In ihds work so that 1t was not poessible to
talic advantage of {ho cbservation.

lolecular weight estiuates, obtained Prou sephadon gel
Tiltrstion, have beon reported which were either greater
or less than the true wolscular welght {(indrews, 1964; liilneo
and VWeils, 1970). This emphnsises the noed to confirn such an
ostinate obtained frow Sephadex pgol filtration., The possibllity
that the presence of carbohydrate in the enoyne was responsible

for the retardation on Sephadex was rejected after ilolisch and

Thywol tests gave negative rosults for carbohydrate. Alsa,
algher lonle strength (U.3 M) or a changs of buffer (tris {c17),
PII 7.4) did not alter the anouolous behaviour observed. This
would elimimate fonde or apecific ion offects us tho CAUSQ .

The molocular weight of the sheep Lidnoy onzywme is in
close agreement with that of the pig liver mitochondrial
enzyue {73,300) and the rat cytosol enzymc (74y500), 1t is
interesting to nots that the lattor estimate was obtained by
gol fdlzration so that the possibility oxists that the

wolecular waight has beon underestimatod.
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Despite the good agreement between the molecular weights
and the catalytic properties of the sheep iddney and pig liver
onzyuess the two proteins show significant differencos in
their awino acid compositions {Table 3.2). The main differonces
are that the sheep kidney activity has uore acidic, more
iysine and fewer arginine residuss (although total basic
residues are essentially the same ). Te sccount for the inability
of sheep kidney uitochondrial IEP carboxylinase to bind %o

DEAD~cellulose at plI 7.0 « 5.0 and the Low pate of nigration
of the protein on polyacrylamide alectrophoresis at pl 7.5
and 9.5, deospite the laxge sxcess »f acidic raesiduos, most

of these groups must exist as auides.

2
o 32 e o N .
At pil 6.5, ig” was onlv eiffocte

ive in the 0,104 exchange reaction (Table 3.3). In fact, it
rue
Rk .
appeared to coupete with !Im™ in the carboxylation reaction

. 'Y £y 2 °+
but net in the decarboxylation reaction. However, lig™  doos

gy

3
E-iud « This observation could be important wmochanistically

amki could reflect sither different 002 specios being utilised
or the different PX 's of metalebound water molecules. Tiese
metal-bound hydroxyl ions have heen proposed as active specles
of the PIF carboxykinase reaction (Chapter 6). These couplexes
are not required for ¢he Q{J‘a!eﬂfl oxchange and so the pll

e

difforences with the twe metal dons are not shown for this



activity.

Tor the three activitios, the incsine mucleotides were
wore active than the guenosine nucleotides except perhaps for
the IDP- or GDP-stimmilated GGQ:UA& exchange in the presence of
ﬁnz* vhore GDP was slightly wmore active. Chang and lLane {196G)
reported that the pig liver mitochondrial activity was wmore
active with the guanosine nucieotidos than with inesine

micleotides. 4z the carboxylation assay used by these workers

was essontially the saue as that used here, the differential
reactivities towards inosine amd guanosine mucleotides could
represent real differences in specificliy between the two
engzyme spocles.

It is significant that Iz~ was inoffective in activating
the CU,:0M4 exchange reaction at pi 6.3. If the mucleotide=
indopendent exchange activity is <due to contomination by
traces of ITP or GTF, then Hgg* should activate the exchange

reaction in the absence of added mucleotide. lovever, this

. R
is not sc. In

activates tho ¢¢2=aga sxchonge reaction in the
presonce o the triphosphate or diphosphats although Egg* can
only effectively activate this reaction in the presence of
triphospuate. if thedipbosphate was contaninateod with tri-
phosphate and the exchange sctivity was dependent on the tri-
phosphate, the exchange activity with IDP and ﬁgg* would be

expectod to be



= O ,.;

reilative to carboxylation with IDP and Im~" as 100%,. Instead,
the reiative activity was only §9%. TFurthemwore, it is
obvious from Fig. 3.6 that the 1TP- and IDF-stirulated
exchange activities are distinct reactions and do no: secuy
boeause of contamination of ovme with the ether. Therefore,
it does appear that the ﬁna?-dﬁyandant CG,: 044 exchango
actlvity is a real activity and that #his remction is
stliulated by nucleosids di~ and fri-phosphates (ef. Bridger,
ldllen endt Boyer, 1968). With regard the nucleotidee
independent activity, attoupts o detect trace amounts of
contaminating nucleotides have been unsuccesaful, i.g., this

activity is a trus partial reaction oFf LI carboxyiinass.
[ 4
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4el.  LNIRODUCTION

Ag PEY carboxyiinase is activated by the paramagnetic
aangancus iom, it is possible to use pulsed nuclear magnetic
resonance to observe the interaciions of the wetal ion with
enzyme protein and/or substrates. Such a sarautgnetic species
profoundly increasocs both the longltudinal ("%~) and {transveyas

" i
(*%;) reiaxation rates of uagnetic muclei, such us water protons,
iac&%e& in fthedir jumediate environuent. Ilowever, in ths rosults
presented in this chapter, only the iongitudinal relaxation tiwe
{Ti} of water protons was wmeasured.

Puised muclear magnetic rosonance (N.i.K.)} was initially
cwploysd by Lisinger gt gl. {1961, 1962) io investigate the
iuteractions of varivus paramnguetic ions with U¥NL. This
technique was extended toinciude proteins, such as creatine
ninase, snviase and bovinm—aéruw albumin by Cohn and Leigh
{1962), Conm (1963) end iilidvan and Cohm {1963). Their ain
was to egtablish the interaction of the wetal ion, manganese,
with the protein and/or substrates. In the case of enolase,
Iinetic investigations had indicated & direct interaction
of the activating cation with the enzyme {Malstrou, 1961;

Kold amd Bailou, 1957; and this was eoufirmed by Cohn {1963)
using this H.M.R. technique. 4 iarge enmhancouent of the proton
relaxation ratec (P_ﬁ.ﬁ.J of water protons was sbsorved on
addition of enclase te a manganous chloride solutien. On the
other hand, the kinetics of creatine kinase sugpested that

the metal ion interacted wiith the mucleotide but not the onzyus
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{(Noca gt pl., 1960; Mihei g% al., 1961; Horrison and U'suiiivan,
15€5). Confirwation was obtained frowm the observation that
w significantly increased enhanceuent of the I.K.i. of water
protons was oniy noted when creatine iiinase, wetal ion and
nucieotide were present {(Cohm and Leigh,; 1962). These obsesrva-
tions then led Cohn (1963} tv propose twe types of VAT ATIOU S =
activated enzyues with respect to the uaiture of the wmetal ion
couplexes: Type I {g.g., creatine kinase) where the snhancement
thwe P.R.RE, {.éfb) of the binary weilaleonzyme couplox (if any)
ig puch lessy than the enhanceuent { & ﬁ} 0 the ternary onovie-
wetal-substrate couplex; Type II (g.5., onoclase) where €y
ig cuch greater than < 5 Type 1 enzynes appear to bind the
wietal don through the substrates while Type IT enzymes bind
the wetal dirsetly. Table 4.1 lists some axanples of theso
two types of sneyue. Type I huos been designated a "subsirate-
bridge" structure and Type I as a "metal-bridge” structure
witile & third type, Type ILi, has been considered as an
"enzyme-bridge" structure (ididvan and Conm (1970)). in this
case, 1 substrate alters the enhnncement of the F.H.K. of the
Linary or ternary couplex without binding tc the wetal directly.
This is presumably eiffected via a conforuational change of sons
nature such that the onviromment of the wetal ion is now
ailtered. 4in exauple of the Type 1II structure is the addition
of creatine te the termary in./DP.creatine iinase compiex.

A scinowatic representation of the thres strccturcs is shown

beLow:t
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To distinguish between Type 11 and Type 1I1 structures is

difficult using only F.R.R. studies and requires the use of

continuous wave N.l.R. spectroscopy {(iiildvan amd Cohm, 197G).
The continuous wave N.i.R. techuique allows the detection

of a spectrum of a particular muclei being observed. Froton,

319, ‘15}%, 4 ¥y and 05‘”‘ spectra have all proved useful,

The ¥.R.H. of water due te such a group, Beftey on the substrates

can be used to establish an interaction between this group

and another ocompound by ¢the perturbation of the P.R.H.

ii/{{\l and 1/ Ty J+ A broadening of the spectrum of tiis

group is also indieative of an interaction with this group and



the added cowpoumd. Under favourable circumstances, this
broadening can be used te calculate the distance between

the interacting groups. This aoproach has provided direc:
evidence for the "metalebridge" structurs with pyruvate kinase
(iiidvan, Leigh and Cohn, 1367) and pyruvate carboxyvlase
{lildvan and Scrutton, 1967)}. A further developuené of this
ficld has been the use of {free radical "spin labels® introduced
by Hamilton and NcComneli {1968). These were originally
developed for detecting small chianges in the protein electron
paranagnetic resonance (L.F.I.) spectra following o perturba-
tion. lowever, these labels alsoc infliuence ths Y.R.R. of
protons in thelr environment and can be monitorod either way.
Again, the L.P.R. spectra alliow the calculatiocn of distances
between Interacting groups thus providing divect insight

into the topograpliyof the active sites of enzywes. Both "spin-
labelled" substraie analogues, 2.7,, the HAD analogus in the
investipgation of alcohol dehiydrogenase (Voiner and Alldvan,
1969}, and "aspin~labelled" suiphydryl reagents, g.gz., creatine
ixinase labelled with an iodoacetawide analogue (Taylor, ieigh
and Cohn, 1969) have been used successfully.

Iiller et al. (1968) have carried out F.R.I. studiecs on
the interaction of hn?* wlth the pig liver uitochondrial FPEP
carboxykinase. They established that it was a Type il enzywe
i<§ﬂ% = 14,2 at pil 7.5) and the observed omhancement was reduced

in the ternary complexes wlith PLEE (ét = 6.7} and IDP
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pr N : -
(€ . = 10.4). Ome mole of !n™" was bound per mole of enzyue.

2,

.,.

Ternary couplexes of enzywe and :m~’ with Ui or YTV were aiso
denonstrated.
& Semperature study of the wechandism of relaxation of

=

" 3 021‘ > ;2‘%' ey 2
ths throe complexes, enzyme.ln v onzyme.mn” JPLE and enzyues.

pat s

Im™ .iDP, showed that the F.I.R. of these couplexes all showed
a positive teupeorature coefficient. Thoe sic plest explanation
of ihis behaviour, basecd on the studies of Luw and Meibo
(1964 ), was considered to be that the .l of all three
couplexes was determined by the rate of sxchange of water
protons betweon the bulk solvent and the coordination sphere
o the onzywe~bound Eénm. Then the reiative zates of water
proton exchange for the respective couplexes could reflect

o
the relative coordinmation madbers for !m™' in these couplexos,
dsfey enmyme-bound é.nﬁ* retained hall of its water of hydration
in the VEF ternary complex and throc-quarters in the 10D

coupiex. Un the basis of these argpunents, iiler et al . {15656 )

5

"fi‘

proposed a model in which !m”~ was chelated to the enzyue by
twe Ligands, FEF displaced twe of the four remaining watexr
molecuies and I0P one further wolecuic. LAt should be noted,
however, that the interpretation of the Pelel. duta is not
umbque.  1f the P.R.A. is dominated by T g? the electromn spin
correlation time, & positive temporature coellicient will also
be observed {iildvan and Cohm, 1970) and this possibility was

net explored for any of the coumploxes.
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& "wastal-bridge" couplex was certainly uggestod by
their observation that ﬁn?+ enhanced the affinity of PEP for
the enzywe. Howover, O decreased the affinity of IDF for
the enzywe. This observation was o iittle more difficult to
rationalise in terms of a "wetal-bridge" structure. Thoir
resulits, although consistent with their proposed schewe, are

presunably also consistont with & schome where two moles of

]

., BT & emrn sk : iy ; ; S
iin are involved, ono forudng a "metal-bridge™ with TEP,

Zsfss the Type I3 structure, and the other invelved im a
"substrate~bridge" structure with ibi. Thus, with this scheuie,
aore water wmolecules iﬁ_ﬁbﬂ hydration shell of ﬁng* would be
lost in the PEP tormary complex (where m~' binds to both
enzywe and PEP) tham with iDP {whers Ln~  binds only t0 nucieo-
tide}s. In support of this schewe, both kinetic and chewmical
modification studies suggest the involvenent of two uwoles of

n 3
. 22 B g Y
in™ (ses Chapter ).

geile  TLIORY

7

A 111 solution of Ln?* has a F.R.II. approx. 10,000 tines
greater than that of pure water. In pure waber, the princiral
wechandsu of nroton rolaxation is sagnetic dipolar interaction
between protons. In the presence of the paravagnetic manpoanous
ion, the T.R.H. is increased becauss the reilaxation time QTE}

is dowinated by the larger proton-eicciron interaction between

o

N

the water protons and the unpaired electrons of the ln™"
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iong iege.y the major contribution te the relaxation accurs
y , s 1
in the hydratlon sphere of ions such as in™' ., Because of the
rapld exchange of protons in the hiydration sphere with those
in the bulk of the scluiion, the observed relaxation rate
i y
(*/p, ) 18 que to the average of the different local environ-
A
ments of the protous. Correction for the effoect due tov the
bull: of the solution gives the paranagnetic contribution o the
1 .
observed relaxation rats {'/Tip). The nuvber of water
woleoules coordinated o the paramagnoetic ion is an cssential
factor in the offect of the ions on the F.h.I. Thus, if a
protein wors to contain a wmetal ion which was not in comtact
with solution, it would have no hydration sphere and thus would
not influence the F.R.Z. of the bull soiution.
i¥ lLigands such os UDTA were to replace the water in
B ""}+ - x £ ] . ) ]
the iin~ hydration sphere, a decreasc in the observed F.L.R.
would be expected because feower water wolecules are now in
close proxiwlty to the metal ion and Tl tends towards that for
pure water. Ilowever, in uwany uangancse couplexes, the roeverse
- P ,"l" T 5 e :3!—
QeCurs, C.fey Yor the couplexes n.A0l and In AT s the
o - ] : : 3 SR S :
YeReRs is slightly increased. When Im is oound L0 a mMBLrCe
molecule, enhancoments of the F.R.R2. of up to twonty-70ld have
been rocorded.
. * i .
The tern: enhancamont Tfactor; ¢ ', has boon introduced
(Diszngﬁr et al., 1?62) to quantitate the changes in F.R.I.

under <iffereni conditions ana is uefined as tho ratic »f the



relaxation rates of the water protonz in the preseunce and

absence of complexing agent.

i, 1 # L, ® 1, %
H %5~ _ /Tl . /ll {0) . /Tl? (1,13
1 1{0) B2
whoero Rl is the P.R.E. due to ﬁnx*, TL and Tl(&} are the

observod lomgitudinal relaxation tiwes in the presence and

- respeciively, 1/T1? is the paramagnetic sontri-

phasonce of In
bution te the P.R.R. and * denotes the prescnce ol couplexing
agent .

According to iuz and lleiboom (1964), the paragmagnetic

contribution {1/TiP) te the abserved P.R.R. is given by

1 P
o= " s o §ff .
Tip Yo v Ty il

where  is the mole fraction of water protons in the first
coordination sphere, Tiﬁ is the relaxation time of a water
proton in the first coordination sphere mnﬁﬁtzj is the resident
tize of a water proton in the first coordination sphere.

Tlh ig inversely proportional to the correiation time &

defined as (Bloowberger and lorgan, 1961 }:

1

3
S = ———— N . S e (g*.z;,

%
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where T .

« is the rotational correiation time of the hydrated
iom or complex and T s is tlic electron spin relaxation tiwe
of the paramaegnetic lon. IFor the wauganous ion, the correle
ation fiue ( T c) is douimated by T , asT_ is of the order
of 167° soc. amd T . 1077 gee.

Un binding of & At to a macromolecule, p will always
decrease tending to give a decreased i*.R.R., T ;o may either
increase or decroase but usually within one order of
magnitude of the valus of freo b ?’é', but € o FRY Vary by as

mitch as three orders of uagnitude. Thus, it is this term in

T,.. which changes drastically when onc observes an increnssd

e

ot

eubanceunent for a ln-protein complex. Iurther information on
the relative contribution of these torus smay cowe Lfrou studies
at variabis teuperaturs am:i/czf frequency. Thus, T ! has

a positive temperature coefficiont, T p ond }'/‘I‘ﬁ;i have
negative temperature coeiflcients while 3‘/’:’:‘11‘: usually has‘ a
much larger omergy of activation than T g {2liildvan and Coln,

1970},

Analar 3‘::.15).(}3.,23 was obfained frow D,U.d1. Ltd., treated
with dithizone amd standardised {(Morrison gi ai., 1961).
All other chewmicals used were as described in Chaptor I1.

PIP parboxykinase, speciific nectivit J=5 units vper mg of protein,
L& b

prepared by the wmethod described in thapter 3y was centrifuged



7.
and the pellet dissolved in .15 wl of eithor U.1 i! imidazole
C17, pH 6.5, or €.05 ¥ Nesthyl-morpholine CL™, pi 7.5.

The enzyme solution was passed through o Sephedex 25 columm
{65 x 5 wm) equilibrated with the appropriate buffer and .3 ol
oi eluant was colioccted after the void veolume. Protein concene

tration was deteruined as described in Chapter 2.

{(a) Dete

™
5 -R;R-

Froton relaxation times of solutions {volume CG.1 to

0.2 wl} wore measured with n pulsed apparatus of the type

bt

deseribed by Carr and Purcelil (1954) operating at 3¢ mega-
oyveies per sec. and asseuwbled by Mr. K. lNarsden of the Physics
Departoment, Undversity of lew South Vales. The position of the
mill (T ,,) was determined¢ visually on a Tetromix inc. Type

535 Uscillioscope and readings werce talien frow an Elron Hinde

counter. The null reading is rolated to the relaxation tinme

(Tl) by T mull * l.4l = "i‘1 sec. Teuperaturc was 20°.

{b) befinitions

N
Y
&

; L a
enhancenent of free In™ =

&

N
1t

a ® sunhanceuwent of dinary In.S coumplex
€ , = gnhanceuont of binary L.in complex
b 3

€ ¢ = enhomceunent of termary Z.ilm.& complex

M
13
H

observed enhancement at finite LE) and L5)

& & extrapolated enhancement at infinite LS
finite (3]

} ang



Subserdpts I, b and £ refer to free, vouplexed and

total species.

Bguation 4.1 pave the oxpression for the observed
enbiancement of the P.R.R. This value is a weighted average

of zach paranagnetic species present. 7Thus,

% .
* Aii‘l.“? i Asnb )
£ = E"a“";' . & ¢ T ﬁ;: .éb .o e (I;g,fg}

Dy definition, éLf_m 1, tims Zqguation L.l becowes

¥
¥
*

E
N

* éh LR (55'5)

M
n
=

t ‘g

For o systeu contanining substrate, the ecxpression fox

the onhunnceument is the sum of fouzr terns.

- in Hime s Seim Deines ,
é = by + "“f"‘m 'év«x - :"‘""‘"‘“ oé - é Xy %\«'4.6)
“nt Im, o .mnt D “nt i

wliere im.5, L.in and .05 are the manganese-substrate, onzymo-
uanganesse and the ensynw-manganese-substrate couplexes, roespect-
ively.

in addition, the following dissociation constants are

delinod:



L,

3;-3:«"5, i--*?njm
i%} = L — sse (‘.3“?)
- {Eam]
;":" ]
R+ ] ,{.
o= ‘}]f“’gf see (5.8)

2

Lx] » Lim.s].
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“&‘; = P e ih.i())
LI.’;:U ;

te.aml, 18],
3‘:,,, = Lnéf L»sjf s ihcll)

LEdm.5)

Figures .1 ond 4.2 show the rosults of & titration

5

of constant FEI carboxylkinase with !m™ at pi 7.5. In Pigurs
4.1, the reciprocal of the observed enhoncement (< %) is
plotted against the total im”' concentration (Ilildvan and
Cohn.. 1963). 4 straight linc is obtained which, when oxtra-
polated to zero ‘E:ng? conceniration, yieldse a value for b of
L¢3 Applying Equation 4.5 nilows the ropiot ol the daia

of Pigure 4.1 according te the wmethod of Iughes and Klots
(1956) (Fig. 4.2). This mives a straight iine, whose ordinntc

1 3 Pl X £
intercept gives o vaere u is tho muwber of biuding sites,
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FIG., 4.1.  Titration of PEP carboxykinase with In°' at pi 7.5. Hach

solution contained 0.08H N-ethylmorpholine (C17), pH 7.5, 0.115mi enzyme and

T

wr O e s o]
Im“" as indicated. Temperature.was 20 .
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71G. 4.2, Hughes-Klotz (1956) plot of the results of Tig. 4.2. The
intercept on the ordinate gives 1/:n, vhere n is the number of I.Zrl2+ binding
sites, and the intercent on the abscissa gives -1/153, where KD is the

A . . . 24-
dissociation constant for the enzyme-im~ complex.
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while the abscissa intercept gives -—l/iiﬂ. Irom tixls graph,
n = 0.83 which is effectively one. Thus, one wole of Irin’?'*
inds per wole of enzyue with a I of 3.45 x 1073,

Fig. 43 shows the resuits of a titration of constant

L)

i~ with PEF carboxyidnass at pll 7.5. 4 double reciprocal
pPlot of enbiancement against enzyme gives & straight line
yvielding a value for &€ p OF Ce3.  Applying Bquation 4.5 and
substituting directly into Lquation 4.7 gives an average value
for I;;B of 5.52 x 10"5 i which is in goud agreocment with that
obtained in the first titration.

The two provious titrations were repeated at pii 6.5 and the
results are prescented in Figures 4.4 - 6. The enhancouents
at this pll were wuch sualler and thus thoe woasurcunents wore
less precise. Also, at this pll there was a tewdlency for ithe
protein te precipitate. llowever, values for < b of 3.2 and 2.2
were obtained Ifrom Flgures 4.4 and 4.0 respectively. Titration
with im*’ gave a vaiue for K, of 5.9 x 1072 1 with ome mole
el

of ¥m" bound per mole of enzywe (n = U.88, Mg. 4.5).

Titration with enzyme gave an average value for KI} of §.506

-5 o
31072 i which is in reasenable sgreement with the value

X
obtained from the other titration. Thus, there 1s littie

pAc .
changs in the aiffinity of the enzyme Tor In over the pil

roange 605 to Yo%,
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FIGs 4.3, Titration of Im~ with PEP carboxykinase at »H 7.5. Tach

solution contained 0.08H F-ethylmorpholine (C17), PH 7.5, O.12m EinClZ and

e s 0
enzyme as indicated. Temperature was 207,
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FIG. 4.4. (top) Titration of PEY carboxykinase with FhZT at pH 6.5.

Fach solution contained 0,151 imidazole (C17), pH 6,5, 0.16mY enzyme and

2+ e s 0
Im”~ as indicated. Temperature was 20,

FIG. 4.5. (bottom) Tughes~Klotz (1956) plot of the results of Fig. 4.4.

This plot was analysed as for Fig., 4.2,
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FIG. 4.6, Titration of I~ with PBEP carboxykinase at »H 6,5, Fach

solution contained 0,15l imidazole (C1), pH 6.5, O.12ml} ImCl,, and enzyme

2
s : 0
as indicated. Temperature was 207,
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ot pID 78, addition of VLY to the binary enzviio.
U

e
o

in souplex caused o deereasce in the sbserved enhanceuent.
The effect wos observed in the prosence and absence of IDU
and 33@2’1{35}3. Titration of the Linary cowmplex with PLT was

carriod out at thires enzymo comcentrations. 4 plot of

ephoncouient { € ¥ ) against the reciprocal of the PLT concenbroe

tion allows tho calculation of wvaluoes for C-ff Ly sxtrapolation,

to infindte PE¥ ((dldvawn and Cohm, 1066) (Pig. 5.7). & reviot
of the reciprocal of & p* agoinagt the reclprocal onuyric concelle
"'ratx.cm gives, on extrapolation to infinite eonsyue concentrations,
a value for & ¢ of 6.5 (ildvan and Cohm, 1966) (RMNg. 4.5).

Usding Procedure 11 {{dldvan and Cohm, 196G) the value for

iy
obtained from this data was 1.13 x 1072 1 mnd Irocedure - Aves

£, = 1426 x 1077 I while substitution in Squation U ({iidvan and

Colmy, 1966 gives 2.27 = 10 ° il for 1.
4t pIl 6.5, there was n swall increase {approx. 55) in

3

the Fllelle om addition of Ul « Gof mil Y o thoe binary counlex

but the dilference wos too simall do titroto.

-

{e) Termary, Dpzvue-in=iDT Cormlorx

“n this caseo, theroe was a suall decroasc {anpro:.
5. in the enhanconent on addition of U.1 i 40D o the bi
coumplox at pil 7.5. At pll 6.5, there was o incroasce in Uelell.

and tho results of tdtration of two concentrations of enmvie
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Pitration of 0.12mi ="

with PEP at three enzyme concen—

*
trations. The observed enhancement { & ) is plotted against the reciprocal

VE2

*
PEY concentration. Linear extrapolation to infinite PEP’gives<§c . (FFildvan

and Cohn, 1966). Zach solution contained 0,071 N-ethylmorpholine (C17), pH 7.5.

0 - s .
Temperature was 20 . PEP carboxykinase concentrations were: (0O

AY, 0,057k,

0.115mif; (m ‘), 0,08%ml; (A

o),
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o x

0-2

1 A

FIG. 4.8,

15
E mm-1

*
Double reciprocal nlot oféic obtained from Tig. 4.7 against

enzyme concentration. Linear extrapolation to infinite enzyme concentration

gives é% (¥ildvan and Cohn, 1966).
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with ID¥ at constant Hn are shown in Plpure 5.9, This
gives an estimate for i, of 1.94 x 1077 1 {Procedure IIL of

rildévan and Cohn, 1906} and & ¢ would approximate k.G,

heH. DISCUSSION

Table 4.2 prosents a susmary of the rosuits obtained
in this study. These show thet the sheep kidney mitochondrial
PEP carboxykinase is simllar to pig iliver witochondrial Py

.
s a -y . 2 P
carbozyicinase {(Miiller gt gl., 1968) with respoct to In

and substrate bhinding.

At pH 6.5 and 7.5, the sheep kidnoy ultochonirial
snoyme binds one mols of 2,;n2"" por mole alihough € B at pil 7.5
{5.3) is much higher than at pll 6.5 {3.0). Thus, this cnzywme
beiomgs to the Type 1I group of enmymes {(lildvan and Cobnm,
1976) where 2 "mwetal-bridge” structure presunably exlsts.
such a atructwre has been clearly demonstrated mow for two
Type 1i enzymes, pyruvate iinase (liildven, leigh and Cohm,
1967; Ididvan and Seruttom, 1967) and pyruvate carboxylase
{iildvan and Scrutton, 1967). The fact that ca™ can not
activate PEP carboexyhkinase {Chapter &) is sonéis*é;ant with its
classifdication as a Type 1T enzywe (Colmy, 19G3}.

The ohserved € b oF $5.3 48 lLower thon that reported for

other Type I1I cnzyues, aamely, peanut cotyledon IEY carboxylase

{13.8) and PE¥ carboxyiinase frouw pig liver mitochondria {(15.2)
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FiG. 4.9, Titration of O.,12mll IIm~ with IDF a2t three enzyme concentrat-

ions. é* is plotted against the reciprocal IDP concentration. Linear extrap-
olation to infinite IDP concentration gives éc* (r"ildvan and Cohn, 1966).
Temperature was 20°. Zach solution contained: 0,08l imidazole (c17), pH 6.5,
and 0.156mM enzyme (V V); 0.15H imidazole (C1™ ), pH 6.5, and 0,16m"
-A); 0,13 imidazole (C1™), pH 6.5, and 0.063ml! enzyme

enzyme (A
(®
Linear extrapolation to infinite enzyme concentration gives & + (Iildvan end
Cohn, 1966).

