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7r.

I

2.

3.

SUNITTARY

A set of slmultaneouE non-l1near dlfferentlal equatlons !'tas

derived from stoichLonetrlc eguatfons !ühlch descrLbe the

Theorell-Ctrance mechanlsm for lÍver alcohol dehydrogenase'

Assumlng that the coricenËratfons of the Ínternedlate

complexes renalned constanË, an e:çlÍcft solutlon fnvolvLng

three unknown paraneters !üas obtafned for the dlfferentLal

equatl-ons. Relaxatfon of the assumptfons Ëo permft the

concentratlon of one of the fncemedlaÈes to change llnearly

rvlth ttne gave rLse to a four-Parameter solutf-on' The

values of the unknon Parameters Ln the two types of

solutlon were estfmated from experfmental data by the nethod

of least squafes.

A computer program ¡¡as wrltten to provfde a numerÍcal

solutlon of the differentlal equatlons and the solutfon was

used to obtafn estlmstes of the veloclty constants for the

Theorell-Chance nechanlsn. The valtdfty of thfs model for

llver alcohol dehydrogenaÉ¡e lùas checked under different

erçerlmental condltfons. ThÍs nechanisu aPpears to be valfd

for the reactlon when NAÐ cofrcentrations between 80 UM and

240 uM are used.



T'L¿

4. The reacÈlon of yeast alcohol dehydrogenaee was elso

exanÍoed 1n relatl.on to the Theorell-Cha¡rce mechanlsm.

Estfmates of velocl.ty constanÈa lüere obtained and nunerl'cal

solutfons fro¡r the cotputer Progran compared wlth

experÍmental data. Ttre resulte of thfs lnveaÈtgatfon

appeer to support a¡r alternstlve mecha¡rlsm lnvolvlng the

fonratlon of a ternary conplex as propoSed by Theorell and

Ctrance.
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7).

rNTR ODUCTTON

Enz¡mres are naturally occurrlnS orgaoÍc compounds whfch

fûcrease the rates of cerÈaln chemfcal reactLons whl1e themselves

remalnfng unchanged. the study of enz¡¡mes 1s of great lnterest

slnce, to quote DIXON and I^IEBB (f964):

"Llfe depends on a comPlex network of

chenlcaL reactlons brought about by speciflc
enzymes, and any nrodlf lcation of the enz)me

pattern uray have far reachfng consequences for
the llvlng organÍsm."

usually an enzyme La detected by its reactfons wlth a

substrate. The æount present ls estimated from the reacÈfon

ve1oc1ty.

Many workers have sÈudfed the relatlonshlps between the

rate of enzymlc reactlOn and varlous envlronmental fact6rs, such

as concentration of enzlme and of subetrate, temPerature and pH.

These observatlons may be used to formulate kinetfc equatLons

whfch descrlbe the reactlon.

This lnvestlgatÍon ls concerned wlth the formul.atlon of

mathenatl'cal models of enzyufc reactfons' and htfth the testlng

of these models by couparlng predlctLons based upon Èhem with

daÈa obtalned fron actual o<periments.
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CT{APTER I

1. Early development of Ldeas about enzymes

PAYE{andPERSoz(1883)wereprobablyÈheffrstto

recognlse a¡ enzymfC reactlon when they fsolated a sutrstance frou

malt exËract whlch converted starch into sugar. The name "enz¡zme"

was proposed by rcüUCn (1S78) for such catalytfc substa¡rces, whlch

many workers hrerethen dlscovering 1n lfvlng materfals.

The uechanlsm of action of these enzymes füas natural-ly of

great lnÈerest and varlous theorles rtere entertained. One such

coÊcepÈ presumed that the enzytre increased the energy of the

substtate molecules by some sort of actÍon at a distance or that

euergy was transnitted from enzyme to Eubstrate by inelastlc

coltisfons ltæ¡w¡og¡^t (1937), HEARON and I(ATZMAN (1954)]. Another

theory Ìdas that the enzlme and substrate combine Ín some úlay

before the ffnal product ls formed. By Èhe end of the Ntneteenth

centurT the latËer theory appears to have been l-n favour. For

example, ARMSTRONG (1895), 1n a Presldentfal Address to the

Chernfcal Soclety, Lncluded enzynlc reactions anong examples of

the chemLcal changes under discusslon çrhen he asserted that

r¡...compllcatlon, not siuplLflcatLon, precedes

most' 1f not all, chenlcal change; that corrplex

molecular systerr¡ are ffrst formed from the

lnteractfng substances and that these' on

breakdown, suffer rearrangement of Ëhe parts -

U3RARY
WAITE



2.

such rearrangenents Ëaklng place in consequerlce

of elements whfch were prevlously separated

belng brought into one coEmon tsphere of
actlvltyr wfthfn whfch tÈ 1s possible for then

to fnteract,....The functÍon of enzymes Ln

pronoËlng hydrolysfs (of saccharfdes), on this
hypothesis, conefsts fn brlngfng T{ater Ínto
conJunctlon wLth the carbohydrate by conbinlng

sith both.'l

lranslatfon of these Ldeas Ínto a precise theory of the

mechanLsm of enzynlc action whlch could be used to make

quf¡ntltatfve predlcÈÍone resulted from the detalled studles nade

by nany r¡orkers about thls tfne.



2. Fo¡mulatlon of reactfon nechanl.sm

HEIIRI (1902) suggested that the enzJ¡me first foms a

conplex ¡¡l-th fÈs substrate and that thls subsequently breaks

down to gLve the free enzyme and the product of the reaction.

Fron thÍs suggestlon, MICITAELIS and MENTEN (1913) 
'

worklng on the en4¡me lnvertas€ postulated the reactfon gfven

by the stofchlometrlc equatfons

E+S ES

vL
E

2

I I

ES

-àK2
E+P . o. 1.2

where E denotes the enzyme, S Èhe substrate, ES the erÌzyße-

substrate complex and P the reactlon product.

Equatlon I.1 1upl-les that one molecule of enzJrue comblnes

reversibly wfth one molecule of subgtrate to glve one molecule of

enz¡me-substraËe complex, whfle equatlon I.2 allows for one

molecule of the enzyme-substrate complex to decompose frreversfbly

to ptoduce one molecule of enzyme a¡rd one noLecule of reactlon

product.



3. Physical Ícatlons of the sÍurple model

The reaction nodel descrfbed by equatlons I.l and I.2

gfves rlse, by the Lar,r of Mase Action, to the set of dffferential

equatLons

4.

... r.3

T.4

r.5

alsl
dr

dIEs]
dr

- krlellsl + k_t[Es ]

rtlrllsl ._1 [nsl - k2 [Es]

dlPl
dr tzlnsl

where [E], [s], [BsJ and [p] denote the concentratfons of E, s' ES

and P respectively. Because the number of enzyme molecules

remal.ns const,arit., we have

[¡] = luo ] [nsl r-6

r¡here [Po] ¿enotes the lnttfal (t=0) enzJme concentratlon.

Slnce for each substraÈe molecule that dlsaPpears a

product molecul-e ls produced, we also have

[so] = tsl + [ns] +[P] r-7

where [So] denotes the fnitfal concentratÍon of substrate.

The above set of equatfons cannot be solved expllcftly*

but the form of the solution can be deduced ln detafl and thls fs

*A numerical solutfon was obtalned by CIIANCE (1943).



6.

showl in AppendLx I. Froni the reeults Ín Appendlx I, the predLctÍon

of the behavÍour of the enz¡me system when the reactfon is comnenced

by nlxing subsÈrate and enz¡rare nay be illustrated dlagranmatfcally

as ln Ffgure I.l.

The reactlon proceeds through three dfstlncÈ stages.

(a) Infttally the concentratlon of lntetmedíate rises

rapfdly, and the rate of product fomatíon 1s

lncreaslng. Thls stage is known as Ëhe trøteier¿t

stage and perslsts over a very brief pertod ([0

rnsecs or' less) and 1s consequently dlfficult to

observe.

(b) The fíret stage ls followed by a longer perfod

durfng whfch the amount of internedlate present Ls

vLrtually constant and both the substrate and

product curves are approxfnately lÍnear. thts ls

thre eteadg state perlod.

(c) In the ffnaL stage the reactlon rates decrease to

zero aB tt.e eEti,Lí.briwn eond:Ltíon fs attained.
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4 Derfvatfon of the MichaelLs equatlon

!{ICHAELIS and MENÎEN (Dr3) used equfllbrlun conslderatfons

fn order to derlve a relatlonship between lnltial veloclty and

Bubetrate conceûtratfon. The argumenÈ PreseoÈed by theo Ls ae

follor¡a.

Assuufng Èhat the reactÍon as described by equatloo I.1

has reached equlllbrfum, and that any effect of equatlon I'2 eart

be lgnored, then by the Law of l{ass Actlon

trlel Is] t-rlusl 0 ... I.8¿[ns]
dr

k-1 lrl tsl
TEsfhence

k1
... r.9

k-1
but k¡

It K
a

the equilfbrfi¡n constant for the dfssoclatlon of enz¡rme-subatrate

cooglex luto free enz)rme and subetrate.

