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SUMMA 1n

The derivation of a series of kimictic rate equations to model a cyclic, nlultistcp, fluoro-
metric assay for ADP-genemating systems is descnibe(l. The reactioul curves predicted by

the model equations ate conipared with experimentally observed velocities for ATPase
reactions to show that reaction mates that arc constant ttlm(1 matc-hiflhitcdl by tue rate of A1)P

generation are easily obtained within practical limits of auxiliary enzyme conccntmations.
The potential of this tech umiquc for the study o)f substrate-enzyme interactions oven wide
ranges of substrate amid enzyme comlccmltnations is discutssed.

LNTRODFCTION

Cycling or regenenat jug enzyme systems

have been developed for the qutamititative

microdetermination of ti wide variety of

substrates (1), and the kitietic hjehavion of

such systems has been well described. (‘ha

and Cha (2) considered such systems, taking

into account the depletion of free suti)st rate

by binding with relatively high enzyme

concentrations. With few exceptions, hiow-

ever (3), cycling techniques have imot beemi

considered practical or necessary fot the

quantitative study d)f enzyme actiuitics.

Bergmeyer (4) ilas silown, for example, that
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for the accutrate study of myokinase activity,

using a spect nophotounetnic, coupled-react ion

techmimque, tue necessarily higit dluantitics of

auxiliary enzymes can i)e imitpnactical. By

using a pilotoelectnic flitorommietem’ imu tue

nleasutncullent of the indicator sutbst rate in

such a system (DPNH), the emitire nauuge of

Iliagilitudes d)f substrate and etizynic con-

centratioins can he adjusted withiimt practical

limits so that convenient, accutnate micro-

deterullination of cmizyulic activities becomes

possible. Futnthmcruitone, by umsing kiutetic

models such as tile one developed below, otie

can predict time feasibility amid general hle-

havior of a given system prior to its expen-

mental use. Advantages inhememmt itt the use

of such systems include, besides the abihity

to w-onk with niicro-sized oluamitities of

saniple, a built-ill means of stabilizing sui)-

strate comicentrations at any chosen level so

that constant “initial velocities” am’e ob-

served. In this way substrate-enzymmie imiter-

actiomis at very low substrate (or bight en-
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Zyitle ) concent rations can be accurat ely

studied.

MATERIALS AND METItODS

A(l(’liO5iii(� d iphosphate, phospiloelm )lpyru-

vate (tu’icyclohlexylanlnioniumll salt), and

i)OVi t i(’ scm.ttmmi alhituiiin were pum nchased fr �mmi

(‘albiochemii. DPNH timid pyrmmvate kiutase

��ere put rchlased fr( )m B )ehringer, and lactate

dehyd n )genase from Wont h immgtomm. The

uiiaguiesiuuni salt (If adettosine tniphiosphttte

\sruIs obutained front Signia (1hcmitical Cohn-

pammy. The emmzymes were crystalhimme sus-

pensions itt auiitiiomtiutm sulfate sdllutiomi and

were cemutrifuged just pnidir to use, the super-

natant fluid i)eing removed amid the enzymlie

dissolved ut 0.02 ‘� bovine senutni albuttnin

solutiomu buffered withl 0.03 ut inmidazohe

H(’l to nut appropriate pH.

