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They being born must die and being dead
o are glad to be at rest. o

: , - ”John Barleycorn: the memoirs
) ' : of an alcoholic!, by Jack London
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PREFACE

Rapid reaction technlques are essential £or the elucidation of the

chemical mechanisms of enzyme reactions. The steady-state method

can only lead to limited information about the rate constants of specific
kinetic steps and cannot provide the rates of formation and breakdown of
reaction intermediates, To obtain these, fast reaction techniques have

to be used. However, the fast reaction techmques involving flow methods

have proc eedeW %njclng_a.nd—xm&ed-theory’of‘

the trans:.ent—pha.se kinetics. This thesis prov:tdes $uch a theory in unified

_________...———

terms for model enzyme mechanisms. An attempt has been made to
correla.te some of the published data with the present-theory. However,

its full use has to come from more accurate and more careful exper:.mental

-mvestlgat:l.on, the importance of the relative concentrations of the various

reagents being born in mind.

Part of the work described in this thesis has been published;

the remainder is under preparation for publication:

1. Non-Steady-Sta.te Kinetics for a Double Intermedla.te Enzyme
Mechanism: The Case of ngh Enzyme Concentrat:.ons. N. H
Hijazi'and XK. J. _Laidle;', Can. J. Chem., 50, 1440 (1972).

2. Transient-Phase and Steady-State Kinetics for Enzyme Activation,
N.H, Hijazi and K. J. Laidler, Gan. J. Bioch.,5l, 806. (1973). |

3. Tra.nszent -Phase and Steady-State Kinetics for Inhibited. Enzyme
Systems. I Single Intermediate Mechanisms, N.H. H:L_]a.z:L '
andK J. La:dler, Can. J. Bioch., 51 "815{1973)

4, Tra.nszent-Ph.a.se and Stea.dy-State Kinetics fox I.nh:.b:.ted
' Enzyme Systems. I Double-lntermedlate Mechanisms, N.H.
Hijazi and K. J. Laidler, Can.:J. Bioch., 51,-822.{1973).
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5. Tra.ns:ent-Pha.se and Stea.dy-State Kinetics for Enzyme

Systems Involving Two Substra.tes, N. H. H:LJa.z:L and
K.7J. Laidler, Can. J..Bioch., 51, 832 (1973)

6. Influence of Premzx:.ng on Trans:Lent Phase Kinetics for S
Two-Substrate Systems, N H H133z1 and K.J. Laidler, -

B:.ochlm. , Biophys, Acta, in press.

7. Kinetic'Equat;.ons for Consecut:.ve Reversiblte Reactions with - -
.Special Reference to Protein Denaturation, N.H. Hijazi and it

* K.J. Laidler, J. Chem. Soc., Fai’ada.;r"l'zl'ans.- I, 68, 1235 ‘
(1972) . | o B B

8. Tra.nsient-Phase Equations for Enzyme Systems and the Analysis

-

of Expenmental Results, N, H. H:.Jaz:L and K. J. Laidler;
Bmch:.m. Bmphys Acta, submltted for pubhcatlon
o : .
9. Transient-Phase of the Hydrolysis of p-Nitrophenylacetate
1 : )

INVNAAVL L LCY .-

PO N TR Y R RPN E

by q-Chymotrypsin, R.J. Maguire, N.H. Hijazi and

. [ETE IR R
K d

. K.J. Laidler, Biochim. Biophys. Acta, submitted for
pubhca.tlon. - i

10. Tra.ns:.e.nt-Pha.se Kinetics of Simple Mechanisms with
. Nucleophiles, N.H. Hijazi and K. J." Laidler, manuscript
in prepaz;ation
1L T ra.ns:Le.nt-Phase of Two Systems Exhibiting Co-~ Operat;v:.t-y

in the Steady-Stai:e, N.H, Hijazi and K. J. La.xdler, - RS

manuscnpt J.n prepa.rat:l.on.

12, Tra.ns:r.ent Pha.se Kinetics for Enzyme Reactmns Involvmg :
Two. Competm.g Substra.tes, N.H. Hx_}azz and K. J Laidler, -
Can. J. Bioch., submitted for pubhcatlon.
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During the course of his studies at the University of Ottavéra, the
author has also published:

13, Dynamics of Collinear A + BC Systems, N.H. Hijazi and
. K.J. Laidler, J. Chem. Phys., 58, 349 (1973).

(’*)




- 1Y =

- ACKNOWLEDGEMENTS

[

The author. w:i-she.s_'to express his-sincere gppreciation to. : .
Professor X.J. Laidler under whose direction this ﬁvork was done, His -

indebtness to Professor Laidler is beyond expr,éssion.

The author would also like to express his aépreciatioh to-Professor

B.E. Conway under whom the author enjoyed 2 series of three stimulating

courses.

-3
L

Finally specié,l thanks are due to my collegues in the enzyme |
kinetics group, Dr. 1. Hinberg, Dr. R.J. Maguire, Miss J. Grant and

- Mr. P.S. Bu:m:ing, as well a5 my brother, Ahme:d, and my sister,

3

SERASRY I PR MR LA VOIS e s

-

N}

" Monique, for encouragement and help upon my arrival in Canada.

L



TR I I T O L

e

e R R L S R R e e

\

y

J

- ..

TABLE OF CONTENTS _—

: i = ‘Page ’
PREFACE. on.... e RS OTR DO IR §
ACKNOWLEDGEMENTS....,,....\.....‘..'..._..‘.."'.....'.‘.-.-'._;_-;' iv
 TABLE OF CONTENTS. .evvuuinseanncness U LY
LIST OF TABLES. .ccucun... U P Loox
LIST OF FIGURES......... R e L. d
ABSTRACT. ....n.. i [ S v
RESUME . i vtr s s st e s s smcntancssceancsnsnssenassoccancnnacsesnsecasss xxiv
CHAPTER ONE ,
TRANSIENT- PHASE AND STEA.DY STATE KINETICS ‘

OF SIMPLE SYSTEMS e« ««-venicnlorennnns e
Introductnon...‘ ........ e SR
'I'beorencal ....... e U e . T2
Single~Intermediate Mecha.msm ..... veeeeann R 5.

.Case 1: 2 p o e emex R AL ... e .6
- - Tel” : :

- Case2e>>a;e-mr‘3’e; ............... .9
o o o o ] Lt .
Double-lntermedxate Mechanism......... e ov.. 10

Casel. a >> e , 2 -m-n-y ~a TSNS § |
o o] o o .
Case 2: e > a , e ~m-nx e = .~ 17
_ ) o o o - :
Reactions of Two Comipeting Substrates............ 19
' AnEIYsis. . ... . e e 23
CHAPTER TWO =~ - ~
TRANSIENT PHASE K.'ENETICS OoF SIMPLE .

MECHANISMS INVOLVING NUCLEOPH[LES ..... semsenan s .. 2-6_

T Introduction. .ocaavee- .....'............".._.-.“.*.-'..-. 26.
Theoretical. .o.veuucennzessennrs s e inianaeae 26
Mebhé.nisml.............: ..... PEEERE e e e RS 26 .

CADAlYSIS <. ceriannnnoann- P T CL IRy 2.3
. Induction Period, Teee.ctsrceroneonocnccaacnn ..30 -




y
S
L, - Vi -
. : . Page
. Mechamism IL o oo vvneennnscann'nnnnnst e eeeenn 32
2 . N
ANalySis. . vieeaintonnnnrnnaeenaes P 34
Induction penod L RR R f e e eaaaan 35
Mechamsm Il . il eenennceocsamennananannnnnan 37
h < Analysv.s...,..: ....... e ‘,.‘..;.... 40 - :
— ' Induction PeTiod, Tieieeeoeesecacoanonss PO 41
v "'Discussién ' ' = 44
CHAPTER THREE | ' ‘ : ;
. TRANSIENT-PHASE AND STEADY-STATE KINETICS
FORENZY:MEACTIVATION..............: ................. 45 -
B Intrbd@‘:tion ...................................... 45
No Steady-State....... A ceeeea e . 45
Establishing a Steady-State....c..omaeeeenns e eeeaee 48
T e _1'AnalysisofExpe;-iménltalReSults..l..........:....'... .90
s The Steady-State. ... eernisesnsnneeenaneeess. 50
o - ‘ : The Pre-Steady State.......ccvcetnne. [P 52
" Application to Experimental ResultS..cocveeeneacenn. 55
,; Introduction. . s v evecmecacannccocana e eceeeenuan 55
. Case I: Non-Sigmoidal Activation. /....ecvvennn. 56
2t Case I: Sigmoidal Activation.....ccceecvevnaenn. 60
CHAPTER FOUR * ° ~  ° -
i TRANSIENT-PHASE OF TWO SYSTEMS EXHIBITING
SIGMOIDIGNE.‘I‘ICSINTHESTEADY-.‘SI.&:I.‘E.;.T;;...;...:-.... 63
Intrpductlon ............... heeeae e R 63 )
Two Forms of the ERZyme. coveninennn- PRI 65 -
5'" o INtTOAUCHOR. v v v cesuaaromnieseioncesecnenmanns . 65
5 SOMIELON. = e v s v rencnenecsadasconsnanasanansnnsse 65
i: Analysis of Results...oeoeecencrcnnrneiaraccoces 67
,% Binding of Two Substrate Molecules. .ovavarsen- fernas 69
"' IntroGUCHON. « v avcceronnacnsasssancssas e veo.. 69
o ) Mechanism. . coeenn-- e ieseae e R 69
.‘ SOluﬁon -------- *e s e s e e wn + e e e . » - - 2w s . b e B 70
Analysis of Resu.lts...... ....... Cresecsrsraaanaan .71
e i



- Vil -

CHAP TER FIVE

TRANSIENT PHASE AND STEADY STA'I‘E KINETICS
FOR IN ITED ENZYM.E-SYSTEMS. SINGLE- _IN'I'ERMEDIA'I‘E

M NISMS. « e v taaesennsesnnsmenssesaseeenaseunsnenns ee. T3
Introduction.l caeqresea eeeeeeaaaenan e armev e 73
Competitive Ihibition. ..enees.«.- SO, e, 74

Reversible Case. cveeivesenesscosonscossscnanns 74

Irreversible Case.......... i eeasecaieesannan 78
Anticompetitive In.lnbztxou .................. e 78

Reversible Case. .o e rcnnernraescncnrsencacnns 78

Irreversible CasSe. . cceceeesrencseanonacsaananan 80

Pure Non-Competitive INhibDition. soveverencacsancoanns 81
~ Reversible Case....... N sssavesessasensacannsne | 81
Irreversible Cas€..comereanurecneennenoncncnanns 83
CHAPTER SIX - ’

TRANSIENT PHA.SE AND STEADY-STATE KINE'I'ICS FOR
INI-IIBITED ENZYME SYSTEMS. DOUBLE-INTERMEDIATE

MECHANISMS. -« cvnverernnes e enenn s 84
. &
Introducu.on ........................................ 84
Mechanism foeeenvenns hereecsasnsessssrasnsansasanea 84
Reversible Ca5€. coeeeeccasramaneans P -7-
- Irreversible Case. .. i tai e ns e 90
Meckanism II. . ... e U 91
Reversible Case. .. coeoerssce-nn SIS S . 91°
., ""IrreversibleCase.......‘...........’........_ ...... 93
Mech.amsm IJI..T..._'. ..... @ tesvecesesscsanasrearesnses 93"_
Reversible Case. osesonearanss SRR veeaiaen 93
_ Irreversible Case......c.c-cne e verreeaee-0s 95
. MecbamsmIV.........-..-—.r'.:...-'..‘._...',...‘ ....... e 96
) Revers1b1e (oF-1-T- TP PRI LR . 95
o I:reversﬂ::le o S R R L ACET L R R .... 98
- -~ . A . -."'_ - ‘:_‘ . ) \ -

-




-----------------------------------------

Reversible Case

P R L T L I T I R

. Irreversible Case : .

-------------------------------

Mcc..a..;sm VI

P R A R L R I I e R R N L I Y B B )

Rever51b1e Ca.se. ceereearieeseiecssasanenannars
Irreversible Case....u.uee e i,

CHAPTER SEVEN . '

TRANSIENT- PHASE AND STEADY - ST.A.TE KINETICS

. FOR TWO-SUBSTRATE SYSTEMS. .. AU o eieanaas eeee.. 106
. Introducnon ........... S e P 106
| Theorell Cha.nce Mecha.m.sm..'.h.‘ ..... ... 106
" Mechanism and ‘Solution...... . i ‘ 10.6_: '
° ‘ . .A.nalys:.s ofResults.,.-.,..‘.-.._..g_........'..:....'..7 109
Ping Pong B1 Bi Mechamsm. ._'.i."". .- Freenaiaeans o 111
Mecha.m sm and Solution. .. R P ‘ ....... .11
'.A.nalymsofResults ....... ;....._........'....‘......115
Ordered Ternary—Complex Mec;ha.m.sm. SR S ‘116
7 Mechanism. ‘and Solut:.on. e e, 116.
© Analysis. of Results.......... B IR 118
Ra.ndom Ternary-Complex Mechamsm. . '.' .o ,._' ........ 119
" CHAPTER EIGHT -
INFLUENCE OF PRE-NID(ING ON TRA NSIENT PI—LASE ‘
KINETICS FOR TWO SUBSTRATE ENZYﬁdE SYSTEMS ......... 121
| Introduction. s. . .... e ieaeaecaeen UUURUPUPPS 121
. Theorencal...'.l..‘ ..... reeseceensae ‘........'..._."... 122"
’I'heorell Chance Mecha.m.sm .......... FUPURE S "‘12'7
ng Pong Bi B: Mechanlsm. ceesescsncees svasvecan ceol 131
Grdered Terna.ry-Complex Mechamsm .......... ees. 135
Random 'I‘ernary-CompIenc Mec.hamsm. e eeeveeasoee 135 |
_Qi;scusswn ....... seseecncnns veoecans ....' ...... ven 139
'- Results for Horse Lwer Alcohol Dehydrogenase.-. e 141".



o v . S eix -t
’ - B 1' . L C N : . . ] '. - Page .
| CI—IAP'i‘ER N'JNE | ' .
GENERAL DISCUSSION OF THE TRANSIENT PHASE
KmﬁncAPPROACH...,,-..........- ...... e 143
3 IntTOAUCHIOR. s v v eeneens e l. SETERE 143
‘Number of Intermediates.... s .. ........ s.. 143
Quantitative TSt e v vevsseacnnneesnensneneaneanans - 150 -
MYOSIR. « ¢« we v vnnnsennnlonsnaanseeat e 152
Alkaline Phosphatase... O R ERE LR - 159
Chymotrypsm ...................... “ 162
Direct Observation of Products. .. ... PR 162
Proﬂa.v:.n—Dmplacement Method. . oo, .. e ae e 163

Pl

KINETIC EQUATIONS FOR CONSECUTIVE REVERSIBLE
REACTIONS WITH SPECIAL REFERENCE TO PROTEIN '

| DENATURATIONS. ...ttitaiannaenacaenaeancnoeeenennen - 166
- _Im:roduct:ion.....;.......................; ........ _ 166
Theoretical. i vurverncneneineeecaaconnoeoerens 168
Mechanism I\ ..eerrerreenacoacesnenncennonnsns 170
Mechanism II,...... e _ 173
Mechanism Il . .......cunnnnnans Teecdetecnnans 175
Discussion...... R RE . 176
Appendix.........,..' ....... e 17?.

APPENDIX A
THE LAPLACE-CARSON TRANSFORMATION. ........ 180

g

BRI AL R T TN e e e

A Table of Transforms and Originals....... U 183
2 CLAIMS TO ORIGINAL RESEARCH...... S . 184
i : . ’ 5
i REFERENCES............... et eeaaaan . 188
4 : ,

&



—n - x - :‘lf‘:‘:“-
- LIST OF TABLES
Table No. Page No.
1 Concentz:ations\a.t time to, ..ot 123
2. Rate Equations %or the Theorell~-Chance Mechanism, .
\yi:h'a,bo;->e ..... PPN L R ©128 i
3. Rate Equations for the Theorell-Chance Mechanism,
withb , € 2 ....... e P TS 130
, o © o |
4. Rate Constants for the Ping Pong Bi Bi Mechani sm,
witha , b >=$e .......... D .. ....... 132
= " e .- . )
5. Rate.Constants for the Ping Pong- Bi Bi Mechanism,
wzthé,b'»a.-...................:...' ........ 134.
o o™ o _ = e
6. Rate Constants for the Ordered Ternary Complex ’ X
el Mechanism, witha , b, >>e ....... . ccocivennns - 136
‘ ST o o _ p T
7. Rate Constants for the Ordered Ternary Complex
Mecha:nisx;i:‘with e,b >a ...... e 137
o o9 e © . '
8. Sunmié.ry' of Kinét:_ic Equations........ e e 140
9. Summary of Transient-Phase Equations........ . ..... 145 L



s g b SAn LR T S T N I

Figure No,

- }.'.i,—

LIST OF FIGURES

Page No.
1. Schematic plot of x against t (eq. [7])...... ... .. .. 8
L 2. Schefnatic plot of x against t (eq. T31......... ... ... 14
. 3. A plot of In (x-vt-B) against t for e¢-chymetrypsin
catalyzed hydrolysis of p-nitrophenylacetate ‘
Data of Maguire etal 7). ... ... .. ......... ... 16
4, Schematic plot.of eq. 137 ...... P 29
5, Schematic plot of eq. [14].......... 31 .
6. Schematic plot 0f €4, [357 +evevrvenvnronnnnnnennennn . 36
7. Schematlc plot of eq [38] ............................ 38
8. Schematic plots of egs. [57],759], and (61} .......... 42
9. Schematic plots of eqs. [62], ['64] a.nd [66] ....... e 43
10, Séﬁe;;t;.c ;Io; of x agains £ (cE eq. r3 5']:- ..... 51
' 1. A plot of Intercept of a Li.newea.ver - Burk plot agdinst
q the activator concentration (cf. eq. [37]........ 53
12. A schematic plot of the slope of 2 Lineweaver-Burk
plot a.gainst 9, the activator concentration
(cf. eq. 381. 3. ........ e ae et .- 54
13 2& p‘J’.ot of vo/e agémst a for the data of reif, (33)
fpr the Carboxypeptxdase A-cata.lyzed hydrolysis
of benzyloxycarbonylglycyl-L-phenylalanine. ... ... . 57
4. A ploetofe o/ v, against 1/ 2 for.the same data
EES T R L S P 58



W I ANETR YRR TRULeso SN aitier O C e, . ..
ORI S i gt T

-x ii-

" - Figdre No. S ‘ o Page No.
15, Plot of vo/e vs. Vv /e a_ for the data of Flg 1B...o.nn. 59

16, ?lot of eo/vo against 1/3.0 for the data of ref. {39) for the

! carboxypeptidase A-catalyzed hydrolysis of

O-hippurylglycdlat_e ....................... e . 62 -
“schematic plot cifr.rea.ction velocity v against 2, the"
* ' injtial substrate gﬁ-ohéentratidn showing a sigmoidal
dependence of vion'a ...... TR . 'é,4
"18. A schematic plot of x vs. t (cf. eq.T107 ..... i ieeaen o T7
19. A schematic plot for the dependence ofxont
(cf. eq. 137 ..... R ... 88
20. A plot of In (x-vt+§) against t for the indole izhibited
_p-chymotrypsin catalyzed reaction of p-nitrophefyl- -
acetate ............. 89
21. 8 sc‘ﬁema.tlc plot of x vs. t (cf, eq. rlé]_ e eaeseaaaas 110
ZZ,A schema.tic piot ofA A, against bo (cf., eq. r18]... .. 112
" 23, The Theorell-Chance mechanism, showing the
concentrations of the various species for the case’
s b_>> eo ....... E R LR R TR R iz¢
24, The ng Pong Bi Bi mechanism, showing the
concentrations of the various species for the case , -
L ‘/‘/
2, D S>> € ciiiriiieaciecaseaece et e e 125
o o
25, The Ordered 'I‘ernary—Complex Mechanism, shcrwmg
the concentrations of the various spec:.es for the
casea , b _>>¢€ ....... R 126
26. The Random Terna.ry-Complex Mechanism........ v.o.. 138




- C-xiii e o
FigEre.No.. . | - . S Page No. I' )
27.A plot of 11 + A, against 2 for the /
| a-chymotrypsin catalyzed hydi‘olysis of
, p-nitrophenylacetate (Maguire et al @n ... e, 181
28. The different patterns for mechanisms I, i’I, IoI. ... 174:

~

»

Lo



F - XLV -

ABSTRACT

Chapter One .