"=
®). Inset. Double reciprocal plot of é—c against enzyme concentration.
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fubstrate Pl & < i, () %,401) Yy {11)
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e A
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a, Frocedure I of Hildvan and Cohn {(1966);
by Substitution in £ uation & of lilcévan and Coim (1966);

¢y Procedure ITi of lildvan and Cohn (1966).
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(dller gt gl., 1968), veast enolase (13.0) (Cobm, 1963) and
rabbit musecle pyruvate kinase {(32.7) {iildven and Colm, 1965).
Iowever, it is to bLs expected that variations such as thosc

will occur from one protein to another reflecting subtle

*A,

differoences in the wicroonviromsent of the In~  ion.

The difference in é‘!:} at the two DI values is significant
and would suggest that at pil 6.5 the emviromient oi the I-‘;n%
was wore "open' or wore accessible to solvent than at pd 7.35.

An alternative explanation is that & group res;ponsible for

L

tn”" binding lonises over this pli range such that !m™ is now
bound less firmly. This does not appear to be the case as the
Gifference in sb values at the two conditions of DI is swmall

and ic within experdmental orroer. Cohn (3.5}'63) found o similaxr

change in & with il for im~ binding tobovine serum albumin.
'S

in this case, € was chiefly affectod by & group of plc =~ 7

&

wvhile LD was noit alfected by this group but was strongly
aifocied by a group of ;—;.»E:':qk teb.
At pll 745, addition of IDP and 1TV to the binary enzyue.

Pt

3

. D £ .

- ™ complex causes & smnli decrease in & aithough the decrease
was too swall to warrant o detailed titration. lidller et gl.
(2968 ) reported wuch largexr decreases with the pig liver

witochondrial enzymo undoer similar conditions. &t pil 6.5,

*3
VRS

addition of IDP to the binary snuyme.ln couplox resulbed in

an Increase in € . This may indicate an altered mode of
e % % 7 ”73+ ~ ]
binding of Im~ or an altered environuent because ol a

confommational change in the protein. L& an altered wmods



of binding occurred, this could be achicoved by & second molo

- ) - . ‘ = ’).i.
of Im™ binding throurh: the nuclieotide te give an enzyue.n”™ .

S : N 1 il
substrate.in® couplex ¢r & rclocation of the bound in”

¢ give {tlw ternary am’ym@.;f.m’.:.nﬁ'* comnlox. In support of
such structures, iHiller gt al. (L1968} have reported the
foruwation of higher order complexes of the type emyme.‘i;112+.
saubstrate.z--i:nﬁ+ for both GDY and GIF with pig liver witochondriai
EP carboxyhkinase consistent with the uetal couplex of the
nucliectide being the tiue substrate for the onzyue.

While the data ls consistent with an altered wode of
n“" & binding, it does anot exclude an altered environuent
selng responsibic for the observed incrcase in é* as theroc
iz cvidence for an’ (DP-induced conforuational change. It
has been shown that 10P {and ITP) induces u significant
incrense in the rate of the {302:04‘;:1 ecxchange reaction {and
044 decarboxylation) without undergoing reaction itself. This
stiniation «f the oxchange reaction is coupletely independent
of the decarboxylation reaction {aee Chapter €), deney
10P (and ITP) stimulates the G0, 044 exchange reaction per se
by inducing a wore favourable cnviromsent or conformation.

Hiller gb gi. (1968) analysed the observed decrcass in
onbancouent at pll 7.5 with ID0 in terms of a displacement of
one water molecule frouw the hydration siell of E‘in:‘?“ir similar

to the proposed schene for pyruvate kinese {{ildvan and



o6,

andi Ceohmy 1966).  However, this expianation sould not sccount
: ]

2%

%

3

oy an increase in &£ - at pH 6.5 and it is perhaps fortuitous
that such & "siwuplified" interpretation is feasible.

Similar considerations of the data obtained with TP
arc possible. At pll 6.5, an increase in & * too suall for
a full ftitration is cbserved on additlon of IEPF to the binary
enz)mrae.i».;nz+ couplex. At il 7.5, & decrease in the F.h.ii.
enhancewent is observed.

The magnitude of {he decrease observed by liller gt gl.
{1968) under siwmilar circumstances was greaier f{éb &, =
15.% : 6.7) than that reported hero {éb s & g = He3 1+ G},
These worliors intermroied the decrease in toerus of the loss
oif two water molecules froum the hydration sphere of li‘nﬁ+ .
Appiying this approach to the sheop Lidney enzyme we find a
decreass in cnhencement frow 8.3 to 8.4, 1.8., @ 250 decrensc,
consistent with the loss of one wator ligand i¥ we assuwme that
the protein providea twe ligonds foy ! in% . wuch p# fMipure would
surely bz a wminipum and has been proposed as the fipure for
pyruvats kinase (lidldvan ond Cohm, 1965). Purthermore, Mildvan
and Cohm {1966) have proposec that P nniy provides the one
iigand for Mm® im pyruvate kinass in contrast to the wo
proposed Tor plg iiver nitvchondrial PLY carboxyidnase. Thus,
the data Tor the sheep idney enzywme is consistont with =

2 T T
struciture for the ternary ensyme.tn” JPDT coumlex similar %o

that proposed fox pyrvvate Lhimase. At pil 5.5, the predowinant



£
-3
*®

influence sm the enhancement of the P.i.R. would agnin be

conforumtional considerations as was the case with IDP.

Comparison of the behaviour at pH 6.5 and 7.5 on
adgition of PEP or iDP to the binary cnzmyme. n®  compiex
show thmt the changes in éf‘"' occur in ¢pposite directions,
daies é% decreascs in bhoth cases ot DI 7.5 but increascs in
both cases at pH 46.3. This provides strong evidencs fox
conformational changes in the ensyme induced by substrate
binding especially at i G.5. Such induced confortational
changes would be in accord with the *iaduced~fit? theory
proposod by Koshland (195G ).

Ho effect om é% could be detected with Nail(:@:} although
termary coumplexes wore tdetected with ITP and OA4A in addition
to DY and PEF. Froo these studies, 1t was concluded that

-,

PEP, 1DP, UAA and ITP can ull bind independently although

5

- X . ¥ 3 @l - 5 & » F A 3
the requicewent for In™ for the binding of these substrates

cannot be gatablished from this datsz.
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4% would be oxpectod that PLP carboxylidnase would be
subject to several control mechanisums congldering its key
position in gluconeogonesis. Ilowever, attoupts to detoct any
mnetabolic effectors have so Far failed in wmammalian aystous
while iz uwlcroorganisms only one exauple of an acute control
has been reported, yiz., an allosteric inhibition by N&DHE in
L. goli (Vright and Sonwal, 1969). In this case, sigmoidal
saturation kinetics, shown with PEY, HCGB' and OA4A, arc
Zetected only in tho presence of the effector and this is not
the result of any change in the polyueric state of the onTYIS .
However, these authors gave no indication of whether their
enzyue preparation was contaminated with malate dehydrogenase
as low ievels of this nctivity with The added ﬁﬂﬂﬁx could
produce the observed cifects. OUn the otlier hand, there are
mmiercus examples of adaptive control via changes in enNZyee
levols in responsce 4o perturbations in the metabolic and/or
hormonal stltes of an organdisw and, in general, any changos
which do occur are in the same dirocction as overall cluconeoe
genesis (Soerutton and Utter, 1968; Shrupge and Slhug, 19663
“hragoe ond Shug, 19623 de Torrvovbesei, Palacian andg Losada,
1966).

Yhen initial veiocities ef sheen Lidney wuitochondrial
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PEP carboxykinase were measured with an uncoupled amrboxylation
assay systém and plotted as a function of TEP concentration, &
normal rectangular hyperbola was obtained when all other
substrates werc at saturating levels. IHowever, if ID¥ was
present at fixed non=saturating concentrations, deviations
frouw a rectangular hyperbole were consistently observed.
Louble reciprocal picte of this data were biphasic with
aprarent substrate aectivation. furtheruore, other cotbinations
of substrates also showed similar results. These dats would
suggest that PEP carboxylkinase exhibited negative cooperativity
with respect to IDP {or PiP) bimding (Levitzki and Koshiand,
1969), and that this propexrty might be ilwmportant in the control
of the onzywe lin viyo.

However; subsequent analysis showed that these kinetic
effects could be eliminated if a coupled assay system were

used to convert VAL to aspartate or malate. It therefore

appeaxrs that the non-ilichaslis-lienten kinetics result {rom an
aucurmiation of O&4, Z.5., DOAA i8 s powerful product inhibiter.
it is proposed that UAA acts as an effective inhibitor of its

own synthesis.



5.2, UATERIALS A490 HETHODS
PEP carboxyiinase used in this section wWas prepared
as detailed in Chapter 3 and had a specific activity of 2 -~ 2.5

units per mg protein (Section 2.8).

(a) Initial velocity studies on the uncounled carbosye

lation reaction

The carboxylation of PEP was foilowod by the incorporaw

tion ol 13302 into 04k which was stabilised as the 2,4-dinitro-
phenylhydrazons. The C.5 wl reaction mixtures contained {in
wmoles) : iwidazole {€17), pH 6.5 {acjusted at 309), or
Beethyimorpholine {C17}, pH 7.5, 50; GSIl, U.5; PLp carboxy~
kinase, up to U.01 units; ﬁnﬂla or Rgﬂlz, PEF, 1DPF and H&HlQCGﬁ
{6 = 107 opu per wwole) as indicated in the legends to the
figures. The reaction was initiated by the addition of PED
carboxykinase {up to 0.0L5 units), incubated for 5 uim at 30°
and stopped by ths addition of 0.05 mi of & I/ HCL saturated
with 2Z,4-dinitrophenylhydrazine. Cach assay solution was
processed in triplicate as described in Section ReTeid,
Reaction velocity datu were processod om a CDC 5500
digital computer using the HYPERB program of Cleland {1563a)
whore the cowputer onalyses were perforued on o best ©it to

the hyperbolic furu of rate equations {Lquation 5.1}

¥ =

ess (5a1)
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assuming equal variance for the veiscities. .in those cases
where biphasic double reciprocal plots of velocity against
substrate concentration were cbtained, the data corresponding

to the twoe linear regions were amalysed separately.

The apparatus and wethod used was that described

by Coiowick and Wouacik {1969)., PEP carboxylinsse dissolved
in 0.025 1 imidazole (C17), pH 6.5, and P -22P-GDP were added
te the upper chamber, while 0.025 ¥ imicdazole {C€17), pi 6.5,
was puwpod through the lower chawber at the rate of & wl per
nin. The »ffluent was coilected (2 wi Pfractions) for measurenent
of radicactivity. The concentration of GDI' in the upper chasber
was progressively increased with § - 10 ul aliguots of uniabelied
GUP every twe win. Aliguots (i ©l) of the effluent were added
te 5 ml of Triton X100 counting moediuvm and the radioactivity
was deteruiined in & Packard-Tricard scintillation spectroneter.

The steady-state concentration of ragioactivity inm tihe
effivent ot any given substrate coucentration is taken a&s a
meagure of the Iraction of the total substrate in the upper
chamber in the freely diffusibie state. ihien cxcess substrate
{about 1UC fold reiative to the onzyme concentration) is added,
the radivactivity in $he effiuent is inken to be that corvese
ponding to 10040 of the substrate in the free state. This

aliows the calculation of the concentration of the Tree and
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bound substrate at sach GDP concentration.

(c; Zxiton X300 cevnting wmedium

The counting medium used consisted of 2 voiumss of

scintiilation fluid {Soction 2.5) and 1 voiuwme of Triton X100.

A%
*
L'_.'v

FRee Sl

The initiai veioccity patterms shown in Fige 5ol were
obtained when PEF anc .DF werc the variabis and fixed variable
substrates reapectively., 4 deviation from a rectangular
hyperbola was consistently observed and this offect becauc

@ore pronounced as the concentration of IDP was decreased.

The same data prosented as & double recipiocal plot are shown
in Fig. 5.2 where a biphaesic plot is obtained with an inflection
point at 0.2 mi PEF, Frow this plot, R, vaiues {the ratio of
PEY concentrations at 9UH and 105 of the uaximun velocity) of
93.5, 155 and 174 were cbtained at the 1LP concentrations of

Coll miy, 0.2 wi and C,1 wy respectively as opposed to a vaiue of
¢l for Hichaelis-lonten kinetics. The Progressive increase in
the Ra vaiue confirms that deviations irvu hyperbolic saturation
by PLY became wore pronounced ag the 100 concontration Jdecreasocd.
Hill piots of the initial veloclty deta obtoined with 6.8 wmil

and G.2 mi are presented in Pig. 5.3. VWith 0.8 mi ib¥, the

piot was essentially lincar with unit g#iope in gecord with an

Rs value of 93.5 whereas with C.2 wil IDP, o triphaslic surve

Was obtained with the siope decreasing to Cue3%7 in the region
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mental values, the lines are the computer-determined lines of best fit using
the EYPE2B program of Cleland (1963d) (see Section 5.2.(a)). Assays contained
(in pmoles): imidazole (Cl™ ), pH 6.5 (adjusted at 300), 50; ImCl
HaH!

'D),

®), O.1mlf, The points are the experi-
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4 ) ... - .
'CGB, 5; GSH, 0.3; ©PEP and ID? as indicated; PHF carboxykinase, 0.005
units. Incubation was for 5 min at 300 and the reaction stopped with 0,05 ml of
6If IIC1 saturated with 2,4~dinitrophenylhydrazine. The radioactivity determin-—

ations were corrected for quenching by the channels ratio method.



concentration at pH 6.5. Data is from Fig. 5.1.
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of C.2 wil PEP,

The pif optiwmuw of PEP carboxykinase was dependent on
the activating wetal don, pH 6.5 with ¥n®* and plf 7.5 with
ig™" {Chaptor 3), whereas the ol of the kidney wmitochondrion
would be closer tc »ll 7.5 with ﬁgg+ in excess of mn2+.
<t is therefore possible that the observed inltial velocity
patferns result frow the choico of pil and divalent cation
for the kinetic studies. To eliminate this possibility,
the initial velocity patterns were investigated at pH 7.5
with !m~" and N52+ {Figs. 5.4, 5.5). Essentially the sawe
behaviour was obtained in bothk cases with the inflection point
at C.l wh PEF as before. it would thercfore appear that the
biphasic kinetic patterns are a property oif the enzywme and not
of the choice of divalent cation or pif.

This biphasic initial velocity pattern was also obtained
when .DP and chﬁ' were the variable and fixed variable substrates
respectively, but not when PEF and HCU,  were varied (Figs. 5.6 -

3
7}« in the forwer case, tho inflection inm the double reciprocal

piot occurred at C.2 wi 1DF, in contrast to the resuits when
PLF and 1DF were varicd, the magnitude of the deviation frou
lichaelis-lonten kinetics was apparently independent of the
HSGE" concentration as indicated by a constané kg, value of 125.
it would appear that non-linear double reciprocal plots are only

obitained when IDP is non-gsaturating while the 8 wvalue is

&

constant if PEP is held comstant (Fig. 5.6) but varies if PLP

varies (Fig. 5.2; 5.4 - 5).
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concentration with In“" at pd 7.5. FPEP concentration was varied at the three

‘0), 0.8mki; (a ‘A), O.2mii; (A 4),
O.1mlf. Conditions were as for Fig. 5.1. except that the buffer was Heethyl-

morpholine (C17), pH 7.5, and 0.01 units of enzyme were added.

IDF concentrations; (O
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contained (in pmoles): imidazole (017), pH 6.5 (adjusted at 30°), 50;

A), 1.0m7, Assays

) . 4 -
I'f'nClz, 1; 2up, 0.5; G50, 0.8; IDP and H1 '005 as indicated; 0.005 units

of enzyme. Assay conditions were as for #ige Selo
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concentration. FPEP concentration was varied at four fixed levels of HCO3—:
(o——n), 8.0m; (4 A), 3.0m; (A A), 15w (m—m),
1.0mil. Assays contained (in pmoles): imidazole (C17), »H 6.5 (adjusted at
300), 50; EhClz, 13 IDP, 0.,5; G3H, 0.8; PE” and H14CO " as indicated;

3
0.005 units of enzyme. Assay conditions were as for Fig. 5.1.
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The situation becouies more complex if the wmedal ion is
held at certain fixed concentrations while the other threc
substrates are varied {Figs. 5.0 - 10). Apparent uegative
cooperativity was only shown when PL* was varied but not
vhen iDP was varied. The observed interaction when PEF was

the variakle could be explained by 'n.iDI” being the true

]

S

¥

substratc {a@a Shaptor 6) suchh that docreasing U concentro-

tions also decreased the Im.IDI” levels {¢f. Fig. 5.1). Ho
explanation can be put forward for the lack of nny interaction
when 1DP and Mn?+ woere the covariables.

This system satisfies the criteria defined by lLevitzki
ond Xoshlang {1969) for negative cooperativity in substrate
binding: {a) the plot of initial velccity against substrate
concentration shows an intermediary piatesu region, (b) the
double reciproecal plot of velocity against substrate concentra-
tion is hiphasic with increasing siope at high substrate
concentrations, {¢) the R_value is groater than 81 and
{¢) the Hill plot is nom-linear with an interuediate region
of slope wmuch less than unity.

fiabblit wmuscle glyceraldehyde-J-phosphate dehydrogenase
{Convway and XKoshland, 1966) and I. eoii alkaline phosphatase
{simpson and Vallee, 1970) bosh possess these cataiytic
featuros. Murtheruore, both cnzymes have been shown to
exhibit negative cooperativity with respeect to substrate binding.

in the forzer case, four woles of NAD per wole of enzyue
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concentration. FEP concentration was varied at thres fixed levels of T.‘fnClzz
(o o), 1.6mf; (a4 A), 0.4m7; (A

contained (in pmoles): imidazole (C17), pH 6,5 (adjusted at 300), 503

A), 0.2m7. Assays
IDP, 0.5; H14003-, 5; G3H, 0.8; PET and I'nCl, as indicated; 0,003 units

2
of enzyme. Assay conditions were =s for Tig. 5.1.
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ars bound with progressively decreasing affinity{ in the Latt
casey twe moles of P?i poer wole of onzyue ars bhoumd in a
discontimious manner with the second wolecule bound less
reacdlly than the first. In fact, the exauple of alkaline
phosphatase illustrates the liwmited application of the
theoretical troatuent of negative cooperativity by Teipel

and Koshland (1969), Thesec workers restricted thedr treatment

to a rapid random situation and showed that more than two

subsatrate sites wero necessary for this dnteraction to orour,
The binding of GDP to PLD carboxyiuinase was investigated

and showed only one wmols of GDF bound per wole of enzyme

{n = 0.92; Pig. 5.11)., This is contrary to that expected

for nogative cooperativity ans this concept reguires o winiuun

o¥ two wolecuies of subsirate per enzyme molecule to achiove

an interaction between binding sites.

if the basis of the bipassic initial veloceity patterns
was negative cooperativity with respect to LUP or PLT binding,
these patterns would not Hs altered if o coupled assay were
enuployed,. With PEDP carboxyiinase, conversion of UA4L to
aspartate by the addition of aspartate transawinase, glutavate
anc pyridoxal phosphate resulted in linear douzie reciprocal
piots as well as g warled increasec in obaserved activity
{rig. 5.12). Acdition of the coupling cowponents oithor
separately or im various cowbinations had no effect on the

kinetics of the uncoupled assay uniess the couplete coupling

?35.

or
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G, 5.11. Rinding of GDP to PII carboxykinase. A Tughes-Klotz (1956)

2
plot of the data obtained for the binding of ﬁ-B‘P-GD? to FEF carboxykinase

using the apparatus and method described by Colowick and Womack (1969). The
intercept on the ordinate gives 1/n, where n is the number of GDP binding
sites, and the intercept on the abscissa gives -1/KD, wnere KD is the
dissociation constant of the enzyme.GDi complex. The buffer used was 0,025

- - I . )
imidazole (C17), pE 6.5, and the temperature was 20°.
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TG 5.12. Comparison of the coupled and uncoupled assay procedures.

(o 0), coupled assay procedure; (O

O), uncoupled assay proced-
ure. Assay mixtures contained (in pmoles): imidazole (C17), pH 6.5 (adjusted
at 300), 50; IDP, 0.5; PEP (various amounts); MhClZ, 23 NaH14003(100 pC
per umole), 10; GSH, 0.8; enzyme, 0,01 units; plus, in the coupled
procedure, sodium glutamate, 10; pyridoxal phosphate, 0.02; aspartate
transaminase, 4.5 units. Incubation was for 5 min at 300 and the reaction

stopped with 0,05 ml of 6M HC1l saturated with 2,4-dinitrophenylhydrazine. Th

radiocactivity determinations were corrected for quenching by the channels
ratio method,
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systew was present. This effect was verificd with a second
coupied systewm where OAL was converted to malate and resulis
siwlior to those obtained with the aspartate transaminasco
couple were obtainec (Pig. 5.13). Thesc last twe observations
would argue against sheep kidney uviltochondrial PLP carboxykinase
exhibiting nogative cooperativity as defined by levitzksi and

Hoshlana (196%).

Jehe DISCUSSION
i nke R Y 7 Tt - ~ ) 2’*’ Treag e s 2-‘-
When FoF and deB or ADF amd Im ar ﬁbua and n

were covariable§, the initial velocity patterns obtained with
an uncoupled assay syston wore faulliecs of stralght lines.
However, when PEPF and LiDP or 1DP and chﬁ" or YO and ﬁng*
were the variable pairs, the double reciprocal plots were none
linear showing increasing slops at high substrate concentrations.
in these cases, the criteria of negative cooperativity in
substrate binding as cefined by Levitzki and Koshlamd (1967)
are satisfied, namely, the pleot of initial velocity against
substrate concentration shows an intermediary plateau, the
double reciprocal plet is biphasic with increasing slope at
high eobstrate concentration, the Rs value is greater than ol
and the Hiil plot is non-linear with on interumediate region of

siope less thon unity.
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FIG. 5.13. Comparison of the aspartate transaminase and malate dehyd—

rogenase coupled procedures. Reaction mixtures were as for the coupled
procedure of Fig, 5.12 except that, for the malate dehydrogenase coupled
nrocedure, the additional components were : malate dehvdrogenase, 4 units;
HADHZ, 1 pmole, NaH14

CO3 was 50 uC per pmole, The assays were stonped after
5 min at 30° with 0.2 ml of a 109b (w/v) solution of trichloroacetic acid.

(o -0), malate dehydrogenase; (& ‘A), aspartate transaminase.
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However, lour Tactors argue agninst the concept of
negative coopergbivity satisfactorily oxplaining the observed
results, These are {a} the change in the RS value for tho
data of Fig. 5.1, (b) the manifestation of the interaction
appears to be dependent on the pulr of gubstrates varled,
(c} only om= mole of IDI is bound per mole of PUP carboxyliinase
anc (d) the biphasic indtial velocity patterns are eliminated
if a coupled assay syston is used.

Vith 2 negative homotropic cooperative interaction,
the Rs valus would rewain constant at a figure greater than
il regardciess of the concemtration of the other substrates.
This is the case for giutamate cehiydrogenaae which shows
negative cooperativity with respect to HAD {Lajolm and Jackson,
1968). if the plots of velocity against NAD concesstration at
rariocus piutamate concentrations are nommlised, the ourvoes
becous identical. Iin the sore couplex case of pyruvate
carboxylasce, which axhibitg positive cooperativity with
respoct to acetyl Uoa {Darritt gt ai., 1966; Scruiton amd Utter,

&l j P " 2% _, =
1967; Cazzulo and Stoppani, 1968) and ig.ATF" and lig {Koech

and Darritt, 1967; Cazzulo and Stoppani, 1969), this enzywe
alsc shows negative cooperativity with respect to pyruvate
while the Rg valug for pyruvate was essentially unchangod
with pH and over a ton fold range of Tixed leveis of either

acetyl CoA ox Hg.ATTg” {Taylor, Nielsen and Xeech, 1969),

Similarly, with OTFP synthetass, the ﬁ& value for glutanine
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appears to be independent of the concentration of OTFH, an
allosteric activator (Levitzizl anc Hoshiaml, 1963,

in thes case of o negoative heterotrophic coonerative
interaction, the Rﬁ value would be expected to vary wihere the
negree of interaction of ome affector is dependent on the
soncentration of a socond cifector. HHowever, thore is uns
epparent interaction when 1DV is varied at {dxed En2+ ievelis
while in all other cases where IDP is varied (PEP and ﬁu&s“
the covariables] thers i1s clearly sowe interaction. PEP
can not be iwplicated as the prime effector becausz whon PP
is varied, the intersction is only apparcvnt when 1D and Lng+
are the covariables. 4ny interactions wouid therefore appear
tu depend om the pair of substrates varlied rather than being

attributabic to IDF (or PEF) in particular. This conciusion

DF

4

%6 Turther borme out by the Ffact that oniy one wole of
is bound per wmole oi PLI carboxykinase.

Sheep kidney ultochondrial pyruvate carboxyiasc shows
aegative cooperativiity with respect teo pyruvate siuilar to
that shown by the eguivalont iiver enmywe {Tavlor, Nielsen
and Deech, 1969). The assay ouployed to deterviine the initial
velocities of pyruvate carboxyiase was an uncoupsed one
sinilar to that used hers. Ilowever, the interaciioms were
2ot aliminated when the aspartate transauinase counrle was
inciuded in the assay (Nielsen, 1970}. Therefore, the results

with the eoupled assay would eliminate any possibility of the
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concept of negative cooperativity as defined by Levitzki
and Xoshiand {1969) being operative in shsep kidney mito=
chondrial PEP carboxylkinase., What this finding does suggest
is a powerful product inhibition by LVAL. This inhibition
could readlily be effected by altering the pathway For the
formation of the contral coupiex consisting of enZYNG, Imz*,
PLP, TP and €O, (sce Chapter 6). It is significant that,
in 211l roports concerning mammalian PED carboxykinase, soupled
carboxylation assays have been used.

=+ goli PE¥ carboxylasc has beon classed by lLevitzli and
Xoshland (1969) as an enzyme showing negative cooperativity.
This wos based on the data of Corwin and Fanning {1966} obiained
with an uncoupled assay. The interactions wore shown with
:m&-r at pH 7.2 but not with i;g2+ at pil 7.2 or 9.0, 4in intor—
wediary plateau rvegion was cbtained when ancetyl Coi was varied
at 10 wil PEP but at 2 wii PEP sigwoidal kinetics resulted. The

—_ Y -

saturniion kinetics of PEP at pH 7.2 with in” were sigmnoidal
but, im the region of & - 7 wi, there was an intermediary
platesau region whereas in the presence of acetyl Cod, an
allosteric activator, hyperbolic saturation Lineties were found.
Siguoidal saturation linetics for PEY at pll 7.2 with ig>'
were reported in the presence and absence of acetyl Coi,
Therefore, with PEP carboxylase, the appearance of the plateau
regions characteristic of negative cooperativity also seeums to

be dependent on the coubination of pli, metal fon and
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substrate concentration used siwilar to PLP carboxykinase
reported here and is probably the result of the assay used
rather than & property «f the enzyue.

