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SUMMA lii

CHOU, TING-CHAO : Relationships i)etween inhibitioui coumstanmts anmd fractiommal iniuii)i-
tionm in enzyme-catalyzed reactions with differerut muumbers euf neactaumts, differemmt no’-

action mechanisms, amid different types and mechanmisms of imuimibitiomu. Mo!. P/marmaeol.

10: 235-247 (1974).

The relationship between the inuhibitiomu comustant (K ) amid fractional inulmil)itiomi (in panti(-u-

lan 150) in classical steady-state enzynme kinetics has heenm analyzo’d. Time anualysis covo-rs
enzyme reactions with different miumbens of reactants, diffenenit neactionu mecimammisms, and
different types and mechanisms of immimihitiomu. The assuuumptionms are nmade that the pnoduct
concentrations are very low and that the products have much lower affinmities for the enmzvnue
than those of the substrates. The following gemmeralized d-omuclusions are drawmi. (a) Fractiommal

velocity (J) anud fractionmal inuhibitioni (f1) iii time presenuce of an inmhibiton (I) can fit’ o-xpressecl

byf = 1/[1 + (I/K1)(E1/E1)] andf1 = 1/[1 + (Ki/J)(Et/E!)1, no’spectiveiy, where J� is
the total anuounmt of enzynue anmd E1 is the aiumounmt of the emizymmmo’ species witim which the
inhibitor may combine. (h) 1mma multisubstrate reaction, if all timo’ sul)strates with wimich the

inhibitor dot’s miot conmpete are at saturating conmcemmtrations, the n(’lationiship i)etweenu K

arid 150 is the same as for a omme-substnate reactiomi. (o-) Immhihitiomm of either the (-ommmp(’titive,
noncompetitive, or uncompetitive type produces a generalized nelatiommship, K 1/150 = E�/E1.

This relationship indio-ates that K will never i)e greater timami ‘so, and timat time natitu of K

and 150 provides a sinmple expenirnemmtal method for determmmimmatioumm of time availability of time
enzyme species for inhibitor binding on tiue distnihutionm of o’muzymmmefourumms iii amu eumzvmime re-
action. (d) In partial umoncompetitive inhibition, K, > I� > K, on K �, > J�o > K �, di--
pending upon whether the crossover pomimit imi the Linuewcavc’n-Bunk plout is above (in below
the horizontal axis (where K ,� and K,, are time K values oI)taimmed fnounm the imutencept anmd

slope, respectively); immnmonconmpetitive imuhibitiomi, K is always equal to 15O. Exammupies are
cited of one-substrate neactionus indicatimmg that conmpetitivo’, mmommuccuuumpo’titive, tin unit-oummupeti-

tive inuhibitionm camm 1)e illustrated on do’tected by mmovel graphical mumethomds diffo’no’umt fro mmiithose

cunremitly available.
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macology-Touxicohugy Program Prcuject Uramit versity.
G�1 16,492 from the Natimnal Institute (if Ceneral 1 The latter is the author’s present address.
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I NTROIUCTION

mm stuolvimig amitinlo’tal)ohtes on otho’n
n(’versitulo’ inmhihitors of enizynmt’-catalyzed

mt’tt(’ti(iius, thud’ affinmitv of immhihitor four timo’

enuzynmo’ is usually ro’p(urted as timo’ inimibitiomm

coumstant (K �), anm(i tiit’ relative inhmii)itioru

P�t (‘nm(-y is usually report e(l as fract ionual
inhil uitiomm . Timo’ c(uni(-emut ration of iniluibitour

no’quino’ol to no’(luc-o’ timo’ nc’actionm vo’loeitv by

50 � (I��) pn(uviol(’s a prad-tic-al aimd readily

comumpro’iut’nsitult’ l)omt(’nitY mmdcx �vhit’iu p(’r-
ummits thit’ (Omflml)anisoml of a series (if inuimiluitoms.

Homwevo’r, tii(’ Iuo valuo’ mumay 1)0’ mimislo’adiimg

mm s(mmmm(’ ntst’s, siD(o’ its immagnmituolo’ is jro-

fmunicily inmfluenicecl by the conu’o’nitmatiomm of

suhiustrato’(s), espo’eially whemm time imuimihitor is

c-oumipo’t it ivo’ cur unl(’omnmmpo’titiv(’ with respect

to time suhmstnato- mm ojuestio)mi. Or, time otimt’n

imanmd, Is: , ms time Oliss(m(’iatiomi conmstant ouf anm

(‘muzvmuuo’-inmiiih)itouu o-ommmplex amid is mmdc-

l)emmdlemlt (if timo’ sul)st rato’ (-(mull-emit ratioum,
w�imic-im is vani(’d. F’romuim a 1)mtio’ti(-ai pouinmt omf

view, it is reasoumiahule t(i ask how gut’at time
iniiuiluitiommi ��ill 1)0’ four a givo’n c’umzvmmmo’mo’ao-tiounu

if tim(’ inmimiluit(um (-oumi(-o’mitm-atiomi is at its K

value, ammd how the imilmibitioum �vill he mu-

fluemmeeol by subst nato’ co immo-(’mut rat iou (s) -

Since time Micimaelis connstaumt (K,,,) hunts oftc’nm

been counusiolo’ned a coumit on-part oil t hut’ imihibi-

tiomu comnmstammt, thud’ relatiouniship Iuetweenm K

amid fractional iniiuibiti(mnm lmnms ho-cl to) ei )nmfu-
siomi inn the hto’rature by time oc-casiommal error
of illustrating tim-inmtenpnetiimmg K, as I�

Since litt to’ oiuantitativo’ �vourk imas luo’(’ni dommie

iii this nmno’a, o’spt’(iahly wit ii rt’gan(l tom the

uelatiommisiiil) hmo’tweemm K amid � mu diffo-mo’mmt
enmzvnic’ m-o’actiomi ummec-imanismus, co’ntaini luasic

facts juem-tniiniimmg to inuimibitioum ins cast’s of

classical \ lit’iiaelis-Mc’nmt o’ni kimio’t H’s appear

not tom lmnivo’ 1uo’emn exaumminmc’cl. Ion a one-
suhstrnoto’ o’mizvnmmo’ rO’a(-t ionn, tim(’ (xpn(’ssiomu

of iniimihmitioumi imi to’n-mums ouf fractiommual inmhibitionm

iuas bt’(’mm (lt’senii)o’(l by \\t’bh (1). Tom mmiy

kniowlo-olge, umom further imiformmiatiomi oumi thus

(luo’stiomi is availablo’ four imighem- no’a(’taui(-ies,
t’spo’o-ially �vitiu regard tom timo’ l)hysio-al mmmeaum-

imig oil tht’ ratio (if K and I� . As will 1)1’

sc’emu in tint’ text, there art’ reasomis to luo’lieve

timat I�o valuo’s simomuid 1)0’ accorded special

atto’ntiouum mm comnusiclo’ning fm-nmctioumal inhmil)itionm.

Althmouugh timo’ nmmeasuro’umuo’nmt imf I�o aloumo’ iuas

hittl(’ valU(’ four time cimanao-tenizatio mumof aim

emmzymum(’, it cami ho’ a pomwo’nful too)l in proivid-

ing valual)le iuifonmmiat it uru tins enlzynm(’ reactiomi

immechaiuisnms �vimeum conmsidero’d in conmj unmet ion
with K � values.

The �unpost’ of time pnt’so’nit paper is to

anmal�ze systemmiatically t im(’ rt’laticunmship
between K1 ammol I�o values ins eruzyumue reac-

tions with diffenemut mmuiumhers of no’actaruts,

with difft’ro’nt reactiomu ummc’cimamuismmus, amid
�vithu diffeno’nt types or mmmec-lmnmnuismmms cuf imuhmil)i-

tiomm. A stl1(1V (if time iiuiiil)iti(mni of a omme-
substrate n(’tI(’tiOn aloummo’ a�)�)(’nurs to bt’ a

special cast’ whi(-iu caummot be (‘xpectt’d to
lead tcu go’nuo’nalized commelusiomus, amid timo’ mm-

pontnuuuc(’ of a systemmmatic analysis simomuld uncut
he ovenhcuokt’d. Funthermmmone, two- amid timnee-
substrate reactions are so o-omnmnomm that tlm(’ir
det ailed quamititative am nalysis Imas been

undent akemu.

SYMBOLS AND n;EF1NmTI0NS

Thue muotat ion cu (1lelaund (2) is used. In

addition, the followimmg svummbols ammo! defiumi-

tiomus are uso’d:

1�eactioni vo’kucity in
tho’ Pro’s(’mm(-(� (uf mm-
hmih)it( mm’

Frac-tiommual vo’locity tin

timo’ ratum of velocity
mmmtimo’ pnt’semmce amid

absemmo-e of inmhibiton

Fractional imuhihitiomu

(i.e., 1 - f,)
Ilmimil)itor commcenutna-

tioni ro’quired to ne-

duct’ tim(’ neactiomu

vt’loeitv oime-half
Spo’cific co uumcenmtnation

of substrate A,

B,

Auumomunit our c-omnucemmtra-

tiomni oil total eumzymmie

Aummomunit our conmcemmtna-

ti(mum of a sl)eciflc c’mm-

zvmuio’ species which

is a frac-tiouni of E,

It is assumo’ol here that the binmdimig of sul)-

strate (in ilmimil)iton to timt’ t’nuzynmme is ne-
vensiblo’ amid that th(’ fret’ coimicentnatiomm of
substrate or imihil)it(mn is thio’ samc’ as thue
total couueemmtratiomnm of substrate on inhibitor

added to the neac-titmum svsteni.



activity 30 �, the eommucenmtnaticmmm of timat iii-
iuii)ittur is called I�o - Thmus, at I�o , f = 0.5
amid Eq. 5 beconues

(6)

Theneftmne, iii conupetitive iumhuibitioumu, � is

always greaten timaum K, . Whmemm the substrate

comucemitnation is nuunuenicallv equal to its
Michaelis comustant (i.e., A = K,), uve get

= 2K . It is gt’nio’raily behiev(-d that
maumv enzymes in time operate at substrate

coumcemmtnat iomms miot fan remuuoved frommm their
Micimaelis counmstants, altimougim 50DM’ auxil-

iarv reactammts (such as cofactors) nmay be

saturating. Otimc’rwise thud’ catalytic pot enmtial

cml tho’ enmzvumues is wasto’cl. Therefore in tivo

� is approxiummately equal to twice time K1

value.
Fnonu Eq. 5 we get

(1) f�=1-f�=

____ 1 7

1 + (K,/I)[(Ka + A)/Ka]

(2) Equatiomm 6 can also be obtaimued froumm Eq. 7
by settingf1 = 0.5 amid I = 15o

The theoretical plots for Eq. 6 are giveui
in Figs. 1-3. � will approach K1 cumuly when

ANALYSIS

One-Substrate Reactions

k, FA k3

E+A

SCHEME 1

For the reactioum nmechammisnmm showni in
Scheme 1, the inmitial rate of the nc’action, v,

is described by time Michaeli�s-Menutenu equa-
tion (3) as showmu in Eq. 1. In the presemmce

of ani inhibitor, the initial rate equation is
modified in various ways, depenmdinug on the
type of inhibition, as imudicated imi Eqs.
2-4. The derivation of thiese equations for

one-substrate n(’aetionms and their interpre-
tation for each type of imuhibition can be
readily obtained elsewhere (4-6).