The limitations of the sfea.dy-statg method are discussed in the -
introduction. The a.dvé.nta.ées of the'transi’ent-pha}se methods are lsointeld
out and their iml_:ortance in the elucidation of the mechanisms of enzyme
action are also disgaxsed_ " The mathematic;a.l_ fei:h"?ique, Laplace-Carson

transformation teckhnique, is briefly discussed.

A review of the theoretical treatments for the transient-phase
Kinetics of single and double intermediate mechanisms is presented in

this chapter,

The Laplace-Carson transformation techniqueis used to solve

the kinetic equations applicable to single and double intermediate

mechanisms under two simplifying assumptions (1) a >e (2) e > a;.
The results are analyzed a.nd methods of calculating the specific rate

.constants are presented. .

The mechanism of two competing substrates is also considered -

in this chapter, and its transient-phase kinetics analyzed. A
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The single and double intermediate mechanisms in the presence
of 2 nuclecphile, N, can lead to three products instead of the usual two

products in the presence of water, W, as the only nucleopl:ule

The tra.ns:ient-phase as well as the steady-state k:Lnet:.cs will

be modified in the presence of the nucleophﬂe This chapter exarnines - .

the transient-phase and steady-state kinetics of three basic mechanisms _

in the préLSence of an added nucleophile: L
= E+X, + X
! B AS E'A_“‘ﬁ-—».E_-bXI—!--Xi ,

el

K p - - \‘:' ‘;5 X
E + Xl + ‘}f:3 . s

Methods of analyzing the data to calculate the specific rate
constants are described. E
It is found tﬁai_: a t'ra.nsient-phiase investigation, in which a
measurement is made of the induction period for any product, leads to

an excellent criterion for distinguishing the three mechanisms.

¢
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Chapter Three ', '

A non-steady- state a.na.lys:.§ ha.s beeh worked out for two mecha.msms
in which an activator Q can become a.ttached to an enzyme -substrate
complex'.EA the species EAQ breaking down more rapidly than EQ.

It is shown that 1£ EAO breaks down mto EQ + product there can be no
steady., state. If howeve:t:, EAQ brea.ks down intec E + Q + product, the
trans:.ent phase is ‘followed by a steady state in wh:.ch the product vs.
t1me curve is ln.nea.r ’ A spec1a1 case of this mechamsm is when Q is

- the subst:ca.te (substra.te actlvatmn) ‘Some published kinetic data, on s

carboxypeptldase A are ana.lyzed w:.th reference to the derived equations.

-
Y
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Chauter-Four . . /
‘ S1gm01d kinetics in the steady state is a.cqmzmg great 1mportance
in terms of feedback mh:.b:.t:.ons as well as co- opera.t:.ve phenomena in
/
metabohc prnce\sses It is some..zzrfes difficult t distinguish the reaction
. . mechanisms on the bas/zs,of steady-state k:.n.etlcs 'I‘l'ns cha

an initial effort to study the sigmoidal kinetic -ohe

the tra.ns::.en‘t phase where the rates of forma‘ti d breakdown

'_of intermediates can be detected.

The transient-phase kinetic equations applicable to two reaction

schemes are presented. The two reaction mechanisms

) I E + Az==FEA—EX

1 SE A

: A .

: 11 E + A—=EA LFEA_SE + A + X

2 . ’ N

are known to exhibit co-operativity in the steady state. In this chapter,

~ methods of calculating some of the specific rate constants are described

on the basis of transient-phase experiments.

/
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Chapter Five ’ i © . - S

Equations for the pre-steady__sf:ate and the éteafiy sta“e\_a.rf..
derived for enzyme systems in which enzyme E, substrate A a.nd )
i_.nhibitor Q:are present, the enzyme concentra.fior_; bei;lgr loi;;ver"i;t_.ha.n the
substrate and inhibitor qonceritratioris. It is assumed th:a.t the mechanism

involves, a single intermediate EA. Equations for competitive,

, ?_nticompetitive and pure non-competitive inhibition are derived. Wf::en_

3 the irhibition is reversible the transient phase is followed by the - " .
‘r ) establishment of a steady state. Amnalysis of _experimentai results 15

L discussed for each type of inhibition. .I.f_fhe inhibition is irreversiﬁle,

‘ fhére.‘is no steady state. |
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Chapter Six

Equations for the pre- stea.dy state and the steady sta.te are

derived for enzyme systems in which the enzyme E, the substra.te A
‘and an inhibitor Q are present toge_ther, the enzyme concentration being -

- much lower than the concentrations of A.and Q. Various mechanisms are

considered, all of them involving two intérmediates EA and EA'

«{e. g.-an a.c}lenz;yme) When .the inhibition is reversible t]:.xe' transient

pha.se is iollowed by the estabhshment of a steady state. It is shown horw
experl.mental pre-steady -state and steady-state results can be analyzed
to obtain rate -constants, including those for the binding of inhibitor. If
the binding éf inhibitor isii‘reversible_thére is no steady state.
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Chapter Seven

’I'heitra.:_is_ie;nt-phase aad s’cea.dy—Asta.te equations are derived for
four enzyme mechanisms in';rélving two,substrétes, J.'Lamlely (1) 'I"heo;:@'ll-
Chance meché.ni:sm, (2) ‘ﬁ'uzg_ppn;'g-liiibi'mecha_nigm, (3) oédered te_rna_ry'--'
complex n‘iechanisrn‘, and (4) rand'oni ter.na.ry-complex mechanism.r I
each case, a discussion is presented of the way in which the individual |
rate constants can be separated on the b#sis of e‘x?erimenta.l tra".nsieht-_

.

phase investigations. | ' L

Ty
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Trans1ent-pha.se kinetic equatlons are worked out for two- substrate

~ enzyme reactions” occurmg by the 'I'heorell Chance Ping Pong Bi Bz’ ’
" and ordered Ternary-Complex mechamsms (the equa.t\ons for the Random :
> -'I‘erna.ry-Complex mechanism are too complex to be useful). 'Iwo sets - bx

of premixing condi‘t:lons were considered (l) E not .p:r:emixed with the frst _.

- substrate A, i.e. E|A| B, E[A +BorE + B|A; and (i) E premixed '

with the first substrate A, i.e. E + A[ B. For e.ach mechamsm and premlx:mg
: condltzons two cases were treated: (a) enzyme concentrat:r.on limiting, . ‘j";
ie. e 4: 2 bo, and (b) concentration of first substra.te A-limiting, o
- 'a. << eo, bc;. In all cases (2) gives rise toa trans:.ent phase followed
by a steady state, the transient phase being represented by two or more .
flexponentlal terms In all cases (b) gives no steady state- the concentra.t:.ons.
‘ . © of products X and Y rise to a final value of 2, in a manner represented by

two or more exponential terms Premixing of type (ii) leads to a more

rap:.d initial rise than that of type (i), in cases (a) and (b) Some results
on horse liver alcohol dehydrogenase are shown to be consistent with
the equations derived for a 'l‘heorell-Chance mechanism; there is no

~ evidence for the participation of.the two types of active sites on the enzyme.
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Chapter Nine

_ A ge.neral d.'xscus sion of the transient- phase k:metlc equat:ons
developed in the prew.ous c:ha.pters is presented. A correla:t:.on rule
' ha.s been proposed where the nu.mberfof exponentlals is’ equal to the
_number of. mtermedlates in any enzyme catalyzed r:achon under two : :

condlt:.ons (1} the enzyme concentrat:.on is hrm.tmg (2) one of the reaction =

Pow _products is being followed as a tion of time. It is also proposed that .
. l - .
_ the sum ‘of - exponents, T A is e ual to the sum of all, kmet:c steps
. 1"1 ) 2 . .
, ;j.mthe mechanism; R _ ;
Qi " 3 . . s ST . .
V 'IA' ’ n . . : ‘.'A T —\\ . . . . :
Tl TP A, I K C +5 K, o o o
A xtl_ i, j ‘J‘ . S . )
' . " ; " R .- - )
4 oL - : s

<

where k C are the’ ba.molecular steps and kJ are the um.molecular steps

A general d:.scuss:.on is pr—esented for ana.lyms of exper:.menta.l resu.'li:s

v‘

Some ‘of the pnbhshed data on. the._txansze.nt-phase kinetics of -

m:yosm, a]kalme phosphatase a.nd a-chymotrypsm are re::.nterpreted a.nd

[

»ans

correlated with the theoretical. respli:s. R
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__ Chapter Tea™ - .

- pm—

" The interconver'sion of the native () and denatured D) form of
‘a2 protein sometimes exhibits s:.mnle eéxponential k:.ne\irc beha.v:.oun Zonsistent

' thh the mechanism N=D. Somet:.rnes however, logarithmic plots of the

- !

vana.non of a property y- with time are of a biphasic character, whzch ' \L

R T R N R P AT AT Y ST Y T T

reqmres that at least oné addmonal species X is involved. Three alterna.tlve

- mechanisms are then possible: -

-

I N=2X—=ID

II1 Nz2b2X ~ .
III X2 N=D - : - :

I

| If 2 kinetic study is ma.de of some change in a property,y, the variation of

.y with time shows a nm‘nber of pattexns of beha.vrour The present work

r"a

is concerned with an analys:.s of these patterns, which are class:l.ﬁed with

P AN AV SFL L R RV A LT R £

=

respect to the three mechanismas. -It is shown that some patterns are

consistent only with mechanism I, and some only with 1I, but that certa.m

%

pa.tterns can occur with either II or 111

. », ”

L]
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- RESUME OF TRANSIENT -PHASE KINETICS

»

The kinetic equations in the transient phase have been obtained
for a variety of model enzyme mechanisms. THe cases considered
include sunple single-substrate- single-enzyme reactions, reactions
in the presence of modifiers (act:.va.tors 1nh1b1tors, and nucleophﬂes) v

and two-substrate-single ~enzyme mecha.msms .

The common aspect of 31l cases treated is the mathematical _
. technique, the’ Laplace-Carson transformation techmque that has —_—
) been used to integrate the: d.:.fferenb.al equations’ apphcable in

each case, This technique hasProved to be of grea.t value in the context

I R T S KA

of pre-steady-state kinetics of enzyme reactions.

The variation of product concentrations with time can only
be obtained under the Bmiting cases of (a) the substrate concentration

g is in large excess of the enzyme concentration, ao>> € and (b} the

enzyme concentration is in large excess of the substrate concentration,’

ed.>'> a - It is to be noted that most enzyme reactions are studied

RS IPL ST IR

- -

‘experimentally under condition (a), a_ >>e..

i L

R e R

- A general result that has evolved from the theoretical equations
nnder the'conditions of a >> e is that the variation of the product
concentration witk time is of'the form )

- - 11
x = vt+ B+ z B;

Lo N 1 n -
where v is the stea.dy state ra.te and B =3 5 is the intercept of the

extrapolated steady-state line on the proc%uct axis of an x vs t plot. =n
15 found to be equal to the number of intermediates in the mechanism in all
cases cons:dered A plot of In (x-vt- B) against t will cons:r.st of n linear portmns

if the values of the 7( s~are not too close to one another, The variation of initial

o

RN
E
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- conc erned,

- XUV =
concentration will affect the values of tﬁe ;\i‘s so that by this method
one will be able to resolve the number of the A;'S which. is also the
number of detectable intermediates, From the slopes of the linear

portions of‘the‘l_n {x-vt-B) vs t plots, the numerical values of the Ai"s

'can be calculated, These values are not absolute and should be regarded

. as orders of magnitude, These numerical values are also subject to -

the errors of graphical analysis. P

It is also found that the sum of the Ay 's is equal to the sum of
all bimolecular terms and the sum of all ummolecular terms in the
ldnetcis mechanism '

o
13"_,1 l =.; kick—i-z kj

where k. is a second-order rate constant, c; is the reagent involved
in that blmolecular step and kJ is a first-order.rate constant.. The
smnmat:.on is over all steps for both\bimolecular and unirmolecular
processes. .
n .
The variation of § Az with m:LtJ.al c, is linear and henca all k
‘ i=l :

" values ca.n be calcula.ted as well as ¢ kJ To separate the values of kj's,

plots of-n- Ap and v ﬂ- i versus c; can be used (; denotes the product
i=1

" of the 3, ‘s and v is the stea.dy-state rate). These functions are given for

all the_km_et:.c mechanisms treated in this thesis.

“\ It shonld be emphasized that the theoretical treatment presented -
’ !

in this thesis is Mended,tu’ apply to certain clear-cut mechanistic

| schemes. Actua.l expernnental results may in many cases involve

complications that will have to be dealt with by extensions of the -

'theoretzcal £on.ndat10ns w:.th which, this thesis has been pnma.nly

- -




-1-

| CHAPTER ONE
&_RANSIENT-PHASE AND STEADY-STATE KINETICS OF
. SIMPLE SYSTEMS

Iﬁtroduction

Kinetic studies are 2 major tool towards the elucidation and
understanding of the molecular mechanisms of enzyme reactions, The
investigation of enzyme-catalyzed reactions is a part of nfan's attempts
to reveal t’p.e nature of biological processes. The problem involved in
_ enzyme reactions as well as in other chemical reactions, is the
detection of possible intermediates in a reaction mechanism. The
detection of an intermediate involves the deterrmnatmn of its hfetlme

!

.as well as 1ts mode of for:na.t:.on and transforma.t:xon The mea.surement

of short lifetimes poses a special prol?‘lem when the lifetimne is so short
that conventional kinetic tec’:hniqﬁqs ’é:?xnnot be er'nployeci. Measurements
of short lifetimes need fast rgaé{ion techniques, ir which the resolution time-
of the instrument is sho:;tei'/than the lifetime of the species to be detecteci.
Enzyme Kinetics has been investigated largely in the-steady-

state region . {1 10) At loﬁv eqnzyme-conc entrations, the initial substrate
concentrations are assumed to be constant during the initial part of

the steady~state reaction. Theoretically, under steady-state conditions, .

the rate of cha.née with time of the concentration of any transient

intermediate in the reaction mechanism is equated to zero. Thus the rate
équations. after imposition of.the steady~state condition, can be solved

to obtain the initial rate of the reaction and certain ste;dy- state parameters,
These pamm&ers involve specific rate constants for individual reaction

steps. To separate the individual rate constants and detect the | 4
intermediates, fast react:.on techniques must be used. These techm.ques

are: s‘tor.ped -flow, pressure-gump, temperah;re-;ump, NMR, electron
pa.:_'amgnehc resonance, electric-field jump and waves, and ultrasonics.

The steady-stite approximationis not valid for a time ifterval known
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‘Theoretical

as the transient pha.se or pre- steady-state phase of the reactmn It

is of interest and mportance to have 2 theory of the kinetic behavior
before the steady state is established, since modern experimental
techniques have ?er_rhittedﬁme'asu:ements to he made during this early
period, It is the purpose of this thesis to piesent a unified mathematical
approach to the solution of the comp]icated.differential equations obtained

from different enzyme mechanisms undexr some simplifying assumptions

" which are easily attainable in practice, It is also the purpose of this

thesis to cast tire analytical solutions obtained into a form which could
most easily be applied to expgrimentél'results, the rate constants
being calculated preferably from linear plots, Comparison with

experiment will be made whenever %mssible.

Several theoretical treatments of transient-phasé kinetics.

have been given, Laj.dlér (1) solved the single-substrate-single-

intermeaiate-sin'gle-'product mechan.ism, and Oue'llet and Laidler 1z)

-

extended the treatment 'to the case of two mtermed:ates Later, .

(13)

Cuellet and Stewart a.pphed the treatment to the single-substrate-

double-mtermedxate double—product case and they were concerned with

the kinetics of format:.on of the proeuct thgt is released first. In -

these.treatments, the assumption was maog, that the concentration
oS : '

(&Y




of substrate is greafly'in excess of that of the enzyme, The converdse
case, in which the enzyi'ne is in excess;, was treated by Kasserra

and Laidler (1) and by Hijazi and Laidler, (15).

All the above treatments considered the reaction to be
irreversible except for the binding of the substrate A, E + ASEA,
Darvey (16) solved the completely reversible scheme, but his resﬁks

are too complicated to be applied to experimental results.

- 1-23) ¢
All the theoretical treatments of the transient-phase (. +~23) :

have used one as sumption ox another in order to solve the complex.
differential equations that arise even in the simplest Michaelis~
Menten scheme. The mathematical approach to solving the differential

equations has varied from sunple integration of linear differential

-1
‘ equations with the appropnate boundary conditions- a ‘5) to the use
e R
of the opera.tlonal calculus (16) -as well as numenca.l mtegrat:.cnn (2 0) \\,.
’ ~ The main two as sumptions that have been used to simplify .
{linearize) the differential equation,__s_;sq that they can be solved St

analytically are: (1) the substrate concentration is in great; excess
such that it is safe to assume that it does not change s1gmﬁcant1y during -
the transient phase or in the initial part of the steady state; (2)

SASDE ALLEREIG ald pt DL CEE LR

the enzyme concentration is in excess so.that its concentration does.