The significance of this proposed product inhibition by
0AA can be appreciated when it is reaiisod that the VAA concen-
trations in these asgsays are only of the order of 10"'6 i to
16”7 1. The wmitochondrial levels of OAA, based on NAD/NADH,
ratios, are below the 1 = 10 uli range reporied for whole
tisgues (Willlawson, Lund and Lrebs, 1967; Williauson, 1969;
Leffier and Wieland, 1963; BDaird gt 2l., 19065; Ballard, Hanson
and ¥ronfeld, 1964) while the intromitochondrial PEI concontra-
tion way be as high as 4 wi (Garber and Ballard, 1969). This
level is considerably higher than the U.1 - $.2 wll range
reported for wholec liver (Ray, Foster and Lardy, 1966;
Rolleston and Newsholme, 1967; Weideumann, Hews and Lrebs, 1969;
Baixd and Heiteman, 1970). Therefore, it would apnear that
the ipn yvive conditions reseuble quite closoly the conditions
of the unccupled.?ﬁ? carboxykinase assay system. Purtheruore,
the true ﬁm for total PLF is about 2 x LG*& i. as determined in
a coupled assay systew while that for Uid 15 ns high as L5 =
10™% 1 as determined with the cc2iCAA exchange reaction
(Chapter 6) in good agrecment with values reported by other

worlcers (Holten and MNordlie, 1965; Chang gt al., 1966; Foster

et al., 1967). Comsequentiy, the carboxylation reaction of
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aitochondrial PET carbeoxyluinase could be important,&givivc'gb
' ='m‘i

in view of the reiative G4l end PUP ileovels in whlich case the

is;

reiative contributionms of carboxylation and decarboxyiation

wouid be comtrolled hy the GDE/CGTY raties. The recent

findings of Johmson, Lbert and Ray {(1970) that isolated

rabbit liver mitochondria incubated wilth pyruvate and HCQB'
iberate large amounts of walate znd aspariate {ii & vcn

ﬂﬁhw} to the wedium but only small awounis of PEV would

further esuphasise that PEP synthesis is probably not, in Lfact,
the predominant function of mitochordirial PEP carboxykincse

A significant "anaplerotic® rols 1s therefore indicated for
this activity whereby the interacticns set up by 044 would then

be significant in the control of its own synihesis.

LeJolm (19 6G) reported a unidirectional countrol of the

reversibie glutanate dehydrogenase from

iie emersonii.
“n this case, the netabolites, citrate, isoccitrate, fructose=i,i-
diphesphote and fumarate, and the non-uotabolite, LDTA,

coupietdy inhibited the oxidative deamination of glutamnte but
woere without oifect on the reductive asination of g~onopiusaraic.
The fact that GLA is such a polent inhibitor of gho carboxylation
oi LI carboxylunase might sugpest that this eruyne is an ideal
candidate for such & control especially in view of the cotiplex
relatiomship between nucleﬁtide specilficity, wmetal lon

specificity and pH,.



Because of the similarity betweon the 4l vivo conditions
and the uncoupled assay with respect to (AL and PED concentrations
and the appearance of non-ilichiaelis-: -onten luinetlces uwsing this
assay, it is suggested that ¢this type of assay should be used
0 investigate possible effectors of PEF carbox riinase.

Thess eofioctors :cmald. quite Teasibly act by increasing or
Cocressing the apparent interaction betwoen 044 and 1DP or
PEY.  such interactions could not be deotectod with a coupled

assay although they have the capability of mariedly altering

the balance between carboxylation and decarboxylation.
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Gele INTRODUCTION

in Chapter &, the naturc of the complexes foruwed betweon

. ; e , s
enzyne, In and sunstrates were discussed in the light of the

NeliaRe studles. In this chapter, the interaction of thesec
couplexes to give the central coupiesx comsisting of anwyue,
f~;.112+9 PEP, 1IDP and L"C-E, wvas luvestigated by kinetic analysis
and a wechanlisu is proposed for the reaction.

iane and his coworiiérs studied the mechanism of action
of pig liver mitochondrial PEP carboxylinasc using N.il.l.,
goi filtration and equilibrium dialysis binding studies amd
a limited kinetic mnalysis (13lier et al., 19GE; NLiller amd
Lane, 1968). They proposed the forwation of a central cotmlex
consigting of ensyue, i;.n""”*, PP, 1DP gnd ﬂGE by a mixed ordered-
randon addition, is.e.y when 2\;,21"'*" was bound, edther DL+, 1DF
or 002 might bind next, but 1f IDP op Cﬁs bound prior to PLP,
the TLF site wus unavailable and a deadeend complex (Cleiamd,

1963b) was formed. Although the binding of PEP proceecded in

a rondom fashion with respect to }‘.;n'w, the affinity of the

£3 o,

enzyue for PLY was greatly enhanced by the presence of :n~ .

pazs

The termary cnzyue.in™ PP couplex wmay bind either 1DV or c0,,

and this complex can then bind the third substrats to fora the

PN L
central complex. An altermative route to the enzymae.iin® JPIV,
10P complex involves the binding of Im.IDF” o the enzyuc.

PEP complex. The central coupliex then undergees conversion

by & concerted mechanisu tc & mnow couplex comsisting ol enzyne,



hn;é, CAA and ITPF. lowever, the comdiitions used for the
inetic analysis wore not ideal heecause aiton three substrates
wvere varied simultaneously at non-saturating leovels waking
interpretation of the resuits difficuit and subject to srror.
This criticism does not invalidate the preposed concertod
wochandism but introduces an clement o7 doubt and cattion
regarding the proposced order of substrate addition.

Pelicioli, Darsacchi and lpata {1970) have recently
presented ovidence for an ordered Bi Tor wmochanisy {Clelanﬁ,
1963a) for the decarboxylatiomn reaction catalysed by chiclen
Liver sutochondrial PEP carboxyicinase. lovever, the binding
characteristics of the sheep kidney witochondrial enzywmc
{this thesis} and the pig liver witochondrial enzyue {(ldller
g% al. {1968)) show random addition of substrates which would
preciude any such siochanisw.

The results of the winetic analysis of the sheep kidney
uitochondrial PEPY carboxylkinase suggest an ordored uwechonisw
in contrast tc the roandowm binding of aubstrates. 1t is
therefure proposed that this onzyue possesses o segquential
nechanisn but with ¢ preforred pathway whoere I09 1s bound
first followed by the randow addition of PP and‘CGz. This
nechanism is in goneral agreecent with that roposed by Hiller
and Lane (1968) for ths pig liver uitochondrial enEYIIGC.

Chang gt al. {1966) reported that the omnly exchange

reaction catalysed by pig liver mitochondrial PED carboxy -
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kinase was a n° - and 1TP-dependent CG?:Qﬁﬁ exchange reaction
consistent with s soquential mechanisw with the dissociation
of 1DFP or PEP the rute Limiting step. In addition, lillier

and Lane (1966) demonstrated that ~°C of Heli”:ﬁ was not
incorporated into the phosphoryl group of PLP and iDP durling
Gecarboxylation. These observations oliso suggest & concorted
techionisn for the phosphoryl transfer and eliminate any
mechanisn involving hydroiysis of o phosphate bond of an
interoediate by water of the solvent. However, studies on

the partial reactions catalysed by sheep Lidney witochondrial
YL carboxykinase show an iTP-independent exchamge of Cﬁg into
s although the preosence of mucleotide {either TP or iDbp)
stivviates this activity. These results suggest that the
carboxyiation of PEP catalysed by sheepr Lidney mitochondrial
PEP carboxylinase is a $wo step process witlh the phosphoryl

transfer preceding carboxyiation.

6.2. LETHODS
The PEY carboxylrinase used in these experinents was

preparedc as described in Chapter 3 and had & specific activity

of Z.5 units per mg of protein (Sectiom 2.0).

(e} initinl velocity studies ow the carboxylation roaction

The carboxylation of PEI was followed by the incorpora-
tx1on of H}“l"CGBm into Uia walchiwas converted to aspartate by
aspartate transaminase. The ©.5 ml reaction mixtures econtained

{in unoles): iwidazole (€c17), ol 6.5 {adjusted at 30°), 50,
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G3lLy G.8y sodiuw glutawate, 1U; aspartate transaninase, 4eb

units; PLY marboiyhinase, 0.00 units; imCl,, VLV, 1DF and
ﬁaﬁﬁigcuﬁ LS = ;65 cpi per psole )y as deseribed in the Logonds
to Figures G.1 - 7. ALL scilutions wer adjusted %o pH 6.5,
Ths reaction was initiated by the audition a1 enzyue, incubated
for 5 uwin st 3¢° and stonped with 0.2 mi of o 1050 (w/v )}
triciloroacetic acid solution. Bach assay solution was
processed in triplicate as described in Section 2.7(1).
Although the ideal situatlon for initial welocity studies
would be to use an uncoupled assay systew, this was unsatisfactory
with this enzywe because non-iinesr deuble reciprocai nlots
made interpretation icpossible {see PFigs. 5.12 « 13). eClure
{1969 ) nas anaiysed the use o1 ocouplied sysicus for kinetic
atudies and reached the oconclusion ¢hat they give an accurate

estiuate of the eneyuic achtlvity under the appronriate conditions.

{b) Einetic studies on the 00,5 Qd
PE¥F carboxykinase cataiyses z 'n"" —dependent CU, 1 0as
exchange reaction which is astimulated by either ITP, IDP or 10
(Tabie 3.3). The exchange reaction assay (total voiume G.5 ml )
.
contained (in Jwoles): imidazole {C17), pH 4.5 (adjusted at
36%), 505 GoH, G.8; PEP carboxykimase, 0.0l = (.02 units;

oY e Te U0 o L N T YA N gy B Yt W o ey - % ;
and iinCi,, IT¥, Vsl and Nali 'cCyT (6 x 102 spw per uwole) in

amounts as Indicated in the legends %o Figures 6.8 -~ 1¢. The
reaction was initiated by the addition of 0AlL, incubated for 2

or & wuin. {as detailed) at 30° and stoppec by the addition
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af Yo wi of & & HCL saturated with £y sy =ainitrophenylhydrazine.
The assay solutions were brocessed in triplicatse as detailed in
Section 2.7(1i). Vith the exchange stwiies, the turnovesr of

substrates was swall snd in no case wouid 1t amount to worc

than 50 of the indtial lovels.

iDP, 1iTP, EaHCOB ana PEF, at the concentrations
indicated in the legendis to Figs. 6.11 and 6.12, and Mnﬁlz at

a constant concensration of 4.0 wi. were added to the gtandard

Coupied ussay sysiteu.

Heaction velocity date wers processed on g COO 0400
digital couputer wusing the Fortran programs of Cleland {1?63&}.
Althouzhi the initial veloclty data are presented in the double

reciprocal forw, the covputer anaiyses were performed on a hest

fit to the hyperbolic Ffor: of rate equations:

assuming equal variance for the velocities.

The data were analysed in subsets conglisting of veliocities
obtained when the concentrations of two substrates were varied
at sowme constant saturating ievel of the third substrate. The
data im each subset could thus be treated as a Direactant svstew

anc couwpared with Equation 6.2 if paraiiel lines were obtained
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or with Louation 6.5 if intersecting lines were obtained.

AB

* " .2
v KA+ LB ¢ AB wee (6.2)

VAD

v-. ‘.,;- g 2 LI (6-3)
i\iang + }x,b.c\ + haB + AR

Vo=

The nomenclature of the kinetic constants follows the definitions
aml notation of Cleland {1963a). The initial velocity patterns
were anaiysed by inspection as outlined by Cleland {1963c).
Concentrations of free and couplexed forus of PEFP and iDP
as well as Pree hng+ were caiculated using the foliowing diss-
ociation constants for the im”'.substrate couplexes:f, ..., =
1.79 wi (Wold and Ballou, 1957); K, (o = U.1 wi (rounded off
from that obtained by U'Sullivan and Cohn (1?66} ana coryectad
for pH 6.5). However, thw initial veleccity patterns were the

sauie whether the reciprocal velocity was plotted as a function

of the reciprocal of free substrate, n.substrate or total

substratc.
(e) B ; 2.0L an epgyme-bound CC. interuediate
[

PLP carboxykinase (L =~ 3 unitsd was incubated at
0% ana pH $.5 with Naib%cc, (6 x 100
$ P 6.5 1 2 iy (6 x 10 epw per umole) in the
presence of various cowbinaitions of substrates and products

inciuding conditions wvherec the Cﬁégﬁﬁﬁ exchange, the FuPl

sarboxylation or the UAA decarboxylation reactions were active.
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The enmyme protein was thon isoiated at O - 4 by one of
the Tollowing methods:
{~ Y the protein was precipitated with trichloroccotic
acid and recovered on o Jhatuan grass~Libre Liltor {GF/C)

supported on & Lillipore suction apparatus. The filter was

.

washiod with acetonw and exonined fop radicactivity:

{11) the protein was isolated by the wethod of laziro
and Uchon {1961). . Uowex 1 {3y 200 « 400 nesh) coiummn {G.0
= 4oen) was equilibrated with Vo0 Il tris (C17), plH S.C.

3

stmeciately before use, 3 wl of o solution of U.0Z 1. tris (C17)
P Lol containing uf b GUIT were run throwch the columm. The
reaction wuixture {G,.5 ul) was loaded onto the colunm, wvashed
in with U8 ml of buffer and the protein wus oluted with three
agditions of 1 wl of bLufTor. “orresponding volumies of niuate
{CeBy ©ul omd 3 x 1 ml) wore collocted amd U.% wl aliguots wors
added $0 1.0 @l of Twiton X100 scintiliantion fiuid {Zection
5.2{c}) an¢ assessecd Tor radionctivity;

{111) a cophadex 025 coiurm {14 = 16 en) was ecullibratod
with a selution of U.05 i phosphats {£%), plt 6.5 containing

3

L7 L EDPA and 107 1 o and ealibrated with Jlue Dextran

and podtassivm Terricyanide. The renc tion uixbusras {0.5 ul )} werc
applied to the colum and the protein eluted with 20U wl of the
equilibrating buffer at o fiow rate ©f I nl per aine Liuant

{G. 5 =zl Froactions) wase collected samnlly o Vol ml nliquots were

-«

0
o

essow Loy rudioncilvity as desecribed in Lii) ubove.



LiG,

Jtilisation of pyruvate was investigated by its
carboxylation or its exchange into Uii. The abllity of both
0P ang 1TP o facilitate a utilisation of pyruvate was
examined,

(a) The carboxylation of pyruvate was asesssed during
a veaction mixture (0.5 mi) containing {in uuoles): imidazole
(c17), vt 6.5, 50; inCl,, 2.5; IDF {or 1TP), 2; Nalllz‘C(}B
{6 x 107 cpw per pmole), 20; pyruvate, 10; MADH,, 1; malate
deahydrogenase, 5 units; IEV carboxykinase, 0.2 units.
incubation was carried out at 300 for wvarious intervals up to
30 nin. 7he reaction was stopped by the addition of CeZ25 ml
of a L0% (w/v) trichloroacetic acic¢ soiution. aliquots of the
protein-iree supernatant were assessed ifor radiocactivity as
described in Sectiom 2.7(i).

{b) The exchange of pyruvate inte OAi was deterwined
using a reaction mixture {U.5 wml) containing (in dmoles);
imidazole {C17), pH 6.5, 590; ¥nCl,, le5; iDP or 1TP (if
present ), 1; 0AA, 13 waﬁﬁoj}%lhc~z~pyruvate. 53 PLP carboxylinuse,
4,05 units. incubation was carried out at 30° for various
intervals up to iU min and the reaction was atopped with trichlorve
acetic acid (to 3%, w/v). DPrecipitated protein was removed by
centrifuging. The supernatant was neutralised with XOH and
the ikcmzaDAA was converted to aspmriate by the addition of

iV pmoles of gliutamate, C.02 uymoles of pyridomal phosphate and
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1 unit of aspartate transaminase. Transanination was sitopped
with trichloroacetic acid {to 3ﬁ, W/v) after 5 win. incubation
at 22°, Agpartate (16 poies ) was added as carrier and
precipitated protein was rewoved by centrifupging.

The aspartaie was separated irow pyruvate using the
method ol serutton, leecix and Utter {1v63), .4n Awberliite
IRC=12C column (1 2 9 cu) was washed with 10 ml of i i 1ci,
and then water until the eluant was about PH 3.0. The supor-
natant solution frow the transamination reaction was washed
into the coiumm with 30 ml of water, 15 ml of ©.15 i NHQOH
ant finally 0.5 K Nﬂgﬁﬂ until the eluant was alkaline. Thae
subsequent 35 al of eluant was collected and & L wl aliquot
of this soclution was added to 9 wl of Triton KI1CG scintillation

fluid {section 5.2{(c)}) and assessed for radioactivity.

6.3, RESULTS

() ini

The initial velccity patterms shown in Figure 6.1 were

obtained when VEP and iDP wers the variable and fixed variable
substrates. The fawily of linear parallel lines indicated an
irreveraible connection between the enzyue fomss binding these
te subsirates. Lecondary plots of intercepts rowm the primary
piots with respect to reciprocal concentrations of the fixed
aubstrates were algo linear. These arve presented in Fig. 6.1

shown as dashed iines, and represont standard il.inewveaver-iurk

{1934) plots st infinite concentrations of cosubstratos.
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FIG, €.1. Double reciprocal plots of initial velocity against free rupy

(E':%).’E.’f) (4) and Im.IDP” (B) concentrations. Reaction mixtures contained (in

. . . - A
addition to standard components listed in Section 6.2.(a)): Hali! 'COB, 10ml;
1%012,

m.,IDP" levels: (@

2mlf; PEP and IDF as indicated. (&) PEF f was varied at the constant
®), 0.465m; (A A), 0,236mif; (A A),
0.165mi; (m W), 0.118mf; (O O), 0.095mi, (B) Replots of the
data in (A). Im.IDP  varied at constant PEP p levels: (@ ®), 0.26ml;

(A A), 0.,1mi’; (A A), 0,049m%; (m m), 0.037mi’; (O

0.024mi’, The dashed lines are secondary plots of intercepts from the related

primary plots,

0),
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Figure G.2 shows the inltial velocity patterms obtained
when FuP and HQLB" were varied. The family of iinear inter
secting ilines imdicated a reversible connection between the
enzyme forws binding these two substrates. The secondary
plots of intercepts anu slopes frow the priwary data with
respect to reciprocal concentrations of the fixzed substrates
wore all linear {insets, Pig. 6.2).

Yhen 1P aund ﬁCOs' were varied, the initial velocity
patterns indicated an irreversible connection between the
onzyue forms binding these two substrates as shown by the
fanilies of linear parallel iines obtained (Fig. 6.3). The
dashied lines are the secondary plots of intercepts, obtained
frow the priwary data, with respect to ireciprocal concentrations

of the fixed substrates. These were lLinear.

The initial welocity patterus obtained when nng* and

HCGJ were varied were fawuilies of linear intersecting Lines
suggesting a reversible comnection between the enzyme forus
binding these two ligands {Fig. 6.4). The secondary piots

of intercepts and siopes obtained from the primary data with
respect to the reciprocal concenirations of the iixed aubstrates
were linear (Insets, Fig. 6.5 ).

e
¥ith Mn®" and TIP as the covarisbies, the initial velocity

pattems obtained were fawmiilies of linecar intersecting lines

indicating a reversible connection between the enzyne forus
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FIG., 6.2, Double reciprocal plots of initial velocity ageinst I-E.%HCO3 (A4)
and free TuP (PEP.) (3). Reaction mixtures contained {in addition to standard
i
components listed in Section 6.2.(a)): FnCl,, 4mii; TnJIDET, 0,485mlf; Haﬂco3
and .“r‘EPf as indicated. (4) Ié."aI:ICO3 was varied at the constant l?E}Pf levels:
(@ ®), 0.181%; (A A), 0.087mk; (O o), 0.06m7; (O 0),

0.043mti; (W W), 0.034m’s (B) Replots of the data in (A). PEPf varied at

@), 16mi’; (A a),
M), 3m’; (A A), 2m, Insets: Secondsry
®) and sloves (A

plots versus the reciprocal substrate concentration.

the constant NailCO, levels: (@
6mi; (O 0O), 4mi; (M

plots of intercepts (@

A) from the related primary
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TIGe 563 Double reciprocal plots of initial velociiy against NaﬂCOB (&)

i

and Im,INY” (B). Reaction mixtures contained (in addition to standard components

listed in Section 6.2.(a)): 1711012, omlly PEP, 0.5mlf; HalCO and Im.INY as

indicated., (A) alCO, was varied at the constant tnJIDP” levels: (@

3 '.),

0.465m7; (A A, 0.235m7; (A——=—4), 0.165m; (m- |), 0.118m7;
(0———0), 0,094mii. (B) 7eplot of the data of (4). Fn,ID?” varied at the

constant 1aHC0, lovels: (@ @), 16m’; (& A), omii; (A -A), 6l
(m m), 73 (O —Q), 3mi; (g 0), 2m%. The dashed lines are

secondary plots of intercepts from the related primary plots.
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G, 6.4, Double reciprocal nlots of initial velocity azainst FaHCO$ (4)
end free Im" (ihsz) (B). leaction mixtures contained (in addition to standard
components listed in Section &.2.(a)): IDP, 0.5m’; 7EP, 0.5mi; EaﬂCOB and
Eh2+f'as indicated., (A&) IEa.':;ECO3 was varied at the constant rm2+f levels:
(® ®), 0.43uw%; (A A), 0,156m7; (O o), 0.09mi’; (O 0),
0.056mli; (m M), 0.042m’. (B) Zeplots of the data of (&4). ztng””f was
varied at the constant NaIICOS levels: (@ @), 16m’; (A A), 9mi;
(o a), 6mi; (O————0), 4m’; (M——m), 3n’; (A A), om,
Insets: Secondary plots of intercepts (@ ®) =nd slopes (A A) from

the related primary plots versus the recinrocal substrate concentration.
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bincing thesse two iigands (iig. GeB)e The sccondary piots
of siopes and intercepts obtained froa the prisary <ats with

respect to the reciprocal concentrations of the fixed substrates
were ilinear {(Insets, Fig. 6.5).

This same date, presented as By arud ﬁt profiies where
velocity is plotted against total substrate {bt) or togal
aetal {Kt} (London and cteci, 1969), cre shown in Figure 6.6.

For this treatwent, ', was taken as (™" + r. PEP),

free
deg.s total bng* less thet complexed with Di'. The syumetry
Letween the two profiles sBuggests we are dealing with o systonm
where free metal, free substrate and the wetal.substrate
couplex way all bind teo the snmyme but to different degrees

with noe metal activation of the ecnzyme. These profiles do

not suggest any csseutial requirement loxr coupiex foruation.

The = and i, profiles {(London and stock, 1969) showing

, . 2% N mm . . =
tie reimtionshin betweon in anc 1D are shown Iin Figure 6.7.

Thers appears a definite reilationship between the waximum

g
Pl

i and » stage where Lo . eguals o ;
velocity and the stage whers total QURLE o total

b ]
.\ C . R ) _ . ——
{here again in® total WeE taken as in plus hn.lDv),.
b

freo
ouch behaviour ils characterdistic of a aysten whers the lin.

nucicotide couplex is the true substrate.

reaction

The exchange reaciions were used to deterwine the

interactions of VAL with the components of the decarboxylation
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TIG. €.5. Nouble reciprocal nlots of initial velocity against free FPEF

(?'EPf) (A) and free 1met (I‘-Tng'z‘f) (3). Reaction mixtures contained (in addition
to standard components listed in Section 6.2.(a)): IDP, 0,5ml; NaiCO_, 12ml';

PIP, and 2t ¢ @s indicated. (A) 7T, was varied at the constant =" ¢ levels:

a4
(o o), 0.09m% (O o,

®), 0.48m:; (A- A), 0,156m; (O

0,056mii; (M W), 0.042mi, (B) Replot of the data of (4). r;’an2+f was
varied at the constant levels of I7i7.: (@ ®), O.48m; (A Ay,

0.242mi7; (O

O0), 0,144m7; (O

0), 0,096m’; (m

‘W), 0.071m;

(A A), 0,047ml. Insets: Secondary plots of intercents (@ ®) ond
slopes (A A) from the related primary plots versus the reciprocal

substrate concentration.
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The data of Tig. 6.5. i8 vrepnlotted according to the method of London and 3feck

(1969). T.Tt was calculated as free Ih2+

the constant In 24

(D
= . (B)
0.05m7; (A
(m

17

+

t

O), 0.105m%;

profile for 1t

levels:
(O

A), 0.075ml’;
M), 0,25m;

(A

+ T PER, () ".t profile for ?>ﬂ?t at
(@ ®), 0.047m’; (A A), 0,066ml%;
—-0), 0.184m; (W W), 0.,58m; (— == == Y,
4 at the constant ?‘f_ﬁl’t levels: (@ o),
(0———n), 0.1m% (O O), 0.15mi;

-AY, 0,5ml7;
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Tnitial velocity data obtained when IDF and Unz' were varied was plotted
according to the method of London snd Steck (1969). iy vas calculated as free
12’ 4 1n.IDY . Reaction nixtures contained (in addition to standard components
listed in Section 6.2.(a)): WalllOz, 10m7; PR, O.5m7; TDP, and 2 ;88
indicated. (4) Sy profile for IDi’,n at the constant .T‘-?nz}t tevels: (@
0. 75m; (A A), o.2zmi; (DO o), 0.31a; (O 0), 0.43ml";
(m B) 0.86m7; (———~ -),®° . (B) I7 profile for Iﬁng';'t at the
constant IDP, levels: (@ ®), 0.05m; (A

Om’; (m m), 0.2m7; (———==),%° .
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reaction. studying the decarboxyliation reaction using
coupiad system consigting of pyruvate kinase and lactate
dehydrogenase was unsatisiactory because of the cation and
mucieotide reguircuoentis of tlie coupliing anzyues. Also,
experiences willh the uncoupled carboxyiation reaction threw
doubt on the use of an uncoupled decarbocyiation reaction,

Varying Rahocz amdd VL gave a family of Linear inters
secting lines for the initial velocity patterns of the
exchange recction. Figure 6.04 shows the pattorn sbtained
in the absence of 117 vhile that obtained in the presence of
Q.25 mii 1UP is shown in fig. 6.8B. Thus, ITP did not altexr
the inlteractionz in H%GB* and CAA bind ing.

s ¥ 3 ,

Vhen :m” and ©a4 wers the variuble amd fixed variabie
ligands, 1TY was owitted to eliminate vmnecessary interactions
in the systew. IMigure %.9 shows thet the initizl velochty
pattern, obtained when varying these substrates, was a
fomily of linear intersecting lines. The seccondary plots
of slopes andintercepts, obtained frow the priuary data,
withh respect to the recipirocal of the concentrations of the
fixed substrates were linear {Inset, Fig. 6.9). These

resuits suggest a reversiblie commectlon exists between the
enzyme forns binding © amd CAd.

