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ABSTBACT

The DPi\ speciflc isocitric d.ehyd"rogenase fron bakerts

yeast was purif ied a.pproxima.tely 3O-fo1d " The enzyme

requlred. AI,IP for maxlma.l activíty l¡oth aü pli 6.5 and. a.t

1oH f "8" fn the presence of AItiP the rate-concentration

curves at pll 7.8 were ma.rkedl-y sigmoid- when isocit,rate was

tYLe varled substrate, and. hyperbollc when DPN was the varied

substrate" Citrate a.ctivated" the enzyme at pli 7,8 in the

presence of AtttP anrl, converted the slgmoid. ra,üe-concentratlon

curves to rectanguJ:zr hyoerbolas. At pH 6.5, however,

citrate brought about activation only in the absence of ,AlviP.

A.ctirratlon and. prod-uct inhlbition. stud.les lrrd.lcaËed Ùhaf

the mechanism of isocitrlc d.ehyd-rogena-se rea.ctlon v¡'as

ordered. 1n the presence of AltlP, but possibly clnanged to

random in lts absenceo
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ÀÞBËqUIA.,LTSNË

The following abbreviations a"ye used.: DPt{ and. DPN}I,

oxid"lzed- and- red.uced- d-iphosphopyrid"i:ree nucleotid-e, respec-

iively; TPi,r a.nd- 'IPl'iH, oxidized. ancl ¡.educecl trlphospho-

pyrid.ine nucleoi;id.e, respeciively; nlvlP, adenosine-J r-

monophosphoz'ic acld-! ÐP, ad.enosine-J r-d.iphosphoric acld-;

fDH, isocitric d.eh;rd.rogerlaËe ; EDTA, ethylened"i¿zminetetra-

cebic acid.; Trls, trts (Hyd"roxymethyl)-aminomethane; DEAE-

cellulos e, d.i.ethyla.minoethyl-celJ-uIo se u

v
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TNTEODUCTïON

Sa.nv.¡a1 et a}- (L965) working vrith lsggspora and

ntkinson et a.l- (l-965) usirrg yeast ltave recently puìr1ished.

mod-eJs for lhe mechanlsm of DPN-speeiflc isocitrate d-ehydro-

genase rea.ctlono The two mod.els d iff er both in the manJî.er

of approach to the proÌrl-en a.nd. in. certain speclflc features,

notably the mechanis¡qs involrred. 1n the interpretation of

the sigmoid. ra,te-concentratlon dat.a cYp.racteristic of this

enzyme ã

The d.ata of Atkinson et al, (l-965) are arølyzed on the

basis of tire Hill equ.atiorr for the bind-ir:g of oxygen to

hemoglobin (Equatlon 1)

K (oz)t
,'u'u "." 

( 1)
1 + K( oz)n

(where y = fraction of sites borzld- by 02r K ls a complex

d.issocia.tlon constant, and- n ls the number of lnteracting
IoLi:rorng sruesJ. By rnaking eertaln assLimptlons (see His-

torical), Atkinson et al (L965) d.erive the expression

(equ.atiorl 2)

log t 1ft:l = ir. log (S) log K coooooooooe,o Q)

(where v = lnitial vel-ocity, V = maximal velocity, and-

$ = subs'brate concentratlon), i,^;hlch Ls the equation of a

straight l-ine having slope = rto The effecü of varylng

v
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coneelr.trations of reactanüs 1s expressed- ln terms of

fluctuat,ions in the value of n: the term, n, is said to be

a measure of the strength of interactions bett'¡een substra.te-

and- mod-ifler-specific sites" AS a result of such analysis,

Atkirrson C.L at, (1965) conclud.e that AIiIP causes isocltrafe

to bind more read-il-y to the erIzyrfle by lowering the d.lssocla-

tion constant for isocitrate at a.Il sites" AIso, the

signold. natuy.e of lilltlal rate-collcentra.tion õ-at;a, is lnter-
preted" to l:e d"ue to a multislte þj-nd.ing of Lsocitrate on

the enzyme surface, such tYøt each successive bind"ing of the

substrate lou'ers Ùhe d.issociation consta"nts of the remain-

lrrg unfilled sites ( tsubunlt interactiont )'
The mod.el- of Sa.lÂr{al- et aJ (1965) is 'oa.sed- on the

steacly-state kir.retic theory, lvhich has undergone very

sophistica.ted- d-evelopments in" recent years (Oal-zie1 , A957;

Clel-a.rrd, l-963a, 'o, c). Accord"ing to this mod-el the sig-

motd" inltial- vel-ocity plots a.re interpreted a.s resuJ-tirrg

fron a two-site, sec¡uential bind-ing of isocitra,te (one alloster'1c

and- one catalytlc) such that bind"i.ng at the cata.lytlc site

is only possiÌ:}e after binÔing of the substra.te at the allo-

steric si'ûe, Citrate is coiLsið-ered io activaüe the enzyme

by bind-ing a-t the a.llosteric site and iliivlP by ordering the

ì:indlng of the substrates and the l-iberatlon of the prod.utcüs'

In. vieit of lhe confliciing i.nterpretations proposed- for

etlzymes from two related- organisms, it became essential to
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exa,mine ivheth.er the e:nzJ¡me f:'om yeast cel-l-s rÀias amenable

to stead-y-siaùe ap;oroach and, 1f interpretailons other
'rhan bhose proposed by Atki.nson et ql (l-965) were possl'lrleo

ll'he fol1olvlng report accord.ingly deals with the kinetlcs

of i'iAD-speciflc lsocltrate clehydrogena.se from yeast cel-Is,

both in the presence and- absence of Al'iP.



T]ISTOR]CJIT

ls GEI{EFrìI,

TniLia'l studies of enz¡'me regula'tion were concer"tted-

l,cith lnd-u.ction ar:.d. repression of enzymes by thelr st¡.'o-

strates a"nd" lrrod-ucts, respectivel-yo Eepressible and-

lnd-uci'ole systems l{ere found to be analoSou5 in that

initlation of re¡-rression (cessa.tion of induction) resul-ted-

in a grad.ual d.ecrease in enz¡rme activiby d.ue to inÙerr-

ui:tion of gene activity alr.d- progressive dilution of 'bhe

€rrz¡r¡is (Mo;nod and, Jacob, 1961).

Ilovick and' szilard' (l-951+), holever, shov'¡ed- that

repression of iryptophan syn-bhetase by trypiophan resu'lted

in immedi-ate inhibi'bion of activit¡r; therefore a cont::o1

mechanlsm otlrer than repression was inr¡olved" fII 1956,

Unibarger worklng on isoleucine s¡mthesis and- Yates and-

Pa.rd.ee working on pyrimidine synthesis d.emonsi;rated. feed--

ì:ack inh.ibition of bhe first enzyrr.e of each Pa.thuia';i þy

ihe end prod.uct of the pa.thI{â}o A com.oaraÌ:le effect was

recognized. in stud-les of precursor activation (garuval et

ù., tg63) wher.e precursors of a catabol-ic or anabolic

irzLtirway siimulated- th.e ac'bivity of the e-nzwe which

ned.ial;ed. the forrnation of the end, product of that pathwayo

Distinctlve of botþ types of systems'was the fact tnat the

effec'bo:e (end- prod"uct oI' precursor) was no'b necessarily
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rela.ted. sterically to the substrate of the enzyme it

conirolled, implylng a mecha.nisrn d-ifferent from bhat of

repres s ion 
"