Oxidation of DPNH was followed cout-

tinutoushy in a Farrautd photoelectric flit-

oronteter, mllodel A;u, equipped with a Cornimug

No. 5840 pnimliary filter autd No. 3:387 and

No. 4308 secondary filters, output signal

licing read ott a mmlicroammlleter. Stable

readi mmg levels were mliailtt ained by repeated

couilpanisomi with arbitrary (1uimuiutc sulfate

stamidards. Calibm’atiomt of the fluorescence

settle was obtaimied i)y addition of a spectro-

photoniett’ically standardized Al)P solutioum

to the assay system. React ions were imtitiated

by additiomi of I �.il of saullple to a I -miii rcac-

tioti tube contaimtimtg 0.5 miiur phosphoenol-

pynutvate, 0.015 mut I)PXH, :3.0 tllM Mg

ATP, 20 mM KC1, 0.02 #{182}‘bovitte senutm

ali)umullimm, timid sufficient oiitatutities (tip-

proximliately 0.5 unit miii) of the crystal-

limme emuzyumies. The pH was i)uffered by 0.05

um imiiidazole HCI at 7.4. Experimental and

PEP ,,!�.�i’Pyruvote ��D! �Loctate

ADP AlP DPNH DPN

HO
ATPose 2

F’mu. 1. Reaction .sc/ueuuue of A TPase assay

systenu

PI�P, phu)s�)iiu )emuolpvruvat e ; PFI pyruivau c

kimiase ; LI )1I . tact ate delmvdrogemuase.

theoretical data were processed itt a large,

time-sharing digital conipumter, and results

were displayed i)y uvay of aIm automated x-y

plotting device (Califdlrnia (‘omputcu’ Prod-

imcts, Inc.).

DERIVATION AND SOLUTI(IN OF MODEL

EQUATIONS AND DISCUSSION

OF RESULTS

ThIe unodel, as derived here, is i)ased oti

the scheme showui ill Fig. 1 . As will be seen,

hiowever, in its fully developed state the

model is generally applicable to) a variety of

similar systeulls. The first series of equations

is based on the tiiost stringent level of

simplifying assitmllptiomms: (a) that the first

step (ATP hydrolysis) is a zero-order rate,

(b) that the secoltd (kiutase) step is pseudo-

first-order, i.e., the comiditiout phosphioemmol-

pynuvate >� ADP holds throughout the

period of assay, timid (c) that the titird step

also obeys pseudo-first-order kimieti Cs

(DPNH >� pynuvate). (bvcmi these assump-

tioiis, the rate of chamige of ATP coutcelltra-

tioui is given by’

dATP = k.�ADP - p

(1! -

(1)

where r is the zero-order velocity of hy-

dnolysis amid k2 is the first-order rate coltstant

of the kimiase step Since at any time ATP +

ADP = K, where K is sonic initially chosen

constant, it follows that

(lAD P - (iATP

(li - - (11
(2)

Sutbstitittion of Eq. 2 immto Eo1. 1 and inte-

grating yields

ADP = i:.:,(1 - e�2o) (3)

With the assuniptiomu of first-order kiuuetics

for the kinase amid the dehydrogenase steps,

Iii all rate e(luiatiu)uis the umse of brackets tuu

desigmuate molar comicemutratiomis has beemu omitted.

1)epemudemut (sumbst rate) variables will have the

umuits of comucemut mat iouu unillinmu�les per liter). aui(l

rates wit I have time uuuui ts of cu mucemu t rat iou per t inme

(miiillimimoles�iem liter pet tmiiuuuite)
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it follows that the rate of chauige of pyruvate2

concentratiomi is given by

= k2ADP - k3Pyn (4)

where k3 is, siniilanly, the first-order rate

constant. for the dehyd r �geumase. Sumbst it itt ion

of the value for ADP in Eq. :3 into Eq. 4 timid

integrating yields

Pyr = v [�!�(1 - e_k3o)

Finally, the rate of DPNH oxidatiomi is given

by
.96-

.92

� .88

.84
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2 The abhreviatiomis used imi the equat iomus are:

Pyr, pyruvate; PEP, phosphoemiolpyruuvate.

-l (3)
1 -k21 -k31

- (e -e )
k3 - k2

dDPNH

di = -k3Pvr (6)

A similar substitutiomt of the expression

definimtg pyruvate, given i)y Eq. 3, into Eo1. 6,

and iuitegrating, gives

DPNH = DPNHO -k,t k3

)-i+

(�3� - 1) - � (e�2t_1)]}

where DPNHO is the colmcentnatiomt of DI�NH

at zero tiune.