Assunfng further that the eubstrate concentratfon ls so

much greater Èhan that of the complex that [S] can be regarded as

effectively constant, then by replacrne [n] wlth [Es] - [gS] as

ln equation I.6 and rearrangLng I.9 we obtatn

[¡o][s]Insl Kg + lsl ... I.10



Io equatlon I.5 ¡ce have the tate of product formaCl-on gùven by

d[PJ
dr

7

'. . I.1l

tcr [rsl

Substltutlng for [nS] the expreeslon given ln I'10, we get the

Mfchaell.s equatlon

kz luo ]
Ksri1+

Although the assumptÍon of equlllbrlum may not hold for many

reactl-ong, a large nunber of enz¡tmes aPPear to behave fn thle

!ùay.
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5. Steadv atate theory

The same form of relatlonshlp as that gLven Ln equatlon

I.l1 was derlved by BRIGGS and HALDÆiIE (L925, using the assumPtLon

that the reactforn was 1n the steady state stage (ref. sectfon 3),

Ëhat Ls, that

0

they also assuned, wtth MICIIAELIS and MENTEN (f913) 
' that [S]

remafned constant, Ilence, from equation I.4

tr [n] [ s] E (k-1 + kz)[Es] . .. r.12

. .. r.14

Replaclng lel uy tnd] - [gs] an¿ rearrangfng I.4, we obtaín

krlnolIs]
lEsl k1 c + 1+k2)

... r.13

The lnitial velocf.ty of product fomatfon 1s gfven by equatfon I.6.

substlËutLng for [ES] fron 1.5, we get

kzIno ]¿[pJ
dr

1+

k-1 + k2
Puttlng K. k1

gfves



kz [no ]

o

... r.15alpl
dt

l+

The above fs fdentical with the Ml-chaelis equatLon I. l1 except

that K" Ís replaced by Kr. Tf k2 fs sma1l when compared wlth k-1

Ít nay be neglecÈed, and K" Ls equal to Km. In thLs case the

equations l.ll and L15 becoute fdentfcal.

6. Study of translent behavlour

the first d{rect proof of the existence of enzyme-substrate

compounds as Ínten¡edLates of enzyme catalysf.s was provlded by

Ëhe e:çeriments of CEANCE (1948), who observed the decomposftlon

of peroxide by peroxldase durlng Ëhe very early stages of the

reactl.on.

Very føu enzymeê are suftable for this klnd of study,

sfnce the translent stagea are usually of the order of msecs

Thls, together wÍth the fact that some enzymes are unstable or

lnhlbfted by the reactlon producËs, has led to nost emphasls

being placed on the study of the rinltiaLt rates of enzyme

reactlons. These Lnftial rates are ín most cases the steady

state velocftfes.

K
m

ET
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7. Integrated rate equatlons

one approach to findlng a sfnple equ¿rÈfon to approxlnate

the tfme course of the reactlon followlng the l{l.chaells-Menten

model Ls to fntegrate the steady state equatfon wLth reepecË to

tlme.

Assuntng [gS] fs small, as before, we may Put

tsl = [so] [p] ... r.16

where [SO] fs the Lnitlal concentratlon of substrate. SubstLtutl-on

for [S] fn equatfon I.15 and rearrangemeot gfves

t2[Eol¿[p]
dË

l+

and Íntegratfon gives

k2 [ns 1t

... r.17

... r.I8
K

I o * 1,furI)dtPl

lsol
i.e. t2[nelt tpl + K 1n ... r. 19

m Ss P

An equation of slmÍlar font was actually proposed by HEIÍRI

(1902). Integrated rate equatlous have been used by a number of

¡rorkers, lncludLng STURTEVANT (f955) and JOHNSTON and DIVB{ (1969).

llowever, their use fs lfnLted, slnce they are really only



77.

appltcable to that part of the erçerfment fot whfch the sbeady

state assrmptfons hold.

In general, to obtain lnfot¡atlon fron data coverlng the

entlre tiue course of an enz¡rulc reactfonr a ¡Þr€ baefc approach

ls requlred. One such approach fot a more comPllcated reactlon

nodel 1s deecrtbed 1n ChapÈer V.
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CHAPTER II

I EnzynÍc reactloas fnvolvLne two substrates and two products

Reactlons of the type

E+A+B
-s-- E+C+D ....rr.1

where E stands for enzyme, and A, B, C and D are substrates or

products dependfng on the directlon of the reacÈfon, are frequently

encountered in blocheur-1cal processes,

The formtrlatlon of a model for such a reactlon fs made

difflcult because of the many possfble conblnatÍone of lntermedfate

complexes ¡¡hich can be lnvolved 1n the mechanfsm. The probl-eo

has been consldered by DALZIET (1957) and ALBERTY (f953,1958) 1n

partlcular, and the subJect has beerr revLewed by Í'IONG and HANES

(re62).

2. Llver alcohol dehydrogenase

Cryetalllne alcohol dehydrogenase prepared from horee

lfver catalyses a reactfon of the type described Ln equatlon II.1,

nanely the reversfble transfer of hydrogen from ethanol to

nicotÍnanlde-adenlne dinucleotide (NAD), producLng reduced NAD

(NADH) and aceËaldehyde thue:

E + CH3CH2OH + NAD 
= 

E + II+ + Cn3CtsO + NADH rt.2



3. The Theorell-Chance mechanism

Theorell and hls co-workers [f¡fgORELL and BONNICHSEN

(f951), THEORELL and CHANCE (f 95f ), IHEORELL, lillGAARD and

BONNICHSEN (1955)I have fornulated the followlng reactlon

mechanlsm for this enzyme:

13.

TI.3

... rr.4

NADH.E + CB3CIIO + H+ NAD.E + CH3CII2OII

NAD.E NAD+E

NAD¡I + E

E

NADH.E
n\

E
ka
_\
E;

k3\
E;

Because of the naËure of chemlcal change, the followfng constraínts

are Ínpl1ed:

[ue¡]+[ne¡.n]+[nenu.u]+[ue¡n] C¡

Iu] + lu¿o.pl + [NepH.s] C2

Ictt3ctt2-oHl + [ctt3cnol C3

IcugcuoJ lueou] + INADH.EJ

Square brackets Lndfcate concentratÍons as 1n Chapter I; C1, C2

and C3 are constAnts.



4. Mathenatical fonrulatl-on of the Theorell-Chance mech¿nfsm

Putting x = concentratl¿n of NADH

w È concentratÍon of NADII.E

u = concentratlon of Ctr3CEO

z a concentratl.on of NAD.E

v Ê concentratlon of CE3CII2OII

Y = concenËratfon of NAD

e E concentratlon of enzJ¡De

applf.cation of the Law of Mass Actl.on to equatl.ons II.3 glves the

set of dÍfferential equations

-k¡ex + kZw

klex kzw kr+wu + 1<5zv

-krr¡su + k5zv

74.

... rr.5
kr+wu kgzv kgz + kSey

k¡+wu k5zv

kgz ks"y

Assumlng that the course of the reacËfon Ls to be studfed ln a

system ¡yhere lnfÊlally only NAD, etha¡ro} and enzyme are preseût'

the equatlons II.4 nay be wrltteu 1n the forn

dx
ãr

dv¡
ãr

du
dr

dz
dr

dv
Ar

gJ
dr



x+n+z+yÊY0

e+rt+zâeg

u+vBvg

kg(yo-e-y) - ksy(eg - (yo-e-y) - s¡

u=x+1^7

where y0¡ e0 and vg are the 1nftlal conceritratfons of NAD' enzyne

aad ethanol reepeetively.

For technl-cal reasons explained in Chapter III' 1Ë fs

deslrable to lntroduce the varlable

Q=x+rt

and substLtute g-w for x 1n equatlons II.5 and II.6. Performlng

thle substiÈutlon and simpllfytng the two sets of equatlons II.5

and 1I.6 gives rise to the reduced system

-k4w0 + 116 (yo-o-y) (vo-o)

kr(o-t¡)(eo-(yo-o-y) - w) - k2w * # TT.7

d0
dr

dw
ãr

gI
dr

75.

... rr.6

Detal.ls of the sinpllffcatlon are given ln Appendlx II.
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5, EstÍmatLon of the velocftv consËants

THEORELL et aL. (1955) have estlmated the velocity

constants ln this nechanlsm by studyfng ínitiaL nates of neaetì,on

under dLfferent experlmental conditfons.

An alternatfve urethod of estlmatlon ¡¡ould be to obtaLn

data on tl;le entíre eouroe of the reaetion and fft equatfons II.7

to the resuLts. Such data and methods of fftÈfng the equatlons

ueing thls approach are descrlbed fn detall fn the follor^rfng

chapters.
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CEAPTER III

I SpectrophotometrÍc methods

InformatLon abouË the course of a reactfon rnay be obtal.ned

by monitorLng the concentration of one of the reactarits. SpecËro-

photonetry 1s one ¡oethod of dofng this for certaln types of

reactlons. This procedure depends on the fact that some conPounds

ln solutlon absorb 1lght of dlfferent wavelengths and that the

amount of llght absorbed, that 1s, the optlcal denslty, fs

proportlonal to the concenËratLon of the compound (Beerrs Law)

luronBrt, BURRTS and STAUSSER (1957)].