Tn several enzymio slrstens such as phosphor'1bosy1-ATP-

pyroplrosl:hor.ylase (I'{artin, !96il, a.spartate þrattscarbamylase

(Gerhart a.nd- Pard.ee, l-962) and. biosynthetlc threonine d-eami-

nase (Changeux, l96;-) it rvas found. tl4at susceptibillty of

the enzyme to end prod-tict inhibitlon coul-d- be destroyed',

r,¡lthout l-oss of enzJrme actlvity. This led. to the suggestion

(t',ionod. et et, r 1963) thtaþ the bind-lng: sites for the eniL

prod-uctS oït the enzyme surface were stereospecifically d"is-

tinct and- physically sepa.rete from the bind-ing sites of the

suþstrates. Irionod- et 4. Q963) coined the term "al-losterlcrr

d-escribe the regulatory eilzynêS. fhe Substrate reeeptor

was termed. the a.ctive site; the receptor for the allosteric

effector, the al-J-osteric site' Bindlng of the effector vras

;oresumed- to cause a reversible aLteratlon in the affinity

of the active site for the substrate. Such site inierac-

tions were },m.own to occur in the hemoglobin nolecule,

i,vhich beca¡ne the estaþlished. mod-e] for theorles of allo-

sierj-sm (i,toirod et- 41. , 1963, 1965, Atkinson, et aI' , 1965) '
The blol-ogical slgnifican-ce of allosterism (itlonod

et aI, , 1963) rests on the susceptibiliÙy of allosNeric

proteins to |nh]þltlon and- activatlon by metabol-ites not

irumed.iaÌ;ely involved, in the rea,,ction. Since effectors

influence the ac't1vluy of enzyme mo]eculesr al]oSÛeric

to
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regul-atioiL ;orovides a much more sensitlve netabol-ic con-

trol than d.o influction and- repression, which regula.te

enzyme ,sJrnthesls and. are therefore not fully effective

until one or two generations have ela1:sed. (itioyed-, L96l).

Several- al-lostertc enzymes (iirreonine deamlnase,

aspartate transcatbanylase, etc) not only respond- to the

pathway-specific precursors or end, products, but are also

affected- (activation or lnhil¡itlon) by metabolltes of

tlre related. pathr.,vaySo AS an exa.mple, aspe.ttabe transcarbam¡r-

l_ase (Gerhart and. Pard.ee, l-962) is not only affected- by

cytid-ine triphosphate (end. prod"uct) but also by ATPð The

ability of such en"zyrnes to respond- to compound-s not invol-

ved. in the pa.thway ma-! enable then to integ:rate biosynthe-

SiS with the other metaboJ-ic pa.thvlâYsu It has lceen suggested'

(Sanwa1 et al" , Lg63) that precursoy activation nay serve

an lm1:orta.nt functi-on in ensuring that excessive amounts

of the precìlrsor are rapi-d-Iy metabolized"

f I . ISOCTT;?ArE-DEHE)RgGEI'IASq

IrTost organisms examined- so far have been found to

possess two isocitrate dehyd-rogenaseÊ, one specific for

TPirT and- another foy. DP\T. The DPld-spec j.f ic enz¡¡me, v¡hich

ca,talyzes the ::eaotion

D^-isocj.lrate + DPN ¿_ .-¿-ke.I;o9}uta,rate + CQ2
Þ

+ DI'Irill + H+

has -toeen shov¡n to be al-l-osteric and- susceptible to activat-
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fion by various nucleotid.es. Thus, tlte gnzwe from guinea

plg heart (p1aut and. Sung, Ig5l+) and fron locust fllghü
muscLe '(Coebell a^rrd. Kllngenberg, ag64) ls activaüed. by

AÐP" The enzJrnoe from yeast (Kornberg and. pricer, l-95J-;

Hat'naway and. Ati<lnson, l-963) and. Neqqospo$ (Saruval et_ al",
1963) rs activateÕ by AI,IP.

The nechanlsm of activatlon by nucleotides ls noË

knoirrn with certalnty. P1aut and. hls coworkers (Chen

gI- , 196l+) d-emonstrated. tinat bovlne þsart lsocttrate
d.ehyd.rogenase und-ergoes poJ-ymer.i-zatl-on ln the presence of
ADP. Thls aggregatlon reactlon, however, couId. not be

demonstrated. for the Neuroçpora enzyme ln the presence

of AMP ( Saruval and. Stachow, Lg65\ .

In ad.ditlon to the nucleotid.e actlvatlon, the mlcro-

blal ellzymes are suscel:ú1ble to s tlmulatlon by citrate
(Sanwal et AL. , 1963; Hathaway and- Atklnson, 1963\. HatTø-

way azrd. Atklnson (1963) consld-ered tinat AI'ÏP and- citraüe

show ¡rsome üype of cooperaülve phenoilenonrr 1n the blndlng

of substrafes ancl actlvaüors. They suggested. the preseilce

of two sltes on the enzymez a r.eaction slte bJ-nd"lng lso-
cltrate and. citrate, anô an activatlng slte bind-ing,

lsocltrate, AIviP, and. oltrate"
Und.er optimal reacËlon cond.ltlons, plots of velocity

against substrate concentratlon for lsocltrate d.ehyd.ro-
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ge.na.se from d-iverse sources (Klinge:nberg et a!", 1965;

HatLtaway a.i:d- Atkinson, 1963; Saniral gå 4." , J-963) 1n

common l'uith most allosteric 1-.'r.oì;eins (Cerhar"t and- Pard"ee,

L962; Changeux, L961, I)62; ifonod. eU a!.,t-965) are sig-

noldal- ra.ther .úìnan hyperbolic,

Sanwal- g! 4 (1963 r196t+) demonstrated. that at lts
pH optimrrm of 7,6, fD¡{ from N, çrassa ylelded. sigmoi-rlaI

rate corlcentration curves and- parabol-lc d,ouble reciproca.l

plots. Sii:.ce reciprocal plois of velocity against square

of substrate concentratlon were l.i:nearr th.ev suggested,

thai; the enzyme had. two substrate blnd"ing sites, one active

and, one a.ctivating. The reaction vuas activated- by cltrate
and- iniribited. by {-ketogluta::a-te (preculrsor and. eir.d.

proouct, respectively) at unsaturating coneentrations of

isocitrate. I+t pH 6.5 the enuyme followed cLassical-

jtîichaells-iulenten klnetlcs, and, the initia.l- veloe,ity of

the reaction was not affected by either citrate or o(-

ketogluta.ra.te, suggesting tna.t the a]losterlc site beca.me

nonfuncti-ona.l. a,t th.e J-ourer pHo

ITI " JTLLOSTEN.]C J'IODELS

Three models have recently been proposed- to account

for allosteric interacti.ons, i'ionod- et aI (-1-965) have

presented- a b^eneral- noclel- based" on conSid"era.tions of

symrnetry lvlthin the ¡.rrotein inolecule" .¡r'tkinson g[ p!

(1965) and. sanwal et 3t Ã965) have presented speci.fic



nod.els for ühe mecha¡rlsm of I'üAD-speciflc IDH"

1" The rsubturlt Lnteractionr mod-el of i'fonod. is

based on tl¡e following assumptlons:

(a). fhe alLosterle proteln 1s a s¡rmmetrlcal

poly'ner.

(b) " The conformaülon of the assoclated. monomers

ls constralned ln the lntact polynrer"

(c). Allosterlc protelns can exlst ln two otates,

dlf-'ferlrrg ln conformatlon and. üh.erefore ln monor,ror CorI-

stralntô
(ö). Affinlty of receptor sltes for llgand.s ls

alüered in the transiü1on from one state to the other.

Subsürates and. actlvators preferentlall-y stablllze one

form of the proüe1n, lnhlbl-tors Ùhe other (conpetltlon

between substrate and. J.nhlbltor ls ercpla.lned- on thls

basis),
(e). The slguoid.lty of veloclty ver,#" substrate

curves l-s d.ue to interactions between subunlts of the

erLzpe, caused by sequentlal bind.lng of llgands üo spe-

clflc receptor sltes.
(f). Each subunlt bears only orre receptor slte of

a partlcular conforr¡at lon.