The initial velocity pattern o7 the exchange reaction
obtained when .T¢ and CAL were the varied substrates was a

fauily ol linear pareilsl iines indicating an irreversible



i 6%
NAHCO, ma’ NaHCO, mM™!
FIG. 6.3. Double reciprocal nlots of the initial velocity of the 00.:0AA

exchange reaction against HaHCOz concentration in the absence(A) and presence

(B) of 0.25ml ITV. Reaction mixtures contained (in addition to standard compon-
ents listed in Section 6.2.(b)): I)anlg, 4miZ;  ITP (in B), 0.25m7, Na]‘:ICO3 was
varied at the constant OAA levels: (O o), 2mi; (a A), 0,6m;

(o 0), 0.4ml.
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?IG. 6.9, Double reciprocal plots of the initial velocit: of the CO?:O.-\_A

exchange reaction against E‘nClg (1) and 0AA (B). Zeaction mixtures contained the
standard components listed in Section 6.2.(b) plus ImCl, and OA) as indicated.
@), 2m7; (A A),
M), 0,2m. (B) Renlot
o),

(4) #:°" was varied at the constant OAA levels: (@
1.2m7; (O -0), 0.8ml5; (O O), O.4mi; (W

of the data of (A). OAA was varied at the constant ImCl. levels: (@

2
O.1mi; (A AY, 0,06m7; (O 0), 0.04a7; (O O), 0,0%3mi;
(m m), 0.02mi’; (A A), 0.015m7, Insets: Secondary plots of the

intercents (@ @) and slopes (A 'A) from the primary plots versus the

reciprocal substrate concentration.



connection hetween the enzyuc forms hinding these substrates

Product inihilbition studies with OAL as product
inhibitor werec not poésibl@ with the carboxviation systew

because of interference frow the £U,:04. exchange reaction

o

whichh is stimulated by :0F. Thus, product inhibition studies
were restricted to ITF ag the oroduct inhibitor of the
carboxylation reaction,

ITT was shown ¢ he a lincar non-coupetitive inhibitor
with respect to both FEP (Mg. 6.114) ana IICC-'S- {Fig. 6.11B).
in both cases, linear repiots of slopes amd intercents
obtained fron the primary data were observed with respect
to 1TF concentration iinsets, Fig. 6.i14 and 3).

Wit 108 as the wvariabig subsirate, 1T showed non-
iinear inhibition of enzywic acliviiy appurently stiwulating
at Low 1Y levels bui subseguently imhibiting at high 1D

concentrations (Pig. 6.12).

in Table 0.1 are iisted the iy, Values for all
substruies obtainec Irow the secondary piots of the data in
Mpgse 6.1 « 53 GeDe In all casee, thers is jood agreemont

betwoen similar values obitaingd frou separate piots.
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TIG. 6.10. Double reciprocal plot of the initial velocity of the CO

:0AA
o 2
exchange reaction against Inh,ITP concentration. eaction mixyures contained
(in addition to the standard components listed in Section 6.2.(b)): }IaHCO:,),
= i = e i s
20mif s L‘inClz, 2mi’;  OAL and In,ITF as indicated.

OCAA concentrations were:

(Q=———n0), 2n7; (& o), 0.4mil,

AY, 0.6m; (O
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TIG, 6.11. Inhibition patterns caused by the vnresence of n"oducte Reaction

3

ixtures contained (in addition to standerd components listed in Jection 6.2.(c))

Cl,, 4mil; IMJIDPT, 0.405ml%; zza}TCOB, 1207 {in A); TTP, 0.5m (in B), (A)

D
Wree FUP (PWP.) was varied at the constant im.ITV" levels: (O -0}, 0,0mi;
KX
(A A), O.2u’; (O 0), 0,5mi; (M W), 1wt (3) VaHoO, was

varied at the constant E.-’n.ITZ‘?2— levels: (O ~—0), 0,0m’; (A--——-—~-A), 0.2m7;

(o —O), 0.,5m; (H W), 1w’ Insets: Jecondary plots of intercepts
(® @) and slones (A ‘A) from the primary nlots versua Vm..ITPz-

concentration,
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PIG, 6.12, “roduct inhibition pattern caused by the nresence of Im,ITP",
Reaction mixtures contained (in addition to standard components liated in
Section 6.2.(¢c)): .".afnClZ, 4mit;  Nall 39 12md7; PEP, 0.5ml, Tm,ID® was varied at

the constant T.Tn.IT?2_ levels: (0O A), 0,2m'7;

(O—=-0), 0.5m7; (M m), 1o,

a), o.omi; (A




TABLLE 6,2:
S B S S

B VALUES
£y

FoR FHE SUBSTRATES

)

O

PEPY CARBOXYETINASE

s>ubstrate

L0

subsirate

womputed
b
Fars

K
2

?’E)‘i‘*f N.QIICOS 16183 x 1 &
- [ B o 3
ID% i H.38 x 10 3 *
) .
m™ 6H.35 x LG 5
o
-
-'F"
Nalice, PET, 5.%6 x 1077 &
3 £ .
o B 3 —
LS AN E.1 x 10 *

o o

1 ) ‘
TV N FFR I = "');‘»f 3 ci@ L b YIRS - B L emid N nij.
1A 0 PITR Pl T PR L S i A ol RS :‘}.f)(’ ~ 10 &G :).;3 x 10
NalICt, Gell x LU™Y & 0,21 x 0.35 + G.31¢

7.63 x 1677 *

B e
FH s M HaliCo,
£ 3
bEP Latd X%
DAL 33% =
— -

w
o

L 5?6
.02

0.4z

7-56 pod 10“5
+ G.75%

AT

ooy - i 13

A v gns quib e

deterningd Jrow

from Douation 6.3

ds Lrow Douation 0.3.

average of vaiues from Lquation 5.2 and 0.73;

the repiots of the data of figs. 6.1 = 5, 6.9;
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Cohn (1963) has classified wmotal-activated CRZYTICS
into two groups based on their response to i.:a;':"'. This cation
could activate only those enzyuwes where tho activating wuetal
ion was not boumd dircetly to the emsywe, g.3., creatine
dnase, but was inhibitory in those cases where tho activating
wetal lon was bound by the enzywe, Bajzey enoizse of pyruvate
kinase. The resuits of the N.l.R. studies prosented in
Chapter 4 deucnstrate that shoep wildney witochonarial Fip
carboxylkinuse binds | m2+ directliy.

4ithough Caz* failed to activate FIP carboxykinase, it
was ouly a weak inhibitor in the presencs of =t {Tabie 6.2).
4 possible explanation of this phenouencn could be the
involvement of two wotal ions with Ca™’ sctivating via a
Ca.iDF” commlex and I‘:nz* activating via the mmyﬁze.f&iu‘?’*
complex. This hypothesis can be testod by evaluating the
nature of the inhibition by Gaz* with resnect to I.-ng* .
Yith pyruviate kinase, _where the evidence indicates that only

o
one metal ion is required for catalysis, ﬁia"+ is strictiy

) . _ .. bl o =
& competitive inhibitor with respeect to lIin™ and it compotes

for s-;...ng'} in tho foruwition of the mw:,m::.ifnﬁ' complex as shown
by a diulnution of the FIR enhancemeni of the binary couplex
({ildvon and Colm, 1963). Howsver, with shoep Lkidney nitoe
ciondrlal PUF carbosylinase, s;‘:az'i' wWas & noa-coupetitive
inhibitor with respect to 2-;n2+ consistent with the involvement

of two wetal ioms in catalysis (FPig. 6.13).



TADLE §.2: LMHIBITION OF PEP=CARBOXYIINASE BY Cas'

sy EL - Pl '- A < 5 5( ezl 5 2
Cn fun) ™ {m) Activity {pwmoles) % inhibition

C.O 5 o b Weldh2 -
U.i.‘; 3.'7-3 Qc‘»’*}j [ #]

340 3.0 0,047 10

2.0 0.0 e 0C 100

. £ Ty 3 . 5 s o4 5 e o 4
SaCl, {4.R., B.D.d.} wos dried at 2007 %o constant weight
before the stock asolution was wmade. Assay solutions (0.5 mi)
contained (in pmoles): imidazole {C17), »l 6.5 {adjusted at 30°),

ey EEE N R ¥ T
50; metal ion as indicated; IDP, O.35; PHU, Oui; Hall 70O

Ty

v 53

L

(GSH, C.8; sodium giuvtamate, §; pyridoxal phosphate, U,0

DLy
aspartate ftransulnase, apprax. 4.5 uwndts. Incocubation was for

5 mwin at 30Y. The weaction was stopped with C.28 wl of o 105

{w/+v) trichlorcacetisc acid solution.



\

2 4 6 8 10
Mn2+m m-1

PIG. 6.13. Product inhibition pattern caused by the presence of Cazﬁ;.
Reaction mixtures contained (in addition to the standard componénts listed in
Section 6.2.(a)): DEP, O.5mlf; IDP, 0.5mkf HaHCOS, 12nl; 2" and ca® as
)

0.0mi7;

indicated. Tn>T was varied at the constant Ca> levels: (w v

(@ @), 1m7; (m ‘W), 6mi.,
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All biotin ensywes depend ior carboxylatlon on
the obiigatory forwation of an onzywe.biotin.U0, compiex
#o
(aziro and CGchon, 1961; Uchoe and Fasire, 1961). Furthermore,

ribulose diphosnhate carboxylase also foxrus an enzyme-bound

k3

602 complex in the presence of E;gz’? ane this can be isolated.
in the presence of ribulose~i,S=diphosphate, the couplex
will forwm: two moies of 3~phosphogiyceratc {ikoyunoglou and
Salvin, 1963).

The formation of an enzyue~bound COE intervediate with
PET carboxylkinase was investigated by incubating the enzyme
with Halll’a*(l‘(;‘is in the presence of various coubinations of
substrates and products foilowed by isolation of the protein
by ome ol the following ways: {(a) trichiorcacetiec anecld
precipitation, {b) ionmaxchangt chromatography (lagirc and
Ochoa, 1961), {c) goi Tiltration ou sephadex G5 {sec section
g.2{e; Tfor detalls oi the methods ). Ln no case was ovidence
obtalned for the Torwation of such an interuediate. However,
this result is in agresment with the Cfez:(.:;s.;z grohange
reaction being the only detectable exchange reaction {Chang,

et 2., 1966)}.

{g) studies on the ©O0,:UAL

Contrary to the results of Chang 2t ai. {1966},

sheop kidney mitochondrinl PEP carbexykinase catalyses a

o
¥n"" ~dependent CU,:0AA exchange reaction (rig. 6.9) anc this
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activity is warkedly stiuuiated by the addition of I1Tp
or :oP {Table 3.3). lowover, with the addition of LTY or
LD¥,y the decarboxyiation systen would be counlete giving
PLT or pyruvate respectively (Sectlon 3.3).

The warked stivmiation of thes exchange activity in
the presence of the miclootides fumodiately raises two
guestions, ywize:

{1} fouvld the reversal of the decarhoxylation
reaction be a significant factor in the observed stloulation?
Thie possibility is negoted by the results of Table 6.3
where the decarboxyiation vroducts are continuousiy rewoved
by ceupling systems without any significant offect on
acvivity.,

{1i) Zs the enhanced activity energy-dependent (gf.

Chaung gt al.s 1966) in which csse the low Lovels of exchange
activity observed in the obpence of udded nucieotide could
result frowm an abortive pathway? The results siown in Tabié
6.Y denmonstrate that the ceﬁ:uaa exchange roactiom is
independent of phosphoryl transfer in both cases. in fact,
there wvas no turnover of nucleosido diphosphate despite an
enhanced oxchange activity.

These results are consistont with the carboxylation of
PLY catalysed by sheep kidney mitochoidriai PLp carbéxyﬂinﬁﬁa
being a two sten process with the phosphoryl transfer preceding

carboxylation.
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DLUERDINCHE U TIIE CO 3 CAL TNCIHANCY REACTICN ON 30
e

DEVIRGAL. OF THE POD-CARBOXNYEIMASD RUACTION.
e i — Namen

<ctivity

~ e o -
VBT (epu imcorporated)

Yico_ + Ci 1460

(‘.) ICl, + Qan + ITP + Nail 3

{b) ImCl, + CAL + 1DV + rzaﬂl“c% BEG
{a) + pyruvate kinasc + ADP 1500
(b) « iactate dehydrogonasse + NADH 850

2

Couponents common to all assay uintures (C.5 wl ) were:
C.1 il imidazole (C17), pi 6.5, (adjusted at 3C); 4 wm HnCl,;
2wt OAf; 2wl ITP (or IDP); 20 wh Naﬁl‘""cczj {6 = 10° cym per
puole); 1.6 w GSH. In addition, 0.5 mi ADP, 1 sl NADIL,,
50 wll IC1, 5 units pyruvate kinase and 4.5 unlts lactate dehydro=-
genase were added as indicated. The reaction was initiated by
the addition o OAA and incubation was for two uinutes at 30°. .
The reaction was stopped by the addltion of U.0% mi of & 1. IC1

soturated with 2,5-dinitrophenylhydrazine and the radiocactivity

was detexuined inm €.05 ml aliquots as detailed in Section 2.7(i).



COMPARTISON O (.‘-0,] AND NUCLDOTUDD TUINOVER 13T Tio

CO,. /0 IDICHA

D DOACTION

) over 10les/tin,.
/ctivating Nucleotide Ty inalds/wins: )

15 a 3O

theo, 32patucieotide?
TP G.0236 0.0152
aop 0,015 0.0

8 0,012 units enzyue were added to a reaction wmixture (total

volmte 0.5 wi) comtaining (in pmoles): imidamole (C17), pil 6.3

)
(adjusted at 3¢%), 50; inCi,, 2: GTF (or GDP), 1; Oak, 1 Eau14c03,

20; Gol, 0.8. Teaction was started by the addition of CAL and
incubated at 30° for 2.20 and 4.5 win. The recaction was stopped
by the addition of C.U% wul of 6 M HCL suturated with Z,4-
dinitrophenylhydrazine and analysed for radicactivity as described
in Section 2.7 {ii). '

b Conditions were as nbove except that non~-radioactive HaHGOB was
used as woll as g 2P mGTP {oxrp - 32 “P=GDP), The ronction was started
with 084 and incubatiom, at 3€°, was stopped after U, 2.25 and 4.5
win. with $.05 vl of 5 ! fornic acid. Dlensntured proftein was
removed by centrifuging and aliquots of the supernciant werc
chromatographied on Piiepaper (Gillilowmd, Langusn and Symons

(1966) using 0.3 ¥ HHQHCCB' The U.V. absorbing regions were cut

out and counted in a Puciiard~Tricarbd scintillation spectroucter.
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. PP carboxye

Linage reuction

enzyne-bound pyruvate as an intermediate of the PLEF

carboxykinase reaction is imdicated by its formation in the
ibP-gtimalated ﬂGE:GAﬁ exchange reaction and decarboxylation

of OA4. However, atteupts to deumonstrate a utilisation of
pyruvate by its carboxylation tuv UA4 or its exchange into Cai
were unsuccessful {see¢ Section G2(f) for experimental detail),
This negative result does not necessarily exciude pyruvate as
an interwediate but rather could siuply indicate an inability
of the enzywme t¢ bind or utilise pyruvate without prior activae-

tionn to the oenol forui.

Belse DISCUSSION

Analysis of the initlal veloclty data presented hore

indlicates an irreversibic counection betweon the enzywe forts

3 [
3 *, “‘%‘ T "
but a reversible sequence betweon thoss binding Mn™ and 0O

pinding the substrate pairs, IDP and PEF, and IDY ang HOC

3 ]
pr 2% -
™" ang PEP, and PIP and HC:O3 « an addition to these restrict-

ions, any proposed mechanistic scheme must necount for the

Yoliowing obaervations:

{nd gt THIE 4 TR - 3 4 + 3
) Doth I1DP and ITP Lind tightl ) 2 @ 7
wa ) Lotl free fun A aintly to the enzywe
in the absence of other substrates (llilier et 8ley 196u; Chapter

7 and Barns and Yeech, 196&).
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e @

=3

23 b . i ;
{b) ¥n™" binds strongly in the absenco of other substrates
(ﬁﬁ = 549 2 iu-5 Hat pil 6.5, Chapter 4.

{c; iTP, 1LP, LV and UAL Dind to the enzyme in the
t}"" - BT o 2 %
presence of Mn®  (Chapter &; iiller st ales 1968).
{d) The enzyue catalyses a CU,:UAA exchange reaction in
+

the presence of "n" . This rezction ie stinulated by both DV

-~ L ; o B } -
anc JTF waiie ¥g™" can only partially repiase 1™  (Table 3.3).

{@; in the decarboxylatiou reaction, phosplisryl transfer
apparently occurs by 2 concerted mechaniss without hydrolysis
of a phosphate bend by solivent water as indicated by the lack

i, s R .
S0 frow H,'YC in the phosphate groups of
o

of incorporation of
PEP and iDP {Niller smi lLane, 1968). Thus, at least FLP and
iLP in the carboxylation reaction and iTP and A4 ip the

decarboxyiation direction sust forn ternary couplexes.

Considering ouly the organic commonents of this SYBTOU,
since ﬁn?% was aiways at saturating lLovels and need not be
considered, the systew becowes one of three substrates and two
products. The initial velocity data sugeested a 31 ini Uni Uni
Ping Pong wechanisw {Cleiand, 1963a) as describod in Figure 6.1j.
Hovever, suck a scheuwe fails to incorporate the randow binding
of asubstrates and the nuclectide-independent %Uazﬁﬁs‘axchange
reaction. Furthermore, this sechanisu, apart frow its other
limitations, would uecessariivy ~ncorporate a phosphc-ensyne

intervediate, contsrary to (e) above, and attenpis to detect o

WLl GEY exchunge reaction in the presence of various coubinations



FIG. 6.14,

carbogykinase,

FIG. 6.15.

PEP CO, OAA IDP  ITP

S S

The Bi Uni Uni Uni Ving Pong mechanism applied to »3@

Pyruvate CO, OAA

£ 1 |

PEP OAA ITP

CO, PEP ITP OAA

The reaction mechanism of sheern kidnev mitochondrial »%»

carboxykinase showing the preferred pathway to the central complex, INP

binds first followed by the random addition of #YP and 00.. The outer

2

sequence shows the mechanism wherebr the mucleotide-~independent 002: NaA

exchange reaction occurs.
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of substrates have beonm vusuccessful (ef., Chang et al., 1966).
To incerporate nii the Lkinetic and binding properties, a
schore is nroposed where thers exists ¢ random adcdition of
substrates. liowever, to explain the appearance of kinetic
pattermns characteristic of an ordered seguence; oue wust .avuike
& preforred order o additiorn of substiratess with IDD binding
Tirst loilowed by the random addition of FLI amnd ce, (Fig., 6.15).
It wovld therefors folliow that, under tihe couditions of the
himetic anaiysis reporded herc, when 0F was a variable subsirate
the second substrate to bine in this schewe would be that substrate
whicihh is held at & fixed @&tnréﬁung lever.e Pinallyv, the second
variabis substrate wouid b bomd. Therefore, this scheune wouid
sredict parailel initlial veioscity patterns when (DF is a variabie
substrate becavee the addition of the sscond souponent which is
at saturating ievels would crzate an ;erVuraib;u cennection

and the third substrate (gle,

Mase Gel and 6.03)e (n the other hand, the ouzyme forms wuhich
o) F

bind CU, anu PLP would always be reversibly connected bhecausco
-

oi the randouw addition of these two subsirates and so intersecting

~

g

initio: velocity patterus ars predicted (gf. Fig. 6.2).
Purtherunore, ong would srediet that with zuch a randes
sciene, TP would be & nonecowmpetitive inhilbitor with respect
To VLY and ©C0,. This was In fact shserved {Fig. 6.11). 1% is
interesting in the case of 1TV inhibition with respect go DD

that non-iinear plots are cobgecrved in view 59 the non-linear

initial velocity plots obtained with an uncoupled assay systew



(Chaptﬁr 5)}s cuch om assay systewm wiich ailows the accurulation
of Q44 ami 1TP, admittedly to a sumil exieni, does not show
hyperbuiie saturation kinetics. Hewoval of these Low levels

Gh ews WAL B couoiax

systen shows o reversion o siichaelise
onten saburation luinetics. lurtheruore, tiw indlection point

im the dnbibition nlot = U.2 = is tiw saue asg

”Jytotai}
that shown with the uncouplod systew (1ig. 5.6). Thes, it can
Lo aved that the iateractions observed with the uncounled
cosay and induced by huh lwve oy been introduced into the
product dnlinbition systew by 30, aithough wuch higher lLevels
Gre neodsd assunding fmeiTPST o be the active species. Thus,

thie schiene depicted im Fig. G.15 1s iw accord with ail the
observed binding properties anc the intiial velocity and product
innibition atudies. This schowe alse shows ihe scquence vhereby

the miclieotide~indeponcent Co i UAS grolaire reaction ODoouTH,

<1 thies aiternate pathwayv, ths presence of nuecieotide is not

v

essendtinl but rathor an aoftivator of this poathwav (sev Delow s

£ 2% binds rather thon the aorual decarboxyviation subsirato

v
e’
el

bt

{1TP), phosphorv! transfer can not oncur so that pyTuvate is
forwed rather then PLP {sec¢ wection 3.2.B{a)) but at = faster
rate than in the abscnce of 100,

Comsidering uow the reole of the uwetal ion ia tie roaction

soequence, ihe Sy anc 1., profiles {(London and Steck, 1949) for
Hy

3
T

PRI and In showm in fig. 6.0 do not suggest any recuircuont
for counies formation. Ium fect, they suggest aluost imiependent
binditg of the twe speclies because, as the ustal 1o cuncene

tration increases, waximun velocity is still achieved at
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essentialily the saue PSF concentration, even when in

neettration is indinite. urthermore, free Puf does not
appear o be a potent innibivor of the enzywe. Thus, it
would appear that the preferred spocies of FL¥ is the
uncomplexed form althougls this does not exclude the possibility
that !'n.?LF can be bowmd as = catalytically active species.
Fige. 6.4 shows that '.::a,nz+ has iittle or wo effect on
EIC*L'?S" binding because of thoe small differences in the horigontal

; ey  ipaat
intercepts although, with PP, n" does appeasr to influencs

8.7 : . . o b . o g W 24
its binding. lowever, ithe binding of Pil, .’LLUE_ and n®

are roversibly conmected. Thus, o roandow addition of 12+

argl PLF followed by zzf;a; would explain the iinetie data. Lack
oL survature in the ldnetic piots Wi, .53 would suggoest on
approach to prapid equilibriuw or perhaps a preferred pathway
with E;tx;‘:"'!" binding first. It would seem doubtful that iin,.Pne
would be the preferred substrate as sugpested by fdller and

tone (1260) for the pig iiver nitochondrial ongyue {irstiy
bocause of the high dissociation constant for this cowplex
{(Wola and Ballou, 1957; iiidvan and Cohmg LY66) and secondiy

because the dissociation constent at il 7.5 for the enzywse and

the !m.PL? complax 1s an order of magnitude higher than that

w

o~ s B z . *‘*T AT ¢ % 1 IR
Tox 2L and enzyuic. n {Table 5.2). The date of Milisy gt al
Ct ey 3 :..-"i" 6 Ayway - 3 - - ]
(1968) suggest that In”" and VLY have a subual stabilising
YL S

effoct ou the ternery enzyue.ln™ JOBD conupiezy orin other words,
_ 24

PEP and Jin each provide part of the hinding site for the other

in accord with the "wmetal-bridoe” structure {iitovan emd Colm,

197G) proposed for this cnzyre (fdller et al., 1965). The
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N.i.Re data for the sheep kidney wmitochondrial enzZyme oan

also be interpreted in terms of such & stiucture. In this

o v _—— - +
case; FEP would provide one iigand for the enzyrie=hound anz

s

. e : . , .
in the ternary euszyus.:m” .PEP cowplex {sece Chapter 4).

Contrary %o the case with PEP, the 5t and hﬁ profiles

" " L o
showing the relationship between in and IDP do suggest a
definite relationship bhetween the maxivum velocity and the

) 4 34 2+
stoge when IDP, . . oquals In total

{Fig. 6.7). %uch behaviour
is characteristic of a system where the In-nucleotice couplex

is the irue subsirate. Furthermore, Tree ID¥ iz a potent
iniibitor. Therefore, it is proposed that n.1DP” is the
substrate for the enzyme. Nowever,in thils case, Ky for Mm.IDP~
is low (0%Sullivan and Cohm, 1966) but the &, for enzyume.

&,

oven lower {8.06 x 1070 M at pH 7.5; Darns and Keech,

ing 4

&

1968), Thus, iDF smusi bind in suck a manner that in>' can still
complex with the 10F in the binary ensyue.l1DV CONPLEXey L1e@.y
a role of charge ncutralisation is suggested.

Figure 6.9 shows there 18 & reversible association between
enzyme forms binding UAL and M~ simiiar o that shown for PEP.
Although there is no information avalleble comceyning the
order of release of CAA and the wmetal iony, it 1s presumed to be
similar te that with I'EP.

The involvement of twoe mebal iocns is therefore proposed
for sheep kidney mitochondrial PEY carboxylkinase based on the
initial velocity studies. Ina metal lom would facilitate PEP

binding while the roie of the second lom would be that of
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neutralising the negative charge carried by L0V (g_;g oy creatine

ldnase {Cohnm und seigh, 19202; OYsuilivan and Cohn, 1966) and
adenylate kinase (O'Sulliven and Noda, 1968)). Other ovidence

in favour of such a scheme includes (i) the scecific in~"

effect indicated in the pi profile fox the coxboxylation of

rer {Chapter 3), {i1) e protects against DIFD inuactivation
while x;{;":'i' is inefiective (Table 7.4}, {iii) the low degree

of iphibition by ce”t (Toble G.2), (iv) the syunorgistic effect
of im~" and iG> shown for the decarboxylation reaction by both
vdtochondrial and cytosol TPIEP? carboxyidinoase frow guinea pig liver
{flolten ond Novdlie, 1965) and by tho rat cytosol enziue

{Mogter g% ale, 1967}, {v) the involveouent of two metal ions

in the reilated onuyne, PLU carboxytransthosphorylase {VWood,

Savis ond Villard, 1969), {vi) complexes of tho type enz;me.i;n?%.
m:bstrate.z_nz* ware dotected for GO and CGTV with the pig liver
enzywe {iller et gil., 19¢0). Uowever, the fact thot cas?

i3 @ non-coupetitive inhudbitor of thie sheep kidney oneyne with
respect teo 2.112* provides the most convineling evidence for a dual
role of the metal ion.

fo iz 2 . )
- "CwiTH i CAA exchange reaction could be

Wo CUigir or
detected with pig liver uitochondrial UV carbosylinase %;Cimngg,
2t piey 1966 eliwinating tho involveuent of a phosphoryl-ensyue
inteymediate. This ulso appears to be the case for the sheep

Fidney mitochondrial ensyre since attoupis te deboct a JLI:G0D

exchange reaction under a2 varicty of conditions have failed.



A concerted meochanism is thearefore indicated for the phosphoryl
transfer. in support of this, Hiller and Lane (1968) domone-
strated that ' 0 of H,"°0 was not incorporated into the
phogphoryl group of PEPI or ID¥ during decarboxylation. This
result would eliwminate any uvechaniswm iumvolving hydrolysis of a
phousphate bond of an interuediate ailthough zn inherent assuwmption
in such an experiment is that ths enzyme-~bound waiter Ls in
equilibriuw with the water of the soivent and that hydrolysis
is not eiffected by water generated during the reaction and
which is immediately used without squilibrium.

Chang et al. (1966) showed that the €0,:044 exchange
reaction catalysed by pipg liver udtochondrial PES carboxykinase
was apparently dependent on the preseuce of 17TV or GTF.
However, studies with tlie sheep kidney mitochondrial enzyume
showed z nucleoiide-independents CGE;UA$ sxchonge activity which
required Eng+a This activity was warkedly stimalated by the
presonce of iTPF or 1DF (Tabie 3.3). 1i this exchange were in
fact a2 truc partial reaction, the enzyuwic wechanlsw wouid mot
be a fully concerted onc as propossu by hLiller aud lane (1958}
bud pather & two ster one witli enzyue-bound pyruvate &s an

intermediate.

Consider Heaction 6.1 which is the seguence whereby

laﬂﬁg e ilncorporabed
A *p G
kM, 1"3 X i, T L
ees §6.1)
& %A B bt
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into UAA £wh@re A= CAL; P = ‘002 % = pyruvate and #

1! .
represents a ~ 'C couponont ).

from sheady state kinetics,

%‘, % *
Ll o on, PRU - (e X)) DA = O
dt 4 & -

. I L
" IR € T

ol ol
#
;3
#
w
i
"
<

it

% . , A 3
vhere v is the inditial weluclity of the isotope

127.