In the case of the reactÍon catalysed by liver alcohol

dehydrogenase, Lt ls possfble to monLtor the concentratlon of

NADII, ¡vhich has a maxlmum llght absorptlon at 340 run. At that

wavelength, lfght Ís also absorbed by the second Íntemedl.ate

complex NADIi.E, so that the optlcal density recorded actually

lndfcates approxfnately the sum of NADII and NADH.E. It Ls for

thls reaeon that equatfons II.7 are e:çressed fn terms of

concentratfons of litrAD, NADII.E and NADH.E + NADH.



78.

2 Form of data

All the data referred to fn thfs study were obtatned ue'lng

a IINICA}I SP 800 recordlng spectrophotometer. Tùlth thfs fnstrument,

continuous graphs of optlcal denslty agaf.nst time are produced.

An example of sueh a record fe shown ln Figure III.I. Each curve

represenÊs, 1a our case, the productfon of NADH fn a diffeËent

reactlon mlxture. Because of the small scale of the chart, ft ls

dlfflcult to read pofnts from the curves wlth sufficfent accuracy.

For this reason the result rdas also recorded on a Servoscrfbe

r¡nlt (57718), whtch pernftted an e:çanslon of the scales of both

the optfcal densÍty and tlme, ae shoum fn FÍgure III.2.

From the expanded chart, optfcal denefty values were read

at every vertf.cal dfvislon and the values obtafned converted to

concentratÍons of NADH uslng the relatlonshfp

NADH conc, (ln ul'I)
optÍcal densltv readfng

0.00623

as reported by GUTFRETND (f967). The resulting tables of tine

Ue?oua concentratfon of NADII are gfven ln Appendfx III.
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3. ExperÍmental method

the actfon of liver alcohol dehydrogenase vras fnvestlgated

r¡nder Èhe followLng condÍtfons: 23oC, 0.05 M phosphate buffer

(pII 7.15), 0.1 M ethanol. The enzyne uged was CalbLochem A-grade

horse llver alcohoL dehydrogenase (Lot 900323), l0 ng/mI

crystallLne ln 0.02 M phosphate buffer.

Ten ufcrolltres of thfs solution were added wlth a 10 ¡r1

Hanllton syrlnge (Sctentlfic Glass Englneerlng Pty. Ltd.,

Melbourne, Australfa) to the reactÍon mÍxture fn a 3 ml cuvette

to provfde a conceottatÍon of the enzyme of 33 ug/nl 1n the flnal

volune.

Assurnlng that all the protefn was active enzSrme, and

glven that fts molecular wefght le approxfmately 731000, wfth two

acÈlve sftes per molecule [tttgORELL, NIGAARD and BONNIC'IISEN

(1955)], the maxiuum concentratLon of enz]¡me btndfng sltes fs

calculated to be about 0.9 UM. Ilowever, because there wfll

almost certainly be inactfve protefn present, the actual concen-

tratlon wfll be less than thls calculated value.

Keepfng the above experlmental factors constanÈ, a set of

curves was obtaLned showing NADH produetlon wLth tfme for the

lnLtÍal levels of NAD concentratlon fn uM: 40, 60, 80, 100, LzO,

160,240.

UsLng freshly prepared solutlons of the reactants, a

dupllcate set of curves was obtained. Thus, for each lnitÍa1
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NAD concenÈfatLon, dupllcate curveÍ¡ were a1rallable for NADÉI

productfon wtth tlne. In thfs waJr, some idea of Ëhe probable

sLze of the e:ipetlneniat errois fnvdlved Ln the method wás

obtafned.

4 Sources of error

T'he mafn possfble sources of errorr aPart from varfatlons

tn the performance of Ëhe recording devices of the spectrophoto-

meter, lÍe tn the measurement of the volumes of the reactanÈs

added to the reactfon nÍxture, and varlatlon ln the actlvlty of

the enzyme added. The amounts of NAD and alcohol added are

relatfvely large compared to the probable errors of measurenent

of these quantíties; but ln the case of the enzyme, the solutfon

vqluoe of whlch fs measured fn a syrfnge accutate to t 0.1 ü1,

the amount added 1s only 10 ul, so that the varfatÍon ln enz]t-me

concentratlon may be sfgnfficant. Another factor affecting

enzyme concentratlon lnvolves the lnstablllty of the enzyme

ItseLf, whlch may lose activity wÍth tlme.



CHAPTER IV

I Duratlon of transient phase

The duratlon of the transient phase may be approxfsrated

Ín Èhe followfng way.

Sfnce lnltially only NAD, alcohol and enzyme are present,

we have, usLng the notatÍon of Chapter II, sectlon 4

x E I¡Í = u = z = 0 whentoO

and the initial rate of bulld up of the lnternedlate z from.

equatfons II.5 1s glven by

dz
æ

g kseoyo rv.1

Integratfng, üre get

27.

... rv.2

k5egygt

for snal1 t. Now the bufld up of z causes an fncrease Ín w

so that

dw
dr

dw
ãT

k6zvg

and substLtuElng fot z glves

k5,vgk5egygt ... rv.3



whlch glves on lntegratÍon

I
eoyo.Eãñ'

k,*t2
kseoyo
-ffi(vo - rr)
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. .. rv.4

... IV.7

rv.8

t{t = t5vst5eeyo+

But lnftíaL7ry z#r fs approxfmately constarit, so Èhat

z = k5egygt t 5rrgt 5egyg+ ... rv.5

Now ff the 'rsÈeady state" has been reached, tfr"n ff = 0 so that,

differentlatfng z wfÈh respect to t' vte get

kseoyo k5vgk5egygt 0 rv.6

f.e. Ë E 1

eæ;

provLded thaÈ the tlme is short enough for Èhe assumptfons to

hold. the value of z reached tn thl.s tfiue fs gfven by

zs

The value of rv wLll take l-onger to reach lts steady state.

PutË1ng Ëhe steady 6tate value lnto che equatlons fot ff fn

equatlons II.5, a¡rd assumLng thaÈ the value of x 1s sttll

negllgible, we get

dw
ãT

dr¡
cr

'kzw +

y0
1.e. 1-

TkseoYo
w(t2 + þseovJ k,*t2 rv.9
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In the steady stete, # = 0 and the resulÊLng equatlon 1n w can

be soLved to give the approxfnate steady state value of w

e0y0
(ke + ks-2"J t

tI-ù -2kr ... W. l0

Uslng the equatlon IV.7 and ÍnsertLng the value for k6 (0.0035)

estlnated by THEORELL, MfGAARD and BONNICIISEIi¡ (1955), vre find

Èhat the tfoe taken for the reaction Èo attaln Ëhe steady state

Le of the order of 3 nsecs. Thus, the steady state wl1l be

reached before the earllest observatfon of product concentratfon

can be nade with the recordlng spectrophotometer used 1n thfs

work.

[to, 
* tffitt + zkhkseoyo]L
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The solutl.on of the above equatlon (see Appendtx IV) gives an

equatl.on of the forn

g = ,(, - "-u(t+r<)J ... rv.r2

2. Steadv state eolutlon

If one assumes that the steady staËe has been reached,

then both ff .tta ål r"t be ser equal to zero, md the equatl.ons

II.7 can be sLmplified since no$r n and z afe constants wlth

values w" and zs resPectlvely. Hence, from eguatÍons II.7 rve

have

d0
æ -kr¡w"0 + k5,2"(vg - 0) . . . rv.ll

3.A modffLcatfon to Èhe steadv state solutlon

gt . . . rv.14

w;rere g Ls a snall constant. SubstltutLng thLs value of the

derlvatlve ln II.7 (2), we get

Although ff u."o*.s very snall compared wrcn ffi ana $f,
the zero approxLmaÈlon used fn sectlon 2 above may be furproved by

an assuutption of Èhe form

dw
dr

ol kr(O-r.r")(eo-w"-2") k2vr" + de
dr rv.15
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SolutLon of thl.s equatfon (see Appeadfx IV) gLves an equatlon of

the form

Q e o[t - o-n(t+x)J + Dr ... rv.16

4. Least squares estfmatLon of the parameters

The parameters of the equatÍons IV.lt a¡rd IV.l6 ¡¡ere

estlnated by the nethod of least squares uslng the slnplex tectrnique

desctÍbed by NELDER and MEAD (f965). A copy of the computer

program used, PROGRAM HOPE, 1s given ln Appendix V,

4,L three-parameter equatlon

The method of estfmatlon used requfres fnftlal estfnates

of the para¡Deters. The asymptotlc value of 0 provfdes an

esÈlmate of the parameter a, and sÍnce thfs value may be read

fron the curve, a dfrect estLmate 1s avallable. An estimaÈe of

b can be obtalned uslng the value of a estfmaÈed as above and

plotting the llnear relatlonshfp of ln(a - 0) agafnst tlne (Ë),

slnce Èaking logarithns of both sides of equatLon IV.12 gfves

ln(a - o) lna b(r+k)

and hence the slope of the line fs an estímate of b. In
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eectl.on I of thfs chapter 1t fs shown that the translent phase 1s

about 3 msecs, so that value may be used for k tnítially.