The theoretical data predicted by these

equations were generated iii a digital eomii-

puter for a series of magnitudes of the

constants i’, k2 , amid k3 . The results for Eq. 3

(predi ctmg ADP commceumt rtit ions) timid for

the equation

ATI� = ATP0 - ADP

where ATP0 is tue initial concemttratiomt of

ATP, are shown in Fig. 2 for various values

of the ratio k2 i’. As can be seen, assuniiiig

initial concentrations of zero for ADP amid

1.0 fllM for ATP, atmd with a zero-order

velocity of ATP hydrolysis of 0.0015 mniole/

liter/mimi (close to the maximal velocities

.t2
E

C)

� .08

#{149}OOo�2b3b4�

TIME IN MINUTES

b

0 0 20 30 40
TIME IN MINUTES

Ftc. 2. The data predicted bli Eq. 3a) and b!,

ATP = ATPO - ADP (b)

Imuitial comiditiomus were: r = 0.0015 muumumole/

liter/umiimi, ATP = 1.0 nmnmoie/iiter, amid k2 is givemu

sevemu different values represeumtimig the 5�VC1i

hues imu each of the graphs. These valuies uire 1, 5,
10, 50, 100, 500, amid 1000 times the vutlume of r. The

lowest magmuitudes of 1-� produce time greatest

deflectiomis of curves �ti 1)0th graphs.

encoutitered ill the expenimelmtal situat iomi),

i)y choosing values for tue ratio k2/u’ that

are sufficiently high (500-1000) the ATP

comtceuitratiomi cami i)e made to netiitiin

essentially coutstant attd ttot significtumttly

differeitt from its initial couicelttnation. (‘ott-

versely, ADP concemttnationts nuder the same

commditiouis are kept very low. Where /2 u’ =

1000, ADP coimeemltratioll rises quickly to a

plateau at. 1 MM, while ATP is maintaitied at

1.0 mM, only 0.1 #{182}�tof the cycling pair being

permitted to exist as ADP.

The data predicted I)y Eo1. 5 amtd 7 tine
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showit in Fig. 3. Each graph represcuits a

single valite for /2 v, and each graph con-

taiuis seven limtcs representing varying values

for the ratio /:� k2 . The values for the latter

rat 10) are 1, 5, 10,

The lowest valutes

the greatest settle

concentration auid

50, 100, 500, and 1000.

for the ratio k3/k2 give

deflections in pyruvate

the slowest rates of

(vi

C

�

,!.

Fic. 3. The cam-yes predicted by Eq. 5 (a-c) and those predicted by Eq. 7 (d-f)

All abscissae tire idemitical. Each graph represemuts a different value uf the rtitio k2/v, iuidicated by

the figuires iuu the tipper part of each graph, amid etichi graph contains sevemi limues representing the seven

val uues (1, 5, 10, 50, 100, 500, and 1000) of t he rtitiu k�/k2 . The 1owest val uics of time latter ratio produce

the greatest cuurve deflectiomis imu a-c, amid time slowest rates of ftuhl (deflectiomus) imi (I-f. Notice that as
the vtuluies of time rtitios of the rate (otuSt tumuts imucrease, the pre(licted cuirves fall (‘loser to omue ammother,

so that imu a-c time ordimiate scale values produtcing fumli-scale deflect iomus of the lowest ratio (k3/k2) curves

give cumrves f(r time hmighuer ratios that tire imudist inguiishable from the abscissa. Similarly, imi d, imicreases

it, the value of k3/k2 produice a fantily of cuurves that becomue progressively imiclistimiguishable from omue

aumother, and as /�/u’ imicretises to 1000 (imi f) this effect reaches a maximum, with till sevemu cuirves beimug

essetutiahhy idetmtical. Imiitial conditions were: r = 0.0015 mmole/liter/umiimi, k2 timidk3 as described above,
amud 1)PNH0 = 0.015 mnmole/liter. The symbol V imu the figuire curreshlomids tuu the zero-or(ler veluucitv, u’