(6.6)

sXchange

reaction. Using the distribuition squation derived by the

¥
v =

method of liug eand Altwan (1956) and pubtting « = ¢
K, KaA
L 179
+ k (k .f.‘:.z) ¥ 25- {}L,.g L T )3~ + ‘&}_J"‘J"i Ka ;ziy,.E,
e - 3 B L]
Substituting for L0 in bLquation 6.6
#
W ok kAP E
L2 34 t
i + ( ) 3 + »

A

witich is an equation fox intersecting iines.

& L $r 437 IA s - A
:‘; 2 3’ . ‘-,,1 (.“.3- .V..,:j FEE é‘l‘w(,n}i wd

RE s ) fﬂcta

{6.7)

(6.8)

the

expected dnterseciing initial velocity patteimns are obtained



when C0., and OAA are the varlable substrates (Fig. 6.84)
condirming that the nucleotide~independent CQE;QA& exchange
activity is a true partial reaction. Furtherwore, the results
of Tablie 0.4 indicate that fthie exchange is ludependent of
phospiiwryl transfer, il.s., the nucieotide becomes an activator
of the exchange activiiy (gi., Bridger, iillen and Boyer,
1966).  If the nuclestide is an activator rather tham an
obligatory reactant, the presence of iIT¥Y should not alter the
inﬁtiai vaelocity patterns obtained when ng and OALA are the
covariables. This is indeed foumd (Fig. 6.9B).

The svidence presented in Tables 6.3-f confirms that
the Gmgcéag exchenge reaction is a truc partial reaction
independent of phosphoryl iransfer, i.2.py the reaction is not
in fact a fully conceritsd one as proposed by Hdiller and Lane
{1968 but rather n iwo-step vrocess where, im the carboxylation
of VEY, phosphoryl fransier preéedss carboxyiation. Such a
uechanisn wouid require enzyme-bound pyruvate as an intermediate.
attempts to show this by carboxyiatiovn of pyruvate or by a
pyruvate exchange intc VAL were unsuccessful. Bowever, this
failure does not neéessariiy exclude ensymoe-bound pyruvate as an
internredlate Dut rather could siuply indicate an inability of
the enzyme to bind or uiilise pyruvate without prior activation
to the enol form: Imergy £f¥5: the phosphoryl transfer would
appear to be required ¢o stabilise thic enzyuie=bound pyruvate

in the onol form with the result that PLD carboxykinase would



KAl
.x.év;* -

appear to be incapable of activating pyruvats te the snoi forma,

is€.5 the substrats must be suppliied in this formu. ‘Ihe rolated
enzytie, FEP carboxytransphosphorylase, also forus pyruvate {row
ey g 5 - & - =g g . " - . - " 'Er+

PLY in the absence of Vg anc alse appears te catalyse @ in’ -

depencont Cuz:vgﬁ axchange reaction aithough pyruvate can not

exchenge with PLP or Oar {Wood, Lavis and Willard, 1969 ).

&

The cataiysis of the CLSUAL exchiunge reaction ian the
absence of nucleotide (Fig. 6.9) impiies that mucicotide is not
cssential Tor the exchange reaction. Furtherwmors, the stimulae~
tion of the exchange activity in the presence of nucleotides i
indepondeont of phosphoryl tramsfer {Tabis 6.3, in fact, therc
was no turnover of nmucleoside diphosphate despite an enhanced
exchange activity. Rather, the nucleotide Decouwes mn activator
and its turnover, in the case of the triphosphate, becomes
secondary to its priwary activating affect {gg,. Lridger, Hillen
and Doyer, 1968}. Therefore, phosphoryl bramsfer or the.
splitting of o high onergy phosphate bond wouid not be cssontial

for carboxylation or decarboxylation per su.

The propertivs wi the CCE:QaA axchonge reaction are
conslstent with the carboxylation of PV catalysed by sheep
kidney witochondrial PELP carboxykinase being z two-step process
with the phosphoryl tramnsfer frow PEP to IDF {or GDP) preceding

carboxylation of the enzyme~bound enclpyiuvate to Cad {lieaction

6.2},



O

e PEY o+ LD ——
oo, co,,
oo, . g =
IDP Nzpp Py e iTe
e —— - ..'LTS & Ddad L {6:2 )

The IDP-gtilmuaiated C0D,,: 004

3
-~
P

exchange reaction and OAL decarboxy=

ilation would ocecur as shown in lleaction $.3.

L+ IDP + pyruvate - Gme———
o
oo e
I « enolpyruvate =~ I L gnolpyruvats meee— 0 o 044
iDP 1DF 0¥
——— L + IDF + 044
AT

As the
lation of CAL,

and 6.7 sust be
subatrates such

decarboxyiation process is

viere PLF in Reaction 6.2 or

the fissociation of ﬁﬁz
more rapic tihan the
that QQ? is rebound
compliete,

pyruvate in Doepotlon

ess (6.3)

exchauge of CU, inte Cin dis more rapid than the decarboxye
e

in both Reactions 6.2
Zddissociation of the other
to the enzywe before the

daetiey & coupled systew

0.5 are

continuously removed should have 1littls efiect om the CU, 084

done

exciinnge activity as shown {(Table 6.3).
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A tentative wechanisuy proposed as a working hypothesis
for future experimentation, is detailed in Fig., 9.16. This
scheue takes into acccunt the twoe sten reacition sequonce and
the requirenient for two wmetal ions in the catalysis although
ths rols of the second weial ion is probably charge neutralisae
tion as appears to be the case for creating kinase {Cohn and

Leighs 1962; 0'Sullivan and Coim, 1966)

adenylate kinase

{Ofsuiliven and Hoda, 1968). The eassential feature of this
: . . ] - o e R 2 - 3 ~ "
mechanisw is the iavolveuent of i - Lound hydroxyl ions which
are contimucusly utilissd and reforsed without any aet uptake
18 ie
3

incorporation of Goof Hz O

{(d1ler and Lame, 1966). A4Also, the carboxylation-decarbexylation

consistont With $hie lacis ¢

process is not necsssarily stodchiowmetric with the phosphoryl
transfexr process such that the Guzzﬁ&é prEciilange reaction is
independent of phosphoryl transfer with ensyme~bound pyruvate
{or more strictly the enolate ion) as an intermediate.
Fartherucre, the possibility does exist that the enzywe-~bound
enolpyruvate intermediate is stabliesed by the formation of a
hemi-tiioketal with the active centre sulphydryi residue {see
Chapter 7) in & umenner similay to that propessd for ribulose

5

diphosphate carboxylase by Rabin and Trown {1964)}. Curboxylation
of the enzyme~bound senoipyruvate interuedliate would yield fhe
keto form of 044, the primaxry carboxyiation product of VEL
carboxylinase {Graves ot gl., 1956).

This wechanism is similar to that proposed by VWood,
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FIG, .16, The proposed mechanisn
for sheep kidney mitochondrial Hzo

PEP carboxylkinase, 2



Davis mnd Villard {1969 ) for FEP carboxytransshwsphoryiase

(Fig. 1.2) except that these workers provosed an enuyue-bouid
pyrophosphoenclpyruvate intermediate whereas the ¢guivalent
interuediate for PEF carboxykinase, 1TP-cnolpyruvate, could

not exist in aecord with the SQE:OAﬁ exchange reaction being
independent of phosphoryl transfer. In fact, a ?Piuinﬁﬁpenﬂﬁﬁt
exchange reaction does appear to cxist for PLoP carboxytrans hos-
phorylase so thai very siullar wmochanisus probubly exist for

theso twe enzyues.
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fele IHTRODUCTION

4 dntalled molecular description of enzyule catalysis
demamis the characteristisation of the role of the amino acid
residues in the active centre, their goometry and the micro-
enviromuent in which cach particular mctive centre residue is
lecated. 4t dis this local envirvomment which endows each awinc
acld functlonal group with its peculiar reactivity. 4t present,
the most valuable dnforuiation concorning the relationshin
between such functional groups and enzyuic function can be
cbtained by means of chemical wedification. This way he
achieved by the chemical wodification of a limted numbsr of
reactive groups and evaluation of the consequent altoration
in kinetic and/or physical properties of the ongysie. Such an
approach weuld establish whether an essential group in the active
centxe Lias been blochkad or whether the nmodification of = croup
ox groups elsewhere in the protein has caused non~specific
changes ieading to an inactive or desensitised EeNTYWE »

This approacih has its limiipiions because of the lack
of apecificity of the reagents for any one type of group and
the difficulty in assigning an unavbipusus role to a wmodifiod
grour since any modification way heve smultiple sffects.
Hlowever, there are instances where confidence in the analysils
of chewical wodification data is greatly onhanced. One such

cast 1s the situation where chemical modification differentially

affects the enzymic activity towards different substrates.



txauples of this case ore the differential aoffects of sodificas
tion or the wpeptidass ami esterase act tivity of carboxypepticase g
{Simpson, Riordan and Vailee, 1963} aud the modification of
methionine-~Ll92 in geoh ayroitrypein where th binding of aromatic
and aliphatic subsirates is differentially affected {imowles,
1965). 1In such cases, iull retention of one type of activity
r activity towards one group of substrates clearly indicates
that those Teatures cssential to the fumciional integrity of
the active centre stlll persis+.

sueond case where confidence in cheouical modification
results is justified is the negative rosuli where wvodification
ol residues cuuses no detectable aliteration in enzyiic
properties. This would delineate tlhose proups which are not
invoived in the catalvtic PICCCSS06.

s third such case woeuld be the use of substrate analopues
{Baker, 1967) where ihe specificity requirements of ¢ hie enzZymoes
are involked to uchisve a specific orientation within the active
centrec. Lorrect design of the modifier can then achieve unique
directional reaction with adjacent groups. 4an example of this
category would be the active-site directed eagents of the typo
introduced by Schoelimann and Shaw (1962, 1963), sosylvhenylalanine
chlorouethylketona (T”,uj andi tosyllysine chlorouethylietone
{TI.CK), which enabled the dedection of histi idine in the active

centre of g~chywctrypsin and trypsin resvectively. An axtonsion
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of this approsch would peruit the gaining of some knowledge
of the topography of the active cenive by the use of appropriately
designed bifunctional reagenis.

s=ray crystallographic studiss pemit o topographical
description of the active centre using cowpetitive inhibitors
ox punstrates with low activity as active centre sarkers.
Uonsequentiy, confirmatiom of the conciusioms based on modifica-~
tion studies is now Decouding available. In the cases of
ribomiciease 4, g-chymoirypsin and carboxypeptidase 4, all of
wiich have been thg subjoct sf extensive modification studies,
L-ray crystallographic studies have confirwed all the sbserva-
tions obitained using the chomical appramuh_{xoshiana and Neet,
1966}, On the other hand, the threc-diuensional siructurs of
Llysozyme was established prior to extensive modification
studies {Blake gf al., 1267). Certain predictionsyegarding
functional residues in the active ceuntre wers nade from this
structure. These have subsequently been confirmed by chemical
studies {(Moshland and Weet, 1366}, These twoe techuiques
thus becoue compliuentary dools for the enzymologist axpiﬁripg
tho active centre of sumziucs.
Joth chemical and Xeray crystaillographic studios RLsc

allow prodicﬁiqns regarding the wicrc-environment of particular
audne acid residues. whether such STroups are present in
relatively hydrophobic, hydrophilic or ionic environment HaY

be deduced frow thelr reactivity or their nosition in the
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active contre relative to the other amino acid side chains.

in extension of the aodiflcation studies leads to ths use of
reporier groups o wonitor the uilero-environnent {Hille and
Feshliawd, 1967;. 1In most cuses, thess arc chromophoris
coulpounds usually covalently bound ot 3 near the active contre.
Their spectra thus become powerful indices of their environment
both in the free enzyme and in the enzyuc-substrate couniexes.

PiP-carboxyliinase frow chicken liver {Utter and Kurahashi,
1954 ) and pig liver uitochondria {Chang end iane, 1966) roquired
the presence of reducing coupounkis such as Goil or cysteine to
exidbit waximun netividy while each was inactivated by sulphydryl
group reagents such as NEN end p-hydroxyuercuribenszoate. The
sheep kidney mitochondrial enzywe also shows o similar
dependence for maxivmum activity on the presencs of 381 and a
sitdiar sensitivity te suiphydryl group reagents. This would
suggest the dependence oi catalytic activity on at least one
suiphydryl group. This chaapter provides ovidence that in sheep
kidney witochondrial Edﬁ carboxykinase the integrity oi a

cysteine residue is, in fact, essential for emzynic activity

end that its function is ussociated widh souwe aspect of the

catalytic process as distinet frow binding. Ividence ig also
presented that the reactivity of this residue is under the

infiluence of a group of P = 6.5, presumably a histidine Eroup.

5
in addition, there 1s a zecond sulphydryl group reactive towards

DEFB {anc TNBS)
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Tele IZQIGDG

The Vl¥ carboiyidnasce uscd in these experiments was
propared ag descrdibed din Chapter 3 and had ¢ specific activity
of 1o5 = Lou mmats por mg of protedn {(Lection 2.0).

1

ok

(o) Jdentificotion of thie 1" 70IU7 anvine

S
Eatht
f:.'

fyow the Je TO-10T-labelloed shoinio

inbelling of the enoyie ves achieved by the addition

of Us75h my of onzywe to u soiution of 30 duoles of phoesplate

{(:7 )y DI 748, and C.16 prolos of le ' Calml: (0.5 uc) at 20°,

The reaction was stopped by the addition of 50U ugwmoles G0l il 7.0,
and the protein precipitated with 10U {wfv) trichlorcacetic acid.
The denatured protein was collected on an oxeid necbrane held

in o Ldillipore suction apparatus. Vashing vwas offected with
several aliquots of 10 (w/v) trichloroacotic ucid containing

1% 2072 1 NEN omd finallv i (v/v) acetic acid. The protein

was dissolved dn C.i o IIL G and the pil adjusted with forvde

acid to pdl 745. The unsdified protein wos hydroiysed with
nrouase for 72 L at 3?{) aiter viiich tdme hydrolysis had not
gone to cowpletion as shown by clcetrophoretic analysis.

The Iydrolysate was further incubated with § 27 101 at 106°

Tor 16 lo ond 7¢ hr. The IOl wos reovoved umder vacuu and

the residue dissolved in o oindimm guantity of plass-=distillied

X

woter {0.15 wl; amd usod for slectrophoretic analysi

©

-
~lectrophoresis was perfommed on Yhatuan 3 130 papor with

pyridine/acotic acidfwater {LUG/L6/3G0C, v/v/v) buffer, il 6.5,



135,

on o "flat-hed" apparatus at ¢ volts per ocu. The papcers

wers dried in an oven at 50° for 5 win. ami the radicactivity
was deitecied dn 1 om strips of the samnle lane of the sicctroe
phoretogram by scintillation counting. 7The standard awino
wcia derivatives were detected on the ciectrophoretosrans by
spraying with ninhydrine-acetone {G.015, w/v) followed by

. ,-:-9 ~ - 2 7 . wp - - -y
heating at 80" for 3 wmin. {(Toennies and loibe, 1351,

(b} idemtification of the PNF-smino aric dexivative frow

11
. delper v . -
the “tCaDlM-1abelicd enzxe

. o g : 14, oo

Labeliling of the ensyne with ~~C-UHTD was achieved

by incubating 10 mp of enzynme with 100 guolos of Neathyluorphow
iine (€17}, Pl 7.5, and 0.5 uwmoles of o DNFR for 10 min. at
Zbo. (Tnﬁél wolume 2 mi.} The reaction was stopped by the
addition of J0C pmoles of lysine, vl 7.3, and the protein wus
precipitated with 1090 {w/v) trichleoroacetic acld., the
donatured protein was collected on o haotoan Glass Fibre

Fiiter {GE}C) beld in a Nillipore suction apperatus. YWashing
was eflected with several aliquots of 100 (w/v) svishloromcetic
acid containing i = 1079 1 E -LNP-lysine and finally 1% {v/v)
acotic acid. The modified protein was hydrolysed with ¢ I HCL
at LUG” for 32 hr. Thwe il was reumoved under vacuum and the
residus dissolived in & ul glass-distilled water. %This sclution
was flltered to remove glass fibre pleces frowm the GF/C filter
and the {iltrate was iyophilised. 7Tho residue was dissolved
in 1 wl of giass-distilled water and used for shrowatographic

analysis.

A oo T apesd Th . -
Analysis of the HHCaDNP-amine nclds was achieved by
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descending chronatography in the solvent systoms: 1 ~butanol/
acetic acidfwator (4/1/1, v/v/v) or l-butunol/water/conc.
amonda (87/12/1, v/v/v). Tho papers wore dricd in an oven

at 6o° Tor 10 min. and the radicactivity wvas detected in L cm
atrips of the sample lane of the chrountogron by scintillation
counting. The stonderd DNP-muino aclds and thelr decouposition
products, Z,4-dinitroaniline, 2,4-dinitrophencl and 24w
IHndtrothiophenol, were detected by thoir cbsorusion under UV
light, o=-DNP~cystoine and 2,4«dinitrothiontiencl wors found to
oxidise slowly in alr. Thus, it wos found necessaxry to add
Remercaptocthanol {10 wi.} to beth the stondurd solutions and the

chromatograpiiic solvents.

73

Ao JODGTICATION STUDL O Uoll

anrd, yeooents
salphydryl-nodifying reagents uay broadly be
divided into three groups (i) allylating agente whers the
sulphydryl is covalently nd irveversibly wodified, (ii) wercap-
tide-fomiing agenis which are vreversible by incubation witl an
excess of a socomd sulphydryl coupoundi, gSe., G0, and {iii)
oidising agents where a disuiphide bond is forued bLebtween two
protein wolecules or betweon the protein wmd the wodifior.
innctivation of YLl carboxyliinase was invastigated with two
roagents frou eacdh of the above three Sroups (Table F.1)e The

enzynic activity was susceptible to reugents frow each of
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woasont Doncontratlion | Time of oindtinl
inevhation Activity
(::) {rximse
Heethylonaleinids I x 16T 7. 10 22,8
iodoacetonide 5z 107 20 it
)
Lo 10 3 T el
todogobanzoate 5 % 14 20 3G .
i =30 gt T
sy Pl ) 2 e - fa o
dithiobis Sxiew 2 TC.7
(2-nitrobonzoate ) ol .
1 x 1C 5 T35
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phonylisulphonate ; e o
i % LU 5) [
N N . Y -
Pl UronynIor Curie L x it 2 5.3
benzoate .
2 x 107 ) 61,4

The snmyue was preincubatod in o soliution {fincl voluuwe
ES

-t

Gel ml) contalning 5.0 smoles phoaphots, ol F.0, Uol units 27
carboxyhinase and sulphydryl infilbitor as indicated Delow.
incubation was at 20° for the indicaoted {thiumes when tho
reaction was halted by the addition of w.uss oi 1 (uw/v)
Bededs contoining 107 n Hutathione, I 7.U., Aldquots wers
witliirawvn and analysed for residual activity. In the case of
pelyiroxyuercuribenzoate, incubation was at ;}i}‘ﬁ in & soluiiom
containing 5.0 swmoles trig, pil G.0.
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thess groups.

NiM has been shown by Suyth gt ai. (1964} and Brewer and
‘heim (1967) to react with both histidine and lysine but at a
much reduced rate as coupared with sulphydryl groups. Under
appropriate conditioms; iodoacetauide {and Lodoacetic acid) will
react-with histidine, tryptophan, the €.«Nﬂg group of lysine,
the OB group of tyrovsine and the »SCHB group of methionine
s well as -SH groups {(Cecil, 156%3; Vailee and Riordan, 1969).
Howevar, coupicd with the aluwost complete specificity oif the
wercaptide and oxidising agents for sulphydryl groups, we nay
gonclugs that the Inactivation by these modifiers indicates
the presence of a cysteine residue whose integrity is essential
for catalytic activity.

in the further experiments describoed in this sectiomn, the
alirylating agent NI was used because wmodification was rapid

and irrveversibic.

ct o time and

Nl concentration

Plots of log percentage activity as & functiom of
tiwe of NEM inactivation were linear to the loss of 100%
activity {Fig. 7.1) indicating that the inactivation process

approximated first-order kinetics with respect to time at
fixed concentrations of this inhibitor. The same daia, when

the rate of inactivation, expressed as the reciprocal of the
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10 umoles of phosphate (X' ), »H 7.0, 0.3 units of enzyme and varying amounts
a3
4

of W' as indicated. Aliquots of 0.025 ml were diluted with 0.05 ml of 1% (w/v)

™
LA

oy
it e

.. =1 e
.Y containing 10 'I7 G3H, pH 7.0, and analysed for residual asctivitv as

detailed in Seection 2.7.(i). Log1o 9b activity was plotted against time. The
A), 2 x 10771; (O

!
W), 2.5 x10 T; (A

concentrationa of Wil were: (A
(O 0), 5 % 10”%; (m

), 1 x 10~
-A), 1.25 < 10777,

i% we




N b3 1 - , : 2 »
hatf-tims (7/t, 5), were replotted as o Function of NEM
S
3 & - " a s
concentration {(Fig. 7.2}, showed that the incetivation nrocess
wag pseudo firsi-osrder with respect 40 inliibitor concentration.
45 one assumes the inactivation process to be,

k. .
. 1 . - /
o L m-a Bl 157'1 )

where L, 1, Llﬁz1amih1 are the frees enzyme, inhibitor, snmyuc-—

inhibi cowplex, thoe ousber of inhib
b & $

pes

Tor ugieonies reacting
per active site and the second order raitc coustant respectively,

thie rate of the inactivotion process, v, bocomes

vV o= ;C*L]n s ee &?-2)

where ' = thﬁ}, the pseudso fLirst-order rate coustant.
Lxpressing the rate of inactivation {(v) as the reciprocal

",

of the half-time (“{t. x4 Wo obtain
e .rv

N ¢ | 73 = Lo, - ':..5 T g WO n ;
LA "blg‘y % /i”( 9 :} “‘Ou'i {)‘l n -*-"{.:l{,v-:{ ok s 40

P
-1
L ]
Lo
L

i) . -

4 N & v . 5 5 . .
such that when log (7/%, .} is plotted against loglLl!] a siraight

=)

line is obialned of siope 7y i.2e.y the apparent mushar of

Ascaeen.

-y A

of inhibitor reacting per intect caetelytic site %o

prouucs an imnactive enzyus-inhibitor enzyuc.
when the data of Fig. 7.1 are repioitted in this manner
{Fig. 7.3). the slope, o = 1.0, indieated that an average of

one moleculie oi NU reacts with gach catalytic site of the

ENZYHe .
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PIG, 7.3, The data of Wig., 7.1. were renlotted as 10510 of the recivrocal

of the half-tine of inactivation apsinst log10 5 concentration,
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it was Tound that MNEM inactivaiion was nnp

..{4 3 " . = g .
endent on the I ion concentration., The pesuits of this iuave
igation are shewn in Pig. 7.4%. The rote of inactivgtion roma
essentially: constant below pil 7.0 but inereased rapidly sbhove

thiis

Specics. I'rom this data, the pl of reactive residuc

would e about 8.0 whiell i3 low in with the norugi

&
ot

Celi = 942 for cysteine in an clo: rasvatically neutr
enviromment, and would suggest the close proximity of a
posliively charged group {(Webb, 1963).

4 replot of the data of Fig. 7.4 in terus of io rate ©
& f

inactivation against pl givss a straight Lline region {rou
P G5 = §.0 with = siope of C,.2. This confirus the dats of
Mge 7.3 and inddcatcs that one ionisabilo croup was reacting

s faTu 2ITAr I ey N S > A oy P e k- 1 Ty o =1
WIth Nbsl over dhds range of pH (Fdg. Tebja

)

LY e — E ik =
(¢} 1DP nrotection apeinst NEN

L an attempt to asairn a rols for the reactive

o
N

ste

ined

Il shiowing the iomised form of cysteine to be the roactive

@

by

cysteine residue in the enzymic process, various counbinations

of components of the assay were tested for their abllity %o

<

rotect thwe ecnzywe against N inactivation. Tabie 7.2 =zhows
- v §
that aluost commplete protection was afforded by LbPy or any

couvbination of couponents containing UV, aml the pre8ence
yF

) o B : ,
of ¥n"~ was not essential for IDP protection. HCO, ailone
7
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TG, To4. Affect of ¥ on the rate of inactivation by WY, Conditions

. . . -2 . . - I
were as in FTig, T.1. using 5 x 10 17 tris.phosphate buifer (pH 5.5 = 8.0) and

0.02 pmoles of W&, The reciprocal of the helf-time of inactivation was nlotted

against pH,
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FIG, 7.5 The number of ionising groups reacting with ¥E, The data of

. 1 ) . .
Tig., 7.4. were replotted as log1n /to 5 againat pH, The slone of the line gives
- L

the number of ionising groups reacting with WE,
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L3
presence of Mn"~  soums protection was evident. Lf the substrates

were added at concenirations approxiwsting their alue,

“ufapp) ¥
tliers is an absolute specificity for the mucleotide with the
preferred order ITIP < IDP > 1nP D iacsine.

The protection afforded by IDP was found to be concentration
dependent. {(Fig. 7.6) These¢ data way be plotied according to
the method of Scruttom and Utter {(1965). These workers

derived the equation

k v
V,..g‘., - = b 1 - a/v ‘ {
V’ - 1» i “}j O L 7 Y L‘ )
o i A

where va and Ju renresent, vrespactively, the psuede {irst-
order rate constants for inactivation in the presence and
absence of Ay ieeey, LIDP; k& and k2 are the fractionaleorder-
rate constants for inactivation of freec enzyme and enzyuc-IDP
couplex and A 1g {the concentration of protecting agent, dsGey
ID¥. Vhen the ratios {Va/VQ}. of the pseuds first-orier rate
constants for inactivatlon in the presence and absencs of IDP
are piotted against {1 - Vafvu}/ﬂ the intercept represents
kg/ki, the ratio of the fractionaleorder rate constants for
the reaction of enzyme-IDFP couplex and free enzyme with the
modifying agent. The slope of the line veproaonts ﬂﬁ, the
dissociation constont. The dats of Fig. 7.6 plotted in this
zanner are shown in Fig. 7.7.