From these starting values, least aquares estlmates for

a, b aod k ca¡r be obtained by the Ltetatlve procedure employed ln

PROGRAM HOPE. Thfs wag carrfed out uÉting the trLver enzyme data

(Rep. 2) 1n Appendix III. The results are shown l.n Table IV.l,

the polnts on the resultlng fttted curves are gÍven fn Appendfx III.

4.2 Four-paraneter equation

Inltfal values of A, B and K 1n equatlon IV.16 were baeed

on the esÈfmates of a, b and k above for the correspondlng sets

of data. D was gfven an fnltfal value of 0.01.

The reeul-ting estfmates of the parameters A, B, K and D

are gl.ven ln TabLe IV.2 and the pofnts on the correspondÍng

fltted curvea are glven ln Appendlx III.
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TAFLE IV.1

Estinated values of a, b and k I'n the equatlon

Q=a 1-e -b (r+k)

[so] Rep. a b k
Residual

Mean
Square

d. f.

40 uM

60 uM

80 uM

I00 uM

120 uM

160 uM

t5.577

1.5.939

21. 38s

2t.069

25.596

25.46L

28.9033

29.4353

33. 06 I
33.13s

38.628

38.518

49.592

49.090

0.0345

o.0327

0.0298

0.0280

o.0274

0.0250

0.0231

0.0235

o.0224

0.0217

0.0203

0.0208

0.0194

0.0178

4.556

5,394

4.756

5.043

4.65L

5. 854

5.038

5.O79

4.626

5.429

3.394

3.747

2.694

4.008

0.0177

0. 046 1

0.o979

o.o762

o.tl77
0.1348

o.L794

0.13s0

0.1167

0.1602

0.0538

0.1102

0.0730

0.0755

t
2

I
2

I
2

I
2

1

2

1

2

L7

L7

19

l9

2L

2L

18

18

23

23

I
2

22

22

t9

19

240 uM
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TABLE IV.2

Estloated values of A, B, C and D ln the equatlon

0eA 1-e -B(r+K) +Dr

lsol Rep. A B ( D

Resldual
Mean

Square
d. f.

40 uM

60 uM

80 uM

100 uM

120 uM

160 uM

14.391

13.925

18.381

t7.965

23.222

22.O76

24.208

24.717

30. t82

29.L24

37. 165

34. 150

49.824

47. l16

0.0393

0.0417

0.0371.

0.0360

0,0322

0.0323

0.0304

0.0314

0.0255

o.0266

0.0207

0.0233

0.0185

0.0185

3.994

3.94r

3.931

3.902

3.846

4.012

3.372

3.007

4.O22

4.064

3. 999

4.01r

4.013

3.997

0.0099

0.0165

0.0106

0.0321
t
2

I
2

1

2

I
2

1

2

I
2

l6
t6

0.0205

0.0223

o.0494

0.0278

l8
18

0.0153

0.0207

0.0619

0.0489

22

22

20

20

0.0286

0.0287

0.t257
0.0814

t
2

0.0162

o.0222

0.0846

0. r169

2l
2L

t7
L7

0.0104

o.0284

0.0664

0.0968

0.0017

0,0102

1.6359

0.0858

18

18

240 uM
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CHAPÎER V

I Nunerfcal solutlons

An alternative approach to the estÍnatfon of the velocÍty

coDstants of the Theorell-Chance mechanÍsm, which does not requl.re

any sinplffylng assumptlons, ls to attempt a numerlcal solutlon

of Èhe sysÈem of dlfferential- equacÍons shown ln II.7. There

exfsts a number of well kno¡m methods for the numerfcal solutfon

of sinultaneous dffferential equaËfons Isee, for Ínstance,

McCRACKEN and DORN (f969), RICHTTÍEYER and MORTON (1967)1.

The crlterlon upon which a meÈhod should be chosen for

thfs work fs prfnarlly that of speed of computatlon, since l-t

may be necessary to produce a large number of iterative solutions

usfng dlfferenÈ values of the velocfty constants during the

estimatLon process. For this reason Eulerrs method was used,

the computer progrann used Èo carry out the calculatÍons,

PROGRAM PLAIN, Ls fncluded fn Appendix V.

2. Method of estfmatlon of the velocity constants

Because the concentratÍon of enz¡rme bfndtng sLtes 1s

dlfflcult to deÈermLne precisely (see Chapter IfI, sectlon 3.4),

1t rsas declded to regard enz)¡ne concentratlon as an extra

paraneter to be estfmated. Hence, the values of seven parameters
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in equatlons II.7 
- "0, kI, k2, kg, k+, k5 and k5 

- 
roere

deternined.

Initlal estimates of the six velocity constants vTere

those of THBORELL, NYGAARD and BONNICHSEI{ (f955), and the lnlrlal

estiuate of enz¡rme concentratfon rüas Ëaken as the maxlmum possLble

value calculated 1n Chapter III, sectÍon 3. Using an Lnltial

substrate concentratLon of 160 UM and the above lnltfal estimates

of the constants, 1t was found that the calculated numerfcal

solutlon dld not agree well wl-th the experfment,al data.

It was noted that the values of the velocity constants

suggested by theoreLl- et aL. gave a calculated equilf.briurn

constant

*.q
k2k5k5

tr@ 0.37 x 10-lr

a value lower than their mean value obtal.ned from equilíbrium

determlnatlon, 0.86 x 10-11. Hence, it seemed reasonable to

adJuet some of the values of the velocfty constarits to bring the

calculated equlllbrium constant closer to the experimental

value.

Small changes were made in turn to the value of each

constant and Èo the enzyme concentratl.on perameter and solutLons

calculated for the equatLons II.7. Thie gave an lndfcation of

the effect of the parameters on the shaÞe of the solution curve

and per:uritted the selectlon of a new set of parameters to
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TABLE V. I

comparison of values of the veloclty consÈants for llver

alcohol dehydrogenase obtained by the lteratfve method

wfth those obtafned by theorel.L et a7'.

Constant Theorellrs method lterative method

k¡
(uttrr ses- I ¡

k2

(sec-r ¡

k3

(sec-r)

ka

1¡rt'r I sec-t )

k5

(yU- r eec-1 )

k5'

(yM-r ssq- I ¡

3.7

1.6

37.0

o.24

0.30

0.0035

3.7

2.L

37.0

0, 23

0.30

0.0070

the fnftial enz¡rure Concentratfon was estlnated by the Lterative

nethod ro be 0.63 uM.
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CHAPTER VI

1. Mechsnlsn of ac tlon of veast alcohol dehvdrosenase

The enz¡me from yeast also caËalyses the transfer of

hydrogen from ethanol to NAD. NYGAARD and TIIEoREtt (f955) shovred

that the Theorell-Chance mechanlsm for the lÍver enzJ¡me dld not

apply to the yeast en4/me, and they postulated the alternatl.ve

scheme outlfned ln equatfons VI.l.

E+51+ESr EP1P2*EPr+P2

E+52eESz EP1P2êEPz+P1
... vr.1

ES1+ 52 ê ESIS2 BPz è E + P2

BS2 * 51 å ES1S2 EPr tþ E + P1

ES1S2 S EP1P2

v¡here Sl = ethanol, 52 = NADr Pl = aldehyde, PZ - NADH and

E = enzJme. However, the lnhlbftlon studles erith the yeast

enzyme by H06H, I¡¡ILLIAMS and VALLEE (f958) gave results whlch

were not LnconpatLble wlth the Theorell-Chance mechanism. Uslng

the nethod of calculatÍon described by IHEORELL, NYGAARD and

BONNICHSEN (f955), Hoch and hÍs co-$rorkers obtafned estlurates of

the veloclty constants for the theorell-Chance mechanism for the

yeast enzyme.
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2 ExperÍ¡rental nethod

UsÍng the same methods euployed fn the study of llver

enzJ¡me (described fn Chapter III), data were obtaÍned on the

actfon of yeast alcohol dehydrogenase under the followfng

condl.tlons: 23oC, 0.05 M phosphate buffer (pII 7.3), 0.1 M

ethanol.

The yeast enzyme was obtaLned from the Sigma Chernical

Company, St. Loufs, Mo., U.S.A. (Stock no. 340-28, Lotr no.

5L3-9O2L-9). A stoclc solution of 1.0 mg/ml of buffer was

prepared. SLnce the sol1d contafned 337" wlv sucrose and 677"

w/v protefn, thls gave an enzyme concentratfon of 2.2 VB protein/

ml when 10.0 pl of the stock solution were added to the reactfon

mlxture as previously described. Takfng the molecular welght of

the enz¡me as 151,000, wLth four active sftes per molecule lfaet

and VALLEE (f960)], the approxlmate concentration of acËfve sltes

1s calculated to be 0.05 UM.