No inuhibition:

VA
V = Ka + A

Comnpetitive imuhibition:

VA
- K,(1 + I/K1) +A

Partial nomuconupetitive imuhibitionu :2

VA
V1 - L (1 + I/K18) + A (1 + I/K11)

Uncompetitive inhibition:

VA
- Ka + A (1 + I/K1) (4)

Case 1: corn pet itiue inhibition. The frac-

tionmal velocity �fr) observed after the addi-
tion of a competitive inuhibitor canu be ex-
pressed by the ratio Eq. 2/Eq. 1, wimich is
equal to

= 1 + (I/K1) [K,/(K, + A)] (5)

where Ka/(Ka + A) = li/li0, which repre-
sents the distribution of the free o’nizyme

form in the absence of the product (see
Eq. 24).

When the inuimibitor inuhibits the enuzynme

2 In pure umoncompetitive inhibitionu K1, =

K11 = K1; in partial noncompetitive inhibition,

K1, � K11.

4

(mM)

Compe- Jrcompe-

�Thhon I�ib,�on

INoecompeOOoe

nb,b,�,on a,

Al) S,bs?,a(e

2

2
(mM)

Fua. 1. Relationship of values of K1 and � in

one-substrate reactions at different levels of substrate

Thue plots are theoretical curves (if Eq. 6 (com-

petitive inuhibitionm), 1 �o = K1 (nioncomnumpetitive
inhibition), and Eq. 15 (uncompetitive inhuihition).

Time slopes of the limues (fronm top) are 1, � � and
� respectively.
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\Vhemi the commco’mitratiomm ouf immhuibitor is

2 4 6 8 0
-K0 Substrate Concentration (mM)

Fun. 2. Ratio of I� and K1 as a function of

substrate concentration in one-substrate reactions,

assuming ifichao’lis const(lnt (I’�) �S 1 n:)II(-)

or 0.5 mn.�f (- - -)

The plots are theureticnil curves of Eq. 6 (corn-

pet it ive imihibit ion ) , I :10 = K, (miomic aumpetitive

imuhihitiommi ) , and Foi1. 15 (uruconmpct itive inhibitiomm).
Notio’e that K1 is a comustant; thuerefore the plots

represent I as a fumuct iomi of substrate comicentra-

tiomu. The value ouf � ‘K1 is limuearlv increased by

inucreasimig substrate commcenutrationi mi conmpetitive

inimibit ii mu, mionhimuearlv decreased by imucreasing

sutust rate tomucent rat i, mi imi uma-omupet it ive imihibi -

tioni, amid ummaffected by chammgimug substrate con-

ceuut ratiomi i mm nomio’onupet itive inhibition.

timo’ substrate specific commcc’mit rat iomm ap-

1)nonu(-ht’s zt’ntm; whm(’n thmo’ substrate d-ouiceum-
tratio ins is iumcno’aso’cl, I�o will also inc-rt’aso’.

As will hue s�’en froumu time gemienal tno’atnmt’nmt

giveni under nnscu�siox, the K1/I50 ratio

represo’nuts time availability of the emmzyuume

species withu whuich time iuilmibiton nmmay eomui-
1)inme. mi time ca.-e oil c-omumpetitive iuiiuil)itiouu,
timo’ availability of time free emmzvuiue fornm for

inuimiluitomr luimidimig (i.e., li/li,) decreases hy-

imo’rI uomlical lv �s’hmenm t hit’ specific concc’nutration
(if time substnato’ (i.e., A/Ka) is increased

(l”ig. 3).
Eoiuatiomni 7 canm be plotted imu a double-

ro’c-ijuroeal fcurmmm (Fig. 4:�), which was first

l)no’so’mmto’tl liv \\o’hui) (8).
(‘ase 2: /)ai-tial non(-olnpetilive in/i ibition.

Etismatioumu 3 -anu be neanrammged to a double-
necipromeal fonmmm suitable for a Limmeweaver-

BurL julomt (9), as shownm iii Eq. 8.

1Ka(1�1)1�1(1�1) (8)

FuG. 3. Fractional availability of enzyme for in-

hibitor bimnling as a function of specific concentra-

tion of substrate (A/K8)

The K1/150 ratio is defined as the availability

of the enuzymume species for imihibitour binuding because

it is equal tom E1 E,, where E, is the anmount (or the
comu-emitratitun) of emuzynue species that nuay conm-

binue with the inuhmibitor, amid E, is the amounmt (or

the cunceuutratiouu) of total emuzynue (see DISCUSSION

for details). The plouts are theoretical curves of
Eq. 6 (competitive inhibition), 150 = K1 (nonconi-

petitive immhibitiomm), and Eq. 15 (uncompetitive

inhibitiommi). Notice that the fraction of the enzyme

that combines with the inhuibitor is hyperbolically

dm-reased by the liuuear increase in specific con-

centration of the substrate in conmpetitive inhibi-

tiomu, is hyperbolically imucreased by time linear in-
crease in specific (-omucemitration of the substrate mm
mmmiommnpet itive imihibit ions, anud is unaffected by

chamigirug substrate o mucemutratiomu in nomicompeti-

tive imuhibition. It is clear that, imu um(uumccumpetitive

imuhuibitiomi, the imuhibitor imuteracts with the total

cmuzvmne a.s a whoule, regardless ouf time constituent

emuzynue species imuv(ulved imu the reaction nmecha-
uuisnmm. Therefore nomiconupetitive inhibit ion is

mechanistically nmmnus�)e(iflc.

A seni(’s of ro’cil)noO-al plots no’pnesenuted by

this equation always imutc’nsect at one poimit to
the it-ft of the vertical axis, amid time limmes

(-r(uss above, below, or on time imoniz(mmutal axis

when K � is snmallt’n timamu, greaten thamm, or

equal t(u K1, , respectively.