The change of state caused by btndi,ng of EuccesËlve

llgand. nolecules ls e¡cpressed as
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LRo+To

K*
-,L

FSn

FSr

the molecule ts assumed- to be synnetrlcal and. the blnÕ-

lng of llgancls lnd.epenctent; I{* a.nd. Kn are therefore the

same for all sltes ln a glven conformaülonal state.

ïJhen rr = rroe of suburnlts (homologous sltes) the

reactlon sequence 1s

L
B'0'---.-----..-.--.-.-'---..- T0

BO+F------+ B,1

KT
fo+F -------+ 11

i

lKr
Tn-l+ F -------+ T''

There are n types of R-F conblnatlons: trB, (af¡B, (3F)Bt

eüco The nunber of posslble specles of each comblnatlons

ls glven by ühe blnornlal theoreni

BO und Bo are ualque

81 exlsts tn #) specles

Kg

Kg
R -+ F ------+ Rrr-l r.

The l{sq of the tra¡esltlon 1s terned the allosteríc

constant (L). In the blndlng of llgand F,

KR

F + Slteg

F + SlteO



fu exlsts t" !ff specles etco

Therefore:

K^ = , Rt'r'
rrl t Ëî

KRj =v ? =d*åFø Þ4
ete 

"

slnce hr= h, = h,3 )

Br = nRoF
Kg

','=+#= =rP .Tt
i

R',=tH=*s
Ey slm1Iar reasoning,

T, -nTgFiE-
*i:t re-rl = I*11 -11 KT n

nofl
-t:

The fractlon of the proteln ln ühe R state, Bn equals

1l

n-I Rt ¡' n(n-l) Ro 12*B.r=T Tt Z' ERE
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The fraction of sites bound- by the llgancl-, YF, equals

(Br+%z+ ---+ n%)+([t+---+ nt¿)
. . . . o â . . (4)

(ro+---+t11)]

Then equatlon (3) becomes

Ro + RgÐ."i * ngfELL '<2 +---+ROgl -nn!^

(Ro + --- + R0#) + (To + T'i-r.'.<c + --- + ug'Pcn)

(1+o<¡n
= no(r.,rtrì {tr*'(c)n

The saËuratlon function, YF, equals

+ zng4äÐ"<2 + --- + i:R9"<n)+(Ton'<c- + ---(agn'l+ zng4frÐxz + --- + i:n9-<n)+(Ton'<c + --- + 
"no*"9")

Bo+nf
l-'

F

--- + Rn) +

Kp
and. Fi:rr1lef Ks

11

o c o o.. (5)

Bgn "{ (1 rnilo(

o * To (1+ "¿c)lno{r+ 
x)

Tl-1 .+.¿ ) Tgn,'( c(1+ *,ë-1"*-1)

Ronftr*<)"*r,

nona (r+x)n-I + ton< c (rl <c)Ï1-
uo" 

[i 
1+d) n + r, ( !+4c) t ]

(r+ac)n j
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x(r+xtn-I +L<o_(1+xcln-l c..o...o...(6)= (1+ a¡n + L (r+-<c)n

!'llren c -------+ O (loe.r KT )) Kn)

- "t (t+*rÏl . . ... e .... .... o.. .. (?)
Yp =liiffi¡ "o'o""'e..

When c = L (1.êo¡ afflnlty of R and- T for F ls equal)

and L --+ 0

Fo<.FrF=ïË -G;'F

whlch ls ld.entlcal in form üo the M|chaells-Menten equa-

tlono

By these equatlons, the nod.el accou¿ts for substrate-

substraüe lnteractlou, ühe triLegree of coopera'tlvltys belng

d.ependenü on the values of n, L, and. c.

Accordlng to the mod.el, subsürate-actlvator and-

suþstrate-lnhlbltor lnteracülons are d.ue to dlsplacements

of the equlllbrlr¡m beüween the B a3d. I staües o ïIhen

ühe lnhlbltor þlud.s preferentlally üo ühe T state and- the

actlvator to Rn the apparenü allosterlc constaÚ Lr ls

d.eflned. as

Tl+---*Tn
l,--B'1+---+Bn

T.A
!ùhen 3 = Êt an¿ y = -KA , a^:acl follov¡lng the paüüern of

It 11
ñ.z o ßa"
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reasoning for d.erlving equatlons (5) and. (6),

Lr

Po)I
13.

* trcl

Substltutlng Ll

lo
L)

/*ccord.lng to this equation, the function of effector

ls to mod.lfy substrate-su'ostraüe inüeracülon, causing

cha::ges 1n the shape of the substrate saturation curve.

The activator ¡tabollshes the cooperativlüy of the sub-

stratetr; the cirrve beoomes h¡4perìrollc. The lnhlbitor has

the opposlte effecto

l,Jhl}e this mod.el accou.nts for cooperai;ive lnterac-

tions bet,ween the Same (homotroplc) and d.ifferent (hetero-

tyoplc) llgand-s, and. offers an explanatlon for d"esensi-

t|zatlon and- d.issociatlon, no attenpt has been nad.e to

e]lmlnate other possible mod.els (see Dlscusslon)o trl¡r-

thermore, since the constants in equatlon (6) are thermo-

dynanlc equillbriun constants and. lnvolve no rate expresslon,

nro€+I$IroQz+---*ftno?"
ffior+{flaoyz+---+*oou*

Ts (n(;+ ---
Bo (n.Y + ---

-\[+
for L ln equatlon (7),

.< (r+x)"t-t
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ühelr usefulnese ls resürlcted" to physlco-chemlcal

stud.les: they cannot vallðly be applled. üo klneülc datao

21. Atklnson, Hathawa.y, and' Smltht (L965) d-etermlne

ühe orcler of the IDH reactlon for each of ühe reactants

(lsocltrate, DPN, t'tg*, ASP) from the equatlon

t-r .-, IL
K = r!Ëdl-

rihere E=freeerlzJrme

S = substrate

Sn= the coqPlex of n
S nolecules Per E moL''

K = KI Kz --- Tl¡,,

ühe product of the n djssoolaülon consta¡n'ts of the separate

bind.lu6* steBs. It ls assumecl

(a) tinat the reactlon Efu-f + S + ESo ls the only

rate-Ilmlt1ng steP

(b) tinat the concentratlons of all ES complerceE

lnvolvlng less than n molecules of S are negllglbly small

(or, ln rapld. equlllbrlun). Thls ls shown to be posstble

nathemattcally when the blnd.lng of S ls nsufflclently

cooperatlverrr loon, when the values of ühe d.1ssoclatlon

cotsstants ilecreage for eaeh, successlve S noleCule bound-.

Und-er the above con'd.ltlons,

v=K(ns¡rJ



umax k Inrj
where k=râteconstant

v = reactlon rate

Vrax = rât€ at S saturatlon

Ef = total enzyæ.e

SlnceE=ET-ESn

=vmax-vk

kE = Vmax -

-v, ¡. rog ir_oe 'IllAXV

t6

- n 3-og (S) - Iog K (equatlon 2)

.4.
oo

Plots of log fr agalnst 1og ( S) Vlefo süralght

l1nes of slope - If.c fhe slope of the lLnes ls consld"erecl

to be a fr¡nctlon both of the number of lnteracting sites

per molecule and- of the rrstrengthn of the lnteractlons.

Calculatlons of lr lnteractlon factorsr, oeâsü¡'lngr-

d.epend.ence of n on the sürength of slte lnteractlon.st

based on the assunpülons:

(a) Blnd.lng of one substrate molecule facllltates

bind"ing of oühers.