_not change much dtiring the transient phase. Under this condition,
. 1 it has been shown (14- 15), ahd will be shown in this work, that there

. i{s no establishment of the Steady state; the product concentration (
varies exponentially with time and i-'e.acb.es a limiting value at
large values of time equal to the initial concentration of the limiting

reagent, which is the substrate.

Under the above two simplifying assumpt:ons the system . '
beha.ves asa pseudo-ﬁrst orde: reaction and cross terms m the

dliferentlal rate equatzons do not arise, ’I‘lus gystem of dlfferent:.af \-/'i




equatmns is most conveniently solved by using the La.place-Ca.rson‘
'tra.nsfo_rma_tlon tzchmque. This techmque is a sta.ndard method for
Solﬁng linear.differential equations and is descnbed in standard
texts on differential equations’ Fzé). For appﬁcatio:;s of this method
to kinetic proﬁlemésee‘ Rodiguin and Rodiguina (23) 4na Capellos /
and Bielski (26) - 14 15 to be born in mind that specific initial
_conditions, should be known because under differing initial conditions
the procedure of Solving linear differential equations remains
essentially the éame, except that the transformation is carried out

" in a different mamcrr‘,(zs)

. The essence of the method 1s to replace
the differential, E-dg-,oi x by.an operator p and then totreat pas a
constant, One algebraically solves the simultaneous linear

differential equations to obtain the unknown x, say, in a2 form called

the transform .of x, The conversion of the transform to the original,
.e. the solxm.on of x as 2 function of t is done most easily by '

using the exte.nswe tables which have been compiled for the conversion

of the La.nlace-Ca.zson transform to the’ ongmal or vice versa, -.Append:x A

of this thesls contains a short table of Laplace-Car son'tran.foms and

their omgz.nals In cases whete atraxrsform has not'been. tabulated,

it is usually poss:tble to decompose this tra.nsform into s1mpler

terms whichk have been tabulated. The mcthod extens:.vely used is

(24"25) 'Sometimes, as will be .seen later

' that of partial fractions
in this thesis, it will be convement to use the La.place-Carson transformatzon
; techm.que to obta.ln a solutmn for an unknowm, and then to use s:mple

integration o£ thisg solut:on to obtain the solunon for another unlcnown

In{the following sect:.ons the snnple Mlchaehs-Mente.n _
mechamsm and the double-mtermed:.a.te mechamsm will be solved -

o usmg Lapla.ce-—Carson tra.nsforms in order to comnare the prese.nt

- 'method w1th other methods used in the literature, as well as to show
o the detazled apphcat:on of the method Furthermore a new approa.ch
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to the analysis of results will be pi‘esented which has not been
pre;viousiy reported, In this chapter the system of two non-
interactiﬂg but competing substrates will also be _go}vgd_;_ _the solution- - -
for the latter system has not previously beez—z gnren In the following
chapters more complex systems will be solved for the first time; these
systems will involve activation, inhibition; and two-substrate enzyme

sy stems.

Siﬁgle-lntermediate Mechanism

The schemeotfreeactions applicable to the single-intermediate
system, uncomplicatéd by the effects of activators and inhibitors,

is as follows:

k Lo k
- E + Ao EA =P E + X | X
' k
B _1 . -
€ ~m a =-In=-xX m e - X .
(o3 [} - - (]

The concentration of each species at any time t is indicated

below it in the scheme;-a o’ e -are the initial- concentra.tlons of the

subst.ra.te ;Lnd enzyme, respect:.vely._
The -diffle‘rential rate equations are:
m. & K (ey ~m) (a - m -x) - (k_j+k,) m
_[?/i % = %m '
- These equa.tiq;isilcamot‘ be solved exactly in z;.nalytical form

ﬁnless one or more of certain conditions are satisfied. ‘One such -

' cond:.t;on, wh:r.ch is eas:.ly realized in practice, is that a, > eo L

| | When th::s condition is sat:.sﬁed the amount of product produced at
,‘ the end of the transxent pha.se is very much less than the mt:.ad

au‘bstrate conc@trat:.on.' Smce in addition mr mnst a.lso be very much

-
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results

. separategi eq. [ 3].becornes

‘_wher'gzb_' 1 kla +k-—l+l%

by St Sl A S S A il

~ -

- , _ -

" less than 3, it follows that 2, - m - x 5 2. Another condition,

which might prove to be more sat:.sfactory for analysis of expenmental
(14)

, is when' e, >>2., when the appromma:tmn e - m ~ e_o

couid be safely made, Equat:.ons - r2] will be solved for the

,._——-"

a.bove two m:d:mg c&3€s in the following sect:Lon

. Case 1 a°>~> e i 2 -m-x® a

Under the above conditio#s, eqs. 1] - [ 2] become

3} o= kl 2o (eg M) =k j+i ) m B

If the differentials are replaced by the ‘operator p and.terms in m are

——

=N rmm=

[5

a e

~p+kla +k_l+k2

-
.

-

r

~ “,

. _Eq. [‘5] is callsed the transform fbr in. The ongma.l for eq. r53

(APPBnde A) is. = . > - B

k- e - T ..
a'oe:m lao o . =it

“[é] kla +k‘1+k2 kla +k+k, ¢

Subst:.tutmn of £q. I‘6] ‘into’ r4] and :.n:tegra.non with the-

boundary cond:.t:ons t= 0 x =0, gwes for x

K e T Wkpae L



This is the same equation obtained by Laidler (11]. Ana.?l.yéis

of eq. T 7] to obtain the rate cops;t:a.m;s kas bee:ﬁ carried out in terms
of the induction penod- a.nothér method is by expaz‘xding the exponentia.l
and acceptmg only the fi.rst—-.tvmterms (17), which slmphfn&swq [7]

-~ -

~tor. - .

’[.:8-] x* =3 klkZ ® ao ¢ R :

In eq. [8] kz e 2 are usually known S0 'that’ k; can be caleulated.

T R T R N O A TR i
f

. Since_ the Mzcha.ehs consta.nt (k_ +k )/kl« is known from steady state

L G,

-methods, then k 1 can be ca.lcula.ted -
R <

. 'I'he-vanatmn-of x with t, eq. [7]1is shown schematically in
Flg 1: It is obvious that three q'u.a.nt:.‘.::.es can be directly determined
. frorn an experimental plot (1) the slope of the linear part, wh:.ch is.

th_e initial stea.dy-sta:te rate, v, {2) the intercept on the time axis,

‘whick is the induction period 5 & 1/(k; 3_ + k_j + k,). (3) the intezcept

“# _ . onthe x'a;xis which is' 8 = v/(lﬁ 'ao + k 1 + kz). it is obvious that )
? 9] T Bfv = 1/Ug 3 + K +k,)

and |

2 \ R . )

2 ©o[iel e ‘1/'.1' = ‘f/ﬁ- = kja +k+k, _ ‘

: I A‘Lpiot".dfiff or v/ ageinst 2 is linear with a slope of ko

e : a.n.d an-intercept of k . + Ifz. Since }% is usually known from steady-

- =1 .27 : : i _

ot sta:e methods, .jcan easily be calcxilatéd S T . ;
e - Another method of aga.lyzzng eq. [ 7] is by wrﬁ:mg the equatmn as

¢ S L. -l ; , -
L ) ‘ ) “at

oo TiL x-vt+B = B e A

U PR N
7 .
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1 S_chématic plot of x against t (eq. 7]

.
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" because it serves as a check that there is only one exponential term,

g

A

2] Az ke (2 -mem) -l +k)m

., 5]

el . P2_+P(.k1‘é"+k_1+k)+lclk e =0

A plot of In (x - vt + ) against t is linear with a slope of .
X =y 2 + k-l + 5 This plot is preferable to plots of 1/7 or v/ﬁ“-'-""

which gives a single linear plot of In'(x - v + B) against.t. If there

were more thiﬁ'\one exponent:.al ‘then the semi-In plots will cons:.st
*.of more tha.n one linear reg10n (see dou'ble—mtermed:.ate case) a.nd

‘the amalyszs of the induction period or v/ﬁ accordmg to eq. [10]

will 'be mvahd

CaseZ: e »ao; e ~m=%a e
~325€ &2 o .

¢ . Under these coﬁditions,.,eqs;.- rij - 2] become
- v . . . \ . . :‘ .

l.fISI]d L :'c = lﬁm -‘

Replacmg the d:.ffere.nt:.als by opera.tors p, and solving
. 123 - r13] a.lgebra:.ca.lly gives .

lea.p

Ty Py
- klkZe a.

'9\

where 11 and 3 2_.ate the negative roots of the qﬁa_dra.tic 3

S | £ - I
T Equa.tlons F147 - ri 5] are the tra.nsforms of m andx ‘I'he.

gma.ls are. (Appe.ndlx A).
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_ ") / 1l
aon w4 c10e . : ‘ -
’. o ,_“ R I ) . ~ - . v - ; . .‘:
- ¢ e k k ‘ k . . . . T
o _ (K8 2, - 1k‘?'e a ", lﬁk e 2 . Lt
rigj x = - 0 ) e ( ) e "2
| | "._xl-_"z S A B ?(1 "1'1
By .~ . .‘ ) : "-.. - . . :.. f
Howeva' A A Iik e (eq. TIBJ so that T o e - -
B S e R .
191 ox = a, -3 e ML=l e A2t -
N . \‘ : . 11 ?\ 2 ll ) -’ Az kl 12 B '- \;
- Thus, the_ira.ria.tion of product;x"with ‘time, t, eq. 11 9] ,i-s .
a two-exponential rise which approai:hes the value 2 , the initial A \
concentratzon of the substra.te Analyszs of eq. r19] can be carned S
. - : 2 O
out by plottmg In x against t. ‘I'h:.s plot will consist of two- hnear Toas
v 2
. regmns, and 1s referred to as 'bmhaszc. . The siopes of the two . %}
e - |
~ regions correspond to.the values of - 1 and X 5 However from . '03
e @61, - T F
'[203 11x2 klkze‘-" . '_ . R )
[21] x1+12 kle +k1+k ' _. : ’_ Y
‘Hence, a plot of kl 2 agamst e gives k1 kz and a plot of (1 + 1 ) | | "
'agaq.nst e, g:.ves kl as a-slope a.nd k Y + 13 as an mtercept, Thus ‘ . o
the two plots can 1ead to*all individual mte constants w:thout the. = . e
E .need to use values of. k or K.mfrom steady-state a.nalys:r.s - - ,
‘ Double—lntermed:.ate Mecha.msm | |
= i
_ In most enzyme mechamsms, there is a second :Lm:ermedzate, :
such as an a.cyl enzymes: , : i R Z
X ko K Y i
' : .g +- Ag‘—-—-——EA _;EA' _'_-_'_—-_’E.-\‘!" : E. ;
i k X : e Y - <
I . ’ ) "‘1-- Im : . n - ' s . ™ e
- -men a3 ~ID-0=y x - : . . :
'o. N . o . . N ) R R - -
BRI . i
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where the concentrations of 2ll species at-time t are indicated below
them; e, and 2 are thé initial concentrations of enkyme and

substrate, respectivély. S DR B -

‘ . ~
" The differential rate equations governing the" system again - -

ca.nnot be mtegra.ted for the general case, and smphfymg as su:nptmns
have to be used for obta.lmng analytical sclutions for the species
involved. The two cages which can be realized experimentally are

' d -m-n-y® a;

(1)Aa°,>> e an consequently a.o m-n-y< ag; (2) eo-,~>a°

and co.nsequently e -m-2 P e_‘o.' The above system will be solved

il

>

for these two limiting cases,

‘('Ilase 1: a‘l>>e°1; .-éo-m-n-y,':a ' gg
The d:.fferenf:.al rate equatlons are é*':'

[2z23 __.m_= kla (e -m-n)-(k J+k).m ;i

|‘23]‘ R = }%m _-'k_3n

24] % =km

1'2:5] v - 'k3n

Replacmg dliferentzals by the opera.tor, P and a.lgebraxc solution

lea.ds to the fo]lowmg transforms for m ‘and n:
k e a. (p+k )

’ : 17¢ .
l'26] T m
e (p + 11) (p + A 2) |
' . Tk k a,e -, ; o iy
: f27]' ) n 129 o — . o ‘ ' Tl

Tt Pty
where e and A, are the negative roots of the quadratic equation -

| 2 - : . SR/
R p‘.“: p (k2 + k 4k, v k)4 k3~ Ek_l k) ke (5 +k)=0.

9 -
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Convers:.on of egs. T 26] and [27] to their ongma.l forma lea.ds R
to the final solutlon for the vanatmn of the mtermedla.te.s m and n with - v
‘ time, t: _ o SN . . . .o .
- S e kl . "'-. ' -
& ‘y _ . -
KR53, 12355 k3 ) Lt -
[29] m =— - T e."1 :
R AMrz M TAY :
v . . k" - L - 7 -
o 1% % g =) - a5t L
307 .‘-:n klk a. e klk a e . -5 lt . - s
k ' -
MR T
VIR z.)
P v

Substitution of eqs. {297 and [ 30] into [24] and [25] respectively
and integration with the boundary conditions:t = 0, x = 0, y = 0 leads

L !
to the solutions for x and y as functions of time, t (the value of -
= - ub stitutej =
Agiy k3 { 1;_1 + kz?f*' lﬁ 3, {kz + k3), eq. L[ZB;[ , has been substitute}:
N Kk, k a e
[31] x kla. (k +k}+k (k_ +K,)
- }sz 3,8 ks mAY L
+ e 75 -1
¥ a e (k; -1,) : : R
2 -1 =t : ‘ . s
;
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kK k. .k a e

: 123 70 o
£321 y kla (k, + X)) * K, (k LT t .
k k a e o -~ s
k; — e My
Al(lz A'l) : 3\
k a_e_ |
. klkz (e—}‘zt-l)
- (Al As)

From eqs. T31] Aan'd I‘[32] it is- seen that the variation of x
a.nd vy with time,t, is a bipha!sic, two-exponential, approach to a
steady-s_ta.té which is linear ‘l‘sl‘in t. The variation of a product
accordi‘ng to the genefal forr;‘;'x of eqs. [ 31] and-l‘.32'_]' with time is

shown schematically in Fig. 2. A o )

.

The analysis of results can be carried out in the following _

manner. Eq. [31] can be \yrif:fen as

. : At At | N
[33] x = vt-i-B-{-Bl +B,e-

where -8B = (B + {32

From Fig. 2, three quantities can be determined: (I)
the slope of the linear part, v, which corresponds to the initial
steady-state rate: (2) The intercept on the'- product-axis, B. (3)
The intercept on the time-axis, T.. It is easily shown that ‘
1 1& a + k + 5 + k

[34] . B/v=i = <L , ¥
e | B k (k +k)+kla k)

A plot of t against a_ is hyperbolic with

. . :
‘-.— -

'135 = le-r--r = -k /(k, +k) k -
]//’f—rw" . A
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Fig. 2 Schematic plot of x against t (eq. [31]).
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. Hoxf.rever if one plots In (x - vt - B) against t (£, eq. 31]) two straight -
" regions are obtained. The slopes of the two regions are the exponents A
A1 and - 2,; From eq.‘ [28]:

I S R R BB R i

..
——

[381- ° ' 5\-1 A, = k3 (k_l + kz) +k1-'(kz + k\3) 2

A plot of (1 11 }LZ) against-'ao gives kl as the slope of the linear plot - L
and (k-.1 +k2 + k3)’ as the intercept. Also a plot of:} 1 A > g
‘.gives. kl (k2 + k3) as the .slope and k3 (k 1 + kz} as the intercept.

E::o_:ﬁ this élope (1% + k3)-can bé calculated, and from the intercept

against 2,

of (JL + A ) plots, k |, can be calcula.ted- Furthermeore, from k 1

-17
and To 1"? can be calculated-and consequently k

Maguire, Hijazi’

It is seen that all the rate constantscm.n be calculated from.

and La1d1er 27 applied these methods to the a—ihymottymn—camlym g
Teaction of p-nitrophenyl acetate, and a sample plot of 1o {x - -8 -, (\__
against t is shown in Fig. 3. ‘ %%

tra.nszent-phase experiments without resort to values calculated”
from conventional steady-state gnethods. It is to be noted that

various other plots can be devised.
| ” /

For a different, but approximate, approach to the analysis

of data it is worth c-onsultzng the work of Laudler et al, ao, 12, B} _

Analys:.s of results when the producnon of y is monitored can

be carried out along the same lm_es as forx. Itisto be noted,

"howeve;, that for y, the 8/v relation is as follows:
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F:.g. 3 A plot of In (x - vt - - B) a-gamst t for a-chymotrypsm

: catalyzed hydrolys:.s of p-mtrophenyl acetate Data
(2 7)

of Maguire et al. L0 ’ w
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. lﬁ_ao ;{-_k_l + k2+k3‘
Tk, (kL k) 4+ '
ey (kg ¥ z)“ﬁao(kz“ks)_

9T gv =T

The 6£her relations, i . A

1

Zand)\1+12. are ‘exd

ly the same as for

el

X.

Case2: e > a: e -m=n~ e-
9 o o, . ©

N

. Under these condi_tioﬁs the"diifer\ential rate equations can

- be written as

LéOJ‘\, kle (a -m ,.n-y) -“( l-i-k)m to .“
41 n = kzn-l k3n
421 . & =i

[43] - -y k2

t

: Replac[ing the dlﬁerentlals by the opera.tor p, and solution leads

to the fo]lowzng transformis £or m, n, X a.nd~y.

}&e a.op A

(41 TPy (P EA,
- klk e 2 p
B “pray (p+k2) -
: kk_a e
' ' . __ 1 2 o o
R NN T W
~ R S S 4 a e,
T47T y = o

(p+ 2P .+ xz) {p+1s5)
_wh‘erg "'3- -_*.k3 and 3 1 and A, aTe the negativ_e roots of the quadratic - ~

| [43] | 'P2'+§ (kle Fk 1+k'-)-+.i{1&; e =0

: Eqs, [4—4] - [4-7] ca.n be rep‘.!ﬁced 'by the:.r ong:na.ls, a.nd

. -‘-.thus sohﬁ:zons £or all specms as functions of time will have bee.n :

‘Al ot
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achieved. In this studgy.we are interested in the variation .of prodiacts
X and Y with time t. Thus eqs. [46] - I 47] give

klkza e -Alt klk a e -Azt
r491] x = ao- 0 ) e e
© MRt 32(7‘1"‘2)

_ k k 2, e - t k k At
1507 sr’=ab-li S S - etf
) o i, 2-}.1)()_.3'11) Aoy (A =AM g ay) wr Ll

~ Ky Ry Ry, e e"‘st
Ay Ay - Asﬂlz A ) '

Eqs. [49] and [507] are the same as obtained in 2 different way by e
Kasserra and Laidler (14) and by Hl_]a.z:r. and I.zidler (13) The above.