DaËa r¡ere obtaine<l for the follovrfng fnltfal levels of

NAD (fn uM): 80.0, 160.0, 320.0, 640.0. The resultfng tables

of NADH concentrat-to$ oey;4s tfme are glven 1n Appendix III.



32.

3. Estl of the velocftv consËants

Using the lterative metaod descrlbed fn Chapter V, values

were obtained for the velocfty constanÈs based on the data for

Ínltlal substrate level 160.0 UM NAD and assrning the theorell-

Chance mechanism. The values obtaÍned are compared Ín Table VI.l

wlth values calculated by IIOCH et aL. (1958) and with other values

estLmated by thern fron fnhibl-tton sÈudles.

[,ltren numerlcal solutions of equatfons II.7 were calculated

for other lnltlal substrate levels, uslng the veloclty constants

based on the 160.0 UM NAD data, systenatlc devfatfons of the

solutfons from the experlmental results were observed (see

Figure VI.l). These deviatlons I^rere elfminaÈed by uslng a

dffferent value of enzyme concentratfon for each l-nltfal substrate

level, as sho!ùn in Table VI.2. The calculated cutves based on

these enzyme conce[tratfons appear fn FÍgure VI.2. the calculated

values used ín Flgures VI.l and YT.Z are gfven i.n Appendix III.

No attempt r^'as made to flt the more comPlex urodel seÊ out

fn equatfons VI.1, sÍnce experfmentally deËermfned estlmates of

the l8 veloclty constants lnvolved lvere not avallable.
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TABLE VI.1

GomparLson of values of the veiocfty constants for yeast alcohol

dehydrogenase (assumlng a Theorell-Chance mechanlsm) obtafned by

three dffferent methods.

Consta¡rt
Method of
Nygaard and
theorell*

Inhfbltlon
studfee*

IteratLve
nethod (ln
Chapter V)

k¡
(¡rM-rsss-r¡

k2

lsec- I )

k3

(eec-r )

ka

(utrrsec-r)

k5

(yt't-tsec-I)

k6

(¡.rM- Issç- r ¡

21. 0

2 100. 0

3.3

0.82

0.025

4100.0
2200.o

4.7

0.57

9 1 6.0

27.O
90.0

9.1

85.0

210. 0

3.3

o.82

* fron Hoch, I'l1llfans and Vallee (f958)

0.013 0.025
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TABLE 1flt.2

Estlmated values of enzyne concentratlon correspondlng to lniÈ1al

substrate concentraËlons (asstufng a Theorell-Chance u¡echanlsm) '

Inlrlal NAD Conc.

(un)

Estfnated Enzyne Conc.

(uM)

80.0

160.0

320.0

640.0

0.090

0.095

0.105

0.110
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CIIAPTER VTI

I Flr of onential to data

Although the steady stete assumpËLons made fn Chapter IV'

sectfons 2 ard 3 lead to explLcLt solutlons of the dlfferentíal

equatlons TI.7, and the resultfng expouentlal equatfons (IV.12,

IV.l6) rnay be made to fft the experimental data very closely

(see lablee IV.1, IV,2 arrð Appendfx III), the LnËerpretation of

the parameÈers obtalned Ln thls r¡lay preserits several dlfflcultfes.

Flrstly, a cholce must be made between tll.e tlwee-parøneter

nodeL (Equatlon IV. 12) and the fout-patørcter nodeT (Equatton

IV,l6). Normally, the fntroductlon of an extra parameter lnto a

regresslon equatfon whlch fs to be fltted by the r¡ethod of least

squares leads to a reductLon of the resfdual sum of squares. To

deternine whether Èhe reductlon fs a sfgnificant one, the ratfo

Resldual Sum of Squares
wfth three parameters

Resldual Sum of Squares
w'lth four parameters

Resldual Mean Square vrlth four paraneÈers

fs calculated, Thls ratfo 1s dfstributed ae f|-u (where n denotes

the nunber of data polnËs) and ft may be tested for slgnfffcance

fron known probablllty tables fn the usual way,

It r^r111 be noted fron Table VII.I that, for all sets of

data wlth tnitial substrate levels of. L2O uM or less, the addítlon
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TABLE VII.l

Test of slgnlflcance of the zcductfon ln the residual sum of

squares obtained by ffttfng the four-paraneter equaÈfon

e=e[r-"-B(t+r)]+ot to the e:çerLmental data lnstead of the

Èhree-paraûerer equaËlon e-" [r-.-b Ct+*)J .

InftiaL
substrate

concentratÍou
(uM)

Replt cate
No.

¡'l'n-4
RSSs-RSSt+

Slgnificance
level (7¿)

Degrees
of

freedom(
RMSt+

40

40

60

60

80

80

100

r00

L20

120

160

160

240

240

44.4L

8.39

19.67

L2,82

2L.7L

41.38

9.59

14.83

9.50

9.15

<0

5. 39

0

0

I

2

I

2

1

2

I

2

I

2

I

2

I

2

0.1

5.0

0.I

1.0

0.1

0.1

1.0

0.1

1.0

1.0

n. s.

11.s.

n.s.

n.s.

16

t6

18

18

22

22

20

20

2T

2L

L7

t7

18

18
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of thÊ fourth parameter sfgnifLcætly fnproves the fit of the

model. However, for the hfgher levels (f60 uM a¡rd 240 UM NAD),

the addltlon of the fourth parameter actually l.ocreases the

residual stn of squaree ln three cases and does not reduce 1t

signiffcantly fn the fourth. TtrÍa ls accounted for by the ehape

of the curves at the higher substrate levels. The curves of NADH

productl.on wlth tine are steeper, have less curvature and provlde

less fnformaÈfon about the equill.briun level. In cases where a

slnplex method, such as that enployed ln PROGRAM HOPE, 1s used

to flt a uon-lLnear equatlon contafnlng too many parameters for

the fnforÐatfon avallable lu the data, thle fom of anomalous

reeult Ls not unconmon [UUf,OBn (1967)J. Hencen for the 240 uM

and 1,60 ¡rM resulte, the three-parnmeter model ls the nost detafled

one that can be accepted. For the other Eets of results, although

the four-paraoeter equatLon provldes a better fft, ít may be nore

coûslstent Èo use the three-parareter nodel.

Secondly, it nust be remembered that the steady state

aesunptfons trade ln Chapter IV do not hold for the entlre courae

of the reactlon. Although the dÍscrepancles between the steady

Btate model and the Theorell-Chance mecha¡rfsm w111 be sllght 1n

the lnftlal stages of the reactÍon sfnce the transfent etage fe

short (Chapter IV, eectfon l), greater dlfferences would be

expected as the reacÈion approaches equllLbrluu. Incluslon of

daËa outelde the range of applicablllty of the steady state

assunptlons wtll produce lnvalid estlmates of the parameters fn
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equatlons TV.L2 and IV.16.

Flnally, the major dlff:f-culty associated r¿fth this nethod

Ls the lnterpretatÍon of the estfmated parameters Ín terms of the

velocfty constants. As can be seen fn Appendfx IV, the parameters

Ín equations IV.12 and IV.16 are not only very conplfcated

functlons of the velocfty constants, but also fnclude constants

of lntegratÍon whose values are unknov¡n.

2 Dlrect estfnatlon of the velocfty consÈants by nr¡merl-cal

solutlon of the dffferentl.al equations

thls nethod, descrfbed fn Chapter V, does not have the

dlgadvantages outlfned Lu the prevlous sectlon, 1n that ao

slnplifyíng assumptfons are made and the veLoefty constants are

obtalned dlrectly. Computfng procedures for Ëhe solutÍon of a

set of uon-lLnear differential equatfons such as II.7 are ól,or¡

when compared ¡¿1th the method of least squares. The avallablll.ty

of a htgh-speed computer, such as the CDC 6400 used ín thts work,

makes thfs approach a practfcal one provided the computer program

fs nade as sinple and efffcient as posslble. Because of the

large number of lterations of the algorÍthm usually requlred, 1t

fs desl.rabl-e to avoLd the use of such tíme-consumlng program

operaÈions a6 testlng procedures.
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An apparent maJor dfsadvantage of thfs nethod ls that the

ertors of estLuates of the constante cannot be statistlcally

calculated along lfnes efmflar to the method described by NEIÐER

and IIEAD (1965) for the least squares procedure. The validfty of

auch errors fs doubtful fn any event efnce a tnre estÍmate of

error requfres each data point to be Índependently obtained, a

sLtuatÍos far from beÍng realised fo thfs orperÍmental arrange-

Illent.

The gources of error Ín the method fnvolvfng direct

estfmatlon of the reactloo constants are twofold, the flrst

Lnvolvlng the lack of fit of the calculated solutfou to the

erçerfmental data, which 1s direcËly regulated by the number of

lteratlons perfomed, and the eecoud aesocLated wfth the errors

lnvolved fn readfng the observed data polnts. these trto errora

are confor¡nded since neither Ís capable of dlrect and separate

estfmatlon. The flrst type of error ls non-etatfstlcaL, slnce

the declsÍon on when the fit 1s tgood enought w111 depend upon

6ome pre-deterntned stopplng rule ln the search for the values

of the reactLon constarits. The second type of error, being

calculated from the devLatfons of the obsen¡ed polnts about the

tagreedt cun/e of best f1t, fs condftloned upon the first.