Time fractiommal velocity in time pnesemmce of

a umomuo-onuipetitive imuimibitor withu K � K11

as obtainued fnommu Eci. 3,/Eq. 1, is

- [1 + I(K,/K15 + A/K,1)1’ �fv_[ Ka+A J
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0. Uncon )CtItiVC Inhibition

RELATION5HIP BETWEEN K1 AND L0 IN ENZYME mtEACTmoNs 239

, ‘ m

5

�

ii � 2

slope ‘

/ � +

(l+�)

I/I
Pt0 +A

(mM’)
K,(I+-�) I/I (mM’)

Fmo. 4. Relationship bet wee reciprocal of inhibitor concentration a 0(1 reciprocal o)f fractional inhibition

in one-substrate reactions

The plots are theoretical curves of Eq. 7 (A, conmpetitive imihibitiomi), Eq. 13 (B, mionicomumpetitive in-

hibitiomm, Eq. 12 (C, partial umoncompetitive inhibitions), and Eop. 16 (1), umicomumpetitive imuhihitiomu). The
slopes amid horizontal inmtercepts are given as shown. Notice that time vertical imitercepts are all equal to

unity since, when inhibitor comucentration is immuImmity, the enzyuume svihl be comuupletely immhiluited.

150, Eq. 9 beconmmc’s

A - 1 - 150/K8

- 1WK11 - 1

Since A /K, has a fimuite positive value, time

conditions which satisfy Eq. 10 are either

150/K18< 1 amid 150/K11 > 1, on 150/K1. > 1
amid 150/K11 < 1. Therefore K18 > I� > K �

or K1 > i�o > K18 , do’pemmding OIi thc’ no-la-

tive values of K8 amid K1, or depemmdinmg on

whether the crossover point in time Limmo’-
weaver-Bunk plot is below (more like umm-

comuipetitive immhibitiomm) or above (more like
competitive immhibitiomu) the honizommal axis.

In Eq. 10, when A = K, , we ol)tainm

2K18 K11 S

150 = K,8+K11 (11)

which immdicates that 1�o is tue harmumonic
mumean of K1, and K.

I’roni Eq. 9 we oi)taimm

f = [1 + K, + A 1�’ (i’fl

L I (K,/K18 + A/K11)]

A theoretical plot of Eq. 12 is simowum mm

Fig. 4C.

Ca�s-e 3: ii oneorn pet it ire iii /mib it ion . I nu Eq.

12, uvimeim K �, K j � (i.t’. , for puno’ mmo)mmcoulmm-

( 10) petitivo’ immimibitiomu), wo’ oul)tainm

fI = 1(1 + K1/I) (13)

At I = I�o , w�e go’t 150) = 1

Timerefore , iii pur(’ imommcoummpet itive inuimihi-
tioum, I� is always equal to K1 regardless of

the substnatt- conucemutnatioms. Sinuce K1 �I�o

ro’pro’senmts the availability of the enzyuuue

SI)ecies withi whmich time imulmihitoun may coiumu-
bunmc’ (st’(’ DmscussnoN), timo’ fact thuat this

ratio) is unity indicates that time inmimibitor

nutenacts witim thue enzymmmo’ as a whole, irr(’-

sp(’ctive of t hue comustit uenmt etuzynmue specit’s mu

a giv(’mu reactiomu iumechmammismmm,amid tiuus time

inhii)itiomu is muonuspecific uumechmammisticahly. In

partial mmonic-onmpet it we inmhuibit ion, c’it imer

K1, on K11 is greater timan I� , sugg(’stinmg

that time imuimibit or co mlmmi)iIit’s mmommspecificallv

with tiuo’ eumzymmme as a wimomle and vet has addi-

tkummal inmflueumces, sucim as sto’nic hiimmdrammee, oh

souuue species cuf time enuzymumo’.

Case 4: uncompetitive ui/i ib it ion. ion thmis

case the fol lowirmg edluat iomms are ohtanmo’d.
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= I±(I K1)[A (K�±A)] (14)

uvimo’ro’:1 ,(K + .1) = (E.l-J]P)/E0 , wimicim

nepro’so’umts timo’ chst nibutio in oif thmo’ cenmtral

o-oummplo’xo’uuzymmuespt’t’iesmm timo’ abso’uico’ (if the

promduct (so’o’lq. 23).

At I = I� , Et1. 14 hmecoummut’s

1:0 - 1 K,

K,

�f1uo’ t imo’ommo’tit’al Pl(mts for F::(1� 1) am-o’ givo’mm imi

1’igs. 1-3. It oami 1)0’ so’o’ui mu Fig. 3 timat with

unuc-onlj)(’titivo’ inhmii)itiommm timo’ availah)ility (if

tim(’ (‘hiZVmiie spo’cit’s \Viiic’hm mimay c-omnumbimio’withm
time inimihuitour imu(-no’as(’s lmvpenl)omhcahlv with

time iumo-ro’ase oil timo’ specific c-ounic-o’mmtnatiounm o�mf
timo’ substrate.

F’rouumm I1:(i� 14 \�.o’ get

f) = i-j-(KI)[(K,+ A)/A] (16)

A I)l0t cml Fq. I Cu is givt’uu ium lig. 41).
Imi eases �vimeum ummomr(’timaum tunic enmzvnme-suh-

strato’ iumtenmmmediate is formed, or mmuone thamm
1mb’ pro uchmc-t is ro’lo’asi’d. timo’ initial nmmto’ equmi-

tionis imave tiuc’ sanmio’ eoo’fhcio’mut forumu (2, 10),

amid time presemmt analysis of omme-substrate ne-

aetiomims renmaimms valid.

Noutico’ thmat Figs. 1-3 illustrato’ timo’ timn(’e

typo’s of inhibitiomu imm three differo’nmt ways.