(b) The Lntrlnslo d-issoclatlon constants for

the

are
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lsocltrate from all sltes are equaln

(c) Blrrd.lng at any slte has ühe same effect on

all unboL¡nd_ slteso

(d) The raüe of reacülon of eacln conplex ls pro-
portional to the nunber of substrate molecules bou¡rd.,

The llnes. approach n=l aü low substrat€ concen-

tratlons. As the interactlon factor ls lncreased, 4

approaches a value numerlcally equat to the number of
substrate sltes per nolecu1e,

Slrrce n, the ord.er of ühe reactlon, ls found. to
be 3op for lsocltrate and 1.? - 2.0 when DpN, Mg++,

or Al{P ls varled., Atklnson et aI, , (1965) conclude ühat

the IÐH molecule probably has two catalytlc slües, bind.-

lng lsocltrate, DPN, and. IuIg++, two regulatory sltes blnd.-

lng lsooltrate, and. Ëwo regulator{ sltes blnd.lng AMP.

Itr calculatln.g the overall klnetlc ord_er of the

reactlon, the assumptlons of equaülon (Zl are presumed.

to ho1d. Slnce n = ll,

o1 =k (E s¿l A2 Ð2 vI2)

where K

S

A

Ð

i[

the overall

lsocltrate
A}'IP

DPN

ug#

d.l s sociatlon constant
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As pred.lcted. by thls equatlon, eleventh oriler klnetlcs are

obtalned. ln ex¡lerlments on d-lIute systems.

The nod.eI, baseit oa calculatlons from 1nltlal
veloolty d.ata, 1s as follows:

(a) The results of lnüeracülons between substrate

and. eff ectors are attributed. to mod.lft ed d.lssocla_tlon

consüanüs.

(b) Blnd.lng of lsocltrate at any slte d.ecreases the

d.lssoclatlon constant for lsoclüraLe at other sites by

à factor of 20.

(c) Blnd.lng of ÐPN av a catal)rtlo slte ilecreases

the d,lssociatlon cons'bant for lsoeitrate by a faetor of

20 aE that slte onlyi 1.êor ÐPN lnteractlons are lnd,lrect,

rned-lated. by the ef f ect on lsocl trate blndlngo

(d) Blnd.lng of AIIP at a regulatory site d.ecreases

the d.issoclatlon constant for isocitrate at all four

slües by a factor of 5" AI{P has no effecü on lsocltrate
lnteractions.

(e) Cltrate can þlnd. at any lsocltraüe slte, ts a

conpetlülve lnhlbltor of lsocltrate at catalytlc sLtes,

and. has the salne effect on other parameters aF itoes lso-

cltrate,
Preillctlons from this nod.el- of the effect on lnltial

veloclüy of varyl:ng Isocltrate, DPN, AJ4Pr and. cltrate
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oorrespontl Ëo experlmental results u However, as the

authors thenselves staten soille of the assunptlons on whlch

ühe mod.el ls þased- seen unllkelyr €.go, the assunptlon thaü

'ooüh catalytlc anil regulatory slües Trave the same cllsso-

claülon consÈant for isocltrate. A more serious fauLü Is

the questlonable valtd.lty of equatlon (21 aE lt ls appllecl

bo mechaplsms about whlch few facts are lm.ol'¡n' (see Dis-

cussion) o

3, The nod.el of Sanwal 9! 91. ' 
(L965\ for IDH of

U, æ. ls basecl on the steaÖy-süate klnetlc theory, as

d.eveloped. by Reiner (L959) and' Clelancl (1963 a,brc)o The

use of the süead-y-state methocl of aaaLysls ls actvanüage-

ous for ühe f ollowlng reasolxs:

(a) The full rate equation can be e)q)resseil ln berns

of measurabLe kinetic constants.

(þ) From the raÈe fr.rnctlon, equablons for lnlüia1

velocity and. prod.uct lnhlbltion call be d.erlvecl relatlvely

easl}y"
(c) The nature of the mechanls!¡ (ord-ereiL or ranclomt

plngrong or sequentlal, presence or âbsen'oe of d'ead"-encL

complexes) cau. be d-eternlneil d.lrect}y by lnspecülon of

procLuct lnhlbltlon data a¡rd. of cha.nges ln lnItia] veloclty

patterns wlth varylng substraüe level-sn

Using the steaily-sþate approach, Sanwa] et aI. , (J-9650

anÖ unpubllshed.) d.isttngulsh between two types of allosterlc
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effects, 'boüh of whlch are based. on the assumptlon tL:rat

there are two sepa.ra.Ëe substrate bind.lng sltes on the

enzyine surface, one allosterlc (not releaslng prod-ucts)

and another ca.talytlc. The tv,io types of al-loster1c effects

are2

(a) Partial allosterlsra: Here lt ls assumed' tlnat

the enzyme-catalytlc slte-substrate complex (ES) ls capable

of ]lþerating prod-ucts, 1o€o, ES complex ls acttve. The

e-û.zy-rûe beoOme,S more aCtlVe, hov,iever, if anOther mOlecule

of strbstrate also ls bound. a.t the allosberlc site (ES'S

complex) " The r¡eloclty ln such a case ls the sum of

activity of ES and. ES'S forms,
D

v=vr(#)(#,.Ã¡ +q6'#@,
(where V1 and- Ka1 are for ES form and- V2 and- Ka2 are

for ESIS form" K1 ls d"lssociatton collstant fron the

a.Il-osterlc site, [ = subsürate) . This equati.ol]. red"uces

to, in the stand-ard. reciprocal form,
12

1 + (K1+Ka1+Ka2) (å) + (i(1Ka1+K ata2+KaaKae) tfl 
:

1r37'l* Kr Ka'r Kao (*
I .L .r e-Jù
r ,îz + (v1K1+v2Ka1) {}) + vlKlKar(,åJz ir

l). e e ô¡ (B)

Equation (B) is a 3/2 fu¡rctlon, the curves of v¡hich

have an asymptoüeo This klnd. of curve cal.î- either be
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concave up ( tf VZ ) Vl, and" I{a1> Ka-Zl or concave clown near

the vertlcal axls of the d.ouble reclprocal pLoËs" Thaü

thls sorü of allosterlc effect cail occur ln reallüy ls

evld.ent Ln the recenË klnetlc work of Gest -et, 9L. , (L9651

on the allosterlc homo.serlne dehyd.rogenase of Rhod.osplr:lIl-

1um.

(b) To-ba1 allos_tqrlEtgs Here 1t Ls assumecl that the

ES complex has no actlvlty unless the substrate ls þouvrcl

at the allosterlc Slte (EStg complex) 1.€., blncllng of the

substrate at the allosterlo site ls necessary for the

blnd.lng of the subsËraü e at the oatalytlc s1üe ancl" for

rel-ease of the prod.uctsn For such a mechanlsm, the lnltlal

veloclty equaülon ls glven bY,

^Av = v(G1T:T) (Ei.ËT)

orr ln the stanclarcL reclprocal form,

+ = +tfr12 * 1S-Þrtll * + .o...cooôÒ..o (9)

whtchls, y=ax? +bx+o

Irr aocord.asce wlth ühe nechaalsns proposefl by Sanwa}

g! aI., (Lg65l, the effect of an allosterlc actlvator woulct

be to ohange the non-Ilnear clouble reciprooal plotsr Pre-

d.lcted. by equatloas (8) a^nd. (9), to stralghü llnes (equa-

tion 10) r



I K,1.
v-v\A,

I'v

22

o....oo ooocoococ...ooooc.oo.D.o (10)

provld-ed., elther, th.at the actlvator can b1nd. at the
allosteric slte, opr by blnd.ing aü some other speclflc
slte brlngs about Ëhe same conformaülor:ar clranges of the

catalytlc slte as are reormally brought about by the

substrate blnd.lng at the altosterlc slte.
In Ëhe case of IDH from Neurospor? speclflcally,

lt has been shown (Sanwal et aI. , 1963, l-gítl\ that allo-
sterlc effects clo not occur ln the presence of AJ{p at
pH 6o4 or, ln the presence of AiviP and. cltrate , ãt pH ? "6.
Competltlve lnhlbltlon by fixeil leve1s of DpNH when DpN

ls varled. uncler both of the above concllülons lnd.lcates

an ord.ered. blnd.lng of suþstrates and" release of DPNH.