used in the text.
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DPNH oxidatiomi. It is readily evident timat

as “2 /v imicreases, time slopes of the pynitvate

curves change frouii those whichi rise con-

titiudlusly with timite to those which rise

rapidly to) stai)le plateaus at lo�v concentt’a-

tions. Thus, wheum A2,’ u = 1000 ammd h3 = “2

pyruvate achieves a steady-state platettu

cOtiCelitrtttioml of l0�� mimur �vithium 4 nun of

zero time. The DPNH oxidation curves,

whicit represent the curves to be observed

experimeuitally, show that as k2, v incretises

to 1000, the citrves are transformed froni

those showing significamit lag periods to time

filial state, where netirly perfect linetunity is

achlicved. Here time slope of the oxidatiomm

curves is numerically equal to time rate i’ of

�r�p hydrolysis. Of equal interest iii this

situation is the fact that the seven flumes have

merged imito a simmgle, indistinguishable

pattern, meaumiimg that wheut k2/v is sumffi-

ciently large, A3 mieed be only as great as or

greater thait k2 to give linear reaction curves

that are rate-limited by u.

Since, when k2 u’ is sutfficiently large, ATP

concentratiolt does not vary signi ficam it ly

front its original level, it cant be assumiied

timat, regardless of time actutul order of the

hydrolysis reactiomi, it �vil1 always behave as

if it were zeu’o-onden (commstant velocity).

Therefore, the curves predicted by the

equations derived fohlowirmg tue assumiiptiomi

(If first-order kiutetics for tue hydrolysis

reaction shoiutld give similar results. Imi time

next. series of equations tue siumiphilying

assutniptions will be that till steps of the

system ol)cy first - or pseudo-fl m’st-orden

kinetics. The eolutatioIl for the rate of chtituge

of ADP comicemitnat ion following time first-

order assutmptiomu is

dADP = k1(ATP0 - A1)P) - k2ADP (8)

where ATP0 is time imiitial concemutratiomm of

ATP aitd A1 is time first-order rate commstamut of

the iiydt’olysis m’caction. Integration of Eq. 8

gives

ADP = k1 ATP0(1 - c_�1+k2)t) (9)
A1 + k2

Methods similam’ to those used for the deniva-

tion of Eq. 5 amid 7 yi(’id time fohiowimig

equations foi pyruvtute timid 1)PNH, follow-

iimg the first-order tissuniptiomm for the hy-

drolysis t’eactiotm.

Pyr = k1A’2 \rfp [ (1
A’1 + “2 LA3 - e

+ - � (e (k,+k�i/��i + A’2 - A’:;

IJPNH = 1)PNH0 + k1k2ATP0
k1+A’2

(1 - (�‘) -

+ � - k:u[A�u (1 -

- (1 -

Agaiui A’1 , A’2 , and A’3 tire time first-order rate

constatmts of the hydrolysis, kinase, timid

dehyd rogetitise steps, respectively, and ATP0

and DPNHO defiume initial conditions timid

have the units of comicent ratiout.

Time dttta predicted h)y Eq. 9 timid by time

equatiomt

ATP = AiI� - AI)P

are showmm imm Fig. 4. As can lie seeum, t hme

results arc mieau’ly idcmitictul with the first

case simowmu imi Fig. 2. When thio’ value of the

ratio A’2,A’1 is sumfficicmutly lam’ge (500-I000), a

steady state is rttpidly atttiined by time

system, whicim is characterized i)y a stable

plateau comicetmtnatioui of ATP mmot signifi-

camttly diffenemut iromim its initial vtulttc. (‘omu-

versely, A I)P commecmmtratiomu is ito) permmmit ted

to i’ise ai)(Ive a level of 0.2 MM, timid less thamu

0.1 ; of thmo cycling palm’ exists tis AI)P.