-,

analyzed their results by using a.ppro:nmat:.ons, analysis with eqs.:

[49] and [50] to calculate the rate constants will now be carried . o

‘out without any approximation.

Anélysis of eq. [49] is the same as that for 2 single-

‘intermediate case and thus will not be repeated here.

Analysis oi eq. [50] is as follows: 2 plot of In x a.ga:mst t .
is tr;phas:.c, three linear regmns with d:.fferent slopes, and the siopes
of these regions are -)‘1 -12 and -3 3 Thus plots of In x aga:.nst t
for different enzyme concentrations alters A i and } X while 3 3 —. k3 :
remains constant, Thus k3 is ea.s:.ly calculated On the other _
hand 3 1 a.nd ;\2 obey the £ollomng relations: ‘ o “‘_‘

11-{-)\2 lﬁe +k1+k2
Mz T ]ﬁke o T

Analysls of the above two relations has been ca.rned out for
- ,_‘-_the smgle-mtermediate mechamsm a.n.d no- fnrther deta.:l.ls will be glven here

e
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Reactions of Two Competing Substrates

- [ . .
Many enzymes catalyze the reaction of more than one substrate,

and it is of interest to consider the case in which an enzyme is °
ca.taly'zixig the reaction of two substrates. This case is to be | -
distinguished from the case of two substrates that are reacting with
one another. An.example of the case under consideration is the
action of an esterase on a mixture éf.the D- and L~ forms of an ester

substrate.

IE.the two substrates react at‘different sites on the enzymes,

- then each substra,;{: is desctibed by its own ‘Michaelis-Menten behavior.

-1f, however, the two substrates react at the same. site on the enzyme

. they-will: complete w:;th one; a.nother. oA sn'nple situation, mvolvmg two

N}

v

mermedlates, im shown below. E -

4 " ‘e’ =m-n-m'-n'
A o -
- o . H.A‘ '
%
. k-l ’
. ‘ . . EA
. o
x
- N rEiL’
n
Ny | =
» E¥ :
Y

'I.'lns mechamsm ‘was found to apply to the chymotrypsm-catalyzed

hydrolys;s of rmxtures of a.cetyl-L tryptopha.na.mzde a.nd acetyl -L-

tyros-maxm.de (2_8). '

1
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~

It is assumed that the concentrations of both substrates, A
and B, are in great excess of enzyme concentranon so that it can
be safely assumed that the concentrations of A and B are not
: s1gmﬁcant1y changed in the short transient pha.se of the reaction
and in the initial steady state. ' . v

The differential rate equations are:

(TT g ag (e o mE s a Rl nley g

[52] x = kzm
(53] nz.la.m-lgsn .
(541 y=k; = L <
1557 m' = k‘;b (e -m - m‘- :i.‘,- n'? - (k' + k'z) m' 2
[56] x‘ ='k'2:m ’
. [57] . nt =~ k'g m' -.:. l.(ls n! a ' i R |
1'58] ;.q = kls n! ~ o » \_- ';;
. [51] - [58] can be mtegra.ted by the. Laplace-Ca.rson - é
- tra.nsfomz:tmn techmque as. describedm the prew.ous sections. - !
] " bty ° . <.3
“_ * The- tra.nsform f.or m is - ) ”
L Ry
29 mEmtR +.;\1)(p £ ,)(P + 4 5) (p+ g . ﬂ
°and the o:igfnalfdrmig"' o
- ) , “ ™ . ' ' . . 3 . - ‘. i .
_téﬂjq | mﬂ—.ﬁksk 1+k )a e#‘ . , ‘ B
PR CTUApAgAghg o T
. 4 kl a_e (k- )&)(k* =3 )(k’ + k'z' ;;1) gt '
-3 e -
. i=l x(p-x)
.y . D . - .
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where the™ ;'s are the roots of the eé@gﬁbn. _
- a - 4 3 . 2 ' [ -.:‘; . " . i o .
f61] - p +Mp +Np #Lp+Q=R0. - . . e
d . . :
--4:-6""“ ’ o x . ‘ 3 R
. r62 M = K ay + Kb sk EK 4k, K, f U
17 . 1‘-1 AR § %1- k', o+ k3 + R ) |
[63] N 1‘1‘%3 ik, “ﬁ‘a P +k}+k' :
- T - t o b )
, L ‘+k'3 (klbo_-i-l_c'_1+ )-i-kla _('k'_l+k'2+k!3)
D3 (k. +k,+ k)UK bot K 3 ' - R
Rt .3)(k1bé+k-1+kz+__k3)
647 L = ko bo{k 4k, - Akt ) e K A L
LLedl L= Kotk 7 o k) (K e K g2 (k) + I, 2 k) :
. . . . . ') * -.- : v . ) N - E
' 1~+k' + X, ( k) Ak b 4 Kt K+ K 3
. (k& ) _ (_+k),( ‘°+k~1+}<.‘_2+k3). E:
- : . - ‘
; __+_k3®1+k')(lia +k1+k2+k)
Ces] . o= k'yag (E R >+k' bs (x_ +k )(1«:* +Xk! | 2
(651 . 0= ! g ¢ Ry B I
. . N s (_ . A ‘ '..A . \ N \S
\ 1 ! L Yo . o
+k3k. (k +k)(k +k2) oo . %
. ) . . T T SR
. Subst:«tunon of eq. [60] mto eq fSZ} ‘and mi:egratzon with. the - ' S
- L boundary cond:.tz.ons- x = 0 a.t t —00 gives. for the first product as 7 e MY
/"‘-—"a."fupcnon oft:me* T ' ' : ’ : " _ o v
rd .
R — 44 kI k na e (k -1 )(k’ A )(k' k! -‘}\ D) oAt -
N r66} = vst +*rz — 2 - ‘ - i (e- 1‘_:.1} :
| TS ey T
- . = . ‘ - - . . v B ‘." . - - - ‘ -
.where vs is the mlt:za.‘l stea.dy sta:te of product:.on of x. [the same as . ¢
e 'j: o o'btamed from a stnctly stea.dy-state assumptlon (10)] - o - ) "
" ¥ Pt ) ¥
S :
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] L
. ky 2, % ‘ |
E67] v =
< & + k +k k 1 1
. _1 kz '”a. ( +k2)(k +k3) iy
T Iafk' TERE N

if the variation of the s_écon;i—product; Y, w1th time is being
followed, then the equation is derived from the co:_::ce_‘nti'é.tibn of *
intermediate n as follows. The transform for nis B
_= Kkya e (p+k )+, 4+ ko) o
+apleFa)e+aglp+a ) '

681
The original for nis _
kl k k' k! 1 F K',)a e .

[} [e] . - B

[691 B = .

T8,

-z _1 2 0 ) - ' e )
i=1 CoL AP TAY T . - e

~ Substitution of eq. [69] into eq. 547 and ini:e'gration with the

4 k k a.o eo (';.i - k3}:'()‘i-',t k'—l + k-2] ) “1-

'bounda.ry condxtlon t =0,y=0, g.wes-

-~

Y.

cermUARIA T AR TN e

e a4 K, 2 e (K, )(A Trie L +k)) - -
r70]°  y=v_t +%. R _ e -
: =1 A l(p'-xi) )

- where v_ is the same 2s in eq. [67] and the i'i_'s are the_‘s':a.fné-é_:s in

eq. [617. ) - : ' T -

Smce the system is symmetnca.l §n both branches of reacf:.on

. and A and B are durhmy symbols, the va.n?t:l.on of x"and y* are of :
. the same form as for x a.nd y with the rate tonstants changed to the g

pnmed ra.te constants and 2 changed tob \ Accordingly

SaE B
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4 X K, b_e (k. -J.)(k'-k)(k (+E ) -
) 12 2 Ay A
71 X =V tEE (e -]
7721 — Ly \
4 k. kb e (7. ;.k a. -Tk .+ k. ) T ot
(2] ylew g+p 202 2 1 o 2l Ly
1=1 A i(g -4y '
whére_ __ . o | R . S :
. . K . .
N b e
731 vig= - 2o 9o \ |
L . ! 1 Tt . .
k! K, . k', +k kl(k' + K Mk, +k )‘
, AN TR ) o k(e +k)k %o

ahd the ) s ate the same as befoTe.
2
Analysis.
The analysis of results will only be Tnrterms of the product
but similar consxdera.tzons apply to products Y X‘ and Y !

,??t-"\

/ -

-

The va.na.txon of x with t, eq. [66], is composed of a four-
expon'entla.l rise that approaches a linear steady-state variation. The
slope of the hnear -part is equa.l to Vg the initial steady ~-state ra.te -
given in eq. r67] Extenszon of the hnea.r part of the curve would

g:we R, an 1ntercept on the %- a.x:Ls.

-Ifa plot of Ve /e against a, is used then, at h:.gh 2, v (ma.x)

—

) k e
| K, kg (k, +k) _ | )
Equa.t:mn r64] can be written as
| | 4 af
[74.—]-  x-v t"+ B=% 51 e

i=1 -
Hence 2 plot of In (x - v t :+ B) aga.mst t will consist of four hnear

re-gmns. ’I’he slopes of those reg:.ons correspond to the. values: of

"-‘aé._‘-, . . ' B
*s, SO . - : -
;’ o . . - .
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"."h v -;\'2, “Xgr A, However the li's follow two important-relations :

4 ~ -
4 | . | L
- iflli":lllzhlé‘lik" k! +k')(k tky) 2 - X
-
+ k1 Ry (k_1+k2)(k_'2+k!3] bq
k, k' ' |
_ + kg k 3 (k_1 + kz)‘ { k'_l + kfz) )
. C s | |
1 ' ‘ t 1
:?::1K- K3, t R D Rk Iy bRy Akl F K, K

4
Hence, plots ofE A agamsta a.ndb g:.ve lﬁ-\,. k' and

: ~4
(k ,+k +k + k + k', + k! ). Also plots of ony Az against 2, and

-1 2 3 1 2 3 1 . A \ ..“;
[ fy Tia. * - k [ g \ "y
bo give k', ,:(k 31_‘+_R-2)‘, (1‘{2:\11«:3).3_ 5 Uy k 53 ?(:k <y T'kt-?:') = :
: 1 X 1 ) v v
' and k.37_k 3 (k-l + kz) (k gt k 2). Frim the last three terms‘, by
. T their division, one can calculate the relations.
. ' ‘i:f ' T
| k3 (k_l ¥ kz) ' k'é,.( k'_1 + k'z) -
: 7 ¥ . S
Another useful relation is : : . : O
Ve 4 }\ ' | |
T}' - k 1
| kz k k k! + k! ) a eo

| 4
b k' +k sinc and

| Hence plots of ,vs T‘;lk ag-a:u:st:a. ..g:we la k3 3 ( ) ee an
B 1& are known. Also a similar relation exists where 7
J 4 :

. . 1 1 1 4 k + k . oo
: ee : v"s:{;l=1=~"1k2k3»3(k.1 Z)aoeo_

N

and determanat:.on of k' k‘3 k3 (k-l + kz) is also poss:ble

E::tenswe a.lgebraac analysis of the combm.a.tmns of rate constants

.' that could be mea.sured expenmenta.lly could lead to some sepa.ratmn of ’

- ra.te consta.n!:s
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If one is only interested in determining the rate constants, .
theﬁ a sirnpl'e.r procedure could be nsed. - Provided that it is possible
expenrnenta.lly to have an enzyme concentrat:.on in large excess of
substrate A and substrate B, 2 transient expenmcnt under these

conditions would effectlvel make the mechanism that of two completely

3

- separate double-mtermedza.te mechanisms. Solution of these two
mecham.sms is the same as the one discussed undér the double-
intermediate mecha.m.sm in the case of e, >> 3 Analys:s of
results to calculate the rate consta.nts is the same as descr:.bed in-

. - that section.

bl

A

v
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CHAPTER TWO

TRANSIENT PHASE KINETICS OF SIMPLE MECHANISMS
INVOLVING NUCLEOPHILES

Introduction

Recently, there has been increasing interest in the - |
investigation of enzymic reactions in the presence of added nucleophiles °
(29-31). The purpose of these investigations is to elucidate the reaction

mechanism. .

Hinberg and Laidler(‘so have developed the steady-state
kinetic ec\;uations for va.‘ri;ous models of e.nzyfne mechanisms in
the i:res’e_:nce of nucleophi‘les-. The authors were interested in
classifyii;g the different pé.ttergs of dependence of kinetic parameters

(30-31)

on the nucleophile conce.ntr‘atio:\}. Hinberg and Laidler ~arplied -

their results to experirnenta.l data on alkaline phosphatase.

In this chapter, we deve]‘golp th-e transient-phase kinetic

equations for three basic mecha:ipisms which involve addition of a
nncleophile to intermediates in s:ingle-intermediate and in double-
interﬁ;ediaté mechanisms. The analysis of results will be mainly

té establish criteria for distinguishing the different mechanisms ]

from transient-phase experiments.

THEORETICAL - -

Mechanism 1

First, a single intermediate mechanism is considered, in
which the enzyme-substrate complex may react with water, W, to

form .prbciu.cts Kl and Xa : alteratively it may react with the nucleophile,

-
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.

. N, to form products.xl and. x,. The mechanism and concentration of

h species is shown below: .‘
eac stpec:Les is shown below E+X. +X

N SR
E + A gme————EA i I
e =TT a .k m ) ™
o ol -1
k3 : )
X
E+xl+ 3 . )
:ﬁ x3 ) '

It is assumed, as is usually the case, that ao: W, N> eo.

The differential rate equations are

‘r_1] ' E m = Iig.o(eo-m)—(k_l+kzw+k3N);n

. . _ S

r2] %= (k, Wk, N)m

(33 . )?:2=1§2W'm N
4] %=k, Nm | Ca e

Application of the Laplace-Carson transformation, réplacing

the differentials by operator-s:,- P, a.nd algebraic solution of the resulfing

equations, leads to the following transforms for m, x5 X, and Jr.__,'- -

- i kla.oeo /_\ P
51 S mE TR )
. o K Wtk N)a e
£é] X TTTB (P + %)
‘_ Kk, Wa e
7 N T T @ 0
: - k k Na e
o _ 1 3 o
[83.. 3 T P @P+12)
o y,
where‘

o : o . _ N
E9]_V A= kla.o+k_1+k2W_+k3
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The transforms, egs. |'6’_| - 18] can be replaced by their

: orlglna.ls, and the variations of xy, X, and xq w:.th time are found to be

Iil(kzw+k3N) a e,

riol X =
S k
_ k-1.+k2W+ 3N+kla.°
k_l(kzw+k3N)aoeo -t .
+ k:Z _ (e -1
*
(1 x2=kl(k2w+' 3% % -
: - k~1+k2W+k3N-¥f’kL.ao~ .
k k, Wa_e ' A\
+ 1 2 2 (e‘lt-l) : :'\.
‘ k.k.  Na e
-[12] x = 1 3 o_o
‘ 3k, tk, Wik N+k a2
- - kk Na e
- 1 3 .=t
+ (e 7 -1
A2 )
Ana.lzsis

The variation of any.prahuet, X:L’ wiith timelt, erps. [ 107 - (2]1s:
a single exponential rise that leads to a linear increase corresponding to

the initial steady state.

' A ‘general equation [13] can be written for the variation of any

productx.i with time,

KN

s ox ey £+p, (oD

where x; corresponds to any product X %, oT x,, & and v., 8. are the

: correspondmg stea.dy-state rate ang pre- exponent:al term re.spect:.vely.
& schernat:.c plot of eq. F137] is shown in Fig. 4. The slope of the linear
- ’jpart is v, and the linear part extrapolates to t‘ne time ax:.s at a point 7,
the mduct:ton period. 'I'he mtercept on the x, axis corresponds to the

' 'constant term. B-.
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Fig. 4. Schematic pldt of eq. 13 .
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kKl

The rate constants ca.n be obta.meé‘. from exper:-.ments w:thout

.!"

-

n U

added nucleoph:.les as descnbed in Gha;pter ope: The rate constant

procedure

Y

-

" for bmdmg of nucleophzle can be ea.szly, o‘btamed by the foxlowmg

[

. A plot of In (x - VT + (3) a.ga.matt" 1ea.ds to a 'hnear monophas1c |

vanat:on 'I'he slope of thls lmea.r plot 13'-}. A plot of A a.ga.mst N,

(see eq. [9 ]) .

Y
In&uc«éon Penod, T ' A

As d:.scussed above, the three

obtai.ned expenmentally from a plot of x : against ¢ . It-is easily

_the injtial nucleophlle concentrat;on, is I:.nea.:r w:.th a slope ;o:E kS

t

quannhes T i’ 'Bi’ ] can be

shown that T = B. /v ; ‘hénce one can measure T , B. /v or both..

¢ Subst:.tut:.on of the appropnate values

solution, le_ads to

of B. /v , or s:.mple algebra:.c .

-
-

[14-] - Ty S F,=T,.F
) . 1 2 3 klao+k—1+k2'w+k3N
A plot of Ty=Ty Tor T3 against 2, at different but fixed

concentrations of nucleophile, N, is hyperbolic and shown schematically

in Fig. 2.

Tt is easily shown from eq. [14] that

1 ' .

sl Lim T35 " Tio " K.+k, Wik N
a =0 ; -1 2 3t
v o ‘5 .
6] Lim oo T Ty =0 .
2 o»®
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and a plot of 1/ Tio against N is shown schematically in the inner scélé

A

_of Fig. 5. L B |

Mechanism II

_ This is a dbuble-interﬁgdiate mechanism, where the second-

| interfnediate, e.g. an ;l.cyl enzyme, a phosphoryl enzyme, etc.,

. reacts with water, W, to form product x2’ or it reacts mth another
nucleophile, N, to form product X3 " The mechanism, with the
concentrations of each species, 1is shcw:i\ belét;:. . It is assumed as usually .-"

is the case that 2 W, N >> .-

T . K, x
o g E + A‘__L__}EA ;2 >EA! 2 -
’ . e ‘men T T * SN -
. o o : -k N -__.
R - *3
- : ’ =i
The differential rate equations are - =2
) rig]- 'mzlclao(goam-n)-(k‘1+k2)m o~
- . e 3
L 19 .8 = km-{k,W+kN)n Az
‘ [_ ] 2 kym 5 Uy 4 {:_z
s [20]. . . ;21 =.}% m B B
2y :‘:2 Sk, Wa | -
LZZ‘] o = 4 I? n .
h " Applying the Laplace-Ca.rson tra.nsforma.t:.on, the followmg .
- transforms.areé ¢ obta.med for mm and n: - Coe -
o kla e rP+k3W+k N] - ... : PR
Ly mE (Pn)fPﬂ),
. . L ) Y k a2 e
’ SR - 1& 20 o
L T24T . T
SRR ) .;(P+7‘1)(P+'12)‘
- . - c.
.fo: . e N e ' ® : .“
: " --(“;“'——"_. e o S ': g e . Lt — .