Whmo’nm nmomnmcommmpt-tit ive and uuucoummpo’titiv(’ in-
hih)itioumm is diffic-ult tom (hstimmguisim by Linc’-

wo’avo’n- Bunk plouts ims which subjective l)iases

ummay tied-un bo’causo’ ouf wo’igimtiumg factors, the

graphical methomols developed ho’no’ immav be

uso’d for altenumative diagmustic purposes,

snmo-t’ time simapes, slcmpo’s, anud intercepts are

distinset imu thc’ thimo’(’ types omf imihmibitiomm,

alt hmoughm ot hut ‘n alt o’rmuativc’s art’ available
(11). Time pimysio-al umio’auuiumgs of commpo’titive,

mmomui(-ounipetitivo’, amid imnmeommmpo’titivo’ immhmibi-

tkmmm mint’ ummost o’xplicitly illustrated ins Fig. 3.

Fractionmal vo’loeitv amid fractiounmal imshibi-

tiouni anm(I tho’ ro’latiomnmsiuip betwc’o-mm I�o anud

K ins oumio’-substrato’ no’actiomms wit ii diffo’nent

typo’s of immhibit io ums art’ sunmmmmanizt’d mu

Table 1.

_1f mzlt i pie-Substrate React ioims

‘flue ovo’n-all nato’ equatiomms four mumultiple-

substrate react iomis canm be obtaimmed by solv-

iuug simmmultmmmmo’omus eojuatiouus four tho’ sto’nucly

stato’ 0mm., ummouro’ ooimivemiio’nstlv, b)y using the

J)noct’dlun’ oil Nimig aniol Altum�amm (12). The
ro’sultinug omver-all nato’ o’quatiommms ummay l)e
tnauisformmmo’cl tolu t’quatiouuis iumvolviuug kiuuetic

coimst aumt 5 tumid comu(-(’uit rat it mu factors by usimug

timo’ pr(mct’dunt’ Of (1lelauud (2). The initial rate
t’(hl.liitiO)Ii is (ul)tained i)y settinmg product c-onm-

c’(’mmtnation(s) imm time uvt’n-ahl nato’ c’diuaticunm

etiual to zenom. Thme immitimml vc’limc-itv tmf time ne-

( 15) actiomu imm tho’ preseneo’ of amu inuhmibiton is

oi)t aihm(’d 1�y mmmultiplyimig c-ent aiim tc’rmmus in

thit’ denommmimmaton of time imuitial rate eciuation

I)’V th(’ factor (1 + I/K ). Tiue to’nimms ummulti-
plit’d by timis fa-tor ant’ timoso’ appeanimug in

timc’ rmummmeratcun of thmc’ distribution eciuation

(2). Tiueneftmne thmo’ fnao-tiouumal velocity (amid
fractionmal iumhmihitioum) ins the Pres(’mmct’ cuf an
immhibitor c’auu 1)0’ oubtainmo’d, and enszvmiie netuc-

tiomus witim diffeno’mut immo’chuamuisnms amid diffc’nent

tyj)es amud nmechammismmms ouf immhibitioum can be

anmalyZ(’d systt’uumati(-ally.
Time relatiommships i)(’two’emm � ammd K imm

two-substrate react iomss with Om-dered Bi amid
I �imug Pounug Hi mmm(’cimammisnmsare suumummmanized

iii Table 2.� Soume ouf timc’se nelatiomuships in

Pimug Ponmg Bi mmmec-imamsismmmsare givo’n mm Figs.

5 amid 6.

Timnec’-subst nato’ rt’a-t ioumms wit ii omie stable

o’umzynme fonium (Ondo’ned To’n-x nuc’chanuisnus),

two stable emuzyimmo’ fomnnms (Uni-x Hi-11 Ping
Ponmg �un Bi-x Unui-y Pimug lkmmug nuechammisnus)

aimd threo’ stal)le o’uszvmmmo’ ftunmmms (Uumi-x
Uni-y Ummi-z Pimmg Ponug mmmechamsismmus) nine
sinmilaniy analyzed. Tiuo’ results are sum-

mmmanized immTable 3#{149}3

DmscUssmox

1mm all cmuses thuat have i)eemu ammalyzt’d in
this paper, regardless of time differemuces in

the mmuummben of subst rmut0’s, neactio)mm immecima-

msisumms, amud types audi nmechamuisimms of imuhibi-

ti(uum (so-c Eqs. 5, 7, 13, 14, amid 16, amud Tables

1 amid 3), t’xcept four mmmixecl imuhihitiouni, whc’re
K iu amid K11 are iumwulvt’cl (see Eqs. 9 aumd 12),
time ftmllowinmg gc’usermulized conuclusi(muus c-aim he

deduco’d.

irmuetiommal vo’lomeity imm time pneso’mmce of time

immimil)iton is

= _

1)etails of this analysis are available upon re-

quest from the authmor.
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Imu. 6. I�ra(-1n)nal (iruilabllit!/ of eizijnio for in-

Specific Concentration of Substrate A

(A/K0)
Specfc Concentration of Substrate A

(A/KaI

150

FIG. 5. I:-� /K1 r(itiO) (is (1 function of specific (Oil -

centration of substrate A (It (lifferent specific cc))(cen -

trati(uns of substrate B in Ping Pong Bi niee/ici ,iisnis,

where inhibitor is coinpetitite with respect to A and

uncommpetitive with respect to B

The plo)ts are thecuretical curves of ICO/K, =

1 + [(AR + KbA)/K,Bl ium Table 2. 150K1 is

linearly increased by the linear increase mm A/K,.

This increase is particularly prtuminent at low

levels of B.

where E1/E1 is expness(’d by the distnibu-

tionm equatiomm whicim in turmm can be expressed

by K1/150 (see Eq. 19). Therefune, f is equal

to 1/(1 + I/I��) and f is equal tcu 1/(1 +

I��/I).