The line has an intercept om the v-oxis of 0.0165 -

o

0.011% gueh tht the frequency with which this line would pass

through the origin is swall. Thus, it is concluded that 1iLP
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I, 7.6. ’rotection of M’ inactivation by IDP, Conditions were as in

Fige 7.1, with 0.1 umoles of W& and varving concentrations of IDP as indicated,
The recinrocal of the half-time of inasctivation was vlotted against time of

@), 0,0m¥; (m
0O), 0.02mi; (O 0), 0.01mi;

inactivation. The IDP concentrationg were: (@
0.17; (A A), 0.04mr7; (O
(a A), 0,005mi7,

.)’
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MIG. Te7e Determination of the dissociation constant, KD’ for IDF, The
rate of inactivation of the enzyme in the presence (Va) and absence (Vo) of the

i

protecting agent, IDP, was obtained from Pig, 7.6. and the ratio, a/VO, wasg

v . . . . "
plotted against (1 - a/VO)/IDB. The slope of the line gives K.
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does not afford couplete protection but that NE is able to
react wiith the enzymoe-iDP couplex although at a mach reduced
Yatey iefoy k2 is small cempared with hl. The dissceclation
constant for the enzyme-ilF couplex was calculated at H5.04L x
o6, £ Ue20.

serutton and Ubtter ﬁ1965} demonstrated the couplete
vrotection by ATl agaiust avidin inactivation of avian liver
syruvate carboxylase, while Edwards and Heech (1967) showed
coupiete protection of pig heart propionyi«Coi carboxylase by
propionyl-Col against WEN inhibition and acetyvi-Cod affords
corpietn protection of sheep kidney pyvruvate carboxylase against
inactivation by DNFB {(teech and Farrant {(1968)). Howecver,
Otsullivan and Cohm (1966a) demonstrated that mucleotides dig
not afford complete protection te creatine kinase against

iodoacetic aci¢ inactivation.

rrom 4CoNEil-lgbelled enzyie

A 18 hr acid hydrolysate of LQC—NEnalaballed enTYue
following pronase digesiion, was subjected to slectrophoretic
%nalysis at pl 6.5 {seec Section 4 ). 4nalysis of the sleciru-
phoretogram revealed $two major radiocactive bande wvhich uoved in
opposite directions, Iin o gimiiar experiment where the ousyue
was protected sgainst alkylation by IDP {5 x 1™ M) the

radioactivity of both bands was reduced correspondingly by



[
e

L% (Fig. Te8J

fnalysis of the 7C Iir acid hydrolysate showed that the
radioactive band which moved towards the anode increased while
that band which moved slowly towards the cathode was diminished
(Fig. 7«94}, indicative of the conversion of the one derivative
to the other cerresponding so the clsavage »f the pyrrolidine

ring of S={leethyl-~z,5=-dioxopyrrolidine3-yl }-L-cysteine (i)

Hﬁgc.cm;mz}.cnz.s.cx{ . CH,

on co
A °
i
L 4
o 7y
- i, Ol
I 2°73

and liberation of sthylamine to give ﬁ-él,zuﬁicarbOxyethyl)u

iwcysteine {(iI)

2 R

ey
[h o S

HO C.ocH{m ). Clgy ot .cn(c:z;.-zz'z} .CIL,, {m}gn)

the fast moving component. {Sm§th et al. (1964)). in all
cases, the fast- and slow-moving couwponents were the only bands
detected vhere radiocactivity exceeded background,

The sample lane of the slectrophoretograms between 1 om
aml 5 cw irom the origin toward the cathode and between 17 cm
and 22 cm from the origlin towards the anode was eluted with

slass-distilled water, concentrated by freeze—drying and the

two samples were subjected to electrophoretic analysis at
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TG, 7.8, ilectrophoresis of 16 hr acid dizest of 14C-NEE~1abelled enzyme.

The labelled enzyme after 16 hr acid hydrolysis was subjected to electrophoresis
at pH 6,5 (Section 7.2.(a)). The figure represents the radioactivity profile
obtained., (A) Absence of any protecting agent; (B) 0.5 pmoles of IDP added
during the labelling process.Ega s S—(1—ethy1-2,5-dioxopyrrolidin-3—y1)—L—

cysteine;ﬂﬂm, 3-(1,2=dicarboxyethyl )-l-crsteine.
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TIG. 7.94. Wlectrophoresis of 70 hr a2cid digest of 140-?"73'?’—1abe].led

enzyme. The labelled enzyme was subjected to electrophoresis at »H 6.5 (Jection

7.2.(a)) after 70 hr acid hydrolysis. & , Compound I3 [ , Compound II,

TIG. 7.98, Tdentification of the residue reactive towards NEY

. The sample

lane of the electrophoretograms of Fig., 7.8 A and B between 1 and 3 cm from the

origin toward the cathode and between 17 and 22 cm from the origin toward the

anode were eluted and electrophoresed as detailed in the text,E s Conpound I;
eeq . . - V T . TTIPTLT

Uﬂﬂ s, Compound II; @ , HBL=L=histidine; 4 , a=Tol=I=lysine; .,C—.i' Al=Le—

lysine.



146,

PH 0.5, Compound i was included as an internal and external

stondard with the slow woving couponent vhile Coumpound il

was imecluded as an internal and extermal standard with the
Lfaste-woving coumponent. The Nl derivatives with L-histidine
and Lelysine were included as extoernal standirds. 4Analysis of
the eclectrophoretograms showed cach sauple was homogeneous
with respect to radioactivity which co-clectrophorcsed with
Coupourui i in the foruer cuso and Coupound i in the latter

case (Fige 798 )

The question which arises is whother the integrity
of the sulphydryl group is essential for enmyuic activity.
4llzylation of the sulphydryl group by Hidi couses somplete Loss
of uctivity. However, this could be the result of {(a) structural

fication, (b) steric

Fa

changes in the e¢nuzytwe due to chomical uod

ik

considerations such thut the approach

o

£ the sulphur aton towvard
the appropriate boml in the substrate ls prevented, or (¢} the
electrostatic properties of the sulphur are suificiently altercd
as to leave the residue catalytieally inert. Therefore, wmothyla-
tion of the enzyme was attenpted using uethyliodide as the Imethy:z.am
ting agent. lLodification by this reagent was inhibited by 1oP
suggesting that wethylation was occcurring ot the same sulphydryl
group as was alkylated by Kl (Pig. 7.10).

M will vreact only with the frec sulp rydryl groun and

not with its wethylated dexivative such that if N werce added
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PIG. 7.10, Protection by ID? against modification by methyliodide,
Tnzzme (0.3 wnits) were incubated at 30° in 0.2 ml of 5 x 1017 tris (c17),
oF 8,0, containing 2.5 pmoles methyliodide, Varying amounts of IDF were added
ag indicated, Alicuots of 0.025 ml were diluted with 0,05 nl of 19b (vr/v)
Be3ehe containing 10-1F dithiothreitol, pd 7.0, and analysed for residual
activity (Section 2.7.(i)). Loz, 4 % activity was vlotted against time., The
Aj, 0,0ml; (A A), 0,5m7;

concentrations of ID? were: (A
(o ‘0), 0.1mii,
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PIG., 7.11. Activity of enzyme modified by methyliodide, Conditions were

as in ¥ig. 7.10., with 10 umoles of methyliodide, After 15 min incubation, 0,25

umoles of W' were added and the incubation was continued at 20°. Log10 96

activity was plotted against time., (O
(o

-O), no methyliodide added;
0), in the presence of methyliodide.



after methyliodide wmodification those ensyme molecules containe
ing the unmodified sulphydryl group would be inactivated by
reaction with NEi. Thus, if there were any residual activity
after such treatwent, it must be due s thoss enzyue molecules
containing the wethylated sulphydryl residuoc. fig., 7.11
prosents the resulis of such an experiuent anu does indicate

@ low residual activity of thes methylated enzyue.

T

A

affect of chewicail wmodificatiocn on the active centre

#HN
03
R ®

oowe insight inte the role of & particular amino acid
residue way be obtained by investigating the kinetics of an

enzyue alter modification of this group. SHuch an approach was

used by Xnowles {19€5) to show the involvement of wethionine-192

in g-chymotrypsin with the bindiwg of aromatic substrates,
while with the aliphatic substrates this group was essentially
non-functional.

This approach has been used in the present investigation.
iLineweaver and Buri (1934) plots wore constructed For two
stages of modification (Migs. 7.12 - 14). 4 sories of

i

parallel lines was obtained with decroases in hoth km{app)
and vmax when PEP and 1DP were the variable substrates. With
HCQB" as the variable substrates, no clear-cui vesult was
obtained, but rather a noun~competitive itype of pattern was

approached for the higher degree of wodificatiom, while «

intemediate degrees of wodificatinn, a mixed pattern is
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I, 7412, iinetic constants for PUP in the modified enzmme., Tnzme was
inenhated in a solution (0,7 ml) containing 40 nmoles of phosphate (¥ ), pH 7.0,
0.2 nmoles of THIT and 1.2 units of engyme, Alicvots of 0.2 ml were removed at 0,

- . . ) 0 = = F a7 Gl IR
5 and 7 min and diluted with 0.4 ml of 1/ (w/v) M.3.4. conbaining 107 17 G3H,

The modified enzyme was assayed nsing varvings levels of PRP, iodification times

A), 0 min; (O 0), 3 min; (A

were: (A

o

A), 7 min,
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as modified as in Yig. 7.12. and asssayed using varyving levels of TDV,

Vodification times were:

T min,

(a

A), O nin; (O

0), 3 min;

(A

Hinatic constants for TDP in the modified enmyme. The enzyme
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ocbtained between non-coupetitive and uncoupetitive inhibition.

it is apparent that the loss of activity resulting frou the

alkylation of the sulphydryl group is not cdue to unsaturation
of PEP, 1IDPF ox Hco;’.

<1 alternative appreoach to this question was atteupted
wihoreby the rate of inactivation by NEM was assessed by
agsaying the residual activity six ways, viz., carboxylation,
andl the $@2:GAﬁ exchange reaction in the presence of

5 n , o
(1) rn~", {(1i) 17P and Mo, {(iii) ID? and im T,

(iv) 117 and hgﬁ+, {v) IDF and hggv. This approach would
differcntiate between eifecis on the carboxylation and
phosphory!l transfor processes as weil as detecting any
specifilclty changes with respect to wetal ion and nucleotide.
Tabie 7.3 showe that the rate of inactivation was the same in
all cuses.

& third approach to this question is provided by the
use of M.i.i. {see Chapter i) as the effects of chewical

modification by NEM wmay be monitored by the enhancements

Wy

( € *) of the PRR of the binary enzyme.!m™  and ternary
enzyme.ﬁng+.sub5trate complexes, Herc the binding propertiles
of the ¢nzyme are axauined directly without complicating the
issue with additional possible catalytic changes as in the
other twe approaches. This method has been used for creatine
kinase (0'Sullivan and Cohn, 1965a) which can be inactivated
by guantitative reaction of two sulphydryl residues with iodo-

acetic acid. This inactivation is protected by ADP and AT
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although the nucleotide is not bound through this thiol.

The inactivated enzyme bound lm.ADP” with the sawme dissociation

constant as the native onzyme and the sauwe IR enhanceuwent
factor (& g)e This confirmed that the nucleotide in no way
bound through the sulphydryi residues but afforded protection
against inactivation by inducing a conformatiounal change

on binding to the enzyric.

Iodification of PEP carboxykinase was acliloved with
0.15 ! il and U.076 w! enzyme at DI 7.5 and 20°.  Under
theso conditions, the half-time of inacilvation is about 10
min. The reaction was allowved iwproceed for two half-times.
Deyond this time, precipitation of protein began to occur.
Figure 7.15 shows the results of this approach.

There was essentielly no alteration in Mng+ binding
except aftor prolonged incubation periotis. In Flgure 7.154
the reaction was allowed to proceed for too long a period
such that the observed enhancement { € #) of the binary enzyue.
Hn?+ couplex was diwinished. The PEF effect on & * was also
diminished presumably for the same reaaon. lowever, the
significant result was ithe complete aboliton of the 1IDF
effect on <€ * indicating that either ID? could no longer bind
or a conformational change induced by IDP and responsible for
the observed change in< % ecould no longer occur on IDD
ﬁinding. Pigure 7.158 confirms that the primary effect of
NEM wmodification is not the inhibition of&mﬁ+ or PEP bimding

as reaction of the onzyue with NEM for two half-times showed
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FIG, 7.15. @ffect of modification on substrate binding. “nzyme (0,076mi)

was incubated at 20° with 0,15ml’ NEI and 0,07 F-ethylmorpholine (C17), pH 7.5,
for two half-times. The enhancement (& *) of the PRE was estimated in the
presence of substrates (see Chanter 4 for methods), ™inal concentrations of
substrates were 0,12m Eh2+, 0,095mF IT?, 0,09mi PEF (first addition) and
®)

B), control; (e

0.55ml1 (second addition) and 0,06m' IDZ, (@ y

after modification.
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no diminution of the «ffects of im™ and vil on & ¥*.

Figure 7.15C confirms that the mucleotide {(ITP) effect on &%

is essentiaily abolished after reaction for itwo Lali-tiuss
again without diminutlon oi $the PIY elfect.

Tho W.li.R. studies couid not differenticte between the

inhibition of muclectide binding and the aboliition of a

L2

nucicobide=induces conformational change., This gucstlon was
readily resclved by exauining the abilisy of the Riileinawotivated
enoyvise o bind mucientide. HDodification was achieved with

mil NEM and O.15 wl! enzyme {volume 0.8 wl)} at pH7.5 and

227, Under these conditicons the halfetime ol inactivation
was about 4 wine. The reavtion was alliowed to procsed for 2.5
half-times when the reacvion was sitopped by the addition of

Zumoles of Gull, pH 7.5. Jioxr the control Gl was added

before the addidtion of NEM. Tho ability of Loth enzyume samples

Z2.3 &

to bind GTP in the presence of im™ (5 x 1077 1) was exaumined
usinge the wethod described in Section 5.2{b} except that U.05 i

3 3

= 3 Sty parr
tris (C17), pH 7.5, was used. g=" FT=GT1 wa

to the
onoyue soiution e & concentratlon of £ x LU “ 1. and the
bhillty of the enzyue to bind IV was assessec qualiitatively

X |
by the increase in g=""P=GID in %he dlalysats after the addition

of 5 pumoles of cold TV, 1t was found thwt Ehe ablility oi the

cnzyme 1o bind GTP was essentially abolished aiter wodification.
il

(b} FMumber of suiphvdryl zesidues

The number of sulphydryl groups interacting with 1D

was estiuated using Ellman's (1952) reagent. Thoe reaction with



54 5'=dithiobis {2-nitrobenzoic acid) was rollowed spectrophotoe
metrically at 412 my at pH 7.0 ang 20%°. The initial rapid
increase in absorbance, corresponding tc twe sulphydryl groups
pexr wole of enzyue, was followed by a further increase caused
Largely by turbidity. in the presence of 2.5 mli IDP, there
was @ decrease in the rate of yreaction with what would appear
to Le the wore reactive of the two groups initially modified

iéﬁ‘lg. 7016}0

Telel UDIFPICATION STUDILS USING DNID

Preliminary studies had shown that PUT carboxykinase
was susceptible fto inactivation by DNIB and TNBS. Al though
DRFD was used routinely in the investigations reported in this
section, analysis of the kineties of the inactivation by both
reagents indicated that the reaction with the enzyus was the

sane in both cases.

{a) Uprd

e L inactivation with respect ¢ time and DNED

concentration

Plots of log percenitage of PRV carboxykinase activity
as a function ol time »f DNFB inhibition werc linear tc¢ the lLoss
of at least 80% of the initial activity (Fig. Wl7) indicating
that the inactivation process approximated first-order kinetics
with respect te time at certain Tixed concentrations of

inhibiter. The same data when plotted ns the rate of inactivie
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FIG, 7.16, The number of sulphydryl groups interacting with IDT and In~ ',

Tnzyme (1.03 x 10—5Ej was incvbated at 20° with 1 x 10~ 5,5'=Aithiobis(2-nitro-
bhenzoic acid) in 4 x 10”4 Heathylmorpholine (C17), p¥ 7.0. The reaction was
followed spectrophotometrically at 412 mp on a Unicam SPR00 recording snectro-
nhotometer. Under these conditions, an absorhance change of 0.14 units corres-
pounds to 1 sulphydryl residue per mole of enmyme, Minal concentrations of IDP

and Hn2+ were 2.5mY and 2.0m'T resnectively except where both IDF and lh24 were

present and the latter then was 4.0ml,
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TIGe TelTe the rate of inactivation of PIP carboxykinase with varving

DHFB concentrations. nzyme was incubated =2t 250 in a solution (0.4 ml)
containing 20 pmoles of I-ethylmorpholine (C17), pH 7.5, 0.4 units of enzyme
and Di¥B as indicated, Aliquots of 0.05 ml were diluted with 0.325 ml of 136
(w/v) D.S.A. containing 1071y lysine and 107 GSH, pH 7.5, and analysed for
residual activity as in 3ection 2.7.(i). L031O ?o activity was plotted against
time. DNTB concentrations were: (= m), 0.5mf; (O a), 0.3mis

(o o), 0.2nl’; (@ ®), 0.15ml;; (A A), 0,1ml,
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tion {expressed as the siope of the priﬁary piot, k') against
inuibitor concentration showed that the insctivation pProcess
was psoudo flrste-order with respect 1o inhibitor concentration
(Fig. 7.18}. A replot of the data of Fig. 7.17 accerding 4o
Equation 7.3 gave a straight linme of slope 1.25 (Pig. 7.19).
Thus, more than one molecule of DNFB was reacting per-catalytic
unit of the enzyme to causeinactivation suggesting that wmore than
one amino acid residue was being modified by DNIB. 4 similar
experinent with TNBS gmave a slope of 1.2 for the double Log

1:)10*3 .

it was found that DNFD inactivation was markedliy

dependent on the ol ion conceniration. The results of this
investigation are shown in Figure 7.20, and it is lwmmediately
noted the similarity betwsen this nlot and that shown in
Figure 7.4 for NEM modification. Thus, the pﬁﬁ of the group
reactive towards DNFD would bhe around 4.0, the sawe as for the
sulphydryl group reactive towards NEM. A replot of the data
of Figure 7.20 in temms of ileg rate of imactivation (k')
against ph gives a straight line region over the ph range

$.5 = B.0 with a slope of 1.3 {Fig. 7.21) thus confirming the

data of Pigure .19 and indicating that more than one ionisable

group was reaciing with UNFB to cause inactivation.
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ik, 7.18. The nseudo first-order kinetics of inactivation with respect

(o

o DHFR, The rate of the inactivation, expressed as the slone of the prinmax

nlot, k', in Tig, 7.17. was plotted against DIF2 concentration,

" / g
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PG, 7.19. The data of Mg, 7.17. were replotted as log10 k' againat

10810 DIIFB concentration.



T T 1 1 T T i 7
03 - 3 o
W - -
»
(RN ¢ ~
o
-0 /
. ® ° 1 .

55 6-0 6-5 7-0 1-5 8-0
. pH

710, 7.20, Bffect of pi on the rate of inactivation by DIFR. Conditions
were ag in Fig., 7.17. using 10_11 N—ethylmorpholine.phOSphate ffer (pH 5.5 -

7.3) and 0.1 wmoles DNFB, The rate of inactivation (k') was plotted against pi.

[ L]
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L ]
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TIG. 7.21. The nunber of ionising groups reacting with DHFB. The data of

Fig. 7.20. were replotted as log10 k' against pH. The slope of the line gives

the number of ionising groups reacting with DNFB.
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The wbility of voarious covbinations o substratos to
protect apgainst DNID inactivation was dested {(Table 7.4). These
results dndicated thot both L0 {Hrotects against NI inactive

e S beroke W 51

tion) and in gseparatery afforded nrotection, although, with

T3
s

PnT, this orotectlion vas aluosid coumplede suggesting that a
grouy dfferent frowp that susceptibic to DD was being wodiflied
proferentially by UNFD. Lt would appeaxr that 1P aiforded
nretection against the Hil-susceptible group whieh was unier-

Iy,
o ek
¥

peing siow reaction with JMNFD. g wvas coupletely ineffective

~ s

N = 2 P & . S . geT '
in veplacing im desuite the Fact that g does activate

the enzmyue at the pli uscd here (pil7.5).

y

i

The protection alffoxdcd by in™ was found to be concentra-

tion dependent (Fig. 7.22). IHowever, attoupts $o treat this
dats according to the wethod of Serutton ami Utter {1965}
{Lgn. 7e7) were unsuccess{ul as non=linear plots werc obtained
{Fig. 7.253). Non=linearity would be expecied %o be introduced
into this pilot if wwodificatiom alse oceurred at & residue niher
than that protected Ly the couponent undoer investigation.

{¢) identificntion oi the DHNP=-guine acold gerivative

- 1
Jovg v g - £
fromp ~TCe HiD-lnbellied onmviic

<
A e e e

A Sz-hyr scld hydrolysete of the — C«=UNID-labeilod
cnsyue was subjected tc chromatographic analysis (section 7.2(b))e

tme uajor radiocactive bandd corresponding to o-Ullecysteine was
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"IGe 7.23. The rate of inactivation in the nresence (Vq) and absence (VO)
L2 i = e T S .
of Im“  was obtained from Fie, 7.22, and the ratio e,/JO was plotted against
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revealed in the ncld solvent along with s siower woving
soopound cerresponding o lu-UNP-histidine {Eﬁi{;a TeR44). A
ginilar reault woas also obiolned with the allaline zolvent.
-u similar experivents, whore the enzyme was protected by

. , 2 ! .. - }

Vel Wl lm or Y.h w 1, the radiocactiviiy was uniforuly
reduced by 450 ang 40 respectively {(Flg. 7.243).

Ziution of the sawmmle lane of the chrowatograw of

Pige 7254 Trow 14 to 22 om frow the origin with glass-distil

i54.

ied

water amd rechrounatography in the saue sclvent showed that the

ifwagunine acid had apparently undergone decouviposition as

iudicated by the appenrance of o radioactive band uoving aluost

with the soivent front. .t is well Inown that DNPeonine acid
arce lightesensitive mnd decoupoese to a substituted phenol or

aniling, g.f., 2pa=-dinitrophenol {Iil) or 2, 5-dinitroaniline

-’{:ev). lowever, if the dinitrophenyl group is bound through a
uliphur atow as in Le-OilP-cystelne, the decouposition product

would be expected to be 2,i~dinitrothiophonol (V). Chrouato-
gruplty in both aclid and slimaiine solvents confirued that the

decomposition product was 2,4-dinltrothiophonol {Fig. 7.25).

Thus, cysteine residues wers preferentially labelled by

JNHID with o minor reaction at a histidine residue.

oH NH,

NO, No

\=
<

NG, Ne

&
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FIG. 7.24.  Chromatography of & 32 hr acid digest of | IG-Di7B=labelled
enzyme., The labelled enzvme after 32 hr acid hydrolysis was subjected to
chromatography in 1-bntanol/acetic acid/water (4/1/1, v/v/v) on “hatman Yo 4
naper for 4.5 hr and analysed for radioactivity =as described in 3ection 7.2.(ii).
The standard commounds were detected as dariz spots under U.V. light. (A)

absence of any »nrotecting agent; (RB) 0,.5mif InCl,, { ) or Q,5ml7 IDP

(seeesesss) 2dded during the labelling nrocess.
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FIG, 725 Tdentification of the residue reactive towards DIFS, The sample
lane of the chromatogram of ¥ig. 7.24 A. between 14 and 22 cw from the origin

was eluted with olass-distilled water and rechromatographed on “hatman Wo 4
naper for 7.5 hr with the two solventg: 1-butanol/water/acetic acid (4/1/1,
v/v/v) (&) and 1-butanol/water/ammonia (87/12/1, v/v/v) (B). The chromatograms

were processed as in Tig. T7.24.
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in Section 7.34{h), two suiphydryl groups werec shown
tc react rapidiy with 5,5 '=dithiobis {Z-nitrobonzoic acid) at
pli 7.0 and 20%, That group willeh appeared to be the wore

reactive of the two was protected by the presence of iDF.

o,
i

L 20
s 3 - e N
In the presence of 2 wi. im 4 there was a decreasc in the

rate of reaction with the other reactive group {Fig. 7.16),.

£y
S o

The presence of both 2.5 w IDP, and 4 wi! in” produced an
miditive effect correspowiing to the protection of both of
the proups initially mocified. Mn~ also showed the added
@?fect of inhibiting the precipitation of drotfein which

follouwed roaction of Llluan's rengent.

(r) Bffect of chewicai wodificatlon on the active site

«in the investigsations on the Nli=susceptible suiphydiyi
ovoup, the kinetics of the onoyme after wodification was used to
help deteoruine thoe role of the reactive group. liowever, in the
cage of UNID wodification, the iach of specidicity oi its

roaction with PLP carboxyldnase preciuded thic use of this
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L

approach as it would be lupossible to differcntiate between
the effects produced by wodification of the two groups.
Tiaerelore, the alternative approach was used whereby the rate
of lunactivation by JHID was assessocd by assaying the residual
activity six ways, Table 7.5 shows that the rate of inactivie
tion hy LNFD was thie saue in all cases.

iondtoring the offects of LHFDR modiflication by HW.i..n.
studies {see Chapter ;) yield results ldentical to thoso
obtained with WL {Section 7.3;2({;}). iMEter reoction of U076 wil

enzyoe with G.15 w DFFD at pil 7.5 and 2U in the presence

%\‘:

ol e

of Gol2 pil n for 30 min {gbout two half-times ), the binding
i - R )

of im"  and PIT was essentianlly uniupaired {no chumge in & *)

while the muclestide {1TP) effect on & % wos abelished

{Mp. 7.26}. Therefore, modification by UNFD cither imhibits
{anc 1T ) binding or a conforwational chznge induced by the

miclieotide can no longer oceur. llowever, Wy aualogy with the

results on GTV binding to the MNlemodified enmyme, it is

concluded that binding of the nucieotide is dinhilbited,

743.C  LODIFTCATION STUDIES AT aieOBiNas SULFHONIC Acid (0]

laruyane gt al. (:966) reported that peanut cotyiedon JIF
sarboxyiase was susceptiblic to inhibitlon by Jbs at pil 7.5
ang 0°, sheep kidney wuitochondrial o¥ carboxyliinase was also
suaceptible to this rongont at pII 7.0 although higher touperatures

s . » 4] - - -
vere needod, viZme, <0 « 307, lnwvevor, the olovated feumaratures
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cethod 0i sssay {Inlf=-tive of Inactivaotion

Larboxylation 3

¥ :}.t S fchangu {?;n’?""/m} micleotide ) Dal

C(;E sl Lischangoe ‘:_: ..‘112‘? /TR ) 3.U5

CO, 1 VAL Lxehumgo & ol JinwY) 3.0
0, 1 0aa Uxchange (g™ f1T00) 315

L,(}S:u;u; Lxchange (1 ey _/4.1).‘#} 3.15

The onzyoe vwas nreincubatod dn o solution {i‘izm;.
voilume Uoh ul) combtalming R umoles H-eothyliuvowrpholine {(217),
Ml 7.5, U35 units onuywe and U.05 Jwmoles HIEG.  Incubation was
nt ;’359. A% vardous tiues, LW.05 ml alliguods were Jdiluted wiih
0.1 wl of 1% D.5.4. contalning 1070 3 iysine and 1077 1 g,

N
mi e85 ond analysod for residual actividty by the mwethods
Listed above. Inif-times of inactivation were obtained ron
soil-ion nlots of residual activity apgainst time. The

sarboxyiation assay was staniard nes listed in Sectlon 2.7(2 i)

-
The oxchange assay (ﬁeta.x, voluwe D8 ul :.‘ contained {im .uoles):
- = 5 o ™ ” e 2 : - ™ . P P
duddasole {(CL7 ), plI &6.5, 5ULU im™ or Lo 2.0y nucicgotide
& L [ 4 4
B acgmg g A ¢ 3185 I 5 1 ” A "'KC L adl voIs oo ¢t
.4 i-‘l (}d“‘)ilt j » 1 L] \-'; ”Lf-f»)\-, Aow s ¥ I aal. wL g e oty L&’-JA}., L PO SIS ¢ 161
=

tacubation was for 4 wine. Urocossing of all ussays was os

described in seetion 2.7{4i).
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TIG, 7426, Effect of modification by DNFB on substrate binding. Fnzyme
(0,076mt’) was incubated at 20o with 0,15ml DNFB- and 0,07H FNeethylmorpholine
(C17), pH 7.5, for two half-times, The cnhancement ( é_*) of the PRR was estimated
in the presence of substrates (see Chepter 4 for methods)., Final concentrations

2' -y £ T
of substrates were O.,12m!! Im“", 0,095mlI ITP and 0,09ml PEr, (W

m
.1"

control; (@- ®), after modification.
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make it mere difficult to anaivee the dinhibitlon in & wanner
similar o thot applied to NG and UETD nedification because

el the Lydrolysis of e reagent under thwse conditions.