Thie conmputeu-geuuem’tuted prcdictiotms of

Eq. 10 tumid I I tine show’ii iii Fig. 5. As cami be

seemm, wimemi time initial velocity of htvdm’olvsis

is tugtiimi 0(X) 15 immmmmOle/ liter ummium (ATP0 =

0.1 mmiun, A’1 = 0.015), time shape of the

1)PNH oxidation curves for time case when

k2 A’, = 100 is in every way similtun to time

situtitiomt imm wimichi A2, v = 1000 fohlowimmg the
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uiiagnitude A’2 niu.st have, relative to hi, to

yield linear oxidation citrves is actually

iumdepeutdeumt of the value for time first-step

rate constant (k1) amid depends solely on the

actual initial rate of hydrolysis (k1.ATP0).

Therefore, if jIm the o’xpenimiiemmtal situation

k2 is set at a level 1000 times the highest

initial velocity expected, limmear curves will

i)e obtained regardless of the order of the

hydrolysis reaction . Simply stated, this

mileans that if ATP regeneration, catalyzed

by pyruvate kiumase, is sufficiently rapid

(1000 tiiiies as fast as hydrolysis), ATP

coumcentratic)n will not change significantly,

aumd time hydrolysis reaction i�’ill behave

throughout the period of tissay as if it were

zero-order (constant velocity).

Evaluatiolt of rate constants as described

above is of little help in determiuting exact

quantities of cryst allimme eumzymiie prepara-

ti()mts needed to catalyze a given assay reac-

tion. l’or instammee, followiumg the assumption

of first-order kinetics for a given reaction,

the rate constant is expressed in units of

tinie’. The physical meamming of sitch utmiits

is difficult toi immterpret. Commercially

tuvailable enzyme preparations tire usually

labeled tis havimmg a given number of ‘‘uumits”

per milligram of protein. The uumits given

tune mnost conimi’monly micronioles of substrate

coumsuuued per mimntte uumder o)ptiumltul comtdi-

tions and saturating levels (If substrate.

Thus, in addiumg a givemm quantity of crystal-

hiume emizymmie to) a reactioni, one kuiows the

poteuitial maximal velocity of time reaction

catalyzed i)y the enzymmme, expressed ium units

of coltceuitratiofl per time. To be usefutl in

predicting the quaumtity of enzyme needed iii

catalyzing a given reaction, a model should

predict niaxinmal velocity. Itt this way an

absolute, rather than tu relative, tuct ivity

level is predicted. Accordingly, a thmird set of

equations is derived for the system, usimmg the

least imumber of simplifying assumptions.

For an emizynme-catalyzed, bi umlolecular

reaction of the form

I � I I �

u) 10 20 30 40 50
TIME IN MINUTES

Fuc. 4. Data entirely analogous to those of Fig.

2, representing the predictions of Eq. 9(a) and the

equation A TP = A TP0 - ADP (b)

The sevemm limies imi each graphi represemit the

sevetu values �1, 5, 10, 50, 100, 500, amid 1000) of

thue ratio k2/L-, - The lowest vahuies of this ratio

produce time greatest curve deflectiomus imm 1)0th
graphms. lmuitiah comuditiomus were: A1)P = zero,

ATP0 = 0.2 nmmnole/liter, k1 = 0.0075/nmiuu, amid

k2 as olefimuedabove. Thmmms, the immitial velocity of
ATP hydrolysis [k1(ATP0 - Al)P)] is defimied

as 0.()015 nmummoie/liter/mimi (see time text).

zero-order assunmptioui (Fig. 3). The pyru-

vate curves predicted by Eq. 10 show typical

“lag periods” at low k2/k, ratios, but these

becommme imidistinguishable as the ratio in-

creases. Agaimm, if the mtumenical value of k2 is

1000 timmmes the initial velocity of imydrolysis,

pyruvate concelmtration rapidly attains

plateaus at low levels, amid nearly perfect

linear oxidation curves are achieved for

I)PNH for till k3 � k2 . Notice that time
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�-l + B (.‘ + I)

1.70
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comist rutcted utsimig thme above informat ion.