1’ractionmal immhibitiomu imm the pnesemmee of

the inmhihiton is

1

1 + (K1/I)(E/E)

Whemu the co)umd-eumtnati(unm of tiue inimibiton is

150 (i.e., Jr = J� = 0.5), Eq. 17 on Eq. 18 be-

coni(’s

K1E�

Iso E1

Therefore dt’tenmmmimiatiomi of tht’ K1’150 ratio
in effect deternmines the availability of time

fraction of the total (‘umzyumme witiu mvhuio-imtime
inhibitor mmuay conmbinue, and thus provides a

sinuple expenimmuenmtal procedure for mmmeasuninmg
the distribution oil emmzvnue forums four a no’ac-
tion.

Notice timat L’� will mueven exct’o’d E1

therefore K1 will mit-vt-n (‘xceed �

Simice time produc’t commcentratiouss are

usually nmucim lowc’n timami those of substrate,
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(21)

11iii br bu,(lin q (is (1 fui in-tion of .si��czjic ((ilC(’O Iratuon

of A , (111(1 at (lifJercnt .Spc’(i(l( (-oo(-cotrations of .stb-

strafe it, ii I�iig I�nig Iii ?n(’(hcillisnIs, ii’i/Ii inhibi-

t(ir ((liii pet it ire u’it/i respect to �4 a 11(1 1 ii (-onip(’t 1 t ilC

with ro�spe(-t to B

Tlue phuts are theoretical (‘urves if J�o ‘K1 =

1 + � (AB + KbA) K0BI imi Table 2. Thue K, I�

rat ni is olefimued as t he availability of t he (‘muzvuuie

speo-ies fir imuimibitor i)immdimig, because it is equal

to) E,. E,, where E,. is t he amauouuut (or c((mn’o’mut rot-

tioinm) of t he emizymume sl)eci(’s t hmat nmay o’oauibimue with

t he imuhibitor, amud .E is t he amuuount (or (‘(imuo’emlt ra-

tioni of total eruzynie (see runc-ooussmo:uN for details).

Not io’e t hat t lie frao-t ion (if t hut’ emuzynse t limit corn-

bines wit hmthe inhibitor is hyperbolically decreased

by the limsear inu(-rease mi specific o-omio-emitratiomuuof

substrate :1. This decrease is particularly pronu-

mient when substrate B conmcenit rat iomi is low. Whets

the specific coinc-entrationu of .sinbstrate B �p-

(18) proachmes infimiity, time curve obtained Oipprtua(heS

the one-subst rate competitive case imi Fig. 3.

the tennms c-omutaiunmsg product c-oncenstnatio)n

factors ium thc’ distnibutiomi equatiomus are

iguso ured. I4cmw product eonmc-emst natioius alone

(19) art’ umt’co’ssary i)ut uuut sufficienut tcm justify
ui(’gleo-timmg product -commt aimming t (‘rmmmS. For
exammmple, thu(’ omver-all nato’ o’oiuatiomm for

Seimenme 1 is (set’ rc’f. 2)

- V1 (A - P/Keq) (�0)
K, + A + (V1P/V2K0�) -

who’no’ 1i = /�1�’� , = k�E1 , K =

(�. + k) lu , amsd Ke11 = /i�3//2ki . Apj)ly

mug time Haldauue relatiommshuip (2),

K -C v k5K,



244 TING-CHAO CHOU

I � � -

� � 2-:,

_i ,,� � (ICS � � I� +

� .a_SS#{149}_� � �

� � � 0)

#{149}�C � + �C�)�’� H-�� � � �;

� � �+�: ‘a � (� �
C�C� : ‘!�� - -e� �1� �
=i1�I � 5-. + - �0���
� � � �i+ � �

z� :� I0�� � �iC,: i� � ±
� � I� � � � �

� l(�!+� � _� S
C�c (n (�, ‘S � + be

� �I<� � + �‘S �

�I � � � �N � � �N � �
C� � _0� � � � h� � � 1� �

:� � � ii II II ii Ii II II II II ..�

Ii� �: �: �; 2u�2-:� I
C .- ‘-5--. 5-. 5-. ...‘ 0)

� ‘� � ‘-� ‘� ‘-�-� ,-� � �

_ 5--.. 2 be

- - -- �- - 0)� s... .� -. - - 5-- a. C
-5--- �

be

�/- � -� �( ,‘�2 ‘2

I + + I� +

‘-
� 9 5 0) >0

� � �
CC�I 0)0

15 15 C/) (1) 11) 11) 8) 11)C Elm 0)� 0) 0) 0)�

� � .� .� .� .� .� .� .� �a

� -� -� -� -� -� -� .� -� _� �E� E� El El El E� E� E�
(-a (--a

‘O �

0)
C -

I 0)C
. i .E�

Fc� 0) C

-� m�F� �-‘F
bi3N Cb0 �8

0)
-� C0) ,�,,

C � �C
-�-��‘

0) � a



(26)

(27)

RELATIONSHIP BETWEEN K1 AN!) I�c IN ENZYME REACTIONS 245

where K� = (k2 + k3)/k4 , we obtain

- Vi (A - P/Keq)
V - K, (1 + P/Kr) + A

Notice that when P approaches zero, we

btain Eq. 1. From time distnibutiomu equa-
tions (see refs. 2 and 10) we obtain

EA

�EP� - k1A + k4P

E� (k2 + k3) + k1A + k4P

- A+PK,/K�

- K, (1 + P/K,,) + A

k2 + k3
k3) + k1A + k4P

K,

- K, (1 + P/K,,) + A

Notice that E + (EA-EP) = .E1 , anmd

the conditiomus which permmmit umc’gio’ct of
product-containinmg tennms mm Eq. 23 on Eq.