Coneideratfons of the shape of the calculated curve, as

well as the fndivldual devLatlone of the data pofnts from lt,

enter lnto the determfnatfon of when the search for the correct

values of the constaûts fs deemed complete¡ the rrethod used here
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has been o,¡re of plottfng a¡rd vLsual fnspectlon. As Suggested fn

Chapter V, dlfferences beb¡een palrs of replfcated cun¡es may be

used to obtain the order of nagnftude of the variatlon reeulting

froU e:çerimental errorg. the process of adJustment of constants

and recalculatfon of the solutLon provfdes some infornatfon as to

the sensltfvlty of Èhe ¡rodel to changes fn the constant values.

ThLs fnformatlon, together rvith a knowledge of the e:çerfmental

varfatfon¡ mây pegû|t the cgnstructfon of confldence lntervals

based upon subjective probabflltfes.

An alternative approach, when a nunber of repllcatLons

are taken, consists of fLtting the model to each repllcate fn

Èurû to obtain sets of values of the velocity constant estÍnates.

From such seËs, a neaningful varfance-Covarfance matrÍx for the

velocfÈy consta¡rts could then be calculated. Such an evaluaËfon,

aLthough desirable, constftutes a proJect both large a¡rd

conpllcated enough to be beyond the scope of thls present l^tork.

3 Mechaniso of actlon of ll-ver alcohol dehvdrosenase

It can be seen from Figure v, I that for Lnltlal substrate

levels 1n the range 80 ul,t-240 uM NAD the agreement !ùfth the

Theorell-Chance mechanfsm is close. DevLaÈfona shotùri by the

40 uM a¡rd 60 ul4 curves after an elapsed perfod of approxlmately
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60 seconds could possibly be attributed to the lnstabtlfty of

NADH ln dLlute solutlon.

The estlnated values of kt, kg and k5 agree wfth those

quoÈed by THEORELL et aL. (1955). Cooparleon of the remalnlng

velocity constants show varylng deviatÍon: kZ, 3O% greabet',

k4" 5"/" enaller and k5, half the value gÍven by Theorell. The

estfuated enzJ¡me concentratlon (0.63 UM) appears a reasonable

value when compared wfth the theoretlcal maxl.ntm of 0.9 yM gfven

1n Chapter III, sectlon 3. These results aPpeat to suPport the

Theorell-Chance mechanfsm for the lfver enz1¡me.

4. Mech¿rnfsrn of ecqfun of

Although, ae Ls seen 1n Ffgure VT.z, Ít fs possible to

get numerlcal solutÍons to equatfons II.7 which w111 fit the data

from reactlons catalysed by the yeast enz]rme, a number of aspeets

of these solutlons suggest that the Theorell-Chance mechanism may

not appLy fn thfs instance.

From valuee of the veloclty constants glven 1n Table VI.l,

1t can be seen that the estimated value of kg {s one-tenth that

obtained by IIOCH et aL. (1958), rvhlle the estfnated values of all

other consÈants appear Èo ag:ree reasonably closely. A more

serlous dlscrepancy lnvolve5 the esÈfmated enz1¡lne concentratlon
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(0.095 ilM for the 160 ul,f data), which 1s almost twLce that

calculated fn Chapter VI, sectlon 2 as the maxlmum theoretical

value, nanely 0.05 UM. Again, examinatfon shows that the

estfmated enz1¡me concentratLon for each experiment depends upon

the lnltlal substrate concenÈratlon.

Whlle the signiffcance of the dlscrepancy between the

Êwo values of k3 is not clear, the values obtalned for the fnitial

enzyme concentratlon appear Ëo lend support to the mechanÍsm

proposed by NYGAARD and IHEOREIL (1955). Part of thls mechanfem

is shown dfagramratically 1n Flgure VILI. SÍnce all the

experinents !ùere carrled out fn the presence of excess ethanol

(0. f M), the fomatlon of the Èernary complex roould be expected

to proceed largely through pathway I. An lncrease 1n the fnLtLal

concentratfon of NAD would lead to a greater proportion of the

enzyme being involved ln pathway II.

Pathway I

E. CII3CH2OH

2

J-r 1-z
.NAD. CH3CH2OH

J-s 3 J

J

E

J -r+

E.NAD

Pathway II

Flg, VII.I Part of the proposed mechanfsm for the reactlon of
yeast alcohol dehydrogenase. (Jt, J-f etc. are
veloclty consÈants).
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If the velocity constânts jf and J2 are smaller than J3 and J4,

the turnover of enzJme fn pathway II r^rfll be greater, and hence

an lncreased use of thaË pathway would lead to an fncreased

apparent enzyme concentratlon.

5. Value of comouter technLques 1n assessl.ng reaction models

The use of the numerical technfques descrlbed Ín

Chapter V Ls Li¡nlted to those enz)nnes for which reactlon

mechanisms have been clearly formulated and for whlch experimental

determinatlons of the approprLate velocfty constants have been

made. In such casea Lt fs posslble to take accouut of data on

the tlne course of the reactlon which are normally not used when

lntË1al rate sÈudfes are undertaken. Computer techniques such

as thoee described fn thLs thesfs can be used to obtaLn

lnfornation about the valldfÈy of the proposed reactfon models

from exlsting experfmental dat,a.
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APPENDIX I

Form of solutton of equations I.3 - I.5

The equatlons are glven by (see page 4)

-krIE][s] + k-rlEsl r.3

dr
d[Es ]

dlsl 
=dt 

a=o

k1[E][s]

-kr IEo ] [so ]

(kr + k2)[EsJ ... T.4

kz IEs ] ... r.5

rf lnirtalLy [s] = [so], [n] = [Eo] and [p] = 0, then [nsJ -wrll

be zero also; a¡rd hence when t = 0

dlPl
dr

¿[us]
=dt 

a=o
kr IEo ] [so ]

0

The rate of dlsappearance of substrate r*rill be a maximum

when t = 0, since at later tfmes [ES] wflf be greater than zeto"'

hence, [E] ¡¡flt be less than its initfal- value, and [S] wf1l be

decreasfng as the subsÈrate ls converted lnto product. The

dlfference between kl[e][S] and k-t[ESJ wtl]. tend to &lml.nfsh so

¿[pJ 
=dt 

a=o
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thaÈ ln the llntt Ëhe concentraÈion of substrate wflI atÈaln a

consËant level.

Initlally the concentratl.on of lntermediate complex [ES]

wfll rfse rapidly but, folloning a pattem slsd.lar to that of

the sr¡bsÈrate, lt wfll tend to reach a coûstant level. Thfs wtll

always happen sooner ror [¡s] than for [SJ, sfnce

(k-r+kz)[es] > t-rlasl

How much sooner wf1l depend on the relatl.ve sfzes of k-1 and k2.

the concentratlon of product [P] is fnltLally zero, and

fts lnttial rate of productLon Ls zero also, sl-nce ft fs always

proportlonal to [USJ. Thts inplÍes that the raËe reaches a

constant value when [CS] reaches lts constanÈ value.

The concentratlon of intermedlate actually fal-ls

gradual.ly after reachfng lts maxj.mum because there 1s contfnual

converglon of substrate into product. Thus, the term tcf[f][S]

l-n equatlon I.4 becomes smaller than [ESl(t-, + k2), and

becomes negatfvç.

¿[ss ]
dt
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APPENDDI( TI

Reductlon of reactloa model equatlons

From equatfons II.5 (page 14) we have

dx
dr

drt
ãî

du
ãî

dz
dr

dv
æ

-klex + kZw (1)

(2)

(3)

(4>

(5)

(6)

(7)

(8)

(e)

k¡ex kZw+krrwu+k6zv

E -klrru + k5zv

kr+¡ltt k6zv lsZz + lc5eY

kr+wu k5zv

gE
dt kgz ks.Y

$rLth boundary condltfons

x+y+z+w=Y0

e+Et+z=e0

u+vEv0

uæx+v¡ (10)
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PuttLng

x=0 I|t

equatlons (10) and (9) becone

u=0and vE vo-o

(11)

(L2,

(13)

(14)

(1s)

and from equation (7) we get

z=y0 v e

hence fron (8)

eEeg Ilt y0 + y + 0

Adding equatfons (l) and (2) a¡rd substitutLng for v and z

from equations (12) and (13) respectlvely, glves

d0
ãr =-k¡+wo + t5(vo-y- o)(vo-e)

Substltuting for x and e in equatton (2) gfves

kr(eo - w - y0 + y + e)(e - w) - k2wr$f troldw
dr

Slnflar1y, equatl-on (6) becornes

gI.
dr ks(yo - y - o) - ks(eo - $t - y0 t y * e)v (f7)
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From equatfon (12)

frorn (13)

-g¿
dÈ

d0
dr

and from (12) also

dr

Thus the sysÈem has been reduced to a set of three equatlons

[(15), (16) and (17)] tn the three varfables 0, w and y'

d0
ãT

du
dr

dz
ãE

-dedv
ã;
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APPENÐIX III

Exoerfmental results and oredfcted concen tr atfons of NADH obtaLned

bv the described ln Chapters IV and V

Experl.mental values

Rep. I Rep. 2
3

LIVER ENZTME

[tlel]o - 40 ì¡lu1

Concentratlon of NADII (uM)

Predicted values

2

Tfne

(secs)

5
10
15
20
25
30
35
40
45
50
55
60
65
70
80
90

100
110
120
130

Chapter V

4,o9
6.23
7.8r
9.06

10.10
10.97
11.
12,
t2.