Fuc. 5. The canes p)edicle(l by Eq. 10 (a-c) and those predicted by Eq. Ii (d-f)

The val uies uf the ratios uuf mate (‘((must amuts are arramuged i mu a nmamumuer precisely amualogoums to Fig. 3
(see legemud to Fig. 3). Imuit ial cutmdi tiomus were: ATP0 = 0.1 mimmole/per liter, l)PN II = 0.015 mmmmnote/

liter, k1 = 0.015/mimi mu, timid A-2 amud A-3 as previoumsly defm mue(l . Note agai muthat the initial rat e of ATP hy-

drolysis ku ‘ATP0) is defimued as 0.0015 nmmmiole/l it er/mi mu(see the text

Alberty (5) has shown thmat, in time special

case ili which bimudiuig of mmeither sutbstrtute is

inflitemiced by the presence of the othier, the

followilmg equtat iomi holds.

I �

1+�.t+�+�;

where the K7� comtstants tire those simbst rate

cOncelitrations giving half-maximal velocity

��‘hen time otimer mcumibcr of time sumhstnate ptiir

is saturating, and the commstammt K�B is a

coniplex comtsttumt appro)ximtiated by I hme

produtct of time immdividutil Km values. Hey-

imard el al. (6) have simowmm thmtit pynutvate

k iimase I)eh ayes expcm’i timet it ally am a mtiaum ncr

timttt cotifortits to the predictiomms (If the
-AB � �

tibove equtatmon (Km = Is,,,, )< [tm ).

Siunilau’ly, Zewe an(l l’rotmimmi (7) lmtive dctimomi-

stnated tiumtilogouts kimietic behmavior itt had ate

deimyd rogem utise fn nit rabbit tmiutsc he.

Time fiumal state of time unodcl hias been



dI)PNH

(it

K�DP �+ + PEP + A1)P PEP

I ‘�

1 + ATP

(iPEP

(it

(13)

- -Ai)P �)‘EP “ADP

1 I I 15�fl� u ‘t’.’m �“�‘-m
‘‘�� ADP ‘T’ PEP � Al)P� PEP

dPvn - (1PEP

(It - (it

13

K”” KDu)NJI h.1’�r .

l+Pyr+m)N11+l)ym..I)1)NH

T�unu�i: 1

Sununuary of initial conditions used anti results obtained in solution of Eq. 12-16

See Fig. 6 for graphic resumlts.

Substrate variabtes Constants
Curve

ATP ADP PEP5 Pyr5 DPNII

��znole liter

______________________________________ Maximum
velocity
obtained

V1 V, m’3 (DPNII
oxidation)

Ratio of
vetocity

obtained
to rate of

ATP
hydrotysis

0.5 0 0.015 0.0015

0.5 0 0.015 0.0015

0.5 0 0.015 0.0015

0.5 0 0.015 0

79.5
98.0

100 .0

1.5

Kr” = 0.36, K�EP = 0.086, Kr,,” = 0.09, and K�PNH = 0.005 nunole/hiter [after Bergmeyer (4)1.

K�TP = 0.1 inniole/liter (assumed).
a See Footnote 2.
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Provided that pyruvate kinase and lactate

dehyd rogenase (ii ucy time predict iotms of time

above equatiomi, and tissummming Michaclis

kinetics for time ATPase reactioIm, time rate of

cimange of ATP commcetitm’atiomi will lie given

by

(1ATP

(it

where 12 is time IiiaXitiial velocity of time

kinase reaction timid Fi is the maximal veloc-

ity of time hydrolysis react ion. Time m’est of the

mmmodel, similarly derived, is as follows.

(1AI)P - �/ATP

(11 - (it

K’� KDPN}I Ki)Yr.KDPNH

l+1Jyr+�)NH+l)yr.1)1)NH

(16)

where V3 is time imiaxinmal velocity of time

dehydm’ogcm uase reaction.