[31] .__;_7_“' = — - . -
| ‘ ‘..f’.‘l. .(k_ +1§2)(k3:Wf+k4N) ¥ige (K, +E, Wik, N)

* o
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where S |
r25] VRN U
PR DTS

[2'6] A,

3 2

127] R =1-.la.°+k_‘hf+k4N+k_1+k

[28]‘ e = (k_; + &) W+ ko, N) +;<1a° (k, + ky W+ k,N)

The originals for m and n are,.’

k a ‘k - N k (k. -‘
136 8 (kg Wik, N) 136 S W +k N -3 )

r29] m = EN— -

Cka e (g Wrk N-ajy) - -,
- (g - %) <.
kg 1742

X k
Rk 2% 172

o]  »= -
. A : 111(?\2-.1

a.o eo -—llt i

1)"

k k -
lZaoeo e"z

The _Yariatiop of product % with t-is obtained by suﬁsituti.ng
eq. (297 into [ 20] , and integration with the boundary conditions:

' X, = 0,.t=o(x1kz=Q}; the_r__esultis

C&

k}. kZ ao eo;3(k3 W+ k4 N t

‘ . ) ,N- : _ .

klkza'oeo(kSW—-{-ké ,Al) (e - Ay 1
Ao ) .

o "k k. (kW +k, N~ .y Lt
ey lﬁ 2 36 %o (k3_ +ky ‘ Lz) et 2 Ly
7.'-. o 12( o .. . , ! ‘ .
Lk e R L

-l]_t
e

INVITTXILIA

R

LR
r
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The sclutions for x and'x3 are obtained by( substituting eq.

r30] into egs- [21] - [ 22] and integration with the boundary et »
- = = 0 Ct ] ". : : . a

x, = x3 0, t ‘ \ _ _ e

e klk k W a eo_ . \: :
r32] x t ) R
‘ Tz (k +k, )(k W + k N)+kla (kz-i-k W+k4N) .

itons-

'\\ - \
k1k2 k3'W'a. eo P — :
{e -1 :
Tk k. k -
. 1 z 3W3 o At
'_1' : (e -1
T ""2("1' 2T _ : .

. ~ S

klkzkéNa = ‘ _

331" - % x £ -
L (k +k)(k W +k N)+kla (k +kW+kN) B

- k U -
s i lkZ k4 N~a e - -:\.1
) + 2 . N - (e - 1) ::
o« (l -A ) . R :
)L 1 2 - 1 . e -C:\
kkkNa e ALt g.
1 Z 4 - o (e 2" 1) =
- ot
. 2 A= ayp) o =
Analvs:.s -~
-‘ The solut:.ons for xl xz and x3 are all of the same general.form. ’
B They consist of a b;pha.mp e::ponennal.:me that leads toadinear: :
natr.on A genera.hzed equat:l.on r34] can be wntten for x; as a functlon s
of t: : ' _ T - .~ '- . j
o - - '1’ : Aot .
343 N 'xivr- v t %8, -Fﬁ 5kr ' :‘.
o N o ;i
¥ i
/ -
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where x is ® :'cz or X, and 'vl and ﬁ. are the'initié.i steady-state rate
3 and the consta.nt term respectively for productx The rate constants
"can be. cbtained as des cribed in Chapter one for the mechanism w:r.thout:

'-added nucleoph:.les The binding rate constant for the nucleophile

cange obtalned by plotting In (x - 'v - 5 } against t, which gives two

linear regions, the slopes of which are -1, 2nd. -kz.,e: plataf A 1.:1-,_?\:2-___ 3 U
eq. F277 agamst Nas h.ne.ar with a,slope if k '
Induction Period, -ri‘ -‘ﬂ . ' s

-

The linear part of a.n x; vs t plot willf_:xt;rapolate,-to the time axis
at a point, T, correéponding to the induction pe;riod. The extension

will also intersect the x axis at a pom.t correspondlng to B the constant
term in the appropriate rate equat:.on. It is eas:.ly shown that 'r [3 /v .

Subst:.tut:on of the terms for ﬁ /v or sunple algebra.xc solutxon 1ea.ds to

¥

/(k W+kN) kka

- - \:‘_ 1 2
[3s] . = B,/ 1/" LW R [ + K0k, W+k N Tk a (K, Rk, Wik, N}]
[#6] ‘Lim = g, =7, = L j . - T
' | R 17710 K +k, S .
O. ) v,
[371 1im Tl = T‘lcnz' 2 ; ;
: ‘ a o k. +k W+k, N

o . 2 3 -3

A plot ofr aga:.nst a with ﬁ.xed levels of N 15 shown schema.t:.ca.lly 1n
Fig. 6., The inner plots are” for 1/710 =k + kz and 1/.,- 2=, + kW + K N}/k

agaz.nstN.

ka_ +k LES R ES TS S
387 > R AT W 2 2 :
[ T27T3 T F2 3 (k +k2)(k W+k A0k 2 (k kW I, N)

™

he]
s
A
<
<t
—
=
=
<
<
-
=
et
o
<
-
v
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k
3W+k4N+k_l+k2

[39] ILim T=17

207 T30 ~ - : .
a.o=0 (k_, + k) (k3W+k4N)
[ 40] | Lim . —
T =T :or = B
- e 2co. 3w kW +k, N =!-k2

. “ i
A plot of 7, = v, against 2 with ﬁxed\levels of N 1s shown
2 3 N
hematically irf Fig. 7. Plots of 1/ 1/ f2) (3 W+ Ky 3
schema Ve g- ots o TZQ_ 1'30-k W+k N+K . TFK

3 4 -1
and 1/72 1/1- = k W o+ k4N + k .against N are also shown schematically
in Fig. 7.

Mechanism III

'3

This is 2 double-intermediate mechanism where the nucleophilé,

N, adds to the first intermediate to fonn the products Xl’ XS :_u').d £re’e 1
enzyme, E.» This intermediate also can give rise to product Xl and
EA', e.g. an acylenzyme or phosphorylenzyme, EA' then reacts with
water, W, to give product XZ and free enzyme. The mechanism and

'conbentrationS* are shown under the condition that a.o. N, W >>eO:

R k, L kW
E +AFZ———=—EA 1 ——> EAL }E-!-XZ .
e, "™ -n a2 m % _ < ~
-1 kNl 1 2
4" x:
. 1
-E-E-Xl-{-}gg
N

-

The differential rate equations are

4] tho= ka (e -m-n)-(k 3k, +1 Nim
[42] 3 = k,m-k; Wn
_[43]_ % 0= (K, +1<4N)_z§
[44] - :'c271= k3 Wn ,
[45) %, =k, Nm | e

)
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Increasing N~
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Transformation of these e.qua.tlons accordmg to the Laplace-Carson

method leads#o the following transforms for m and n:

2 ¢ Prig W

o], P R )@ 1,
& 2
klk a e
' 2 o0-0
r47] n =
) (P+J\1)(P+A2)
where | A
r48] Ay = B [- R -\Ez - 40Q]
~ 491 v A= B-R: k2 -4 Q]
{s07 ~ R =klao+k_1f1§+k4N+k3w
©[51] Q = ka (;:2+k3vn +R,W (k) + k4 K,N)

The originals for m and n are

lﬁk3Waoeo

[52] -m = lia fo M5 W oAy e-klt
N (k3W - i) . -t
- ~—
, Ao fryma)
[ ) .
-kl k2 ao eo klkZ oeo . -xlt
[53] n = - e
. Aqts 1,1(12_11)
klkza e ; e—lzt

The variation of products with time can b2 obtained by substxtut:ng
for rn'and n in eqs [43] - r45].and mtegratzon with the bou.nda.ry

cond:ﬁons::ﬁ—xz-xs-o t=0.

/

¢
-
5
g
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}Hka-i-kN)a eo

j'.:

[ 54] ".kla (k + k W')+k3W(k +k, +kN)
: . kla. e (k2+km (k,_,)W‘-xl) -t
+ (e -1
?f 1()‘2 1) Co.
k k. k, - . -
) laoe( + N)(kW Ay Aoty
+ (e
Y z“‘l z) |
rss‘] __t _ k1k2k3Wa eo X
. . 2 klaq(k2+k3W').-§-k3‘W‘(k_1+k2+k3N)
' k k k W'a. e. : _'_-l't T
| i 1 2 3 o o g
Kk k,Wa e ot :
;\ 2.(11-A1):' ‘
[ . _ klk k, WNa eo, .
56] x. - ot
¥ k
'3 k 2 (kzk ‘W‘)-Lk W (k_ +k2+ BOE
. _". . p - X - t M\
o klkéNa'o eo(kz-w X Ayt N
+ —3 e * -1
| X 1(1’2'-11)1 '
e ' _ -y Lt
L Ik, Na e (kW A o) Aty
Lt T ‘ (e B
c e g g mag) |
-Analxéh'is-'J‘.-:.“. - B ST <t

-

o The ana.lysm of egs, |'54] -T 56] is similar to that of Mechamsm Il ‘
-The 'bmdmg constant for the nucle.ophﬂe can b‘e obtamed by the same plota )

as for Mechanism IL - S - - oo T

.z
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Induction Period,‘ -;-_-

The induction peribd for each product can be obta_'.ined. as"

outlined for Mechanisms I and II, ' It is found that

571 ry = 8Ty s B/

(ky W) -l K 3

T
g+ ¥, +1,N]

= —
ke Wika o+ kW) + Xy 2
58]  Lim ot =T, =7 . - 1 -
C = =T o, .
h oo 1T T307 k +k, +k,N
L ° © N
L [59] S Yryy =kt s RN
[60] Lim 7 =7, = ¢ W:'(Zk e - =
' a e : 3. 2 3 . =
K, Wik, +k, W . =
-7 1613 Yr, = - 2 (,H' 3 Lo : S
T In K 0 <
: . ¢ . - . :__::
" Plots of eqs: [57] ,[59] and [61] are shown in-Fig. [ 8. =
_ : . -
- [62] T, = By/v, = iR R Sl A D il
- 2 " F2 72 T ' '
i | ‘ ka_(k, +k; W)+k3W(1‘<__1-}jk;2_+1géN
‘ k. ik, +k N+k W . <
g s i A 3 -
[63] . lim 1., =1 =< .
. | =
At 2 =0 27 T20 7 Ry W 4k, + Ky )
L LTl L L
T =
. 20 Tk y+k, TRk N4k W
e U1 s .
I.ﬂ,m T =T = - : -~ "‘ ) ) o
a9 2 2«:.:,. k2+.k3'?2" R L
c . -, N
. o . c . X . - N . ] i .
e N . . o
_,\-1/szf Ktk W X . A
N ~ - K
y N ;
! - z i
: g
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Discussion .

' .As mentioned in the intr‘o'&uction', the Purpose of this analysis is to
L '\_ .

estabhsh cntené? by wh:.ch the three mechanisms can be distinguished.

If expemnentally the formation of pro&uct Xl was being maonitored,
then th:r.s would g:.ve nse to one of the mductton penods denoted by 1 oy
It is clear from Figs. [3] and [ 3] that the three. mecbamsms g1ve '

‘a dﬁfere.nt pattem for the three parameters ¢ 1° 1/c 10 and 1/1- ..

" While T for Mechanism I approaches. zero, it approachcs a constam:

negatzve value for Mecha.msm I1T. The same parameterT, hcwever, does

‘not approach a constant value for Mechamsm I~

'
-

Slmn.larly if productX orX was being momtored then thls

would give riseto induction pera.ods T

~

or 7 respectwely. A simple

2 3
msgectlon of the appropriate ﬁgnres shows that there is a different’

pa.ttern for each of the Lhrnemmdm:nssms
From the a.boveg discu‘ssion, it is obvious that the three
mechanisms can be &isﬁngm}sﬁe;d on the basis of their characteristic

A

induction perieds. =~ . . : - -

| —
—
Y—
—

ER

‘J“..l_)lrijv.i_

CARAV T T 0 ool

-

=
=
Az
-
S
ptt
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CHAPTER THREE
, TRANSIENT. _PHASE AND STEADY-STATE KINETICS J/ .,,,
] FOR ENZYME ACTIVATION L
“Introduction , - < 2

In gome enzyme sys’tem , a modiﬁer may activate the enzyme

by binding with the enzym sub strate complex to form a ternary

£
enzyme- substrate-— odlﬁer cor%plex which breaks dcw-ff at 2 comparable

or faster rate

an the binary enzyme sub-strate c:ornplex The theoretical
steady - ate ‘kinetics of this. system is well understood. This chapter deals

| th the tms:ent-phase Kinetics of the a'bove system and includes the

case m which the- substrate molecule 1tsel£ also acts as’an activator. 1

Finally, some. data on carboxypept:.dase A are a.nalyzed with reference to

derived equations.

A
>

e

No Sbeady-State L v T o .

\,

The reaction scheﬁixe first considered i is : R"" | S
. . Nt T \
ST . . Q
: "f)«z: I ¢ - - ‘ .
A, -0 - Y .
I EN LS . '\‘
- - ‘_‘-e i . . : ‘kl '—:F\ kZ . L -0
COTREY A —=—= EFA — 5 E + X -
e -mM-n-Z 2 k . ’ . o x )
o o o] =1 .
. i .
v - léq k . o o T T T
o Lo . bk, N
L SRV EAQ — —"» "EQ 4 X
. T il . - n. oo L. . ., Z B K

e

A 15 thé substrate,: wh:.ch hke the mom.ﬁer is cons1dered to be in grea.t
e?;cess of the e‘nzyme, Q 1s the mochﬁer, in this case cons:.dered to
'be an actn:ators’t‘::. specza.l case, to be cons:.dered is when Q=A4). 'Ihe

.f-\,}
/concentra.tzons of the various spec:};{ are mdlcated in small letters
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The differential rate equations are .

~ X -

ri M = a {e -m -n -z) ~kim -k m+k n .
] B k_l o' g, . . qqo_ S-q
s . . ,
rz] n = kqlqo bos! (k-q + bkz }n
3} x = k,m + bkzi n - ' X
4] %= bK,m

where K = k + 1% If the d:.fferenna.ls are replaced by opera.tors P
following the La.pla.ce Cats:m procedure, the result is

FS] - (P+k +,quo+‘lﬁlao)m:}graoeo_(klao_k‘q)n_}ﬁaoz

rel (P”.+ k_q +_bk2)A n= l_cq q 2,

k
g 3™

S TPk ¥ Bk,

r8) oz ==
B ‘ f
Substztutlon of the e.:-:press:Lons for n a.nd z u:to eq. [5] leads to

: lﬁa. e P(P+k +bk) X
r9l ) i S .
T~ (P+A1)(P+12)(P+;\3) \ ‘ g

':3

where 3 i's'é.re the negétivé roots of the equation

rd

{107 P3 +ME’2 +1IP+0=0
. 1 .. - : - i
andh
‘. .
r)il s k P +1; .-H.:k | - C
B M = kla + qqo-% -q > ‘ o \

T2y | L =k (k+qu) +bk2(k+kla +k q)+k Ig o o

- = "" A



B R sk ge

From eqgs. 37 and {7}

LN

, bkquqom‘
[14] X = MY T e
., =9 2
hence i .
. A k. (P+k +bk, +bk q)m
risy - x = 2 -3 2 3 0° :

P (P Fk__ +Dbk,)

Substitution of eq. 9] for m into ec. [15] gives
Sk, e a (PHk_ +bk +bk q )
- 2 o o - =g

- 2 q ‘O-
[16] x 2 _
(P+x1) (P-%-lz) (P +.x 3)

e (v S

The original for x is
i Ii kz, a éo- { k-q + bk -i-.bk.q qo)

R

r17] - x 3 N N Z : /. f
- 142 43 . ‘
35 k k.a e (k _+Dbk, +bk -3.) -t :/ . &
' 12 o o -q 2 ado T s .
. LB ' AL (P =) ‘ € o \_/A‘
- i=l : i i g ;
Since l112')‘3 = k.lfbkz kq 1, 2, this leads to ) )
- k__ + bk, ) \ CL
= ___-L__. 1 . . P
[187 x eo(‘ — + )
q e ) -
N .:; klk2 a2 eo (k_;a -i-‘bk2 fkbkq 9, - 11) e-;\it

321 Ay (P-ay)

i

Thus, the variation of product concentration x with t corresponds to 2.

triphasic exponential rise, with a hm.thng value of'x equal to the Srst
: o Fa . :

 term in eq. r18] . Thatis, no steady state is established, - \7
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E stablishing a Steady-~State

In those cases where Q is the substrate itself,a steady state is
generally found a.ftg:; an initial transien't pﬁase. A modification to the
mechanism is therefo:'re‘necessary. The absence of a steady state
5:5 attributable to the fact that EAQ. decomposes into EQ + X, rather than .

into E + Q + X. The latter possibility' is now considered.

The scheme 1s .

X, & )
: < - - .~
- , ; o
& + A = EA —_—> E + X
e -m-n- a k m ) %
o -. 0 -1 ,
| k |[{° x
q [ -q
i i bk?_
: - EAQ —= E +0Q+X
- . ) ‘ x =
n . " =
=
Tw~ 4i4Fhe Flifféreﬁtial rate equations are now =
s m = k_lao(eo-ml-n)-k_mquomi-k_qnl 1}::
[20 ] A= quom-(k_q+bk2)n
r21] % £ km+bk,n
Replacing the differentials by opefators P giveé
: ; P : ] 1 = - -k )n
raan .' (P+k + kq_qo_+ kl a.o) m kl e, 2, (1& a, -q)
= X . - .

{233 (P + %c-q + _bkz) n . q-qo m ) . ' |
.. R kq q;:) m’ ' ~
: (P + k-q...-i' bkz) - .