Procluct lnhlbltlon stud.les uslng CQ, ar'ld, "<-keüoglutarate
slrow tLaat the reactlon ln the presence of AMP ls probabl.y

E EA ,EAB , EQF Ets. E
TEPQB,,

(Ordered B1 Ter)

(where A ls DPN, B Ls lsocltrate, P ls C02, Q ls ê<-

ketoglutarate, a¡eÖ R ls DPNH).

i,Ihen ÐPN ls varled. at pH 6.ll and.7.6, the reeipro-

ca1 plots are llnear, lnd.1caü1ng tl:.at DPN blncls at only

one slte. Plots where isocltraüe ls varled. aü pH 6.ll
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ancl at pH 7"6 ln the presence of cttrate are also l-lnear:

blnd.lng must obvlously ocour aþ t}ae allosterlc slËen

Irr the absence of citrate at pH 1.6 (when the

allosterlc slte ls fr,mctlonal) d.ouble reclprocal plots

for lsocltrate are curved., tnd.tcatlng that lsocltrate
ls bor¡nd. aü üwo sltes. Slnce only one molecule of

isocltrate blnd.s when the allosterlc slte ls occupled.

by cltrate, the seconcl isocltrate stte nust be the allo-

steri-c slte.
An equatlon of the type

v=

+B 2+ BM+AeZiut+AB3 + e3 * g 4{
(where A = NAD; B = lsoof.traüe; M = mod.lfler) clerlvecl

with the assumptloa of total allosterlc effect, ls Goxs'-

slstent wlth experlmental data ln ühaf
2

Ln lsocltrate plots are preiLlcüed. to be I functlons

2. itiAÐ plots are Ilnea.r

3" cltrate plots are llnear, replots of K¿pp belng
22 functlons of lsoolürate"

const . +A+AI{+AB.FB+U+ABM+



MAT'ffiIAtS AND !4ETHODË

I^ SOURCE OF ENZYI{E

Dlphosphopyrid.fuee nuoLeottcLe-speclflc IÐH ¡¡as

extraoted from bakerts yeast (¡'Ietsohmann Company). A

lyophlllzecl powcler waE prepared. fron the commerclal

proclucü anct storecl belorq ooc prlor üo extractlonn

IIr Ð(TBAC-TrON AllD PUBIFICéTION

*A-lI purlflcatlon steps were carrlecl out between Oo

and. 5oc., 1û the presenoe of 104 Ni Ð[4"

The pornrÕer üÊs suspend'ed, usually 2A gm at a tlme,

1n 8 tlmes lts volune of 0.1 M NaHC03. After I"L/Z hor¡rs

contlnuous stlrulng, the suspenslon was oentrlfuged. ln

an EiC-Z Sorvall centrlfuge at 12r0OO ropomo for 15 mlnutes.

The cruile extract was purifled- essentlally by

the ¡aethoo of Kornberg an'o Prlcer (1951) ' Alcohol' u[rc12'

and. heat preclpltatlons vÍere also attempted. but were

unguocegsful.

The prooed.ure was as fol-lows:

step 1. sollcl ammonlum sulfaüe was ad.ileit to the

extraot slowly, wlth contlnuous stlrrlng, to a level of

Z4O mg/m!. After further stlrr1¡rg for 20 nlnutes to

ensure conplete preclpltatlon, the suspenslon was cen-

trifugeil at f,2r00o Il oPono for t5 nlnutes, anð the precl-

pltaüe cllsearcleclo

zlþ
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Step 2. Slxty-flve mg (NIi¿l)Z S0þ per ml was ad.d.ecl.

slowly to the supernaüant from Step I. Following stlrr-
lng and. centrlfugatlon, as ln Step (t), the su^oerrraban,t

was d.l-scard.ed.,

S.çp_]" The precipltate from step 2 was resuspend.ecl

ln dlstllIed. water (I/3 the volune of orlglnal erud.e

exüract), An equal voLr:me of 0ol- M acetaüe buffert þH 5.5

was ailcled., followed. by.(trltt4)ZSO4 to a leveL of 260 mg/mJ .

[he suspørslon was stlrrecl for 20 nlnutes and. cenürl-

fuged. at 12n000 r.p.ro for 15 mlnutes.

Step ll. The preclpltate was resuspend.eiL ln t/to tne

orlglnal volume of 0"02 M NaHCO3n To ühls suspenslon were

aild.ed., 3 voLr¡nes of d.1sü111ed. water aniL l vol¡¡ne of

alurnlna C I (¿10 ng/n1). [he nlxture ütas stlruecl for 10-

IJ nlnutes, then centrlfuged. at 101000 r.PoIIl. for 10 mln-

uteg.

-Sü.gp-1. The alumlna CY wiüh adsorbed. proteln was

washeiL twlce wlth 8-10 vol-umes of 0o02 Þ1 K2I{PO4 buffer,

pH 7.2, ancl then eluteÖ wiüh 10 nI 0.1 M i{2äPO4 buffer,

þH ?.6. The eîzyme ln thls eluaüe was purlfled. approxl-

nately 30 fold.o

Results of a üyplcal purlflcatlon are gLven ln

Table Lo
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III. CIgIVIICA],S

The followiirg chenlcals were used. ln rouflne

assays:

DL - lsoclürlc acld., trlsod.luo sal-t, Eype 1:
Slgma Chenlcal Compary.

Aclenoslne-sl-monophosphorlc acld., from yeast, socl"lum
salt, Type fI:
Slgna Chenlcal ConpanYo

É-Otphosphopyrldine nucleotld"e, front yeast, Gracle IV:
Slgna Chemlcal GompanY

B.educed é-¿tpfroephopyrLd.ine nucIeotld.e, from )'eastr
d.lsod.lum saIt, Grad-e III.
Signa ChemlcaL ConpanY

For experlments on DPNEI lnhlbl1tlon, commerclal

DPi\TH was purlfled by cbromaüog'raphy on DEAE-cellulose

colurons essentlally accord"lng to the procedure of Silver-

steln and. Boyer (1964).

IV. ENZYIE ASSrIï

Isocltra.te d,ehyd.rogenase vüaÊ assayed" by folIov¡lng

the rate of DPN red-uctlor- at 3l+o mu. on a lvlod-eL 2000

Gllford. Recorcl.ing Speotroplrotoneter. -L11 rea,ctlon mlx-

tures contaJ-ned 3.3 mM I'qgCLZ and-, when AllP was used, 0.6?

mll AIVIP, 1Ð ad.d.ltion to the other components. Appro:rlmately

B0 ug of the purlfled- €rrz¡rpe was used" ln each assay. co¡l-

centra.tions of other r.eactartüs are glven ln the legends
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to the figures. The stand-ard" assay nixture conüalneô:

3 "-" nlvl MEiCl2

0.67 mli aliP

0.5 mlti DPitI

0.67 niri lsocltrate
O.I M Tris or PhosPhaüe buffer

The total volume of the reactlon mixüure wa.s 3"0 mlu Po-

tasslu¡r phosphate buffer was used at pH $.J and- 11 most

of the experlments aü pH ?"8. f¡is-acetate buffer, pH

? .8, was used ln ühe ex¡perlments on DPNH lnhlblt ion.