24 to allow approximumation of thuese eoiuatiomms
to A/(K, + A) or K,/(K, + A), respec-

tiveiy, is P << K,, anmd/or K,, >> K, . If the
inhibitor conuhiumes witli tho’ fret’ enzvuuue

forum, .E, the ov(’r-ali rate ecluatiomi in time
presenmce of tue product beconies

V1(A - P/K�)

K,[1 + (P/K,,) + (I/K1)] + A

The fractiommal velocity is Eq. 25/Eq. 22,

which gives

- K,(1 + P/K,,) + A
JV K,[1 + (P/K,,) + (I/K1)] + A

When I = 150 ,J = 0.5, amud we obtains

[Isol _i+A P

LKiJreai K, + K,,

Conuparing Eq. 27 (with a nt-al 150”K1 ratiom)

amid Eq. 6 (with aim approxinmmated 150 R1
ratio), it is clear that

[I��1 [Isol

L Rijamoprox [k�Jreai

ammd the two sides of timis c’xpressiomi will be

equal only whenu P approaches zero on K,, ap-
proaches infinity. A genmeralized restnictiomi

canu be formulated for time pnes(’umt amsalyses

by statimmg timat the value omf (P#{149}Q-R. . .

(K00 12) should be small, where P, Q, I? . .

(22) are product commcc’nutnatiomus, Keq is thernimo-
dvnmamumic e(Iuilibniunu comistanmt, amid 1� amid
V2 are forward and I)ackwardl nuaxinmial ye-
iocities.

The Haldaumo- r(’luutioumshmip (2) caum i)e nepre-

sented iY�

K = (Vi’s�� � #{149}�.Cl � K(,)K(b)K(�) . . .

whit-ne K(� mmmav 1)0’ K, or K1, , and sim fomrtiu.

( 23) Theno’ exists a = 1 , at ic-must , b)ut there ummay

alscu ho’ Haldamie relaticumsships u�huo’mm ii imas

somummo’ otimtn valuo-s. Appivimig tin’ Haldane

nelationmsiuip with ii = 1 to) timo- al)ouve nestnic-
titus, uvo’ cams stali’ thmat thuo’P - () - I? . - - (K(,) -

( 24) K(h)K(C . � � /K(p)K(q)K(r) . . - ) valuo’ simould
f-ic’ snmmail mm orb-n to n(’glo’ct time product-

co�mmmtaimmimmg tenmums. Simmet- it. is knmowmu timat

products J) . Q . R - . . hmave very bmw values,
aim a(l(hitionsal commolitiomum tom kt’ep tiu- uvhmomie
terum low will i)(’ K(,I)K(h)K(C) << K(p)K(q,K(r)

‘fho-refomne, immgemmt’ral, a huigiuo-n affinity oil time
(‘nzvummo- four substrato’s ammol huwer affimmity four
t hit’ products will favo in timis co mmmdit10mm.

mi 1o1. (;, sinmc-e K, anmol K � an(- co)nmstLt!its,

it is 1)Ossiblt’ mm thmeorv tom umso’ a rev(’nsil)le

d-oimmpetitive inmimih)itour as a tooml to mussav time

ummknumwum sub)strate c-omnuc(’mmtnatiomm. This nmay

but’ ouf panti(-uhmur valuo- for studio’s in rico,

simice time l)(mt(�m5(�Y cmf time cimummpo’titivo’ inihibi-

tic)ii is miot cniti(-aI anm(i heeaust’ (mmmivthe ratio
150/K � is ilmv(mlved. Timenefone a mmonmmmietabo-

lized, stai)le irmimibitoun cani lue used. Ent)mmmFq.

6 it is clean timat I�o will be a fumuctionm of time

suhstnato’ commo-o’nitratiomu at time hoc-us or time

commupantnmmeumt oil co-us cur tissues �vhuo’ne the
o’mmzvimme reactionu actually takes 9lace. Pt’r-

mmmo’al)ihity or transport amid mmuetabmlisnm oil time

imiiiii)it1mn� mumay affect timt’ c’onmo-o’nmtratiounm of
inuimil)itoun at time site \Vii(’me imilmihuitioui is

mauiifo’sted ; iio�)wevt’r, tins iroblc’umm c-mini be

circ-unuivemmtc’d mi pmunt ht’ selecting a umieta-
h)oiieahly inment auual(ugue of time sui)stnatoI as

aim imsiuibito)n. 1mmadclitionm, time -ons-o’nitrat ion

(�) of tho’ inhuibitomn nut thuo’ cellular levo’i ummav be

immo’asunt’d directly by usimmg isotopic tracer
techmmiquc’s, for exauumple. If the nc-action

ummden coiisideratiomi is a immult iple-subst rate

reactiomu, the substrate with wimicii the mm-
hibitom- dlo(’s mmot compete must be at higiu
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Umupublished observations.

eomsco’uutratio:mn �vithm mespo’(-t tom its eom’resp(uumd-

mug 1m,, value (Table 2 ) ium omudc’r for thus

study tou b)e valid. It is cmnmclucied that time

relationship betweemu K � amid � in a niulti-
ple-substrato’ reactioum camm 1)e ammalvzed as if

it were a single-Sul)Stnat.e reaction, provided
that the substrate(s) with which time in-

hibitor doo’s imot couuupete is kept at satura-

tiouu commco’mmtrationm. 1�on the general case,

based omu time samume assummmptiomus as iii time

pro’semmt analyses, it has i)eeum simowmm (1:3)

that in ro’actiomms with 5 muumumbo’n of sub-

stuates, P produ(-ts, anm(l ii (‘mizynme fornms,

timc’ mmuimll)c’r of possible mmio’chmanmisnm patto’rums

( i.e., time muuummbt’r of j)oissible ouven-all rate

equmatiomis) camm 1)0’ emmlculatt’d.