P



Subst1tut10n for n into eq. r22] leads to
kla e P+k q-!-bk)

(251 " (P'i'l ) (P +1,) - . /
- 2 - /
where C : _ ' )
r2617 xy = 3 (-R- ‘/;2 - 47 L ) | )
&0, _ . : )
r27] A, T A (-ngz'-eoy C o -
* and ‘ : -
28] - R=k1ao+15_+k_qqo+k-q+bk2
= ~ g ; . P L
- r29] Q k-q(liao+}c)+bk2(1ﬁ;o+k'kgﬂo)+}°1quoao
e . :
It then follows from eq. i‘21] that ' . oo D)
. R (P +ay (P+ay) ) )
: ' | ! -’r‘ “ g
The original for x is, ' - :
=
klk-a e T +bk2+bk q ) 2
rs1y- . x , 3 =
klkza e (k.+bk +bkq -2, At
1 1
2 ‘ - (e .7 -1 )
’klk a e (k_ +bk +'bk 9, - A ) st
2 2
- : (e -1
) 2 o - . o
i a2 (o)
lntréc_iuction of expressions for ), and ) , then gives . 7
M ' :" ‘ ) . ’ l’ . ) ‘o . . .
~ i- . (”““\ .
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N

i

3 o _ 50 -
k. a e (1 +ta q, ) T -
32. % = 2 Q . t . ~ ' .
raz] - . ak
- 1+ L.
I%m( le G.)+a (1+-b qo)
. _;\ t -}. .t .
. 1 2 - ..
I ~.
T
where R
33 e = bk /(k +bk) '
133 z o g PRy :
: k.+k o~
s | 2 k
r34) K, =——— ="

' By and B, are the exponent:.af!c:oefﬁc:.ents as defined in the original for x

eq. [31]. Since eq. 2 32] contains a term hnear in t (contrast eq. [18]

., the transient phase is followed by the establishment of a steady state.
The rmathematical conchtlon foz: 2 steady"statqm the-ca.se -whe.r.e-, -
EQ.is i'ormed,: Jqs,pbtalged by setting lﬁh‘bk) k qo 2 _‘equal to zero B _ ,’:
in. qu*rb]'\. s e Con e In 'cq. c15% . ' o ;—E

Equation r327 may be ﬁri@:ten‘é.s_ ) - S o ' ‘ *'w
B At At L ' =
r3sjy - 'x=vt-fr[31‘(e' -1 _+_ﬁz(e -1 ‘ : - =
) ‘ R : ' : - . B g
where .= . T ' S

o . kza- e(l-}-aqo) : - . : .

.r36] v = - . - o . ‘
a‘k q . e : - o .
Isn(l -}--,—--——) Hal ( 1+ Y q )
:m RS -

A séh;ﬁatic plot ofzé aéaiﬁst t is shown in Fig, 10. - . | e

Ana.lvs:.s of Exper:tmental Results,

* The Steady. State '

[
L)

"The steady-sta.te phase of ﬁhe react:.on xnay be’ ana.lyzed by means
of a Eneweaverr-.-Burk plot; accordmg to eq. r36] 2 plot of 1/ v a.ga.mst

Ya T R

e
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Fig. 10 Schematic plot of x against't (cf. eq. {35]).
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‘l/é'd will have a-n, i.ntércept ‘of

- e

L _ L _ g '
(371 . -  'Intercept = (1+ 5 . qo)/kz eo {1+ -cz qé)‘

;a.nd a p'lot of this mtercept aga:.nst q is of the form shown in Fig. 11-

|

i

[
v

.

1ts mfercept is l/k e £rom wh::ch k?_ -can be deteqnmed The 1mt1a1

slope of thi3 plot is a/bk » SO tha.t e/b can be calculated. 'I'he llmztmg

value of the cu:r:\_re is l/bk2 eo hence b can be calculated and hence ¢
. can also be obtained. '

. —The slope.of the Linewea\fer-Burk plot is

e - SV,‘,‘:“.*_*‘_- REA ' (04 kz é /

t \ m ' . v ' \ . -
r3g} , Slope =. — |
At R RS )

!

I

4

-

| M

.

and a plot of th:Ls against q is shown schematma.lly in Fig. 12. The

quantltles k‘l k X K a.nd b can be obtamed from such plots. - s//% =
T ‘ ' ‘ / 5 T
R The apphcatmn of these. methods to. carboxypept:.dase is cons:.dered / e
~ o ) . e
iater in this cha.pter. : e
. = o 3
o
. . . . . . / . . . .;:n‘- ;
The Pre-Steady-State ‘ o . ’

Analysis of the pre-stéady state part of the reaction can be carried
out as follows. Eq. [35] can be rearranged to give

. ' ’ -llt -_hat
(391  m-vi4p=pe L 4B, e oo

A plot of In (% = C vt B). aga.mst t gives two st aight' regions - a e
A(b:r.phaszc) whose slopes are -1’ and - From e 75 [28] a.nd [29] the - ‘
£allow1ng rela.t:.ons ho}.d between the 3. ts-.- / ) ) , L
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7437 - Slope = k.l. kZ (k' + bkz + bfcq q )f e .
and a plot of th1s slope aga.mst q, gives k'.l blﬁ 1:8 and kl.k (k -q + bkz). :
Since kl and kq ar: known, valucis olf-bkz._a.nd Kd,jk- + bk ) can be . x
separated. Also k + k_qlca.n be obtained from (k + k-q + bl&) z
Since va.lueé-of‘?:_ a.nd kz can be calc}:l'a.ted ﬁqfn systenxs inl -
the apsence of an activator, then k and b can be calculated. Hence
from transient-phase experiments in the absence and/ presence of an
activator all ;:a:taca::ons\ta.nts.z:an:bbeca}nuﬁted:’. . - , LT
i . ' - = | . L
- Application to ‘Experimental Results ' ) P =
N Introduct:l.on | | |
c'Sm.table data are a.vaﬂ.a.ble in tbe 11tera.ture for sqme cases of
: substrate a.cnva,tmn For th:.s s:Ltuat,:.on q =a of a.nd the initial steady state ‘ -.f'- -
.Tate becomes‘—.—_f _ PEE Y '
e .

//// - 55 - -
[40] -""K(A]_ + )‘2) = R = }{l a.o + kq qo. + k- + k_q + bkz » L,
- /’/, . ' . - | - | - q
r41j lll kla (k +bk +k q)

k (k. + bk - .
+k( gtk Z)i-blakqfqo

(423 vl = kl kz ( k-q + bE + bkq qo), e, a

Plots of R against a and q, are both linear with slopes of kl
and kq respec:tively. "From these plots (k +k g + bkz) can be

calculated. v ,,

A plot of v against a_ is linear with

RN
.

Sl
0
|

’
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"2
kl a e +agk,e a,.
o 0 2 o o
[44] , Vo= K : , .
. . a2 a 2 -
: Km+ao(1+ kl 5 ao\
e (32) | |
There are two kinds of substra.te activation ' :
- - id ‘depende d
(T ‘) \‘non sigmoidal v \_rg ao .pcn cnce_a_gh‘ﬁ_i‘m“ o
(II) A sigmoidal v vs a_ dependence. o N
-~ 7 | .
.Casé 1 \Ion-Sigjm.c‘:idé.L‘Activation : . ' : 3 ’
~-The carboxypeptidase- catalyzed hydrolysv.s of benzyloxy-carbonyl
gly cyl -L-phenyl-alanine shows non- s:.gmo:.dal beha\nor (33~ 38)_ A plot

of Vs /e against a is shown in Fig. 13, the data bemg those of Whitaker,

(33)

Menger and Bender These workers observed that the a.ctzv:.t\‘at-

higher substrate concentrations is more than expected fr\&m the aCtJ.VIty' ‘-~ i \
at lower substrate concentrations. This led the ;uthor\s: to the conclusion -

that there is a slight substrate activation at-higher, subst\r‘a.te c\-oncentrations.

The authors corrected their data for this apparent substrate actwiv‘a.tiqn

and calculated Krﬁ(app) andk . as 5. 53 x 10° M and 106 sec-l, | e
respectively. A plot of eo‘/v against l/a.ois shown in Fig. 14 for the

data at the higher substrate concentrations. This figure shows non-
sigmoidal actwatmn according to the theoretical analysis of Botts (32),-_ -

the criterion being that the extrapolated linear part of the curve intersects

the negative part of the eo/v0 axis.

Anocther plot which might prove to be useful for analysis of

experimental results is based on 2 rearranged form of eq. [44] , \

K 3
v k, ak, 2, m v Y
[45] = k * k + ak e 2
! €o a “%2 s 2 o o

N R/ b

when v/-eo is plotted against v/ec.> ‘ao a curve will blf obtained. At low
=RV : , e P

‘ 2
! 14 will becaome
substrate concentrations, the terma ,k2 a /(L + —q—) became
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Fig. 13 A plot of vo/eo against a_ for the data of ref. (33) for ' oy
_ , the carboxypeptidase A - catalyzed hydrolysis of ) " -;1
\ . benzylosycarbonylglycyl-L-phenyl alanine. ' ‘l
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Fig. 14 A plot of eo/v against 1/;0 for the same data as in Fig. 13. '
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ak

negligible as compared to tne term Km/(l + ) at this portion the

ek

curve can be app_roﬁcimated by.a line of slope Km'"/(l +
known the term {1 + akz/kl) can be calculated. - Such a plot is shown
in"Fig. 15 for the data of Whitaker et al. (33), More experimental data
will be required to calculate the numerical values of individual rate
constants. ‘

oy
i

Case II  Sigmoidal Activation

" This is shown by the carboxypeptidase A catalyzed hydrolysis

of 0-hippuryl glycolate (39).

The V/eo vs. a_ plot levels off at high a_
nd éq. (44) must therefore be used as it stands. From the plot of v/e'é

vs. ac; (ref. 39, Fig. 1.

-

ak
Initial Slope = _g_z__ = 3.33 x ;03 M7 sec T
m
v = bk, =k = 416 sec—]'
max 2 cat

- .
From the eq. (44) the following rearrangement is made
' a akp 1 1.2
e e rUEE) Ky G
467 o 1 o

1
ak2+k2( ao)

(9

Fig. 16 shows a plot of eo/v against l/ao. Then the slope of the
-3 . .
linear part is Km/kz _Sa=75 x 10 ~ M. sec.. The intercept is 1/bk,
and from ¢ k,/K__2and K /k,, a can be obtained, hence ¢ = 15. 8.
‘ 2 m m’ 2 -

From this study k, and Km cannot be separated. It would be possible

2

to obtain the kz

2 . o
kl ). Ashmls

and K values from a study with an external activator Q,
;-

. .,
TR

'

.- R .
LR I Y
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by use of the equations previously obtained. It is to be noted that

the numerical values calculated for a, K.m/kz, and kca.t are approximate

values,

|
)
.
|
‘
.
1
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Fig, 16 Plot of e /v against 1/a for the data of ref. 39 for the
carboxypeptldase A catalyzed hydrolysm of O- hlppuryl—

glycolate, The data has been read off Fig. 1, rei‘. 39.
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CHAPTER FOUR b i S
TRANSIENT-PHASE OF TWO SYSTEMS EXHIBITING SIGMOID
KINETICSJTHE STEADY-STATE

]
'
|
+
'

Int rodugfio .

Under steady-—sta.te conditions, a hyperbolic relationsh?li: between
reaction velocity and initial substrate concentration provided a unifying
basis for the early development of enzyme kinetic s, deviations frorﬁ this
relationship often i::eing treated as minor perturbations. However -
beginning with the &iscovery of feedback regulations, non-hyperbolic,
especially sigmoidal, relationships have emerged as e\tenszvely

observed features in enzymic activities,

a sigmoidal relationship, the slope of the plot of reaction

velocity aga;nst substrate concentration first increases and then decreases,
as shown scf’xematically- in Fig, 17. Rate equations, in the steady-state,
have been worked for various models (See ref. 10, chapter 11 references

therein).

‘ S, ‘
"The development of fast reécf:‘ion techniques permits observat:.on

of the kinetics in the transient phase of the reaction. 5o {fir there has

.
"

-
-

been no theoretical treatment of the transient-phase kinetics of systems

‘that exhibit s1gm01da1 behavior. 4

Lo The present chapter deals with two s1mp1e models that lead to
sigmoidal behavior: ,
I . ' ‘ .. \

(I) Two form.‘s1 of t'ne monomeric enzyrmme. ‘ o

(II) Binding of two molecules of substrate to. one molecule of a
/

; - -
monome?'1c enzyme;

et e ——
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Fig. 17 A s;:hematic plot of 'reactioln velocity v agla.inst 2 I
. the initial substrate concentration showi;lg a sigmoidal
..dependence of v on ap. .
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Two Forms of’ the Enzyme

\

Introduction

n

It has been suggested (40‘43)

that a monomeric enzyme which exists

in two forms of differen’t\: activities shows®sigmoidal behavior, A specific

mechanism of this type has been suggested by Rabin (40)_

-

l A ° BEL+ X :
}H 2 z x
E + A - . EA wEtA T :
eo-m.-n-—z ao x hoal
-1
k4 - _ e Er+ A

zZ a

The concentrations of the species are shown in small letters.. Itis

as§umed in the above scheme that the substrate concentration, a_ is
in large excess of the enzyme concentration, e It is also assumed that
the substrate concentration does not change effectively during the short

transient phase and the initial steady-stdte cycle, ~

In Rabin's mechanism,, the enzyme form E' is more reactive
tha.n form-E; E'A can give rise to E' and product x, but EA"cannjot.
Thus the form E'A is activated by the presence of substrate; this is
usually referred to as a substrate-induced activation. At high substrate
concentrations, there is an abnormal increase in rate because A forces the
conversion of E into E'; at low substr#te éox}_ce:ntrations the rate varies

with a higher power than the first so that sigmoidal kinetics results.

Solution

The differential rate equations are

b e e A 4 A e

1] - = k_lac-’“(leo__m.,n-z)'-(k_1+kz)m
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. - - _ : .' , .
r2] n kz m _(k3 + k 1)n + k-l_ a z .
2 - ' t. - 1 f i ,
(3] z (k1+k3)n (k _,.E.Lo-i»ké)z : _ |
r4) *x = k,n |

- 3‘_

Replacing the differentials by operator P and algebraic solution of

the resulting equations. leads to the following transforms for m, n, z and x.

t + [ i
- m kla e [’_P J-P(kl-:-k3 k44-k la.o)-z-k (_l, )] . -
i (P+}.)(P+)\)(P+J\) ] ‘
r6] i &klkZaonP-%kéTk'-lao) ;{
’ B ra) P ray) ®Hagh ;1
k 1
- . kl Za. eo(k3+k1)
: B Ea) Pra,) iy
k. k i + k'
[8] .. 1 ZRBa e (P+k4.k_lao)

P(P'f‘ll) (P.+ ;\2) (P"*lé)

~
-

where -3 p A zl-and A3 are the roots of the equation/.
rga P3+MP2+NP+C‘;0 -
and
= ' k + k'
[10] M (k1+k_1) a0.+_k_1+ 2+k3 k1+k4
= 3 t ! Lk |
(113 ‘ N = (klao~;-k_1+k2)(1-:3.k'1+k4,}k_13.0)~t-1<4(k1-L 3) ;_
A |
_ - ® {
* sz ac> (
' 2
- 1
[12] Q = k4 (1?<_1+k2) (k'1+k3)+klk_1k2a o +ao

[k &, (ky + K, 4k + kg ky (et k3)]
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The transforms, eqs. [5] - 18], can Be easily replaced by

the respective originals, Of special interest is the variation of x with

i
H
i
|
1
]
1
]
'

-—-—.. time, t. Hence

. 3 k. k, [k, +k' . a - A.le 2 BRT
1 - -
137 « = v + T 2 . 4 1 o i o o (e iy —~

st . ;
1_1 l i (P = ?\i)

where v , the steady-state rate, is
s .

| 2
.. k K. .
1] B kllkga, +k 8 e -
= X 1 : ) : -
s T (e R TRy 7 A T Ky [k TRy k) F I Ky

2
o+ k k. k!
{kl 3}]+ 1k__1kza o

Analvsis of Results

-

The steady-state rate, ' eq. F14] , 1s the same as obtained from
. . {10, 40)
a stxictly steady-state treatment .

The variation of x with t, eq. 13], is a three exponertial approach

-

to the steady-state (linear in t). A plot of x against t will consist of a

transient (exponential) risec that leads to a linear variation at later times.
The slope of the linear partt is v'c. and extension of this linear part
intercepts the time axis at a pogﬁorrespondihg to the induction period t.

the intercept on the x-axis corresponding to {:

3 k1k2 [k4+kl_1ao—)‘i] e, 24 !
rlS] G = - > :
’ i=l A i (P - )\i) I

Eq. r'13] can be written as .

1 - -3 .t
3 Kok, [ky+k j2,-3;1¢ 3 Mg
rien x-vt+p=z > €

i=l "’ A i(P_-Ai)
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\A plot of In {x - v 1: + B) against t is tnpha.s:.c a.nd the slopes of the three °

straight regions correspond to —;\_l Ao and - 3 which obey the following

relations : . _ : - . '
TR S P
. -3 ' ‘
FIS'-I B Y i = M -
i=l
r191 vQ = kl k2 k3 r _}:4 + k 1 a'.o'_\ 2, eo .

Also, eq. [14] can be written 2s

Kok K (k, 1 ' '
,.2[').1 eo _ kl a5 -H'kl (1\ o+ k3 +k ) + k1 k4 {k 1 + 33)] (l/ao)
. vs klk-lk k3+k1kzk3k4 /ao) N :_'
Rt
. o 2 gl
+k4(k_1-rk)(k' +k)(1/a.)

1
K KR, Ry gk kK (/3

A plot of e /v against l/a ) is linear at high values of (1/-ao) and then

curves down. The intercept on the e /v axis is (1/k ). The slop'e of

the linear part is

(]:c_1 + kZ) (k‘l + k3)

Gk kg T

slope =

From eq. 107, a plot of M against a_ is linear with slope = (ky + k' P

i = + k!
and intercept = k-l + k,?. + k3 + k 1Y k4'

A plot of vQ/a _ against a.o.,'eq. r197 is linear with slope = k k, k' ke
and intercept = kl kz k3 k4
A value ofy = k (k 1t k ) (k + k ) can be calculated from the

above combinations of rate constants. Hence, from eq. [12],
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£ -\
.= + k. k F k- ! ' LIRS 2
r21) Q Y a Tk 2(k47 3+k1)+k1k4 (kl'ks)]Hﬁk‘-l.kz 2
and b ‘
LY.__- = k k (k +k +Xk : ' y :
ra2] 2 g Ry Ry AR Ry R (K k) vk R Ky 2y

Jgainst a_is linear with slope = k X' | k|
A(gﬂ.\ns o 1S Hnear with slope klk-lk2‘

|
intercept = ko (k +k_ +k'. ) +.k + k) . '
2 g TRy TR 3 !

k4 (kl

By algebraic manipulation, various other combinations of rate
'c'ohs;.ants can be calculated. - Unfortuna.tely, the indivldual rate constants
cannot be separated, except for kj. However all the phenomenological
terms in the steady-state rate equation can be calcula-ted' by combination

of steady-staté and transient-phase experiments.

Binding of Two Substrate Molecules , _ :[ z
Introduction o ' ::
. - 25
(44) . . . . s s s
> Worcel et al. showed that sigmoidal kinetics can arise if : {

the enzyme binds two molecules of substrate to form a ternary complex
which undergoes reaction to give the enzyme, substrate and product.

- . 45, 46
A more general mechanism ( )

has H:;z%n considered where n molecules
of substrate can bind to the enzyme. In this section only the attachment ;
of two substrate molecules is considered.