7L
36
92
42
87
26
61
92
45
88
23
52

13.
13.
L4.
14.
L4.
15.
15.
16,
16.
t6 "76
16.95

4. 18
6.43
8.04
9. 33

10. 03
LL.25
11 .64
L2.22
12.54
13. 18
13.51
14. 15
L4.28
L4.47
15. 05
15. 11
L5.43
L5.76
15,76
15.88

4. r8
6. 11
7.85
9.O7

10.I6
I0.93
1r.58
L2.22
t2.54

14.08
L4,21
L4.79
t4.92
15. 18
L5.43
L5 "47
15 .50

13. 83
L3.57
13, r2

4.42
6.31
7.85
9.13

10. 17
11 .04
LL.76
L2.36
t2.86
13.28
L3.64
13.9s
14.21
L4.44
14.83
15. 13
15. 39

4.60
6.31
7 .76
9.00

10,04
10.93
1t.69
12. 33
12. 88
13.34
13.73
14.06
14. 35
14.59
14.96
L5.24
15.43
15.57
15.68
L5.75

15.62
15.83
L6.02



LIVER E}TZYME

lr¡en]o = 60 u]f

Concentratlon of NADII (uM)

47,

Chapter V

4.63

7.23

9.20

10.78

12.11

13.24

14.22

15.07

15.83

L6.49

17. 10

L7,63

lB. l1
18.55

L9.29

19. 9l
20.4L

20.83

2T.L9

2t.48

2L.73

Tfme

(secs)

4.63

7.59

9.78

11.58

12.80

r3.83

14.79

L5.43

L6.27

16. 85

L7.43

17.88

18.01

18.65

19. r6

19. 61

20.26

20.58

20.77

20.90

21.09

4.57

7.40

9.20

10" 93

12.28

13,50

t4.47

15 " 11

15 .88

16.53

16.85

L7.43

L7,75

18.14

18,97

19.42

19. 94

20.t3

20.5 I
20.90

2A.90

5

10

15

20

25

30

35

40

45

50

55

60

65

70

80

90

100

110

t20

130

140

5.17

7.25

9. 05

I0.63

tl .99

13. t8

L4.2L

15. 11

15.89

16"56

T7.L5

L7.67

18. Ir
18.50

r9.13

19.60

19.96

20,23

20.44

20.59

20.7L

5.04

7. 30

9.2L

10. 82

12. t8

13. 34

t4.32

15 .17

15. B9

16 .51

L7.04

17. 51

L7 .92

18.28

18.88

19. 37

19. 78

20.13

20.44

20.73

20.99

3 Parameters 4 Parameters
Chapter IV 2

Erçerfmental values

Rep. 2Rep. I

Predfcted values
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(eecs) Experímental values

Rep. I Rep. 2

LIVER ENZYME

lwen]o = 80 uM

Concentratfon of NADII (ul'I)

Predfcted vaLues

Chapter IV (Rep. 2)
4 Paramet

48.

ChapÈer V

4.99

7.96

LO.23

t2.o9

13.66

15.00

16. l8
17.22

18.13

18.95

19.69

20.35

20.94

?1.48

22.42

23.20

23.85

24.39

24.85

25,23

25.57

5.14

8.49

11. 25

12.86

L4.47

16.08

L7.04

18.0r

18.91

19.61

20. 5r

21. 09

2L.54

2I.99

22.83

23.47

23.99

24.24

24.76

25.08

25,40

5. 15

8. 36

10.61

L2.54

L4.2L

15.43

L6.72

17.43

r8.33

19. 16

19.68

20.58

20.90

21. 35

22.L9

22.83

23.47

23.86

24.3L

24.63

24.95

5

10

15

20

25

30

35

40

45

50

55

60

65

70

80

90

r00

1I0

L20

130

140

6 .05

9.33

10.34

L2.L2

13.69

15.07

L6.29

17.37

18.32

19.16

19.90

20.55

2L.t3

2L.64

22.48

23.14

23.66

24,06

24,37

24.6L

24.80

5.68

8.24

10.44

L2.33

13.95

L5.34

L6.54

17.58

19.48

L9.26

19.93

20. 53

21.05

21.50

22.27

22.88

23.38

23. B0

24.t6

24.47

24.76
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LIVER ENZYME

[ne¡]o - loo uM

Time

(secs)

5

l0
15

20

25

30

35

40

45

s0

55

60

65

70

80

90

100

1I0

120

130

140

4.82

8.68

11. 2s

13. l8
15. t1

16.53

17.56

18.84

19. 81

20.64

20.90

22,19

23.02

23.47

24.57

25.40

26,37

27.01

27.33

27.78

27.97

5,14

9.00

11 .58

13.63

15.43

16. 9t
18.01

19.16

20.26

2L.22

2L.87

23.09

23.47

24.24

2s.14

26,24

26.69

27.33

27.78

28.30

28.55

6.21

8.79

11.08

13.11

14.92

16.53

17.96

t9.24
20.37

2L.37

22.27

23.06

23.77

24,40

25.45

26.29

26.95

27 .57

27.88

28.21

28.46

5.64

8.57

11. t0
t3.29

15. tB

16 .81

t 8.23

t9.46

20.53

2t.47

22.30

23.02

23.66

24,23

25.L9

25,97

26.62

27 .L{,

27.64

2e.07

28.46

Chapter IV (Rep. 2)
3 Parameters 4 Parameters

Chapter V

5.27

8.51

11. 05

13.14

14.92

16.46

17.81

19.00

20.06

21.01

2L.87

22.64

23.3s

23.98

25.1O

26.03

26. 80

27.47

28.O2

28.50

28.90

Experimental values

Rep. 2Rep. I

Predfcted values

Concentratl.on of NADIT (uM)



WAITE lNST]ruTf
[I3RARY

LIVER ENZYME

[u¡o]o = 120 uM

Concentratfon of NADff (uM)

Predlcted values

ter 2

3 Par

50.

Chapter V
Ë

5

IO

l5

20

25

30

35

40

4s

50

55

60

65

70

80

90

t"00

1t0

120

130

140

5.47

8.96

It.72
L4.02

15. 98

L7.69

19. 19

20.53

2L.72

22.79

23.76

24.64

25.44

26.L7

27 ,44

28.51

29.41

30.18

30.84

31.39

31. 87

6.72

9.44

1r .89

t4.o7
16.04

17. 80

lg.3B

20.80

22.07

23.21

24.23

25.15

25.97

26,7r

27,96

28,97

29.79

30.44

30.97

31.39

3L.73

6.34

9.30

11. gl.

L4.20

L6.23

18. 01

19. 59

20,98

22.22

23.3L

24,28

25.15

25,92

26.6I
27,78

28.73

29.51

30. t6

30.72

31. 19

31.60

5.47

9.32

r 1.90

14.79

L6.40

18.20

19. 61

21.09

22.L9

23.L5

24.L2

25.08

25.72

26,50

27.78

28.94

29.7L

30.55

30.87

31. 5l
31.83

5.47

9.65

12.54

L4.79

16.53

17. 88

L9.42

20.90

2L.93

23.L5

24.L2

24.82

25. 85

26.56

27.65

28.62

29.58

30.55

30.87

3L.25

3r. 83

Rep. I Rep. 2

Tine
(secs) Experfmental values
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LIVER ENZTìÍE

[uePJo = 16o uM

ConcentratLon of NADH (uM)

Expertrnental valuee

B.ep, t Rep. 2

5

10

15

20

25

30

35

40

45

50

55

60

65

70

80

90

100

tl0
120

130

140

5.47

9.45

L2.22

14,92

L7.36

,,9.O4

21.03

22.5r

24.L2

25.40

26.62

27,97

28.94

29.90

31.51

32.99

33.76

34.73

3s. 37

36.33

36.66

5.47

9.97

L2.86

15.43

L7.68

19.55

21.35

23.L5

24.44

25.72

27.33

28.10

29 "20
29,90

31. 51

32.93

33.96

35.05

35.69

36. 33

36. 8s

6.42

9.59

L2.46

15.04

17,36

19. 45

21.34

23.O4

24.57

25.95

27.19

28.32

29.32

30.23

31. 79

33.06

34.09

34.92

35.60

36.15

36.59

6,6L

9.80

L2.65

15.21

17 .50

19.55

2L.39

23.)5
24.54

25.88

27.08

28.18

29.L6

30 "06
31.6r

32.89

33.97

34. 88

35.67

36.35

36.94

5.77

9.64

L2,78

t5.42
17,70

19.70

2t.48

23.06

24.49

25,78

26.95

28.02

28.99

29.88

31 .45

32.78

33.92

34. 89

35.72

36.43

37.05

Chapter V2
era 4

PredLcted values
Tine

(secs)



LIVER ENZllvlE

[UeOJo = 240 ut't

ConcenËratLon of NADH (uM)

62.