BeactlonF were run ln curveütes of 10 mn llght patln,

at teroperatures of 4t+o - z6oc "

The unlt of activity ls d-eflned as the anrount of

IDH whlch causes en lncrease i:n optlcal denslty at 340 nu

of oo01 per mlnuten speclflo actlvlty is elcpresseÖ as

unlts of actlvity per nilllgram proüeln' The method" of

Lorry É 4:, (f95t) was used, for the deternlnatton of

protelnf



BESUITS

I " STABILITY OF T-IIE ENZYI@

The purlfled" enzYme

48 hours at 0oc; actlvitY

very rapldlY on thawlng.

when storeð at PII 7.J antð-

preparatlons were stable for

of ol-d-er PrePara'tions wa.s lost

The enzyme wa.Ê equal-IY stable

at pH 6.5'o

II"_EEFEEE_qF PH

The pH optimun for reactlon und.er standard. co]l-

d-ltlons was ?.8o Thls optlurun varled-, botb 1n tbe pre-

sence and. ln the absenoe of A$[P, wlth cþLangl:ng conoen-

tratlons of lsoolürate (Flgure 1), shlftlng toward" aL]g|a-

llne pH as lsocltraüe concentraüion lnoreasedo

f'he pli proflles gJ.ven ln 3'lgure L are luportant

for r.¡nd.ersta.nd"lng the reactlon mecha.itlsmn Slnce the pH

opülmuur shlft occurs both in the preselloe a¡.c[ absence of

AlP, lt ls olear binat ühls ls an effect assoclated" onl¡t

wlth lsocltrate blnd.lng" Obvlously also, the cllssocla-

tlon of lsocltrate wlth changlng pH coulcl not brlng

about ühese effects, because all three pK values of lso-

cj-trate are below 5.6. The only reasonable explanatlon

seems to be t|ae.t blnd.lng of lsocltraüe to the enzpe

reo,ulres protonatlon at ühe actlve sltes"

co



FIGT}NE 1. Varlatlon ln pH optlnun wlth lsocltrate
concentration ln þresence (a) ancl ln
absence (b) of AlfPn Flnal concentra-
tlons of 

-oÞN: (a) 0.5 mM, (b) 2.0 miq.



A

.t

.o

V

.o .0
4

2m
M

.o
2

lm
M

B

o.
s

5s
 6

.0
 6

5 
7.

O
 7

5 
8.

o 
85

pH

o.
4

V

IS
O

C
IT

R
A

T
E

O
.5

 m
M

o. o.
2

o.
r

55
 6

0 
65

 7
0 

7.
5 

8.
o 

8.
5

P
H

ts



3t

TT1" TN.T.TTAI., IÆlQCTgry: ANA}YSIS AT PIJ 6J,

The results were sLmllar üo those obtalned' for

IDH fron Neurospora ( Sanv¡al -*. 4' , 1965\ n The reaction

follo$¡ed normal Mlchaells-Menten klnetlcs at pH 6.5

ln the presence of AIIP, When ÐPN was varled. aga|nst

lsooltrate as the flxed changlng substrate, both ühe

d.ouble reclprocal plots (Flg. 2') a:id' the replots of

slopes and- lntercepts (Ftg.3) were Ilnear. These d"ata

flt the lnltlal velocity equatlon obeyeil by sequentlal

mechanlsms,

t = ( Kla.Kb + K" * þ * t )t ...ooeoeooo (11)v æ--' a B 'v

(where A and. B are DPN and. isocltrate, respectlvely;

K1¿ ls the ðlssoclation constant, of A; K¿ and- K6 are

i,ilchae]ls constants of A and. B, respectlvely). Klnetlc

constanËs cleüernined. from the replots l/üere:

Ka 0.15 nl[

K1a 2.61þ ßYI

K6 1.¿13 nr¡'l

When lsocltrate was the varlable and DPN the flxecl chang-

lng substrate, the reclprocaL plots l¡rere algo llnear

(Flg.ll) .
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1.67 mM

ISOCITRATE

FIGURE 2"

DPN (mM)

Double reciprocal plols of velocity
versus varying DPI'J concenira'¿ions a.t,

plì ó.5 in the presence of Ai'{P"
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ISOCITRATE (mM )

FIG{JBE 3" Replots of slopes and inter-
cepts from Figure 2"



3t+

l/v

FIGURE 4.

ISOCITRATE (mM)

Double reciprocat plots of velocity
versus varying isocÍtrate concentrations
at pH 6.5 in the presence of AMP.

2mM DPN
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fV, INI1ìIAI lEO]]tTY .êNAI,YSIS AB pH ?..8

(a) Irl pres.encs _e.:L_lLI{

Varylng lsocltrate ln the standarcl assay at

cllfferenü levels of DPN (Flg.5) yleld.ed curved. d.ouble

reclprocal pIots, lnd.lca"tlng blnding at nore tha¡r one

slüe. Flts of these curves to a funcülon of ühe type

(equatlon l.2)

vyz
cô..ôceco (12)ltr= a+bB+Bz

uslng lteratlve proced.ures yleld.eð signlfioa.nt flts, but

the value of the signold- constant, b¡ was always nega-

tlve. DPN plots (F1g.6) on the other ha.nd., remalaed"

Ilnear, suggestlng tlnat DPN blnds only oncer as at pH

6,5',

DPNH showed. competltlve lnhlb1tlon (eo*ua'tlon 13)

V= .. o. o c ô o. (13)

when DPN was ühe varieÖ subsürate (F19.7). Beplots of

slopes gave KOpWtt = 0.03 mMn Slnce the effect was com-

petltlve, DPN and. DPNH must blnd. to the same form of the

enzyme: the reactlon musü therefore be orderecl, wlth

DPN possibly blnd.lng prlor to lsoeltrate.
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3.O

2.Ð

lmM DPN

o123456
Iffi

FIGURE 5" Ðouble reciprocaÌ plots of vefoci-ty versus
varying ísocitrate concentrations at pH

7"8 in the presence of Á}{P"

l/v

r.o
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FIC'{JRE 6.

DPN (mM)

DoubLe reciprocal plots of velocj-ty
versus varying DPN concentrations at
pH 7.8 in the presence of .Al,fP,



3B

O.5 mM

o

o o

O.25 mM
o o

o

o
NO DPNH

4681O
l

DPN(mM)

Produci; inhibition by DPNH at pH 7.8 in the
presence of Al'iP, lÌrith DPt{ varied and isocj'trate
äonstant (3 ¡llt't).

FIGURE ?.
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(b) In absence o¿ê¡(B

When DPN was varieÖ against lsocltrate, 1og-1og

plots (equatlon 2') (Flg.8) ylelded values of n varying

from 3'.6 at the lolvest concentratlon of isocltrate to

L.2 at the hlghest. Simllar pLots where lsocltrate was

varled. showed, cha.nges ln ühe value of n wlth lncreaslng

coneentraülons of DPN (F1g.9) " When the ln,ltlaL veloclüy

iLata obtained. wlth DPN was plotted. ln the standard. d.ouble

reclprooal form (¡fg.10), the curves obtalnecl showed" no

relatlonshlp to equatlon (13) at Oon-saturatlng congen-

traüions of lsocltrate. However, with saturatlon by

lsocitrate (&O !0I'Í, Flg,10), the plot was perfectly Ililear'

As d.lscussed later, such behavlor¡r ts lnd-lcative of a

rand.om mechanlsm, where the blndlng of substrates becomes

d"lffuslon-ll¡nlted.. Slnce alternate pathwa.ys are set up

In a, rand,om reactlon, and. both A a&d. B can blnd- üo the

free enz¡rme forn, the lnhlbltion by proÖucts Ls a"lways

rrorr-conpeËltive. llhen DPNH tru-a.s used. as à prod.uct lnh1b1-

tor and DPIrT was varled, rloll.-competltlve lnhlþltlon vaas

obtained (F1g.11) 1n the absence of AMP. Thls may be

conürasted" wlth competltlve lnhlbltlon glven by DPNH ln

the presence of AllP (Flg.?)