Mechanism

The mechanism of the reaction can be represented as

K X 8 3.
E + A * EA o 5 EA, —E+A+X
k . m * . n a x

H

i

e o H
-Im-=I a - 1

o o 1 i

[}

1



The concentration of each speéieé is shown below it. It is assumed,

s usual, thata >> e . _ ,

The mechanism as shown above involves site interaction. If the

binding of substrate at each of two or more identical sites involves no
interaction between the sites, then normal hyperbolic behavior is

obtained.

S

(44)

Worcel et al. ‘obtained evidence that this mechanism applies

to the enzyme nicofinamide adenine dinucleotide oxidase. . . '
i
: . |
Solution |

i

The differential rate equations are B .

r2s n = - - - : :
23] m kl ao (eo m - n) (k_l + kz ao) m
r n = -
247 n kZ a m k3 n
rzs1 X = ks n
Replacing the differentials i)y operators P and algebraic solution ;,

haty

|

Jeads to the following transforms for m, n and x:
k.a e {(P+k.)
o © 3

1
26 -
it I, Py
2
k k. a e
- 1 2 o (o) .
&7 R (Pt
A Az
lﬁk k aze
2 3 o o
r28] * TE @ ) )
( +?\1)( + 2,
where
r291 = A(R- VRS -2 0)

r30]  a, = 3(-R+ &% - 40
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)

r31] R o= (g tk)a gtk iy =a;tay
$h, (k) a_ sl k al =
3 3 A 172 o

" k .k

“The transforms for m, n, and x can easily be replaced by their

origiﬁals_ Only the variation of product x with time is considered below.
The original for x is

2 g 2
k 'k k_ a e 2 k. k,k a e -3.t
' 2 » : .
r333 < = 1 3 o £+ 3 1 g 3 o o (e 12{})
MAz R o | Ny Py

The first term in equation [33] corresponds to the initial steady state.

Substituting the value of A Ay T 0, leads to Vs the steady-state rate:

.

2
k k_k_ a e
r34] v = 1 2 3 o o

s 2
. k
k_1k3+k3 (k1+k2) a.o+kl Zao

Analysis of Results

-
-
-
-
o

The variation of x, eq. [33] , with time is biphasic, leading to
" a linear part. The slope of the linear part is v Extension of this
linear part intercepts the time axis at a point corresponding to the

induction period, ¢, and the intercept on the x axis corresponds to

B = - (B +B,) Hence eq. [33] can be written as -
35] - : + 8= _K1t+ | e—}\zt
[ ] x - Vst ﬁ - Bl e ﬁz
. where i

(kl + kz) ao + k_l + k3

[36} B/v_ = ¢ = >
k_1k3+k3 (k1+k2) ao-i-'Klkz a.o



-72 - .
or... | i ’/
Xk (k - /
By k) tk k2

an - ' 1 2-0° ;

r37] v /B = 1/r = - = ' '
s’ k-l + 1.<3 + (k1 + k_z-)/a0

~ ’ /

-

-

A plot of In (x -/vst,,_-i-/ﬁ)' against t will consist of two straight
regions whose slopes correspond to -) 1 and -3 5 Hence R and QJcan
be determined. A plot of R against a_ is linear, eq. 31 —with slope =

(kl + kz) a.ndfmtercept = k-l + k3.

A plot of 1/ragainst a_, eq. 37, islinear at high values

of 2 and then curves and intercepts the 1/r axis:

Slope of linear part = kl 1*:2'/(1c1 + kz)

Intercept on 1/ axis = k .k /(k 1t k3)
- D -

‘ >
A plot of v-SC'a.ga.inst 2 is linear:
= 2
r38] v 0 = kl k2 k3 a e

and th pe i k. k, e .
e slope 1s kl , Ky ?o .
From manipulation of the above values, one can separate k3,
- ) " t
k ok k and k; + k,. It is unfortunate that k, and k, canno be

12
separated.
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- CHAPTER FIVE

TRANSIENT;PHASE AND STEADY-STATE KINETICS FOR INHIBITED
ENZYME SYSTEMS: SINGLE INTERMEDIATE MECHANISMS '

Introduction

Up to now there has been no theoretical attack on the problem of
pre-steady-state kinetic s for enzyme systems in which inhibitors are
present. Steady-state investigations on such systems have revealed
that there are various patterns of behavior. From fma/;::henomenolégical

point of view we recognize the following extreme cases (10):

(1) Pure non-com.petitive inhibition, in which the degree of

~ inhibition is independent of substrate concentration,

(2) Competitive inhibition, in which the degree of i.nhibition is

reduced on adding substrate.

(3) Anticompetitive {also known as coupling and uncompetitive)

inhibition, where the degree of inhibition is increased as the

substrate concentration is increased.
Various other types of behavior have been observed,

As far-as mechanisms are concerned, it has been common in
the past to interpret the various types of inhibition with respect to

a simple Michaelis-Menten mechanism:

E + A—EA >E + X

where E is the enzyme, A is the substrate, X is the product and EA ' 1
is the additio-n complex. It can be shown that if an inhibitor Q combines i
only with E‘(and not with EA) there will be competitive inhibition;. if |
it cornbi!nes only with EA (and not with E) there will be anticompetitive

inhibition; while if it combines equally strongly with E and EA there
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will be pure noh—competitive behavior. Intermediate cases are dealt

with in terms of varying strengths of combination of Q with E and EA.

The present chapter develops the transient-phase equations for
systems in which E, A ax;d O‘a.re present, on the basis of the single-
intermediate (EA) mechanism above‘_ Thef next chapter lvill treat the
problem on the basis of a two-intermediate mechanism, which is known

to apply in a number of cases.

Competitive Inhibition .

Reversible Case

The mechanism 1is

» qO
' k. k
i 1- 2
E + A m/—————EA > E + X
e -In-n a k '
o o] .o=1 besd x
k
k\
q -q
EQ
n

It is assumed, as in most experimental studies, that the substrate
and inhibitor gre in excess of the enzyme; the conce_ntra.tiOns can then
be approximated as shown above in small letters. The differential

equations are:

[1] m :}gla.o(eo-m-n)—(k_l—i-l-cz)m'

r2j 1=k q (e -m-n-k n |
g o o - \

[37 i=k2m
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‘The differentials are replaced fby.o;:e'rato'rs P, and we obtain

the transform equation for m: , 1
= k.a e (P+k ) ;

r49 . m = L oo -4 :
: (P+7‘1HP+7‘2) !

where . ‘ o _ .
. ‘l. z ' S |
[Sj . b 1 = %‘- (-R - - 4 Q) . . . ‘ .
-2 ((R+VRZ-20)

6] Ao 3 .
7 R = k + X +k +k N ' |
o K% tTXe% T g \ l
. - ’f{-‘ o ;
r8] Q kl k-q a + (kq .qo + k-q_) ‘
where k = k 1t kz. The oi'iginal for mis
k . - ot
: k1 -q *5 %o kl E,'o eo (k-q A 1) Ay
1'9'] m = - - e
A Ao A qlhgm g
(k- -t
klaoeo( -q AZ) ekz
np g oAy
~

Introduction of this into eq. FSj and integration with t = 0, n =0, and use.‘

of the relation ) 1>

5 = 0, then leads to
k. a e k.k,a e (k- ~3.) -3 .t
2 - 1 1
r10] x =220 ¢ - ——2°o=d (¢ ' -1 '
. _ i |
a +K (1+2) vy oyt
o m Kq ‘ |
- -3 _t -
kikya e, (kg -2p) ‘2
+ > . (e -1 ;
Ao (A Ay)
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The first term in eq. [ 107 'corre§po_nds to the’ steady state, the behavior
being competitive; the other two terms account for the transient ° . ‘ !

"behavior. Fig. 18 shows the behavior in a ‘'schematic fashion__.

If v is the steady-state rate,i. e,

' . k. e a
rizn v = 2 o o

. q ' , o '
.+ K + _ ) . |
& m(l Rq—) .

and B (the sum of the pre-exponential terms) is the intercept on the x-axis

(cf. Fig. 18) then _ . i ,
1 kl a +k +% q +k '
[:13] [3/V =5 = = k + ) — q ¢ - g9
o - k k- k +
q 1 _qaoTk( qqo k...q)

Eq. r10] canbe written as

. : ' -?‘lt -)\Zt,
(14] x-vt+B=p"e + B, e

and plots of In (x - vt + 8) against t will consist of two straight regions '

Yany

with slopes of Ay and X p- The )\i.'s obey the relations

= ‘i k + k
157 (;\1-1-)\2) klao+ o+ qqo g
= g k + k ' ' 1
ri63 Ay Ao klk_qao-i-k (qqc> _q) _ | -
. : |
‘ - ‘ ' < !'
rn7 Vapip kl k-q 2 e | |

Plots of (3 1 + ;\2) against a, and q aTe linear with slopes of k.l.

and kq, respectively, Also, plots of XA against 2 and 9 are hnea.:r

with slopes of I k q;and kqflz , respectively. 'Iherefore, k.l.’ }cq, k—q
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and k = k L. + kz can be calculated, The rate constants kK 1 and ké ‘
- »

can be calculated from the uninhibited case {cf, chapter one).

Irreversible Case

If the inhibition is irreversible (i.e. k_ = 0) the resulting %

equation is

Y

k_ e k. k -
203-0 1zea Alt klkzea

181 x = - ‘e -
g * *K_ k_q ETUNEEN 0
m 1 2

q "o, Y Rzt hg

Smce there is no hnear term in t, there is no steady state. ’Ihis .
cnter:.on will be useful in dlstmgu:.shmg between reversible and
irreversible inhibition. From the limiting va.lue‘ of x, equal to the

first term in éq. rnsl, kq can be calculated. y

-

Anticompetitive Inhibition

Reversible Case

The mechanism is %
X +° X,
E + A 1......._.____.__.: EA > E + X
e -In-n a .k . m x
o o] -1 ‘
k 1k
": . q j -q

EAQ

ja]

- The concentra.t:.ons, shown above, correspond to the usual case of the
\

substrate and inhibitor being in great excess of the enzyme.
The differential equé.tions are -

- 2 = - - —N —k m+k n
191 m = kla.o(eo m-n) -km qqo -q

¢

1
B
I
1
1
I
+
.
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F
20 "_ n = k g m-ic n
201 %™ " g
[21] X = kzm
The transform for m is
ka e P+k )
r22] m l o o -q

)

TPy P,

where P is the operator and

%(-RL&Z-4Q

[23) Ay =
r24] 125%(—R+&2-4m
rz2s : :. = % .
5] R Aytho, k1a0+k +quo+k_q
rz2é . C = =k k Kk o+
] . M ra kl -qao+ -qk klkqacqo
' The original for m is
.k k _a e k,a e (k -3,  -x.t
[27] m = l -qg o © _ lo(o -q).l o 1
M2 Aipthra T
k e - -
130 o(k-q KZ) }‘Zt

- ( ) e
AptAp T,

Substitution of eq. [ 27] into r?_l]' and integra.fion with the boundary

conditions, t = 0, x = o, leads to (after substituting } 122 ° <)

k . L k-2
©R2 eo ao kI' 2 2 %o (_‘,-q 1) s
rzgy - X = - - t+ — {e
— 2 -
. o A { J )
K +a (l+—7—; 12 1
- m ) Kq ) ,

k kK  -X
lkzao eo( -q 2)

2 -
12 (ll 12)

-

~—
-
-l
-
——
e
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-
’ . +
-

where Kq = k q/kq;' The first term represents the stea'dy state, the
behavior being anticompetitive; the other two terms correspond to a

‘biphasic exponential rise leading to the steady state.

L

Eq. (28] can be written as -

7297 x‘=vt+{3+ﬁ1e +[32e

where v is the éteady state rate and B is the intercept on the x-axis
of a plot of x vs. t after extension of the lirear part.

1 1
r3a7 8/v = 1 = -— %

k . k.a (k +Xk +k k
Feq 126 g * X %) T g

ka +k +k _a +k
o) g ‘o -q

A plot of In (x - vt - B) vs. tis biphasic (two straight regions) with
_sloipes of - 1apd A, From éq. 257, plotg,of (}\1.-{» Y 2) against a
and q%are linear with slopes of k.L andeq/,-' respectively, From th gsg
plots k + k-q can be obtained. Sincek = k-l + k. can be obtained from

2
the uninhibited reaction, k canbe calculated.

K

,’/l
Irreversible Case ’
A similar treatment of the irreversible case (k__ = 0} leéds to
- t
K& eo k1 k2 ao eo )"1
e i TN
‘ q % Mptha T M
k k_a e - t
1 2 o o 4 2

T xo Y
L R

There is now no steady state, which distinguishes this case from the

reversible case. The values of kq can readily be obtained from the

analysis of experimental data, kZ v e 9, being known.

i
i
i
]
:
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Pure Non- C:n{petltlve Inhibition
Reversible Case
The mechanism is now . ‘ :
© € < e |
9, 9 . ‘
* X, ¥ K
E + A Z \EA 2 L,r o+ X ;
eo-m—n-z 2 - m — 3
-1
k k
k k q -4 .
q -9,
£Q EAQ
z
n

T

For the pure non- competitive 1nh1b1t10n the inhibitor must combine with
EA in the same manner’as with E. The concentrations shown above
correspond to the substrate and the inhibitor.in excess of the enzyme

concentration. The differential equations are:

~

r32j rh:klao(eo-m-n—z)-km-quorr{-i-k_qz
r33 2 =k g (¢ -m-n-2z-k _.n
‘ o © -q
r34) z = k qom—k z
1 35] x = k, m .
B! !
. . . I} 1
The transform of mis 2 % !
ka3 e (P+k ) ) : 5,
r36] m °_° 3 ]

TP NP E )

where P is the differential operator and

rs37 = Kk +k
27 . g% " “-q

1 .
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r38] ).2,=%g(-R+ R -420) _

: 1'g‘2 ) : N
r39] g = & (-R + - 40) '
7407 R = kl ao+k + quo+k_ .
r417 Q =k _(a +k).

The original for m 1s

2 2 - '

- k k a e 3 k.a e (h.-k ) -3 .t :

r42] m = 19 °0o -z Lo o = —=— e |

- . A <X o~ A v (P =) .
12243 i=1 Ny 3

Substituting-eq. [ 42 ] into [ 35] and integration with the boundary

conditions, t = 0, x = 0, leads to (since 3 ;A A o =14 Q)
_ : 1%2%3 1

‘ 2
k_ a e 3 k.k a e (j.-k 1}
r43) x = 2 o-o - £+ 122 o o "1 -G
K +a) s =) =1y ooy
0 K
. -9
#
There is thus a triphé.sic exponential rise of x with t, until a o : -:_:;I‘
steady state is reached. ' I
Eq. [43] can be written as =
- . 3 . -;\it
r441 x-vt+3=% PB.e
=1
:.xrhere ]
. k.a e w
r45] v = °_° |
LE2 q !
o .
K 1 4
{ +a ) "R )
q
3 3 0k k a2 ( k )2
L e (n: -
1 2 o o 1
r46] B=-L B =-C > 2
i= 1=l A, (P -1)
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ka. + R +k q +k
. 2
ra7] 8/v = 1 = - _ + 1_ 2 o -
- o - -q k_q(kla + k

A plot of In (x - vt + B) against t consists of three linear regions

whose slope's afe Xy '-)\ > -} .. However

3 . : /
_ . ' , .
‘[48] (;\1+12+13) lag*Z_quoTZk_q-Lk
= k :
r49] Aydgp A g kl -q (k—q+}.<q qo) ao+k_qk (k-—q-rk'q qo)

Plots of (;\1 A,

and 2 k as slopes, respectlvely Also, 2k —a + k& can be calculated

+ X 3), eq. (48], against ag and-‘qo give kl

from these plots, Sincek = Kk 1 + kz can be calculated from the uninhibited

case, k can be calculated {rom kq and Kq =k q/kq"‘the latter being

known from steady-state analysis. It is to be noted that several other

plots can be devised. ]
-
Irreversible Case . ) : El
—-¢l'
Tor the case of irreversible inhibition (k g = 0) ) Eg
. k. k S -
KR % % 172 % %o t
1301 * = TN G, o
: k + k + k 12 "M
kq q, (k2 a % )
| ) (J\ -2 ¢ |
2

There is now no steady state, which distinguishes this case experimentally

from the reversible case. If X_1is the final value of x (imit x as t = =), then

f
- k +k ' . -
1. fq% + g o 1 +.
= " . ‘
x£ kZ e_o lﬁ. 2eo ao :

From a plot of 1/’::f against 1/a.o, kl and kq can be determined since

kZ is kn_own.
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CHAPTER SIX

TRANSIENT-PHASE AND STEADY-STATE KINETICS FOR INHIBITED
ENZYME SYSTEMS: DOUBLE-INTERMEDIATE MECHANISM

_Introduction

A number of reactions catalyzed by enzymes are known to occur
by a mechanism involving a2 second intermediate, the general scheme

being

E + A/——EA Y > EA! YE + Y
% “ -
Here E is the enzyme and A the substrate; EA is an addition complex
which splits off one produci X to form a second intermediate EA'. This
finally forﬁs the free enzyme and the second product Y, usually by
hydrolysis. The reactions of ?roteolyti.c and other hydrolytic enzymes
have fr_eﬁuently been found to occur with two identifiable intermediates,

EA! being an acylated enzyme. . -

The inhibition behavior is complicated by the occurrence of two
intermediates, since either or both may combine with an inhibiter
molecule. The relevant steady-state equations were worked out by

(47)

Krupka and Laidler ., who discussed the conditions under which one

can obtain non-competitive, anticompetitive and competitive behavior.