The gems(’nalized c(uimc’lusio muss immcla-atiumg

timat , mm co)ummpetitivo’ ammo! umi(-omumpO’titiv(’ iii-

hibitiomm, K1 will nmever o’x-o’o’ci I5( at ami�- sul)-

stnate couum’o’umtnationi and that , imu muoni(-ouii-

petitive iniuibitiomm, K1 will always be ctiual

to � , suggest a potc’ntial practical applica-

tio)um . Investigators have usumilly c-hanact enized

time kimmetic pr0�)(’rties of mimi emuzymuie nut arti-

ficiallv o-(unstniyed oI)tiummal coumolitiomus iii m’itro,

�vit imout knsc)wit’dgo’ of whut’t ut-n t hut’ kinmet ic

paralmm(’to’ns det ermiuimmo’cl uumden suclm ecumidi-
tiomus bear ammv nelationu to) the coumditiomss 1)ne-

vailing in vito. In auuv ease, wimc’n K (in
viti-o) is greaten than I� (iii mire), it would

i nsdicatt’ a O’O)!st radictionm wit hi t hue cemmtral

doguuma. For iuustanmc’e, studies of time immhuibi-

ti(umm of 1)NA ioml�’ummo’rmis’ iii nitmuse 1-cehls

l)y 1 -�3-I)-arab)immt ifunammo msylc-yt o msiumt’ 5’-tni-

1)iit)sl)hmmutt’ (a conmmpetitive structural amma-
logue of deoxycytosimue IY-tnipiuosplmato’) gave

a K valuo’ in iitro of 8.7 �i ammd aum I�o value

in mum oil h(’sS thmamm 50 n�m, with an extrap-

olated value (uf 35 mm�i (14). The c’xc’o’edinmgly
imiglm value for K in t-ommnpanmsoms witim � mimay

immolicate that tlu(’ conmvo’mmtiommal assay o-ommdi-

tiomms four I)NA poulymmmc’nnuso’ benmr littlo’ rela-

tiomu t(m time comnmditiomus that obtaimu iii rico,

unulo’ss wo’ mmssumuue an uumusuahly uumevt’ms nitra-

cc’ilulan distnibutiouum (if time iniimibitor for time

� muieasureimmeumt. The suggestkmui oil timo’ in-

fidelity of I)XA polyuimerase assay systemmm

c-mimi hid’ u-ec-oncilc’d wit hi t lie curro’umt obsenva-

tiouns that DNA no’j)hiO-ati(umi /n i/ID may re-

quire an euizyimme coummmplo’x couutaimmimmg mm-
c-least’, pmlymmmo’rase, ammo! ligase activities

(15) mis well as 1)NA-ummwindinmg protein (16),

ammd that souummo’(if time DNA pouhynmerases isom-

lat(’d fronm b.,S(/Ie1lC/l ia coii iumay muot h)(’ ne-
sponsible fon timo’ nmajon synutimesis of DNA,

i)ut mmiay only act as repair eimzynues (17, 18).

On the other hanud, studies in this laboratory

oh the nmetabolisnm of 1-�-n-arabinofurano-

sylcytosimme in L1210-beanimmg mice indicated
that 1 hr after subcutaneous inujection of the

drug time ratio of distribution of 1-�-D-

anabinuofunanosylcytosine in ascites cells
as opposed to ascites fluid is 1.6, whereas the
ratio of distribution omf 1-�-n-arabiniofurano-

sylcytosimmo’ 5’-tniphospimate is 2260, strongly

suggesting aim ummusuahly efficienut tnappinmg

ummeclmammismmmfor the active Iumetai)ohte in the

L1210 co’lls.4
� vaniatiomm of time slope on intercept

with immhibitcmn commcemmtnatioumm in Lineweayer-

Bunk plots is a hiumc’ar functioumu. However, in

imuore compl(’x cases, time slope or immtercept

cami i)c’ a hypo’nbolic our parabolic funmction

with respect t 0) immhibit on comucemmtration (6).

Time physical nmo’ammimugs of these nuone com-

plex cases nemumaini to bo’ explored.
The presemut. studies assuimme that binding

of substrate our immimihiton to the enzyme is
rc’versible and that the concenmtnation of free

SUi)stnat(’ on imuhibiton is the sanie as the

total couucentratiomm of substrate on inhibitor

added to the neactionm system. This assumup-
tiomi mviii not bc’ true if the emuzynme has such a

imigh affimmity for the iniubitor (or substrate)
that a conmsidenahle portion may be bouiud
by time enzynme. Time kinetics of tight-bimud-

immg inhibitors has beo’ni analyzed by Henden-

son (19) and 1)ixomu (20).

Timt’ procedune used iii thmo’ pnesemmt studies

immni�’ irove useful four analysis of biological

systems other thami emuzynmes, such as phar-

macological on pimysic)logical receptor sys-

tems, tranmsport earnit-n systtnus, on otimer

proc’essc’s imuvolvimmg inuput-output sequences

that nmay follow M icimaelis-Memmtemm kinuetics.

Attenmmpts have beemi umiade to extrapolate

the kiuuetic-s of emmzymmmo’syst(’uims to drug-re-
c-eptor systo’nms (21, 22). ion purposes of
fonmmmal timeony, the f milowing tennms may be

used mito’nchmamsgeably: o-muzymmue amid no’cepton,

substrate amid drug, alto-nnuative substrate

amid! agommist, immluil)itor amid antagonist,

velocity and o’ffect, maximal velocity anmd

maximmsal efficacy, Michaelis c-oumstanut amid
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affiumity (reciprocal). Timenc-foure, by usimmg a

competitive ammtagunmist as a toml, it imuav he

possible to nueasure the distnibutiomu of re-

ceptor formmms or the occupancy of the rc’ceptor

by a drug wimemm a given effect (or a response)

is produced.
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ADDEN DtM

Following the acceptance for publication of the
presemut paper, a work similar in title but differ-
ent jim extent of ammalysis was published by Y-C.
Cheng and W. H. Prusoff in Biochemical Pharma-

cology, 22, 3099-3108 (1973).
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