(c) Citrate actlvatlon

In agreement wLüh prevlous work of SanwaL gE êf.,
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o6

04

8,1.O,,::
DPN (mM )

FIGUBE 8. Log-log plols of DPN varied against ffuced
isocitrate concentrations at pl{ J.8 in the
absence of AHP.

Slope values ; n : 3.6 at 5 m}[ isoeitratar-t '--'
2.5 at, ]0 nl4, 2"O aL 2ß,fiLït
L.2 aL 40 mlui"
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6 8lO 2A

ISOCITRATE

FIGUBE p. Log-log plots of isocitrate varied against fi:ced
DPlf coãcãntrations at pH ?"8 in the absence of
A},IP.

Slope va.Lues: i1 : 9'5 aL 2 fiú'I DPN, I+"h aL 4' nf'{ DPN'

,4{.iffivrÊÐ\
. irunÁ,.;
\"u{_*oäl: ',:.. '

8060+o

.8

.6
2 mM DPN
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DPN (mM)

FIGUAE 10. Double reciprocal plots of velocity versus
varying DPN concentra'i;ions at pH ?"8 in the
absence of Al"ÍP,

5mM

o

40 mM

ISOCITRATE



O.5 mM

o

O.25 mM

o

NO DPNH

DPN (mM)

FIGUHE il-. Product inhibition by DPNH at pH ?.8 jrr the
absence of .tlMPr i^¡ith ÐPN varied and isocitraÈe
constant (3 raU¡ "
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(Lg63r, low levels of citrate were foun¿ to actlvate the

reactlorr at pH ?.8 with unsaturatlng concentra.tlons of

lsocltrate (Flg.L2) n Cltrate was found. not to serve as

a substrate of the enzyme, At pH 6"5 (ln tfre absenoe

of all-osterlo effecüs) cltrate had" no effect on the

reactlon veloclty (Flg.12)" lthen lsocltrats wâs varled"

ln the presence of cltrate at pH ? "8, wlth ad.öed. a"llP,

the reclprocal- plots became llnear (Flg.13), and- conformecl

to the Mlchaells-I'lenten equatlon (14) 
"

V=
VB

K+B c. o.. o o .. o e o o o (14)

flhis would" seem to lnd.lcate that ln the presence of

ch|rate, only one üolecr¡Ie of lsoclüra.te blnd.s on the

enz]4ne surfaoe"
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o

O.5 mM

I mM DPh,

o5lo1520
Iffi

FIG{JRE l-3. Double reciprocal ploùs of vel-ocity versus
isoeitrate concentration in lhe presence
of citrate (0.6 mM) and eI'{P, pH J.S.

l/v

to



DTSCUSSIO}T

Recentstud"lesoftheklnetlcsofa}losterlc
enzy!0es (Gerhart alId Pardee, Lg6t+; Ivlonod- -É 4. , L965;

Atklnson et_ 4" , l965) have embod.ied- the ooncept of n sub-

unlt ln.teractionsr' 1.on, lnteraotlOnS betv¡een id'entlcal

blnðf.ngslüesontheSameenzymemolecule.suchlnter-
actions are colLsld-ered- to cause the d'eviatlons from the

normal lvilchaells-Menten klnetlcs s-shaped" plots of

velocltyvs.substratecol1centratlonand.curvedÖouble

reciprocal plots - whlch are chara.otertstlc of many

allosterlc enzymese

Inltialvelooltylsgeneral].ye]q)ressed-bythe
eo.uation

v=

whlch, on the

llmltlng süeP

complexes a.re

ros#=
ThetermghasþeenlnterpreËecl.asafr:nctlonofühe
numþerofinteractingsitesand-ofthestrengthofthe
intera.ctlons ( see Historical ) .

Inspectionofequatlon2shov¡st]nattheslgnlflcan.ce

ofnd"epend.sonthetruthofthetwoassumptions'whlch
must therefore be Justlfieil erperLmentally before any

V (S)N
K+Sn

assumptlons that ES11 ls the only rate-

anå that concentrations of al-l other

neglIglble, Yle1d-s

n 1og (S) - log K 
'o.octô'oo"oc"'ooo (2)

t+7
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vaIld. meanLng can be assl8îred to g" Ideally, such Justl-'

ficaülon should. come from physlco-chenlcal blnd'lng stuilles

of the enzJrme 0 The usual f lndLngs from klnet ic stud'les

have been tinat the value of n clecreases ln the presence

of actLvators and- lnoreases ln the presence of lnhlbltors

(¿tktnson et ù., 1965, Gerhart and' Pardee 1964)'' These

results are taken to lnd.lcabe ty'Lat actlvators d'ecrease

subunlt lnteractlons, whlle lnhlbltors lncrease them.

IIol^iever, no atüempt has been mad-e to exclud'e the opera-

tlon of other mechanisms, such as alternate reaction

sequenceË or partial inhibit;lons, whlch can Lead to slml-

lar results, 1'êo, curved- reclproca]- plots aird. }lnear log-

logp].ots.Noraretheassurrnptlonsused-lnÕerlving
equation 2 appllcable tO bi- or multl:]âeactaw? meclranlsms'

of r¡hj.ch rna.ny allosterls ¡saciions are exauples'

Accordingtothehypothesisofsiteintera,cüions,
the nonl-lnearlty of d.ouble reciprocal plots rvhere DPlr ls

varied. against lsocitrate ln 'bhe absence of AIuiP should' be

l:nterpreteil in terms of lnüeracüions between two DPiii-

spectfic sltesn trühen the d-ata are replo'bted' ln 1og-1og

forn, n changes from a value of approxlmateLy 3 at l-ow

i,socltrate conoenürations üo 1 at hlgher concentratlons"

It is evid-ent EhaN t:Re above lnüerpretation ls vallcl ln

these oaseÊ, only lf blnÕlng of lsocitrate ca¿ be sald- to



t+g

cause total loss of interac'blons beüween sites occulrled'

1ry DPN, v¡ir.ich ls ind.eed. hard- to visuallze.

tf the subunit interactlon hypotliesls is rejected.

t?le data. obtalned- here should. be ex¡g}ained. on Ëome other

reasonable ba.s1s. It
AiqP^ t La

. In the

exa¡ninec[

orde

followlng

ln d.etail:account thls alternate hypothesls 1s

1.

of _Al4P_;-

rt 1s clear from Flgures 2., J anð- l+ tnat at pH 6.5

the dou'ole reciprocal ploüs as wel-I as the replof s are

llnearn !{ere ühere a}üernate 1:athways, non-llnearlty of

the d.ouble reclprocal plots or ühe reploËs sþould' be

very much e vid-ent. Also, prod-uct lnhibltlon by DPNH

is Llnear competitive (¡'tg.7). These d.ata suggest a rat,e

equatlon of the type (equaülon a) d.erlved. by Klng a.¡ad.