1)) This html set of five first-order, mmomthinettr,

differential equtations (Eq. 12-16) has five

dependent amid omie imidependent variable.

Nummmienical solution of the systenm wtis ob-

tained i)y usilmg a modified, foumrtim-order

Hungc-l’ittta tecimumique (8). rfime � valutes

arc those publisimed by Bergimieyen (4) for

time coummmncncitmliy available pneptinatiomis of

pyruvtutc kinitse timid ituctate dehydrogenase

(see ‘fable 1). Hesults of tiio’ solutiomi are

showmt in Fig. 6 for vau’ying values of V2 and

V:t . It has becui assummmied timat time initial

�rfp concentratioum is c�iual to time K,,, of

hvdu’olysis (v = V1 2) timid timat time mtixitnal

rate for hydrolysis (V1) is 0.0015 mmitnole/
(14) liter, mm. Wimen 12 is 10 tinies time initial

velocity, timid V3 is in excess, citrve a is

generated. As 12 immcreascs imu vtiluue to 1000

times time initial rate of hydrolysis (a T2 for

pyruvate kinase of 1 .5 mmmioles/liter/min),

- curves b aumd c tine produtced, w-imile I’:u re-

(la) maimms tit a value of 1 .5. Hence, a iiuuear m’eac-

tiomu curve which is ai)solutely dcpcmmdent on

the initial rate of ATP hydrolysis is achieved

a 0.1 0
b 0.1 0

c 0.1 0

(1 0.1 0.01

nzmoles/liter/min

0.015

0.15

1.5

1.5

,�z,,zole/liter/,,:in

15.0 0.000549

1.5 0.000735

1.5 0.000750



-J

a-
a

80’

60

40’

88
z
a-
a

-J

z

I-
z
w
C-)

LU

�- 20
cx’

a,

TIME IN MINUTES

KINETIC MODEL OF ATPASE ASSAY SYSTEM 39

FIG. 6. (‘uu’ves for the oxidation of DPXH

predicted by the simultaneous numerical solution

of the system of Eq. 12-16

The initial conditiomms and values for constamits

used in the solution are summarized in Table 1.

See the text for discussion.

when the absolute activity of pyruvate

kinase, measutred as uumits of the crystalline

preparation, is equal to about 1000 timmies

the initial rate (�f h’uydrolysis, eveum thougim the

activity of lactate dehydrogenase is of time

saumme order of nmagmmitude. So expressed, T�2

aumd I � repnesemm t mmmxi nial velocities unmder

ideal conditioums timid saturating substrate

comiceuitratioin, and it is themm a simple nmattcr

experimentally to ttdd to au assay system the

precise quantities of tutxihiary enzyummes

needed to produce linear curves.

Prior to an assay time systemmi can be tested

to confirmmm that time auxiliary activities tire

sufficient by adding a kmmowmm quantity of

ADP aimd metusitnimmg the httlf-tiumme and size

of the decay of I)PXH. Curve d ill Fig.

6 shows such a situatiomi predicted by

time model imi ss-hich the ATPase activity

(V1) is presumed to i)e zero, and the imiititul

comicentration of ADP is 10 2M. The decay

predicted by time mmmodel has a imaif-tinme of

ai)out 15 sec. Experience has shown that

when the half-tinme of the reaction followiumg

tidditioum of ADP is 0.5 mmmin or less, the retic-

40 60 80
TIME IN MINUTES

Fuu. 7. Results of assay initiated by addition of

1 J21 of crude renal homogenate having approximately

0 .43 .inuole/liter/nu in of A TPase activity

All reactiomm tui)es (‘ommtaimmed 3.0 nmm�st NIgATP,

0.5 m�i �hosphoemmol��-rtivate, 20 m�i KCI, 0.015

mM 1)PNII, amid 0.05 �st imi(lazole himifer, p11 7.4,
iii a final voluumme of 1 nml . The (hat a immdicateol by