285 concentrotion

Pliots of log percontnge activity as a function of
time of UGB dnnctivoation were lincor for about 4 win sodificntion
{(Fige 7+27) indicating that wodifdicatlion was & psouds firsi-

order process at coritain fized concentruations of inhdbitor,.

This same data yields a straight line {Fig. 7.20) when iog xate
of inactivation, oxpressod as the siope of the priumary plot (L')
was nlotted ageinst log inhilbitor concentration {sec Hgn. 7e3).
Pige 7e2¢ alaso shows a sot of data obtained at 20° instead

of 50%, iflowever, tho slopes of the plots were 2.29 {at 30°)
and 1.9 {at EGO). These g values wovld wost likely reflioccet
the roate of hydrolysis of the resgent ratlher than the mmbor

of amlne acid residues reacting with DIS, je.e., at the higher

touperature, watecr competes wmore favourably ior the reagont

then does the onzyuo.

The concentration dependeonce of inactivation gives

the nurboey of reagent wolecules roacting to cnuse inactivation
and this figure con not necessarily be equated to the number of
protodin residues being wodificed especially where the reagont

sgulfers rapid hydroiysis. lowover, the pil dependence of a



1 T { 4
L vl
Y — .
[ M"\ v i v/ v v Ve
08 v o
\v
\v
~—
v ——y
0-6 S ot
14 . . T .
A:A~ D A"""“—"".":S Y _g
g 12 FYN R 4
o- D\ te A A -
4 b \
0-4 1o k i; Ck\\ 41
\ .\\ o~
2 > VN
2 3 \
t<.0 - 16' 0‘6 \ -
O < =
0-2 @] \ -
c 04 8
O
O
J’ pa
a T 1 i T
] 4 8
01 P [ ] ~ Time (min) .
0-08 -
1o
"
! 1 1 1 1 4E
4 8 12 16
Time (min)
TIGe Te27, The rate of inactivation 2;3?2? carboxvlkinase with varving

concentrations of D33, Tnzyme was incnbatedliﬂ a solution (0.2 nl) containing
10 unoles vhosvhate (K+), pH 7.0, 0.3 vnits of enzyme and varyring amounts of
DR3 as indicated. Alimuots of 0,025 ml were diluted with 0,05 nl of 1% (w/v)
P.3.A. containing 1011 inidazole and 10™% 8H, pll 6.5, and analysed of
activity (Section 2.7.(i)). Activity was plotted against time on a semi~-log

0), 2u; (m PR EE

scale, DRS concentrations werec: (O

(o o), 0.5m; (v v), 0.25m1; (v 'v), 0.125m, Insek: Data
from a similar incubation at 20° with DB3 concentrations: (o O), 1mlf;
(w- W), 0.75mi; (O o), 0.5m% (v v), 0.3m%; (& 2),

0,2n7,
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FIG, 728, The data of Pig. T7.27. were renlotted as log, . k!

€19 F
the inactivation process) against log'10 D33 concentration. The data was
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Bffect of pH on the rate of inactivation by D33. Conditions
. . =1 . i

ige 7027, waing 10 17 =ethylmorpholine.phosphate buffer (pd 5.5 -
7.2) and 0,05 pmoles of DB3, Log10 k' was nlotted against pH. The slope of the

line gives the number of ionising groups reacting.,

(the rate of
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reaction can be used to estimate the nuuber of ionlsing groups
undergoedng sodification. The slope of the plot of log rate of
insctivation againat pil gives an estimete of the nuuber of
iomising groups wihich influence the xate of thw reaction,
Vigaure 7.29 shows ihw pesulits of such an iwvestigation. There

is o warked increaso in the rate oi the reaction below pil G

‘M

corresponding te the lonlsation of only one group (Stope = G.GD Je

A pi, ol about 4.5 is indicated. 1t is sigmificant that this

saus Luflection polnt hus appeared in the pll astudies ou both

HEDD and DNIR inactivation ond most iikely rouresents the ionie-

sation of a histidine sroun.

Tobie 7.¢ shows the results £ an invesiigation o
eatnblisihi whieh substrates could preiect against IBL inpciivation,

, , e R . .
1t is readily scen that in”™ was the only substrate capable of

protection.

ey RIBULSELON

The suiphydryli group of eysteine Las all toos readily been
wesipned o role inthe enmyoic preocesses beeause of its ready
suscoptibility to modifving reagents (Cocii, 1903). Iowever,
only a few cases have beon documented whore a sulphydrvl group
has Deon demonstrated to be intinately invelved in the catalytic
process foruing an Je-acyl interuediate, g.me.s fatity acid

synthetase (Lynen, 1961}, giyeevaldehyio-3-phosphate dehydrogenanse
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P . B .
- The engyue was proincubated at 307 in a sclution

voiume G.1 mi) containing 5 uLmoles phosplhnte Q“.), i ey
Dol umite of cumynie plus VLN ana substpales. o lxpht.e Ly

substirates were .75 ol excopt NoliCl, whieh was 5.0 mig UGo

LI

3
was Ue29% ol ann incubation was for 7 uin. o Dxpt. 2,

substrates were 2 il excent Hali0, which was 20U wm!, UBS
was Cu.5 i and incubation was for o win. JAllguots of
G.025 ml wore withdrown, <iluted with ©.G5 ol of 190 {w/v)
Debeh. containing 1077 I dmidazole {C17), o¥ 6.5, and
1¢™ L oS and sualysed Sor residual activity as deseriboed

Y

Section 2.7{i}.

(finai

el 44
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{iriusivy aad Racker, 1955; Looppe ot ai., 1956}, glyoxalase
{Ciiffe omd VWaley, 1961}, paoain {(Uuitl, 1958), ficin {Gutireund
{1955) and transglutominase (Foll and Cole, 1966a,b). Un tho
other hawmi, & suipiydryl group epparently facilitates the
binding of proplionyl Cod o prepionyl Coi carbexylase but
ploays ne further role as Vr_m}; is unaifocted by couplete Lliocking
© this group (Ddwards and Iieech; 19G7). in other cases, thc
role of the reactive sulphydryl is less readily defined,
fodification of the thiol groups of phospholructolidnase
{rroecde gt al., 1968; Forest and Heump, 1960) and glutavate
ugehydrogenase (a1 Tpisco, 1967) rosults in the Lloss of the
ivinetic expresslion of coop amt:.vu interactions. The two thiol
groups of creatine lkinase can be wodifled by Lodoacetate to
sive a completely inactive onsyue bui, although the nucleotide
substrate nrotects against this uwouification, the binding of
the mucleotide is in noe way affected (iﬁ':ﬁul.‘iivwxn and Cohing
1966a ). 4t the other emi of thoe scale, the sulphydryl groups

of fumarase hove boen shoun ot to be associnbed with the

active asite but to he buried in o hydrophobic suvironment in

the interior of $he enzywme {lloblusom gt gl., 1967}

S——

Uwidence has been presentod hiere that sulphydryl groups
are wodified by I and DIIFD causing loss of activity.
dnalysis of the linoetics of the inactivation by these two
reapents indicate that oniy one groupr is meodified by NUI

{Pips. 7.5 and 7.5) and by UDs {Fig. 7.29) but that wore than
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one react with DNID {Iigs. 7.1% and 7.21). Using this kinotic
Gppronch, Levy, Leber and Ryam (1963) concluded that 5 uolcs

ol Zph=dinitrophonol bind to one molecule of myosin while
serutton and Utter (1065) assumed at least two moles of avidin
woere dnvolved in the inactivation of avian liver pyruvate
curboxylase. Ldwards and leech (i LéG’?} reported that one
wolecule of HL; bmm;% te pig heart propionyi oo carboxylasc
mmzafn{; innctivation and Neech and Farrant {1264 ). showed the
involvenmcnt of one mwlecule of D in the ixml:tivntiom of sheon
kidney pyruvate carbonylasc. Lowover, the dota with DD
illustrate the limitatioms of this spproach (Pig. 7.28). it

is not alvays valid %o assuwme that tho poiecularity of the
inactivation process with respoct to the cheuical modifier is
the samc as for the reactive resicdue on the ecnzyme, especially
if the reoagent is unstabie under the conditions used. in such
& casey, a uore rilable estiuvate for the noiecularity with
regpect to the enwywe functional proupr can be obtained frow

& pH study of the imactivation. If the funetional groun ionises
and the reegent reacts preforentially with one ionised Foxty, the
siope of a double log nloet of rate of ingectivation against il
concentration gives the mmbor of lonising grouss reactings.

This then is a propexdy of ‘tllé'.é enzylc grour and not of the
roagent usod., This anproach confirued that onc oroup

reactod with NI, wore than one with LD while oniy one

fonisable group recciod With UDo Q}u‘iggg. Pa51 Fe2ly 7 .29).



The presence of two roactive sulphydryli groups was
subsequoentiy confirmwed with titrations of the onzyvue with Bgbte
dithiobis{Z-nitrobenzoic acid). It was shown tlint one of the
two groups was protected by L1, the othor was protected by
W™ {Fipg. 7.16). ¥n~" also protectoed the Uliesusceptibio

group ageinst wodification (fable 7.6).

snalysis of the protection afforded by LI opgainst NEM
inactivation according to the method of sSerutton and Utter (1965)
showed that 1LY does not afford couplete protection but that
NIl is oble to react with the snzyue~iDP couniex although at
2

a tmch reduced rate. Janalysis of the pretection by im

against DNFD spaification was not possible by this weans as

o

ONID reacted with more one residue althoush Im : protected
against only once of thesc. The result with 1D is comparable
to tiwe situation with eroatine kincse where ADP does not nyovide
couplete protection against iodoacotate inactivation. In this
case, wwever, the im. D commlex stioulated imactivation
(O'Sullivan and Cohm, 1966a). With IDE carboxyidinase, the
protection afforded by 1DP or In~" was in no vay altered by
the presence oi other substratos.

While the opposite affects of ADI and Mm.A0P with

creatine kinase provide strong evidence for auecieodlde-induced

conforumational changes influencing the rate of ingactivation by

iodoacetate, ne Cirm ovidencs for or against as been found fo



suggest that 10T protocts against Nilleinsctivation of I
carboxyliinase by similor meons. llowever, muclootide douesn
appear o induce @ coniommational change in Filecarboxyiiinose
as 428 and 1TV greatly stinulais the O ‘o 044 exchange reaction
{zee Chapter 6 {gf., Bridger, idllen and SDoyoer, i060).
Therofore, the possibiliiy does exist thast L5V binding to the
sn@yue results in a deerease in the iunherent reactivity or
accessibility of the sulpliydryl group cabsed by & conioruntional
change rather thoan the protection against wodification being

offected by steric factors as would be the weans whercby o

substrate would protect its binding grours.

Although NiNe-nodificatlon destiroys nucleotide binding
by I'TP carboxylinase, three observations would argus against
the sulpliydryl group being strictly o binding group. Firstly,
one wouid expect that inlvibition dus to modificatlion of a
strictly bLinding groupn would not be couplete since only thoe
ciflciency o1 bimiing would bhe lupaired mnd euch inhibation

AR A

g i suffered would he reversed by oxcoss subsirate, Caftey
A
the sulphycaryli group of propleuyi Co.. cavboxylase [Ldwards
Y

and soech, 1907; ond the sethionine ¢i s-chymotrypsin {(inowles,

1965). This was not observed with iip corboryhinase (i85,

&

ot

7eli = 1k). Secondly, the protection asainst U inactivation
showed an absolute specificity for the mucicotide with the

referred order 1940 <  IDP D> IMP >  inosine although the

protection afforded by LI was not couplete {(Fig. 7.7).
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18y one would not expect ITF t¢ be such u poor retecting
agent coupared Qith-iﬁﬁ 1T @ bimiing groupr coumon to both these
subsirates was being wmodified. Finaily, the mucicoiidew
indepomniont HUE:OAL exchange webiviity is inhibited e the sane
dogron a8 the nucleotide stivuloted exchange sosivities and
the sorboxylatlon activity. These Iindinge would not be in
accord with the sulphydryl group being a strictly binding group,
Although one can act necessariiy exciude the sesaibility thnt
the group plays sowe part in nucleotide biwling.

it is significant that NI or DNID wmodification of PLT
carboxykinase destreoys the ability to bind oulyv the nucleotide
(Figs. 7.15 ang 7.26) olthough ihe nucleotide-indopendent
GO iUAL prchangs ocotivity is lest at the sone rate as the
micleotide~depondent activities {(Tables 7.7 and Fe5 ) Thorelore,

reaction with a cialytic group is suggested.

Howover, 1t would be invaiid to disregurd the possibility
that inactivation resulted {rou either storic effecte or
conscquent styructural doangos giving @ satalytically inert

product. oteric effects could aardly ve the couplete answer

as wodification by NJl provents nuclootide bindlng as well as
carboxylation per 5o (Lsg., mcleotide~-independont o0, t0AA
exchange activity) although these tuo procesaes mist occur ot
topographically distinct sitea. lore 1ikely, such sBteric
2ffects are, to souie oxtont, instrumentnl in either of those

end results but not both. .s discussed previocusly {Chapter G),

1DF apparently cauvses & confermational change on binding.



This could well be prevensed becausc of the hull of the

HEND and OIFE groups sucli that nucleotide bimding is prevented
or drastically weakenod. & roie for the thiol residue could
be the stabillsation of the ensyue-bound cnolpyruvate {(Chapter
5) perhaps via a howiethicietal foruation. in this way, stexric
effects would inactivate the carboxylation process while
structural eifects would destroy mucleotide bhinding.
structural changes arce suggested by the observation that
inactivation by "reversibie! inhibitors such as wercurials

was not roversilble by incubation with Gull or dithiothreitol.
With the less bulky uwethyliated residue, @ suall residunl
activity could be pessible as the constraints nut on the

active gite by a wmethyl group would not be as great as thosc

imposed Yy HN and DREID wodification.

are hoth

very simllor and indieate a pli, of about U.C for the reactive

reaidues. This wvalue is low compared with the norual rangs

of Ueb = Yo for cystoine in an electrositatically neutral
erviromient and would sugpest the close proxiwity of a positively
charged group {(Webb, 1963) such as lysine or arginine. lowever,
lysine would be an uniikely contender for this role as UHYD
showed no reaction with sucli o residus, This avemie has not
been pursuced Hurther bocause of the lack of a specdfic arginine

reagent. The sulplpdryl groun nrotected by (™ must be in o
& 7 L2 v



reasonably accesslible situation as 1DV proteets against
incetivation by several sulphydryl inliibitors of vastly
different nature awl wmoeds of action.

-
a0k

in the double lop plots of rate of inactivation by both
W amd ONFD apgainst i concontration on Lwflection at about
Pl 6.5 was noted (Figs. 7.5 and 7.21). studies on the relation-
ship Letween VDS inactivation and pil alse show an inflection at
P 6.5 (Fig. 7e29)e wucir & value would be consistont with the
wodification of a lListidine residue.

The disadvantoge of using IB5 as & wmodifying agent is
its bLroad speéif‘icity (ifanéﬂtoimr. 1945) and the difficulty
in positively identifying the suscentible group. lowever,
lysine was not mwodifiod by OIS altlhiough h:;:si::?.dino' was allightly,

tyrosine could be discounted as Neacetyl imidazole (&

et aley 1965) showed no inactivation ot &l 2.0 ane 30° ang

attotipts to wodifly carboxyl proups at il $.5 aml 6.U at _‘BU‘”
with i-cyclohexyle3={i-uorpholinyl{l)wothyi) carbodiiuide
wethomp=toiuene sulphonate and glycine mothyl ester (lloare and
Keshland, 19663 Arustrong and [icllensie, 1967) were unsuccessful.
Thorefore, it would appear that histidine was nost likely being
wmodified by DHL.

Tradel amd Iassab {1950) reported the wodification by

diethylpyrocarbonate o & histidine residue of arginine iinasc

at pll 6.1 without reaction with the activatod sulp IYCEryi groun,



Using similar conditions, this reapont dic¢ incetivate 000
sarbogyicinase bhut E;nm‘ 4id not protect. liowever, a nli atudy
showed the rate of inactivation was independent ol nil over the
range 5.5 to 8.0, wiile a spoetral analvsis of the product

showed no evidence Lor reaction with histidine {carbos:yethyl

cerivatdves of ilwidazoleo show o A —_— at 220 wu while tiiocse
2% an il groun have & A o at about 210 wigde. Hathor, thore

was a progressive increase in turbidity nrobably indicative

of gencral nonespeciiic roaction as this roagont does have o
broad specificity {Voif, Lesnaw an Relclmanm, 1970). Thorelfore,
atteupts o detect positively an inidazole residue in the

active site were unsuccessful and further studies oust owoit

the use of sultably desirmed subatrate onalogues,

ST My

A DAY

it is therefors proposed that the active site of rLb
carbexyidinase containus twe sulphydryl residues ond an imidazole
group. The sulphydryl group protected by M must be in a
wore hydrophobic euviromsent than the other group such that
reaction with the wore hydrophilic reagent (BiM) is hindered.
The two residues proiected by 1“&1&' could well bLe the ligands
for im~" provided by the enzywme in tho enzyue.in’" binary
couplex. in support of such a structurs, Colermn and Valleo

{(1961) bave roported that nitrogen-sulplur bhidentate ligands
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L
foru wore stable compleoxes with 1™ than do nitrogen=-oxyoon

or nitrogen~-nitrogen bidentate Ligands. Thoat sulphydryl
residue pretected by LD would appear to uwve souc catalytic

function.






The woin conclusions which hove boen wuade in this

thesis wro:

{2) The carboxylation reacticn of shicep hidney
aitochondrial YUP carboxyidncse is controllod by the product
01 this reaction, CAA.

{:«,) PEY carboxykinosc has o sequential wochand s
and the foruation ol the central conples occurs by o preferred
pathway with 100 binding first followed by tho randon
acdition of PLI and GU,),
1ii) Twe metel ions are inmvelved in the catalvsis.
{z

by a twoe step process with phos phoeryl transfer frou Pl to

e
<

; The conversion of substrutos to nrouuects occurs

<8 nreceding carboxyiation of the enmyne-boumnki enolpyruvate
intervediate in the carbexylation reaction.
{v) The integrity of two sulphydryl groups and a
stidine residue would appear to be essential for full snzynic
actividy
"iv:i} The suiphydryl group wirich is protsctod by 00
against NI inpetivation is not strictly o Dimdling groun but
would appear to have some catalytic function.

foz 2 s 5 s 1 -. . " © xs * o . . -
svil) The sulphydryl ond histidine residues which are
-
Pk o

protocted by Im” sgainst UNTD aud DDLU inacitivation rosnectively
s "~
oy 3 - ) T o < + w
couLa sexve as the ligands for Im it the binary snzyuc.mn”
counplox.
<t this stage it would be coustructive to cons ider

goue of those lines of

&

xperimentation whiich now supggest
theuselves as an outcowe of the investigations reported in

this thesls and thorceby eciiminate thosc whose appiicubion

wotld appear limdited or lupractical because of the imown



proporties of the systeu.

Notwithstanding the recent iupetus given to the N.oil..
technique by the introduction of frec radical Yapin labels
coupounds by liamilton amdi letommell {(1948), this approach
wounld 1e% appear feasiblie at the sowent with 5V carboxyicinasc.
For this teclimigue, guantitative wodification of one residue
per active site would be idonl amd, necdiess to say, a
soiuble modifled enwyne is required. Vith these conditions
satislioed, the "spin labals® could yield valuable inforwation
about the topogrephy of the active cenire with respect to
the substrate binding sites, {Zf£.,Taylor, Loigh ond Cohn {1969)
who used this approoch wiih creatine Linose. ) Unfortunately,
P’ carboxyllonse Jdoos 1ot satlsiy the above conditions for
using the "spin labelled" sulphydryl reagonts despite tho
reacy susceptibility of the sulplhiydryl residues to moddification.
-1 modification is talken beyond about 30 incetivation,
precivitation begins o oceour such thot attennts to isolate
YU carbouykinase with a quantitatively wodified suiphydryl
residue producs an inscluble proteine ilowever, developuont
of reagents speciflic lor other auino acid residues, such as
lysine, histidiune or corboxyl grouds, sould aliow the isolaotion
of the desired FIT curboxylinase derivative. Applying this
tecimique with twe or wore labela specific for diffTeront
residues in the active contrs could possibiv siucidate the

spatial arrangecent of ocach binding site in relation to oach
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other. Jdditionni evidence vould also be suthoroed concerning
the involvement of two wetal lons in the catalysis.
Confirmation of the close proxivity of the twe

sulphpiryl residues and the histidine groun could be rrovided
by anine acid saguencin: and thoe use of bhifunctionsl roaonts
o substradie onalogues os nowllying agents. The foruex technique
{row the liumatation that the folding of the pepitide
ciiadn can briwyg; widely separated voriilons of thw repiide hacke
bone inte close proziwity. Tho ilatter tecindaue would appear
te e the vost rewarding. This approaci: would most liltely
soverely linit o conventional analysis of the effcct of
a:smcii;{‘icati;m since part of the active centrewulid be permaneatiy
blocked by & bifunctional reogent and even by o substrate
analogue aspecially 11 that portion of the uoleocule distont
frow thie reactive ceonire contains specifiicity Jeteruinants.
instead of this woiety rouaining frec ns with a siuple Teapgeont,
it would tend to be beund :L:*rov&rssibl:fl to Zig binding site sloply
bocause of its proxiulty. Therefore, catalysis would most likely
be coupletely destroyed although bindiing sroperties could bo
P as dadices of o nntive conformation.

ffowevor, these reagents are mor Lo seiving spatial
probleus then for probing the cataliviic funciéions of reslicucs
beecause of the increased specificity of wodification and thic
unigue directional rveactlion which con bo achuieved. it can

therefore readily bo appreciated the indormmtion which can be
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gothiered frou this approeach botlhy with respect o the residucs
nroxivial to each bimiing site and the spatial arrangouent of
sach site relative to eachk other. In view of the fact that

the coumon reggents for all ouino acids have beon tested with
VI carbouyldnase amd nodiflecation was only zolueved with the
sulvhydryl (NI, DNPD, iodoacetauide ete. ) ond histidinyl {LDJ)
reagents, further indexuntion concerniny ths active centre of
W5 carboxyiiinase vwet now awvalt the develonuent of these
apecinl reagents.

Ne attount hos boon made to analyse the foruation or
nature of the proposed mzyume-bound cnoipyruvate interuvediate.
+t8 existence is suggested by the Idle-stimmilated CAMN decarboxy=
lation o pyruvabe and the f“{;,. U exchange roaction as 20D
unuergees no reaction. Alsc, the nuclsotide-independent i;w,"i*:u..

meluape reactlion demands such an dntoerwmedigte. By analopy

with {he uechanisu proposed by Rabin and Trown (1064 ] J Tor

ribulose diphosplhizte carboxylase and because of the presence

-

of the reactive sulplpydryl rosidue, it was sugrested that tlds
intermedinte could be o thiohemiketal. Luch a coupound would
howe only o short half-life waliing its dsolation difficult.
Ivyever, the stabiliity of thielkeltuls is gyeatly incercased
ey scld sonditions soe thoat precindtation of the protein
undoer such conditions could perait the jsolation of the inter~
cediate whersupon its nature could then be dotoeruined.

lowever, & sovalentlyebounwi interwediate of the o

degeribed above would not nocessarily be cosentinl. The
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Teduircuient for the exchange would simnly bo that the dissooe-
iation amd reasscciation of £0, is wore randd than the

S

Lasocintion of the pyruvate uoloety. The U, can then rebind

o

Lo subsecquent ettachuont to the pyruvate upioty to refory
Wlie A8 the T4 and PIT are presvoably boumd te the omuvie
vin Mwetal bridge® structures mml a salt bridpe is alse
nossible fthrough the sarboxyl group, the stabiiisation of
the intemediate could thercby be achieved without a covalont
Link Delng formed. The erucicl matier would appany toe ba the
maintonance of the enolpyruvatse confipsuvrntion which would be
wore {avourable for earboxylation. Therefore, Tailure to
igoliate tac onmyuwe-bound interuedlatoc would uot aecessarily
isprove its exdstence.

Sinally, an apparont nucleoctides~induced confortsationol
change is supgpested by the marked stimmilation of the ©U P
exchangs roaction. Attompts to detect she conforwvational
change by enucnced reacvivities dowards 20D aml U830 wore
unsuecosssul although this approach would osnly be useiul if the
particulayr residue Decane wore acesssible whore accessibility
vas o ldniting Tactor in the rote of lnnobivation or 1L tho
inflerent reactivity of the residue increasaed boeause of
congequent elcectronic effects. Neporter groups {Iiile and
Ioshiand, 1967) would be expectoed to provide ovidence eithor
for or against this m:ci.c‘m’:icaa effect ne & range of groups
could be euployed which respond fto a variedy of environuendal

perturbations and thiese could be atitachod to various residucs
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ot or near the active contre. Although unecuivecail inter-
vrotation of rosults obtadned with theso groups is not
always possible, the use of scoveral types of Zouns overconos
these lludiatlions provided, of coursey €he presonce of the
ronerter group itsell does not cestroy the nueleoilde-inducod
gifect. 4lpo, the condrol by U044 of the carboxyiation renctiom
could well Do achieved via a conforuational cliange with a
consequent offect on the binding cumstants ol dhe substratos.
'I‘”ihfs could wost readily be itestod by binding studies in
the presence and absonce o Uhdd.

Therefore, despitc a reasonnbly oxteusive investipation
of sheep lddney mitoclhondrial PLY carbouyiliinase, wuelh still
repxuins to bhe eluclidated with respect o o mwore precise
delincation of the events during cotnlysis espocially tho
role nlayoed by the awuinoe acid rosiduecs in this action. The
interes ting fact widch onergos frou fhils study s the rouariablo
agrecnent in physical and kinetic propertics between the Lidnoy
and liver IV ecorboxyliinases [rou widely dilferent species
and botween the IET carboxyviiinnses :m.c;;’.' P2 sarboxytroansphosnhorye—

4

LOBG.






£
i
M

T ATATAT YT,
3‘.:1}.’4:«&2

ion Vroc., Lo, 101,

indrews, e {1964 ). Diochou. J., 24, 202,

actm, 1i7s 93.

Ashworth, J.37., Lorubory, Hel. oad Yard, fH.Le {1965),
ﬂi{?__ﬁ;lﬁﬁ'? . g ’ \2':' " B

3:‘1;%.3:'&1, 2a03 angd led tﬁlfaﬁ, Rede 3..:??{} ) . 33;’10{32;532}‘0 o . ’ }.16, ,‘(:8; »

Boindy Geoley iEibbit, I.0., lHunter, Gelde, lundg, sy, obubbs, (.
and Krebs, M.a. {(19638). DBioghen. J., 17, 683.

Baicery B.Re (1267). In Desism of jctives ite ‘Hpected Irrevors-

.

gabiie fvevae Jnhibitors, uiley, New Yoxic,

P = PR S = R WY e T ey, o o~ ;
Bd}.lmm, Feds ond }};ﬁﬂﬂ’iéfﬂ’ iled » %.,iir‘ ';};‘o ot e Ol e i»*}.ﬁe‘h;" :25;'::, 27@’;6-

i

Dallarnd, IWJ. and Hanson, LW, {(1067a). Dlochovie Jey 105, 66,

Bailaxd, .Jd. and Honson, 2.7 (L965). J. Biel, Chem., 244, 5625.

g » ., 4 L3 , b e 0 e Y - ™ i f - 3
Baliard, ¥«Jj., ilapson, R.¥. and Iponifeld, ».5. {(1968), Diocghori.

e P "éb’ LKJ&?.

o - ) vy ot Tia 72 " 0 . : '
Sandursizd, R.s. (1955}, J, Biol, Chewm., 217, 137.