A.ltna¡rr s method-,

v1(.pJ3 - @,''LI

K1¿ItpKqP Ki"K¡E Iþg.Içr"KuKrP9
K1¿Kp+Kba+KaB+43+ ffi . ff .-Ffffiff

* ÞP* 5e4u9,* K+"ÏþKï¡R, lBl . Ii3þPL FFT- Kl_- 
- - KtqKt* KpKlnKl¡' Ktp KnKlnKlp KpK1qK1"
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vI(AB-ËH)

+ ABg
Ktq

+ KIaKþBQF *

ffiro +;ftr È.+

$BPq + rrduEP% 
e c..oo.o.,(a)

Krputq KpI(16I(1qK1¡K16Ii1qK1p

(where A, B, B are DPN' lsooitrate, and- DPNH; P af1ð Q'

are the renalning two prod.ucts (C02 and" -ketoglutarate) ,

Ka, Kb, Kp, Kq, K3 are Mlchaells constanüs of A, Bt Pt Q¡

R and. KLa, Klb, Klp, Kiq anct K13 are lnhibltton constants) o

In lnltla} veloolty stud.les, when prod.ucü oo11cen.-

tration is zero, thls equatlon simpllfies to equation (b) t

and.,

,+) .

(c)

1
-=v þtt*

v = oôooooooc.o. (b)

as seen before, lnd.eed. fits the data (Figs.,2r3, and'

þtrhen DP\TH ls present, equatlon (a) recluces to equatlon

ln the d-ouble reclProcal form,

tr + 
"31 

.oc.o..o" (c)

Thls equatlon precllcts ]lnear competitlve lnhltoltlon by

DPNH when DPN 1s the varlecL substtaten It ls thus amply

clear þnat, àt least at pH 6,5, the reacrblon nechanj-sm ls

ord.ered-. At pH ?.8, DPN gtves l-lnea.z' double reclprocal

ploüs, but the plots when lsocltrate ls varled are markeilLy

ourved. and- show no relatlonshlp to equatlon (b). ThIs

apparent anonaly ls stlll colilslstent with an ord'ered mechan-

ism proviflefl it ls assr,¡¡neè tl1¿ü lsocltrate blnfls ti¡rloe
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on the erlzyße surfa.oe (tota] allosterlsm, see Hlstorlcal),

and. a mlnor altef.|r:Iate pathlYay exists lnvolving dissoclation

of lsocitrate from the allosterlc slte ln the centraL

ternary conplex ( shov¡n by d.otted. Ilne 1il Flgure 14) .

E

1t
It

\,EA-
./,, \

,/'\
EAB I EAB'

\i ,/* 
,tEA3 

t B

Proclucüs

Figure 1l*"

(B is free gE¡zyme; A ls DPN; Br ls lsocltrate at the

allosterlc site, B ls lsocltrate aË bhe catalyti'c site).

uslng Klng and. Altnant s meühod. (rrng and. Altmant

Lg56¡ on thls mechanlsm (assunlng saturatlon by A) ylelds

a rate equaüloix of ühe truer

I_ = ""' * Þ?=, , =u e........., (1i)
4- constant+oB+d.Bz+eP

(where a, þ --- a a¡e combinatlons of raüe consüanËs)
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$rhich ln the reclprocal form ts a 3ft fr.lnctlon. It has

alreafl¡r been mentlonecL t]aat curves obtalned- at pH 7.8

when lsocltrate ls the varlecl substraüe glve slgnlflcanü

flts to equatloxl (rz¡ (F1g.5), but the value of some con-

stants ls negatlve n Thls ca.n onLy be lf the curves given'

1n Flg" J are indeed. 3/1 functions.

From the above lt ls clear t]nat ln the presence of

A$1P the reacblon ls ord.ered' and- there ls an al-Iosterle

slte for lsocltrate operatlve at pH ?.8 but non-fu:rctlonal

at pH 6.5. Thls lnterpretatlon ls supported by the klnetlcs

of the e;¡;zyme ln the presence of cltrate" If citrate vüere

capable of þlnd.lng at the allosterlc slte oj]ly, ühe curvecl

ploös at pH ?.8 shouliL become llnear, v,ihich they d.o

(Flg,l3), F\rrther, when the allosterlc slte ls lnoperatlve

at pll S.St cürate should. not actlvate the enz¡nne, l'Ihlch

ls our e)rperlmental flnd-lng.

2n

of AIIP:

It is seen from F1g"10 t]nat the d.ouble reclprocal plots

at pH 
-? .8 for DPN, llnear ln the preseilce of AlvfPr became

non-llnear 1n lts absence' Sa'turatlon by isocltrate makes

these plots llnear: thls Suggests rand-omness of the reactlon'

Ifthereldereoneblnd.ingslteeaohforDPNand.lsocltrate,
and. the mechanlsm were ranilom (F1g.15) the lnltlal veloclty

would be glven bY equatton (16).
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E

/
EE

\ ' EAB

I

I + ¿(r/x)
(where X 1s substrate concentration)

Slnce there are square terms ln A ancl B ln the

numerator of equatlon (16), the d.oubLe reclprocal plots

are etq)ected. to be non-llneara i'lkren B (=lsocltrate) ls

saturatlng, equa.tlon (16) reÕuces to,

v--
kgntA

4
Proctucts

Flgure L5,

."(16)
kgnr (uror(krA + t3B)AB + (krr¿#5 + k,2k3r7)aBi

V=
constant + aAZB + :oABz + c.Lz + aF,Z + eAB + fa + gB

where, a, b --- g are conblnatlons of constants. {Ihis

equatlon ln the reclprocal forn ls a Z/l tttvtotlon,

L=
v

(k6+ir9) /l"/rz+-L
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1.€o, the l4lchaells-l4enten formo However, vlhen curves

given ln Figure 10 are fitied" To a Zft functlon, lnslgnl-

flcant flts are obtalned-. Tt ls apparent from 1og-1og

plots (pig.3) that the n value 1s approxima.teLy 3 " Ït caÍI

read.lly be shornrn tlnat the vaLue of P obtained- from

equation (2\ gives a maximum for the power to whlch sub-

strate concentratlon occurs ]n the rale equatlon derlvecl

þy stead-y state ¡nethod,s , It ls at once clear that the

rate equatlon for ühe curves of Flgure 10 must nave -t

terms ln ùhe numerator. Thls ls posslble tf one assumes

that in the abseirce of AMP at pH 6"5 i}¡e all-osterlc blnd.-

ingç s1üe for lsocltra.te becomes operatlve (posslbly due to

a conformational change), and. DPN can blnd. both before

and. a.fter allosteric bind.lng of isocitrate, as given 1n

Flgure 1-6.

- kgB
EB' B

k:-5
Product s

Figure !6.

initial veloclty equation for thls mechanlsm Ls,

k2

ll.'^
EA
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¿,ABz + bAB3 + caB& + a 2É- * "Êú -V=
constant + fB + gA + bAB + tl'z + ¡e3 + re4

+ 1ee2 + m¿.e3 + n¿¡& + oA2 + pAzB + ql,2F'2

+ ra.2B3

Thls equatlon has cube powers ln A anil fourth polvers !n

B. Thls ls what one obtalns from the 1og-1og pl-ots"

Inhlþlttron by DPN ln Ëhe absence of AI{P at PH 6"5

l-s non-competltlve, whlch further supports the ld.ea Elnat

the lsoeltrate d.ehyd.rogenase neaction ls ranclon ln the

absence of AiriP.

In conoluslon, lt is evld.enË that certaln daüa

obtalned. from yeasü IDH cannot 1oglcalJ-y be explalned by

the nod.el of Atklnson et p!. , (L965) for the yeast ÏÐH

reactlon - 1.€., by ühe hypothesls of subr.mlt lnteractlotts'n

The d.aba presented. here are hotuever read.lly lnterpreüab1e

ln terurs of the mod.el proposecl- by Sanwa]- g[ 4. , Q965) for

the reactlon of the Neurospora enzJrueô
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