triamighes (results of two tithes) show results wlmemu

the reactiomi mixtuire contaimmed 0.5 ummiit/nml each

of pyruivate kimmase ammd hact ate dehydrogemmase
(approximately 10(X) t inmes the eXj)ecte(1 1i(’tivity

of ATPase). The data imudicaed by circles show
resuilts uf two det ernmi mialiomis whemm tlie Iumbes

comutttimmed 0.005 uimmit/mmml of pyrutvate kimiase amid

0.5 unit/nil of tact ate dehmvdruugemiase (about 1%

of the model -predict e(1 ((1)1 inmal concemut rat ioti of

pyrumvtit c ki muase) . All utat a have l)eeml ‘‘miornial -

ized’ ‘ as percemu tage u(f imu I i ml 1) PN 11 �‘ommcetmtrut-

‘ti((ti.

t ioti curves olitaimmed dumnimmg ATPase as-

say tire precisely linear. Immitial conditioums

of substrate variables and values of con-

stants used iii time soluttion of Eq. 12-16 uii.e

summimmiarized itt rffl(, 1.

Experinmemital d( )ti fi nmmmatioum of time model

results is illustrated iui Fig. 7. rfhme dttta

points desigmitited i)y triangles shmow time

resutlts oi)taiumed wimeum time react ion mmmixtumre

comit ttiumed the tmm(del-predi cted optinmal

(luttumtities (�f ttuxiliuiry enzymes for the assay
of I �ul of a cnutde reumal honmogenate contain-

ing aboitt 0.43 izummole/liter/mmiin of ATPase

activity. The data represented i)y circles

itt Fig. 7 were oiitaiumed utnder the saumme

conditions with the enzymmie pyrutvate kinaso’

at about 1 % of its predicted optimmmal con-

centratioum. F’igumrc 8 shows examples of

experimental data obtained for an ATPase
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INlc(’l uumc (9) htis t’e(’emutlv dealt wi thu a similar

analysis of (‘((upleul emuzvmime tisccavs. Svst ems i mm-
volvimig Iwo aumxiliam’y m’(’actiomus are (letsIt with

gra�)hmi(’al lv . am ud a muuummi((gi’tumn is l)movided describ -

mug (‘Oulml)imitit i�umus (f first -((rdem’ u’ate comistamits

00 m’e(Iuuim-e(l In produce 91Y, � levels (If the st (‘tidy-state

c( umu’emitrtitiou of imitem’mmmeditit e sumhst u’tite Wi thimi

givemi peri#{176}(lsof Iimmme.

rI�he data indicate that under rotmtiuue

expeninmemutal comuditions hitiean reaction

velocities timat maiuitaimm stability at time

40 \\�tLLt5.\t 51. tm.stt’J’, JmI.

Fuu. S. .4ctuuul ‘tutu from assay of fouu’ samples

of (lilu tt � u(le renal /uomogenate /uauiny approxi -

mutely 15 X b- j.wuole/lutei’/min of -ITPase activity

for cue/u u,uucroliter of saw pie

Tubes (‘((mitai mueui the stmmiie comust it umemuts as

previously (lescrit)ed, with 0.5 uimui t /ml each of

pyruivate ki muase timid tact ate deliydrogemuase. I )tut a

itidicated b� (‘i metes are from subst rtut e hi amuks

cotitainimmg mio ATP, while dat a imidicated by

crosses are froimu t umbes (‘((mitaimuimug 5.0 uim�i MgATP.

Straight lines, fitted to dat ti poimuts h�- a least

squmuures mmuethod, tillimave (‘(urrelat((mu (‘oelhciemuts

of 0.995 ((tj better.

assay in which pyruvtite kimmase timid lactttte

dehyd rogemmase were presetit in concemit ra-

tioums of 0.5 utumit mmml.The curves were fitted

to time poimits by a least squtires immetimod.

st o’ti(lV stat (‘ os-en 1( )t ig tit iol d( (Ii venicutt i�

mmmeasureot periods of limite aro’ easily ohtaiuied.
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