Chapter V

6.t4
10.54

L4,2L

17.38

20. 16

22.63

24.84

26.83

28.64

30.29

31. 80

33.19

34.46

35.64

37.72

39. sl
41.05

42.38

43.54

44.54

45.42

TLne

(secs)

5

10

15

20

25

30

3s

40

45

50

55

60

65

70

80

90

100

110

120

130

140

6.43

10.61

t4.92
18.01

20.90

23.ls
25.72

27.97

29.90

31.83

33.44

34.73

36.33

37.30

39.74

41.6L

42.77

43.73

44.82

45.66

46.30

6.43

10. 61

13. 96

17. 36

19. 61

2L.99

24,44

?6.69

28.94

30. 55

32.03

33.44

34.86

36,08

38.07

39.87

41. 48

42.44

43.4L

44.37

45.34

7.27

10.83

14.08

17.06

Lg.7g

22.28

24.56

26.65

28.56

30.31

31.91

33.37

34.7L

35. 93

38.08

39.87

41,37

42.63

43.68

44.56

45.30

26.69

28.59

30.32

31. 90

33. 35

34.68

35. 89

38.01

39.79

4L.29

42.55

43.6L

44.5I
45.28

19.86

22.34

24.62

7.29

10.88

14.ls
17,13

ExperÍnental values

Rep. I Rep. 2
P

2

Parame
ter IV

Predicted values
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YEAST EIÍZYME

[wn¡Jo - 8o uM

lLne
(secs)

5

l0
l5
20

25

30

40

45

50

55

60

65

70

80

90

100

35

75

10.05

t6.72

20.90

24.44

26,85

28.62

30.23

31.35

32.32

t2.96
33.76

34.4L

34. 7l
35. 05

35.21

35.37

35.53

35.69

9.97

16.72

2L.22

24.44

26.85

28.54

29.90

30.87

31.51

32. 15

32.32

32.96

33.t2

33.44

33. 60

33.76

33.76

33.76

10.79

L7.O7

2L.37

24.49

26.83

28,62

30.00

31.08

31.93

32.60

33.13

33.55

33.88

34. 15

34.36

34.53

34.77

34.93

32

32

33.40

33. 78

34.08

34.32

34.50

34.65

34.86

34.99

31

LL.22

t7.63
2L.96

25.O7

27.38

29.L2

30.46

.49

.28

.91

Rep. I Rep. 2 Fo =.09S 80..09

Predlcted values*E:çerfnental values

Concentratlo¡ of NADH (¡rM)

t usfng paræeters given ln Chapter IV
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YEAST ENZYME

¡uao]o = 16o ut"t

Concentratfon of NADH (uM)

Experlmental valuee Predlcted values*

Rep. I Rep. 2 Eo o .095

Tlme

(secs)

5

t0

15

20

25

30

35

40

45

50

55

60

70

80

90

100

110

120

130

13. 67

22,9L

30.23

3s.69

39.55

42.L2

44.53

46.62

47.9L

49.52

50.32

50.96

52.09

52.89

53.54

54. t8
s4.34

54.42

54.50

15.27

24.92

32.47

37.78

4L.29

43.89

45. 98

47.43

48.87

50.00

50.80

51.13

51,93

52.65

53.05

53.22

53. 30

53. 38

53.46

L6,O7

25.53

32.07

36. 87

40.50

43. 30

45.50

47 .2L

48.57

49.66

50. s3

51.22

52.23

52.88

53.31

53.59

53.77

53.89

53.96

* uslng parameters gfven fn Chapter IV
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YEAST EI{ZY¡,IE

[NAD]o = 320 uM

Concentratlon of NADII (ulf)

Tfme

(secs) Experlmental values

Rep. I R.ep. 2

5

IO

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

110

120

22.51

38.59

48.39

55.47

6r.09

65.11

68.49

71. 38

73.3r
75.24

76.53

77.49

78.L4

78. 78

79.26

80.06

80.23

80.39

80.55

80.71

80.87

81. r9

20.L6

35.37

46.30

53.86

58.52

62,70

66.72

69.L3

71 .38

72,99

74.28

75 .88

76,53

77.OL

77 .49

78. 14

78.46

78.62

78.79

78,94

79. 10

79. t8

2t.42
34.88

44.52

5r.79
57.43

61.87

65.42

68.28

70.59

72.48

74.O2

75.28

76 .31

77 .L7

77.87

78.45

78.93

79.33

79.65

79.92

80.33

80.61

23. 10

37.L7

47,O4

54.34

59 .90

64.2L

67 .59

70.26

72,39

74.10

75.46

76.56

77 .45

78.L7

78.7 4

79.21

79.59

79.90

80.15

80.35

80.65

80. 85

Predicted values*

EO=.095 EO=. I05

¡t uslng parameters given fn Chapter IV
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YEAST ETI¿$ö

[t'tADlo = 640 uM

Tlme

(secs)

26.58

44.87

58.60

69.32

77.88

84.82

90.50

95. 19

99.08

1o2.33

105.05

107. 33

LOg.25

1 10.87

rr3.39
I 15. 19

tL6.49
LL7 .42

ll8.0g
I 18.58

29.88

49.62

64.00

74.95

83. 48

90.23

95.64

100.00

103.54

106.42

108.78

r 10. 71

I r2. 30

1 13. 61

115.58

LL6.92

117.84

I 18.47

118.90

ILg.20

28.62

50.16

64. 3r

76.37

83.60

90.03

95. 6ó

99. 68

103.54

106.43

109. 32

r 10. 93

rLz.86

Il4.t+7

I 16. 08

rt7.68
118.49

llg. 13

r 19 .45

trg.77

25.72

49.62

s9.97

7r.54
80,39

86.01

9L.64

96.46

100.48

104. t8
106. 91

109. 32

111.25

113.02

LLs.92

LL7 .52

I 18.81

LLg.77

L20.42

120. 58

5

10

15

20

2s

30

35

40

45

50

55

60

65

70

80

90

100

1r0

L20

130

EO=.095 Eo=.110Rep. 1 Rep. 2

Concentratton of NADH (ulr)

Experimental values

* usLng par¡¡Eeters gfven fn Chapter IV
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APPENDTX IV

SolutLons of eguatfons IV.11 and IV.15

I Solutlon of Equatfon IV.11

Equatlon IV. ll rnay be wrltten as

de
æ

de

-0(ktws * k6z") k6z"v0rE +

Hence, putting cr = k4w"*k52" and 3 = k6zsaþr!ùe get

dr
Ê-ct0

whlch upon lntegratfon gives

- ,lr"co - oe) r+K

where K denotee the constant of Lntegratlon. Rearranglng this,

we get

Ê-c0 ¿ 
"-o(t+r)

1.e

f.e.

0

e

å[t - "-c(t+r)

r[r - e-b(t+k)

.ßwnere a = -
ln6 *al(# tc ,b=saridk= c
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f.e., ln tenms of the veloci.ty congtants êtc. t

ae
k5zuv¿

k¡w" * k5z"

b

k

k4w" * k5z"

ln(k6z"v)
kr¡w" * k5z"

2. Solutlon of Equatl.on IV.l5'

From equatlon IVJ5 tte have

gr Ê kr(eo - r^'s - zs)o - k1(es - ws - z")w" - k2ws * åå

Puttfng

dE k1 (eg - rls - zs)

and

ß ' (t t("0 - rùs - zs) kz)t"+

s+ß o0

K+É

thfe gfves

de
ãî

de
dri. e. + clO gE+B
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otMultfplying by the lntegratLng factor e , we get

de
dr + aOe

dt ß"dt + "t"ot

whlch upon lntegratfon gfves

cte B/"otat

(lt
e

f.e. 0

e +
"/t"otdt

g %ot+c et-
CI

at

"1"ltu.

lg*g-eJ."o.
[a o s.)

o(r - e-B(t+r<)J

c

q

where Q denotes tbe constant of fntegratlon. Dfvldlng through

by .ot, r¡re get

c
d2 + Ke-at

-Ê.
0l

0
tru

+DÈ

whereA=å-
o +, B = c¡ D =f, ana r e - þ"* = - þ'fÉ

In tems of the velocfty conetants etc. ,

A -1-
k2ws

k1 (eg-wr-zr)
c

k12 (eg-wr-2")2

B k1 (e9-w"-2")
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-t Qk r2 (eo-.vo-2")2
K

D

k1 (es-ws-2.) -k1 (es-w"-2" ) [ k1 (es-w"-2" )+k2 ]w"-Q

k1 (e9-w"-2")
a



@c

A XIüNS'I¿TV

'r9
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