Bandurski, l.o. and Greiner, C.ile (1953} Jo Diol. Chotiey [k,

751,

Barns, H.J. and Leoclyii.I. {19@5&;). e D3iOnivE. A » 2D

513.5 L]



mmittg Fadeg ooaCliy DJelle amd ii“ﬂ{j, il g élf}ﬁﬁ}t

3 OmIIvViE .

o

BB . COLEAMIes i L7706

Bates, .. ami Vorinur, .00, (1960). Ioun _tate J. LCh ey

35 4l
Dlale, .0 .333‘. Jolmaon, -3‘-{-. :Jilir' Gadloy I’;Q'.Ef‘tl‘i, AL aT-,

ihillips, D.C. and Carwa, Veile {(1267). Iroc. Yoy,

Biocuwbergen, N. and Lorgan, .C. (3961). D, Chewm. Yhys., 34, Bi2.

Dloow, C.J. and Johnson, J.J. {(1962). ge Biol. Chevi., 237,
3710,
Bousqguoty .0 and Christion, Jeoo

Lrever, C.F. and Mdeu, J.b. (1507

Dridger, Wede, Hillenmy Wei. amd Boyer, U.0. (196G ).
iﬁtr’?’:. z; 36%6«

Cnlvin, il. and Dasshaw, J.4. (1962). in Th

ef tarbon Counounds, V.i. Denjaming ince., New York.

Gamﬂ‘&ﬁ’ Jed 2D %115;?{‘}4 J. Dol {:‘li.ﬁ':';:a' é:f-"’-?é’ 7{}2.

f)ﬂtm&’ﬁ;&, Jed o B ond LffJO‘a;@:’mni, Gelialle {1‘:63& :; .

238, 1196,

"*’Jam’&’"’é’&ag JedeDs ami J't()';}pun;tg Vadiaiie ’{19631) ) . 3oe Eﬁiﬂl_i \.Q}éﬂ?ﬁi- 2

; = e - . " g - .
Camnata, J.0.3. and Stoppani, C.AWH. (1863}, J. lol. ‘1ioiie,

L Lo b )
o R R

k¥4

.y B e - T ® .
Ganovas, J.l. and Dovmborg, Ho. (19 adochin,. Jionhys.

&
W1
e

.

acta, 26, 169.



ao—
fun
L
3
>

baw, E’Ioﬂf:- 5}11&}:. e rﬁ:fl:@.’ M. {li}‘afi} . ;:f-;li:fﬁw ’v" z:i’ f,/‘c

Canmulo, J.d. and stonpani, H.0.00 {lf_}{}«;). srch,. Biochen,

Ceeil, R. {1963).

Acadendice Press, New Yorlk, 2nd id., p.3dU.
Lhang, H=C. abd iaone, e (19066).  Jo Biol. Chew., 241, 2513.
Coomgy li=-Cey Daruyass, ., fdller, R.o. and Lane, L.0. {(1966).
Je Biol. Chewa., 241, 2481,

Llaricy V.l and ::J.l',!}y; Sedd e (%.,3‘63).

§ji€,‘5_§'§!‘l€‘§;' W o . ili}és‘i}} .

Ty
Dioeiiin,

5]
£
L
(]
i
«
3
i
-
s
(¢)
ot
i
o
&
-
ot
-3
L
.

Cleland, W.¥W. {1963¢

o
.

- BDiochdm. Diovhvs. Seta, §7, 16

)
Cleland, ¥W.VW. {(1263¢).

ure, 198, L63.
h iy o e E I I 2] fa 4 e ¢ R
“liffe, f.L. amd Valey, C.G. {1961). Dioclhion. J., ZSe 475

CLifty e and Conky el

Lolaty ied» and Udsall, J.7.

Reinola Pub. Corp., Hew Yori, p. 370,

WO ile

Eide

Colmy ile and iedigh, Jeo. {26

'

M

} » ot t;:"‘(’: 5 3 ::“:2@ i (—33? .

Cf}iﬂﬂiﬁﬂ, fsedle and VCiilU%’ Do (1961 )t ve 11, i;'g@!?-: .y ;Efzég ISHITIN

SR

(:(}:l.{)?{ic;;; M.X’. Pt 319 "ﬂfff\i:faczi' B, (}.:}69 At

Lkidy 77

Conway, -« and roshiond, S.L. Jr. (1968).




Coopor, lleis and Dorvnberg, ild . (19065, Siochiv,., Diophys.

e 13 g
:_::;?d l‘»i AN ‘Qi

P ”m TN g g y T s .t e et 4 ! Wy ERaTACR
Loopory Tele, Piluwoer, L., wWighnici, . and jane, i..e (1969,

SO0 Ty 4 eliey dchen, T.T., woou, L.G. and Donedict, ©.8.
ko » L | 4 | ] ¥ *

1968, J. Biol. Chene, 2id, 3057
Cooro, HeGsy Randic, 1«J., oinon, L., Jraicer, O.0. amd

shelesnyal, .¢. {(1983). Naoture, 197, 1264.

- . v, 4 2 . e e s
‘*{31 f&n' LoeFie ﬁmf. FATTLLY ity G -}.\.0 ’(5 ;lﬁi‘) } . J » 15.3{}_;4:. Iy ‘..4;_1-{223. 'y B Y

7

3517 .

Crestficld, A . 10030¢, <. and Stein, WM. (},9&";}). Je DBiol.

s}lﬁft}vg ped ‘...l’ 622-

i

Javis, J.de, Willamd, Ju.. and Veou, H.G. {1909). Diochenistry,

ve Torrontegui, G., falccian, U. and Losada, 1. (1566).

L33

Biolwys, llep. Coumiili., 22, 227.

Diochot «

Ui Trisco, G. (1967). DBiechem. Biorhys, Res. Copmrune, 20, 14C.

Sdwnrds, J.B. and Heech, ©.B. {1367). Siochism. Biovhys. scta,

i

Lisinger, Jee sShuluwan, .G. and Sivebery, 4.7 {1961). Naoture,
L2, 963 .
HiSAnger, Jep ohulman, H.G. and Sgymenski, D00 (1963).

-

O Chione ives. ' é, i172%L.

it

v f » 9 w it - P "y
Dlluan, G.he {1959). Arch. Diocheris Di0THIHes Lty 7Us

e "y . £ u T % ¥ 2 4 A "
avons, Hed. and hLoocd, H.G. (1300 ja Vroce HNobtl. jcote Cla,

¥ Ll 51 7 Sk
fis- e g § ey a



{v)

Ikﬂ‘iiﬂlfjii, ..il‘ioi":.-' Eﬂrﬁii‘;c}ii. e QML il’)&lt{;;' A T ilﬁ}?()}'

ur. J. Blochon., 13, 403,

vermiiey, L.T. and Zerner, U. {1908).  broc, sustralian

o

¥ y 2 K 2 - e 1h
{1969). Blochivi. Bieplivs. dctn, Liie S

Polly J-&. ang Cole, v.l. (19{‘;6&)'

122, 244.

1‘01’1.‘2:., Jdeles ond i:ﬁi@. K aw e {l:}é(:ﬂb } . Je B.LQZE o L ACLiey 24 9 5‘31{4 .

Forest, P.3. and ¥ewp, R.G. {1968). Dioccheu. Diovhys, Reg.

&,

Lommmnte, 33, 763.

Fostery U.U., Lardy, l.4., Lay, .. and dolmston, J.5. {(1907).

24

o TR Y ™ &y -y ¥a 7 A e oA 4 NS ™3 B ST s
costery L.oUs, Ray, P.0. and bardy, d.h. (1566).  Diochemistrv, 9,

Fruede, i.C., Geraci, . and lonscur, T

Chotiey 205, GUZL.
LilOBie y '

arbery A.J. and Dallard, F.d. (19{59}. ve idiole ‘howi., 2hi, 46UG.

Gerhaart, <.C. and Pardes, 4.83. {1562}, J. jioi. Mhetie, 237, LO1.

Gevers, v, (1967). Biocheiis Jey 103, 141,

Gilliltand, J.il., languan, L.L. ond syuons, S.1. (1966). Yirolosmy,
36, 716.

Goodwin, T.W. and .orton, Reae {(1946). glociwn, J.o, 4G, S20,

Uraves, J.i., Vonnos?and, Jey Utter, i.i'e and Fenningbon, ...

» e e

(11‘.}.‘5‘6 21 . 2y @};ét_(?.:.. P 1}.{:‘:‘\ .y ,22‘ ’ 551. »




Jutfreund, . (1955). Liscussions Faraday soc., 20, 167.

s Ll

SLE O

g‘:
b
P
o
o
o
-
3
i
L ]
&
e
g&
b
{7
gt?
o
b
oot
-
St
P
=
Py
i. ]
W
£
L.
s
-
|5
o

T4

st 4R CIIoand

e uvidson, V. ITecusn and Lo, TellBe

limson, l.v. and Ballaxdy, Fod. LViuGl). Qicchon, J 1e8, 70s5.

tieg

fntek, lisJ. and Slock, €.0. {(1066). Diccher:, .

snsins ¥ #

101, 103.

Wl

Hately 2.0, amd Slaclk, C.R. (1963). Slochor, J,, 106, 1hi.

lintely Mele, Slack, C.R. ond Jolmson, il.o. {1067). Biochor. Jyy

Haymes, .. (1065}, J. DBiol. Cheti., 240, L1G3.

denning, il.V., seiffert, 1. and ceubert, Ve (1963). Biochim.

dlodiws,. Setas 77, 345.

Hilles Lw and lwoshland, D.L. Je. {(1567). J. Sdey. CRow. 10C.s

LZs 5DL5.

Honre, L.G. and Loshiland, il Jre {1966). J. dmor. SliClie . 0C.,

R,

f15 [ATR Y
Uiy w5

g

;-I{}l)ﬁﬂﬁ. deiie oIt I@Q!‘“lie&:, Hatie i;l‘ag:i}' fsi e

ilorgan, D.J., Junstone, Je.di., otoons, Jeil., Wobb, L.J. and

L=

cerner, . (1002}, Diochemistry, L, 2006.

dmuka, L. and Yang, Jeol. {(1965). Biochemistrv,

1259,

~

fmui, My Jwatani, A, Highiluido, T.y Iatsuli, . and Lannla,

e

{1967 ). Dlocluu. Dionhvs, Scta, i 32, 168.



(vii)

. 2% . s i . 3 g ¥ e £ e N )
SOIMENTy Wala.y Sberd, Hob. omd Ray, P.U. (LU70). Biochou,

lnuzoann, Ye L1959). atwan. Protein Chiove, 1o, 1.

» I W
$ it me i i e

fmwahare, He {1962).

SAELI0, T. and Uchooy . (1001 ). J. Diole Uhewe, 238, 3151,

ioochy .. and Barpist, ¢.J. (16673, J. Siol. ihew., Shd, 1003,

teealy Y.3. and Parvant, R.d. (1960},

s #

15k, 493

ogch, #.0. and Utﬁel"; Tled s Q’c“érﬁ}- Wy g}f;_(i%l. :’f};gg'g'_;,’ 2:5’ 3{,{_)/.

ing, D.1. and Altwmon, ©. (M980F. J. Powas, thew., G0, 1375,
IRappey Jey Ringoluonm, L. and lynen, . {19061).  Biochoeus.
335, 166,

inoulos, T (L2365,

o ]

LT wd e ¥ et 4 et
doehon, dey 08, LG,

dobushiy L. and Moreciwr, DB.i. (1967}. .rch. Diocher, Hionhiys .,
LiEls 170

- . vy - ¥ . ) . ay = o o g E VPR
woenpty Uldey Doyer, vV.o. and ostulberyg, L.l {19567, Je flol.

Chowies ZLUs 507,

L
Ae

; . ' N A « ~ RN ey T . + ). -~ b s
Losiionty Mete 10 Nooty Lieis (¢96u}. s, Hove Ddocheri., 37,

355

V{5 % 2

Hogower, D.l. {1962, in ZJologular LeGraw J1ill

Chey INL., licw Yorii, op.G7=T7L.



Yrebss Hede (19547. Dull. Johms lonicins llosn., 95, 19.
irimelky, L. ond Rackery e {(1955). GLeoience, 122, 310.
LonGriscing, Cey Fapa, wey Coratellld, ., lazmzarella, L.

andt Juagiiasello, L. (1270). Diochin. Dioohys. Lcta,

Landateinor, ile (1943

Znd Ddeg Hoxvard Univ. Press, Coobridge, lass.

Laray, ledey Foster, L.0., chrago, . and oy, 2 {19 3G e

SCv. ihzyvpo Foesviotion, Ly DU

- pa g 7 - £y g s . -2 .
Lardyy Heds, Pacthan, Ve and Ualter, . {(1053). Irec. Nntl.

oo, modey Udiieiey 55, 1410,

1«31‘5._23!“' Haedis i 40&063.(}2’; '3’0-'"3»' (ES}!}B). W

:{;}”ﬁ{“‘ i 1‘,‘}

3—5.35:5}3}1, }1. de (}»f)é\m*)' Joe 5:;}’3“)1‘ {}?flmog ls gg 5126

o FHGT . "{J}J.Q};ﬁ . 1 ri:'é‘g 3;?;.:‘;

e dand @
¥ . S w ey, T Kim '3 £ i i v o I3
ledeim, 1.5, and Jachkson, -i. (190G ). de ddol. Chon., 243, 3047,
evitshi, 4. and loshland, D.2. Jr. {190% ). iroc. Natl. Scud.

Lovy, Iil., Leber, P.D. and Ryan, L. {35697 J.

;3 Ez » 363’@ .

dnewsaver, H. and Burk, Y. (1935). J. aver. Cher.

Litggy Aeiie and lecch,u.3. (106G6). snsviolosia, 34U, 367.

Loclemller, e, Vood, IL.G. aml Davis, Je0. {146

4:;'}.&}3 .y ::1'{?1:1}. » j{)?ix .
- -

woiThor, G

London, el




iylons, 1.N. and Duchanan, Jei.. (1959). Jo Diol, ety 23 L7900

iy w. and Leiboowy se (1265 ). W Chen, Ihys Ul 2EUG.

Lynen, Fe« (196l)e Feoderotiop Vroc., 20U, Jile

S

lachay V. and senwaly, B.D. {1945}, Blochem. Biooh es. Covmam.,

. vy 5 o - s 4 F oo e ot e SORPET Fas ™ - [
inebas P. and Samvaly Debe {(1062).  J. Diol. Cheiia, 244, 254%.

Palstron, B.G. (1961). in The Imzy 2de el BDoyor, H.oi. Lardy
1] e by

and He Lyrbacl, SAcadouic Press, Gy 71.
Largoiiash, E. (1955). Nature, 178, 243.

Laruyana, ., Zasterdayy Dol.y Chang, lieCe ond lone, .U, {19066).

o Diol. Chem., 241, 2405,

Larvyoug, . and Lanc, 1.0, {3.?6:2). Biochime dophve. Acta, 0%,

1

’ .y e % - e
cllure, Wil {1 ’6‘/0 oy D70R.

Lendicino, J. amd Utior, .0 {1962). J. Diol., ‘how., 237, 1710.

Hildvan, 4.5. and Sohmy v (1963).

Llsiry, 2. 910,

fiiidwan, 4.5. and Cohn, Il. {1965}, J. Diol. thew., 240, 230.

iidvan, 4.0. and Colm, . {(1966). J, Dol. Choviey, 2h1,1170.

; RS ey ¢ 24 AeDe and

Zoln, . {1970). Advences v Immviaolorny.

] Sy

Lilovan, fA.d., Leiglh, Je5. and Cohn, L. {1907 ).

5;;, PRV

[

iidvon, S.5. and ccrutton, (leCe (1367

L
L ]

o _— S n t PO o . e P,
ik OxYy ete ONA LONGy 0. ,L,'}é’u } - voe 330l . hon, F N g OUSL .
A S AN AT A A



Allor, fteDey FALAVEN, Sew., Chumyr, lieCO., nsterda el
’ ¥ » ’ » * ’ »

s s ;v - o 'f oy
sareyonty e omd Lane, l.ede (LGGU

s Y ¥ » L% f T Ty T L % L8 4 - 5,8 -
LLIme, Velle aned Vells, JWULD. 1970 ). da DHMole Thotie, 2ik, 15

corrison, Jeits amd Gtoullivan, Hed. {13;}655}a Diochovie J.,

97, 37.

# *{}I'I‘i 3(372' lz L] 3«‘ L ] k:": ' l't}. 1 i"‘i’aﬂ, -’ﬂ) * J * 3.11':/ rn’ r'& .&{;('12' -s:i-. » :‘f L] é‘ },. “‘}{;1 } »

doehin, RMophve, Actu, N2, LI,

anigein ¥

§ s = . : T oaa SR T ! + ng = ]
fudge, Gudley Heuberg, HoW. and Stonbury, 5.0, {1954).

o

Ja Blol. Chen., 21C, 965.

ielseon, J. %;1127('2}. P, tiwsis, Umdversity of adelailde.

Iiilc, Te, Nodm, L. and Horales, L.F. (19061}, g, Blol. Clioa.,

235, 2639,
:

Sishilddo, T., Izui, ey Iwatunid, 4., Latsupi, H. and Tanaka,

(1963). DBlochon. Bioohys, Res. cowmuney 21, 94.

g “ - Y 3 - £ o % . ~ E .
Hoday ey iihed, T. and Lorales, .7 (156U}, 1, Bioi. ihov.,

ey

iy
Egt# AQ}UA

Hordlie, 0. and laray, Hedo (L263). 4. Hioi. Chew., 230, 2259

Nordlie, T.C. and tardy, ilh. (1963c0). Blochens ey Ly 356,

Hordlie, R.C., Varricido, I.i. and Holten, D.0. {1965).

Jioehiv. Biovhvs, fetn, 97, #1k.

Numay Bay Ndngeluanm, 2. ond lymen, I (1065 ). Diochen. ..,

’g‘:;-‘u‘ » :’3:-/(.}:

1{3(',}‘10& s i . ('g. f}’?{f} ) . NN iiioL e 3350‘*? L) 1 zé }". :-:‘té'u; »

U(:;‘Q{j. —a e 1‘::(»-«?(:' Z’:. ;IS(;.L)O Ci.ﬁl‘at;.ﬂ’il gv)g:gf:‘. :2\\, 5};».; IS N



(x1)

Lehody dey llehlory 4. and lommboerg, 4. (L040), da dlol,
CHOtiey 1‘2}739 D75

v . . - - ™" o’ o oo b T N . &
“nda, Ledls and Newsholue, L.i. {1067). Biochen, Ses 103, 301,

-

Croullidvan, VWede ond Cohng L. (1966) Yo dhel. Chet., 231, 3104,

-

"

fog
St

O'Sulldvany V.J, and Cohm, 1. {(1266a}. J. Ddol. (hewe, 241 3116,

-

¥

: s 3 %] K J ¥ £ a0 3 Ty .. s " ¢ "
Ctoullivanm, W.J. and Nodn, |« {1961 je P idiol. ther., 2473, 142i.

Fles, Hed. and iorris, L. (196U),.

Pradel, Lwi. and iasacb, R. {1968).

l‘lﬁi. 317
Fobin, B.2t. and Trown, Pl {1961;). Lature, Z02, 1290,

5
.z«;.*.«‘i:-’

fayy Veldey Foster, .U ana Lardy, Heoa {1956}. Js Biol, Ciouie,

iy
)
N
g

L8

g
*

Robiuson, G.i., Dradshaw, L., nnarei, L. and mill, R.JI. {10675,

de Biol. Dhewm., 242, 2709,

- - - . £ o
Tolleston, J.o. and Howsholute, f.d. gii}é'}‘}.

des 104, 524.

Puigedzil, M., de Torrontegui, G., Palacian, o., Cotalina, L.

Py . | ¢ - - P N T \ e . a x ¥ e s ] 2 Y T2 e
O Loslddi, . LE SN e s E% Gdoe LAGT ey :’jﬁ(. 3'55»%.!:}.

§

¥

samwal, D0, and Hacbz, . (1966). Dioct ddoohve, los

s . L T H 5
KZAN TR RIS ¢ PRI S R AN

vanwal, D.le and Lacbe, V. {(1966a). J, Biol. Thou., 241y 5557

sanwal, De.d.y lacba, P. and Coolr, e, (15‘566)' J. Dlol, LHCTie y

&iake 5177,

sehoelluamm, G. and haw, S {}.5}63).




Loss Compminie, 7y 3C.

Schoelluamm, G. and Shaw, S. (1963).

serutton, H.C., Leecly S.B. and Ultor, .t

o o < A
0T e » 2*’;’ { » 5 1id -

X . e " c i A 4 " % - -~y 3 e Py B g
...;Cmi;iiton.’ wiwhe s DiEREL Lttﬁr, e ls 23;‘65}. i ;33‘.;.(:?31. LAMEY e g &3'5\'9 _)‘?i-’i{-a

cerutton, WL, and Utter, (.3 (1967). o iiole. theme., 242, 1723.
serutton, 2.0, and Utter, .0 {15;‘55{;}. . Dov,
Sle

Soubert, W. and Iuth, W, {1965). iochicu, ey 303, 1706,

sevbert, V. and leuberger, U. {1261).

SIIrGisoy lLey iardy, .00, Hordllo, R.O. and Poster, L.0. {1965).

»

Shreago,

Ghrase,

Ei, e, X % 5 4 § n 2 > . . 5
“hrage, . and Shugy Alloe (19 o axch, Dicchion, Dionbhers., 130

SITnST, Ley Yournygy Jet. ond Lardy, .ol (LOGT ). bolence, 154,
i1u72.

Slmony ey Veretz, Lel. and Chelosnyal, .. {1562). mdoeri

iy ©3.
vinpson, Beds, Riowxdan, J.i0 and Vallee, D.o. {(1963).
Dloghouisty, Z, 616,

4

wimpson, R.T. and Vallee, D.. {1570},




A_;i‘{,,, Polialiw and u{){';&,(.’ iielha (,?x.‘)é:':}o e Eiﬂg»g %o' ;Ezz’

Sty Pelieiey Lood, HeG. amd Stjernholm, .. {1961). J. 3io0l.
i.?:{l{.‘tmi-. ¥ 2 z:#, PCa 21,

wlaciy €.l amd ilatel, M.,

dadth, Deie (1958}, J. Diol

Suith, T.L. {196G).

chewm, Dioolvea., L2, 6Ll.

Sy thy DeGey, Dlumenfeld, U0, and lomigsborg, W. (1964).

Biochom, e, 21, B

e > - ~.‘ £ s v A 5 : ) 5 ¥
Sumidid, L. and Verlasan, o.1. {1050 ). el Biochoui, IMoonhyrs.,

76, 103,

aylory Jeley ledghy veo. and Colm, L. {1569, ixoe. Hatl.

ﬁlf;a.d. - nf}i Y Uo i e * é‘:i; 'y :ﬁl f} »

Poayior, l.l., Hielsen, J. and icech, Z.0. {1969), Digchewn.

sk

88, LornnmMaee 37, 723,

Ta‘_‘,flf}:s', 1’ UIZC ' hﬂi la{‘:.ﬂ [y '} M Lz - ﬁnﬁ i;{’(} .‘,“;,’.’ .J - A.; - &1‘37(} ) ” 3 O

Soe @
Bloohois 20C., e 2.

7% & g5 o) 5 ’ 3 b { I "’4 54 o 4 E
Yechen, T.T., Loewus, 7.5. and Vemnos Lty e LO0D5. J. ol

“’hi}f.? .y 21 ?fi # 3317 -

— o . ep " { 5 - . = i Py i p .
Lchen, T4, and Venncsiond, Be AViDB5 e Ja ol Uhew., 2319, 533.




(ziv )

Telpol, J. and loshland, D.0. Jr. (1965). Diochendistyv, o

Theodore, T.l. and imglesberg, e (1004 ).

5}:’460
oenmies, G. and lolbe, J.d. {1951).

Lehida, . and Fdluchi, G. (1966).

. - . o . \\ - = N 5 - s Ry . s >3 -
Utter, 1L.T. {(1969). in Reguintion of the Uitrdc ieid Cvole,

ed. Jelie Dowenstedn, Larecel Jolliors inc., How Yorlt,

£y

1 3 Elail e L

2

Vtter, oI ond Tesch, D.3. {1960). g, Dioi,

i
Vetor, L0 and leechy D.8. {1963). g Diol. Chom., 230, 26035.

Vtter, [ .i%, ioochy U.Jd. and serutton, i.0. {1964,

Uttery .0 and Turabosid, . (;.;}g‘j;;j“ Sa Bioke Chowe, 207, 707.

Utter, .00 and Merahashd, . (1955a)s  Je Diole Chioki., 207, U211,

Fem B e = O 4 A " fq ¢ %
Valilee, Dl amd Hiordan, J.T. {1969),

Diochoria,

g 733

gk cotoboelic Intuibitors,

Yobb, J.bh. {(1963). in

secadende Press, New York, lst ., Vol. 1, 1p.703.

vebor, f.. oand Usbormy, . (15?659). e Biol. Chovie, 244, LEGE,

Vodldomam, oJ., Hous, Dedie an¢ irobs, ol 1269). IDdochor:. J.
¥ ’ ’ ’ < Seowmmranioet i immeisinmions oo *

i1%, 1.



Ty v TR . - : B ts D 2 o T 3 IS PO S
Heiﬁﬁl" e and ;V.LE.*’"V@‘:_'. coeoe LRD0H Qov?sﬁﬂ"&o hlOl e g b 255@,&..

Viliard, J.il., Dovis,

£, 3137.
{illiamson, D.H., Lumxd, . and Irobs, .. {1967). Blogheri, J,.,
203, Blh.

Hilllaommon, J.i. {1069

4 Loy k:
Control inm i
Se ‘mugliariello and L.0. Slater, Jdriatien badtrice,
~talys

Wold, Y. and Daileuw, C.0. {1957} J. Lials thewe, 227, 301,

kold'y B., Lesnaw, J.i. and Nelchmann,i «Z. (2970). bur. J.
Biochom., 13, 519

Vood, Hathe (1L968). 4. Vitaminolowv, 1i, 50

woody Il.G.y Allon, u.il.G., Stjernbolu, L. ond Jacobsen, 1.

(1963}, <. Biol. B ot

5"5?:

Woouy Ilelfe, Lavis, JeJ. ang Lochuuller, i, (1866

v ¥, r
251, 5692,

Wood, .G., Dovis, J.J. and ¥illard, Jeie {1969 )

;;; 3145.
Yood, l.G. and Stjernhoim, R. {1962). in The Docteris, od.
2oLy Tumasnlus, and ctander, 1L.Y., Jeadeuie fvess, L Coy

How York, Vol. 3, mn.Ll.

7

Woody HeGe and Utter, ioFe {1965). in Lg8uye an Diocheriistin,

cGe TWils Campbell amd Grovillie, G.l., Vol. 1.
YVoody H.G. ond Veriouan, e {1930). Dlochers J.y 32, 1204,

%iyri{ﬁit' Jeire and xiiﬁm%’ﬂi. daide {3.:33;9 ). " e }})‘.mmiv: iﬁdﬂg ’ 2.;*:“’ 15;‘3{3 .

e’
L
[
*

‘;
jved
&

12
2

L

-



- s A e
Ny dee DT XN E

N
Rt AT
iiesitas W S G~ﬁ i
i 4 b

Youmy;y JeWey Thora, oel. amd de faaien,

; Y

Ve v LR T4 T
I gl,ﬁt&);.

A e T 2 3 o g

FRAR L N TR LY caieinl Mt