* The present chapter is concerned with the corresponding treatment
of the transient phase. It is confined to the usual case in which the substrate

and inhibitor concentrations are greatly in excess of the concentration
v g

of the eﬁmﬂ/\"

Mechanism I

Reversible Case

The inhibitor Q becomes attached to the free enzyme, and not to EA
or EA';




- 85 -

Q
3 ~ . i
+ kl k k ;
E + A———— EA 12 >EA' ——2 3E + Y '
, eo-m-—n-z 2 k-l m X n ;
k k. x
g -q
EQ
The differential rate eguations are
ri7 _ fr = ka (e ~-m-~-n-z)-k m
l o o
re] n = kz m - k3 n
‘r3 z = - - - -
3] z k qo(eo m-n -z k-—qz
r4] X = k, m
rs v =
] y = kgn B .
where k = k 1 + kZ . Replacement of the differentials by operators P

and algebraic solution leads to

kl a e, (P + k_q)(P + k3)

T mo= 73 z
P +MP +LP+C
where
!‘7]‘ ‘ M'zklao-{-quo-;—k_q +’1: +k3 _ o
- [8] | L=k S RIOIEIE L IRE R ao+'1: Ky + k2 (K, + k)

v

- Rk ' k. k +k k. k' a ..
(9] Q kk3 (quo+k—q)+lﬁ 3 -qao 1 2 -g o _ B

To obtain the original for m we require the roots of the polynomial
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2 |
r10 ] P>+ MP 4+ LP+0 =0

These roots cannot be obtained explicitly; we denote them by -3 1’ a.nd

-3 - and -} 3¢ 9 [6] then can be written as

2

kl -ao eo (P + kﬂ)(P + k3)

SF o P AP

[11) m

The original for m is

k k k -
1 -g 3aoeo B klaoeo(?\ k_

rlZJ - m =

kpage Gy -k )G, -k

-~

k . =k -k =3t
1358 (g mk_J g -k S

(Al-x3)(a2-x3)

As

Use of eq. [4] and integration subject to the boundary ‘condition x = 0,

t=0, and with the substitution 3 1Aor g = ) leads to

l(2 E"0 eo
; [13] X = 3 k2 t

Q

Km(1+K}+ao(1+k) .
q 3

- - -3t
30 Kka e by tk by o Thy
+ T > -1
& jwl : N (P - Ai) : . ¥E5

where K = 'Iz\/kl and K =k /kq. The first term, linear in t, corresponds
m q -9
to the steady state.® Eq. [1371is of the form

- .t -
[ 147 x-vt+ =B el1+[3 ek2 + 7, e
- St 2 . -3

i
!
!
t
i
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where . S

3
B = - 3% B |
|
-1 |
" !
.‘;’_ Za'.o B
i qo k2
K (1+—K—)+a (1+T)
@ 3

Fig. 19 shows schematically the dependence of x ont (cf. eq.

~[13]); thereisa triphasic exponential approach to the Steady state.

In principle, data can be énalyzed with respect tontheée equations,
but in practicé the analysis will generally be rather difficult. The .
quantities 3 and v can be determi.ned-from a plot of x against t (ci. Fié. 19y,
and then In (x - vt + ?) can be plotted against t. In general this plot will
have three straight regions, the slopes of which give the values of ) E

X and A 3" However (3 l+ A +A3) =M (cf. eq. [7] ) and plots of M

against a and q, are linear with slopes of kl and kq respectively. Irom

~ ~ o’
these plots k + kq + k3 can-be obtained from the intercepts. Since k + k3 ' _—J1
can be obtained from the uninhibited case then k can be calculated. ' 5—%

- e,

Alternatively k__ can be calculated from k and K_=k_ /k where the
latter can be obtained from the steady-state analysis, Maguire, Hijazi

and Laidler (27

applied this to the ¢-chymotrypsin-catalyzed hydrolysis
of p-nitrophenyl acetate in the presence of indole which was shown to ~
competitively inhibit the reaction. A plot of their data for the function

In (x - vt +8) against t is shown in Fig. 20. This figure should be '
contrasted with Fig. 3 where the same plot is shown for the uninhibited -
case. In agreement wi;:h theoretical prediction the unichibited case s_ho;.;vs

a biphasic behavior while the competitively inhibited case shows a triphasic

behavior.

It is to be noted that various other plots can be used to separate

the values k and k . o
q ~q .
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Fig. 20 A plot of In (x - vt + B) against t for theIndole-inhibited -

e-chymotrypsin-catalyzed reaction of p -nitrophienyl acetate.
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(k ;0). The éolution is now
k_- k. k k. - -
2% % 150 % % 5wy
e * T K x T X Yo
m qqo Mpthga T Ay )‘3-?\1
k k - “A.t (k. - '
23,5 Ks Tl Ay Kk, a e, (kg =ag)
) (- R T, g mag) (g -
R P i R UL S
where -} Y and -x 3 aré the roots of eq. r10] with
-r = ; L
‘ 167 M kq qo+k +kl a .t k3
AT = ! k k.4 +kk
177 L k3 (kl a.0 -+ kq q0 + k) +_k1 > a.o + q qo
1 = ® k
87 Q k_ks qqo

- ' - 90 -

In some cases plots of In {x - vt + 8) will have only two or one

srtlraight boi‘tions; this can arise if ore ur two 6£ tlfze Ay a.mf;\ 3

r A

. ‘ . 2

values is much smaller than the remainder.” This obvicusly makes
S

the anal?sis_impossiﬁle, since some of the values are not revealed by
the data. i

~

Irreversible Case

An interesting special case is when the inhibition is irreversible '

_Sin.ce eq. 15] has no term linear int, there is no steady state; x levels

off at a limiting value of k, 2 e /K q q, Irreversible inhibition can

thus be distinguished from rever sible inhibition by this lack of a steady

state. In this irreversible case the value of kq can be determined from
the limiting value of x, since the other quantities are known. It is

essential in applying this method to ensure that the substrate }s well in

\

[
“1

VAR

¥

yiwici 1 viadd
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“

excess of the inhibitor, sq that there shall be little depletion of substrate
- .

by the time the reaction ceases.

Mechanism II

Reversible Case

~ 5
The inhibitor becomes attached only to EA: ‘
’ i
», O
qo
k + kz k
_ 1 s
E + AT EA 1B JE + ¥
€ TRTE 3,  ka ™ x ° y |
k k x
q -q -
EAQ. ~—
z
B
The differential rate eequations are ot
7
_ o
7197 th = k2 (6 —-m-n-2)-(k+k g)lm+k =z =
- 170 o . q ° -9 =
r20] ﬁ:kzm-ksn -
r#1] z = k q m = k z
r22) ¥ = k, m
[23] y = k3 n
. l
The transform for m 152
Xk a e TP2+P(k +k)+k k]
L : - -q 3
r24] m = 1 o o G 3 q

P> L MPT 4 LP+Q {
o !

where P is the differential opera.tor', and |

F
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2 M = a +k+k + k ) -

rzs] ko2 @ ot E gtk

26 L=k (ka +k)+ kK q + ~

[26] . -q koa +k)+ka, q % ky(kya +k +kq q°+k_q)
+k1k2ao

27 0= k. [k (kak K ‘

r27] 5 L —q(‘lao )+k1-qaoq°]+klk2k_qa.o

Eq. [24] can be written as

2
Kk a_e [P +Pk

rzg =
! i PP )@ 72,

+k k
_ +k3) ) 3]

where -3, Ao and -) 3 are the three roots of the cubic. The original

is then m
k 3 Lk YL -k ext -
lﬁ. -q 1'.:3 a'0 eo : k1 ao eo 2\ 1 -q)(?“l 3) )‘1 <
r29] ™= - A (P o= al) ' © =
itz ts i=1 i i 7
Introduction of this into eq. [22], and integration with the initial E
conditions, x = 0, t = 0, leads to . =
‘ | K -k Cek) -a.t
. kz ao eo 3 kl- 5 ao e:o()\1 _q)(}\ i 3) 11
r3o] x = m t + T > (e -1
) 2 % i=1 v, (P -a))
K +a {(l+—+=) i i
m o k K :
3 q

‘4

The coefficient of t in this expression is the steady-state rate for this case
of anticompetitive inhibition.. The concentration of x approzahces the -

steady-state in a triphasic exponential manner. " Analysis of results proceeds

[y

as in the case of Mechanism 1.

T

Rt
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irreversible Case: ‘ _ . . )
For irreversible inhibition by this mechanism (k _ = 0) the
solution is ‘ . R ‘
ke 3 k k a T i
_ 2 o L2 2 & Ky = y) Nt
r31] X = -;—-—-q— - z : (P ) e
— q ° i=1. A = Ay

where =i ,, =A 5 and -3 . are the roots of eq.’ [10] with |
!

1 3 !
- \
[32] M =.k1a.o+’1\; +quo+k3
r33] L:}Hkqaoqo+k3(glao+§ +quo)+klk2‘ao
= v_r_34] Q= kkja ko aq _
There is now no steady state, Experimentally, kc; can be .obtaired from ;

the limiting value of x, equal to the first term in eq. [ 31] . Agaip, the

i

-
substrate must be well in excess of inhibitor.

R

W

Mechanism 111

Reversible Case ™

—

—

The inhibitv,’)r‘becomes attached only to EA';

WO




The differential rate equations are

r3s] rh klao(eo-m-n_z)-tm

He
"

361 S m-k3n-quon+k_qz

2

T z2 = -

"37] z kq q, k 2 ]

r38] x = k,m |
r v = k

39] y 30

The transform of m is

BTN

. ’kla e rP2+P(k,,k qa +k )+ k k3)
r40] m = o g > 2.9 ©° -9d -9
) P +MP +LP+Q

where

r4 = k4 + “._;
1] M o= ke tk +kgtkoq vk

r = + . k + k. k +k k.,

42 L o= (gt kg d +k_Jka +k)Hlgk a bk K

r4 o - kK +% k k +k k.a (k +k q) ;
43 Q klaok—q 3 -qg 3 1 2 o(-q-r qqo

Eg. [ 407 can be written as
2 L
‘ rP +P(k, +k F ke +k k
kl aje I : { 3 qqo-r —q) g 33
(P+11)(PT12)(P+A 3)

[44] m

h - - -
where }\1, Azand A

3 are the roots of the cubic.
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The original for m is then

2 |
kK k k a- e 3 ; |
m s ——=9 3 0o o 126 %" Vit gt R )
) Ao TIC ® -1
M1t et izl . M g
X ]
L k3] Ait
AP =)
1 1

Substitution of eq. ['45] into [ 38] , followed by integraition with the . '

initial conditions, x =0, t = 0, leads to

‘ kza e :
[46] x = S — t | - !
- kz q0 . :

K.m + ao_+k— ao(l -i-'f' ) -
3. Q
o 8
3. il ik +k vk )+kk3) y.t
iy g+ o
. z 32 %" - =9 (e -1

apprg Pob et

The first term corresponds to the steady-state. As expected, there is

\f

no inhibition i1f kz << k3 ; otherwise there is anticompetitive inhibition.
As before, th_evsteady state is appfoached in an exponential manner.
Analysis of experimental results can be carried out as explained for

Mechanism I, and leads to values of kq and k-q'

Irreversible Case

The result for irreversible inhibitio'n by this mechanism is ‘

k + k - % . R

r47] 1+ 5 ) D 2% % M T N D
X = € b - - ,
B = P - . |
o quo o1 A ( }\1) ‘ |

- , are the roots of eq. [10] with .

et — -
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: = +k‘ X *
r487 M kq qqofk1a°+k
‘ L = ka (k. +k + R (k
r491 . 12 Ky qqo) (3+quo)+k1k2ao
- = k
rsol Q 1?1 quaoqo

"Again there is no steady state and the kq value can be calculated from

the experimental limiting value of x.

i

Mechanism IV

Reversible Case

»

The inhibitor becomes attached to both E and EA! the rate and z

-
-t
—

equilibrium constants being the same B

0 o
< .
o ‘ a,
+
k Sk, o+ k, :
E + Aﬁm —> EA! sE  + Y =i
e ~M-N-Z-W a kl . m l n 5
X X . z
k ||k x  Tqif -af
: - EA'Q
] 1
EQ
w
z
The rate equations are !
rs5l] ' m = klao(go—mfnrz-w)-k m . Q V’
noo= ! - (k. +k n+ Xk w
152 4= kym-(k,+k q) g
£53] z = k g (e -m-n-z-w -k z
- v q o o -

54 v = -k w
I54] w quon
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rs5]  # = k,m
rse] y = k3 n

The tra.ns'.form for mis

‘ > ’
kl-a eO(P+k_q)i'_P +P(k34{-quo+k_)+k k)]

= o q -q 3
[57] m = Z 3 > |
P +LP + MP +NP+Q :
|
!
|
where i
‘ = 2 +2k +k a +Xx |
rs8] - L b kq qo <t ao + k3
5 ' = 4+ k x Kk K
rs9] M, (kl a‘p+k) k_q+ kq qo+ a5 +k1 5 3
N = (k. +k Xk FR) kK +Rk g
[60] . (k3 + q q + _q) r Gﬁ 3 | ) kg q qO]

3 X +ka +kl+k k. a (k g +2k
¢ ¥ k‘qk3 [qu0+ -q+ a.o ] 1°2 'o( qqo -_q)

1

"1 61] Q:k."qk:%[(k ao+k)k >

 * k. k kg +k
__tk .kq qo] + kl q a_ { qqo _q)

1

TN TR WA L A

Eq. 757] may be written as

2 .
P+k re +P(k, +k k )+k k
kl ao eo( M -q) : ( 3 qqo ¥ -q -q 3]

(P+AWP+x£@+A§@+AQ

-\ ., and ?)\ 4 2T€ the four roots of the quartic

where -} 3, -k 5 3

[63] P4+LP3+MP +NP+Q=0

The original is




[64] m
Sr
> . ]
4 k a k -
1 oeo( -.q*i)["i ?\i(k3 +qu°+k_q)+k_qk3] -t
= L ® ) e
1=1 i i :

J
-

Substitution of this into eq. [ 55] and integration with the boundary

conditions, t = 0, x = 0, leads to

. kz ao e
—_ . o -
[65] X '- - kz n k3 qo t |
Kyt~ 2 G |
3 q 4

4 k k.a e (k ¥
2 - - a2 =
. T 1 0 © q 3 :k
i=} 2 o
" ki (P - i) ll
-\ -\t ;:

e Y -1

h = (1: =
where K.m /kl agd Kq k_q/kq.

The first term, linear in t, corresponds to the stead.y state,
the behavior being non-competitive. A plot of x aga.irist t will be of
the same form as Fig. 19, except that now the steady state is approached
in a quadriphasic manner. The a.nalyéis of the pre-steady-state will
probably always be prohibitively difficult inf,practice; in principle it

can be done by the same methods as for the preceeding mechanisms.

Irreversible Case

The variation of x with t when inhibition is irreversible (k _ = 0}

1is
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k. k k .
ae°(3iquo) |

) 1 2
T66] x = = 2
k k k, +k k k_k
- qqo(3 qqo)+12 qqoao
Tk ok k_- - -
N % % Mt gty A
? AL (P o-al) : :
i=1 1 i

-wher'e' Ay -A > and -) 3 are the roots of the equation

2

ré7] P3+LP +MP+N=0
and
[68] L = 2qu6+klao+k_+k3

= k k
ré9) M. kl st quo
| = g)+k k k g 2
[70] N = k quo(k3+quo)+kl 2 %5 9 2,

From eq. 663, there is no steady stafé.. Analysis of results can be

carried out 2s for other mechanisms,

. Mechamism V f\i

Reversible Case

The inhibitor becomes attached to both E and EA, the rate and

equilibrium constants being the same for both:

142

o
v
|
|
i
!
!

I IRTI
Y I
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Q
Q
qo qo
+ = Tk
1 L+ kZ; k
eo-m“n-z-w a2 -1 m : . n y
X
ol “-a o] - |
. EOQ i EAQ ‘
z W '
- - i
The rate equations are !
[71] m = klao(eo—m.-n-zl-w)-km-quom+k_qw ' _ {
- A = k ‘ - ‘ - E
[l ] ) n 2 m k3 n . . o
(73] z=quo(e0-m—n-z-w)-k_ zﬁ f
: ' A=
T4 ¥ o= . - : ! " L
[74] w kq.qon k_ W i o
r75] X = kz'm
[76] vy = k_n
. 3 -
The transform for m is - _
k
kl a_ e, (P + k_q}(P + _q)(P + k3)
(771 m = Y 3 >
P "+ MP + NP +LP+Q
where :“ i
7 - 2k +k '
rz81 ‘M klao+k +_2qu0+” -q 3 .
. = - k +(k +k Mk, a +k+ 2k
. 7797 N (kq'qo + lc_q)(kl a +ktk q,) + (kg | NN a 9,

+k Y+k k_+k k
Y| 1

a -k k.
_q3 (o] q

2 -q q ©
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80 L2 (k +k.)Ckoa(k +k k
[80] = U r kg DK o W gt Rga)+ etk q )k

+k Kk - T
) 3[13a0+k+2quo+k_q]+2kkk a

+k
-q c1qo)]

a 17259 %
e~ %4 - -
-~k k k -
: q S-q % 3t kgt k)
81 Q= k k. Kk o+ k +k kR (K +k
[81] . 1_q3 (q qqo)‘,_q3 (_q+ clqo)
R -
2
: k
+k1 Zlf-q ao.

Eq [77]may be written as

lﬁa e, (PHk_ )@+ ){P+k)

rsz2] m
- (P +oll)(P+-12)(P+ KB)(P-P 14-)

where —Kl, ‘-lz, -l3 and .-3\4 are the four roots of the polynomial

837 - P e MP + NPP+ LP+ Q=0

The original for m is

. * . 2
klk Zk a e 4 k a e (k -r.} (k,-1) -2
rsa] m = © 0 _ ¢ l o o -qg i 3 i,
, A 7‘2"3"4 =1 S U
Substitutions of eq. [841into [ 75] and integration subject to the
boundary conditions t =0, x = 0, leads to
o k2 % %o
[85] X = q 5 q k = t
— 1+_9._ ) ..;._2_0_
(1 + & )+ 2 { K T
q, q 3
4 kk- (k 'A)Z.(k 2.) ';\t
: a e -\, - A, -h, -
+ % 1 2-0 o -q i -3 1 (e i - 1)

2
i=1 (P -l
1 1

.t
i .

e

B it el etdietidhd
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where X = k/k,andk =k /k
m 1 Q -9 g

-

Irreversible Case

For the irreversible inhibition

: k. k_a e
[86] x = 1 2 (@] Q -
- .
kl qqo ao+kq q, {(k+ kq qo)
k k- o) -
_‘:: Ky 3y & g - Ay . Ayt
i=1 M P A '

where -\ ., -A , and -Ks are the roots of the equation

1

32

1877 P "+ MP + NP+ L=0 t.

’ Hor

~and

88 M =

[88] M klao+k +;quo+;<3

r893 N = qu (kl ao+-k+ kq'c_lo)+k3(lrjao+k+ 2quo)+ l_clkz a_
[90] L L= koIkk g oa +k g (k +quo)j

Again, no steady state is established dnd analysis can be carried

out as before.

Mechanism VI

Reversible Case \

. _ - _\
The inhibitor becomes attached to EA and E<‘A' only, the rate and

L

equilibrium constants being the same: \

\




W Q Q
- q q
o - 0 .
k . .
\\ 1 + 1{2 + .k3
E + A T/ — — EA EA' m————E + Y
e ~-m-n-z2-w a k » X
L © 0 - o] -1 n Y
! . x
] k|| k kK | & .
q -q Q -g -
EAQ EA'Q . .
2 w i
|
The rate-equati.ons are :
[91]' m:kll,a.o(eq-m-n-fz—w)-k m-quom-}k_qz
.[92] 5= k,m#+ k_q.w-quon-k3n
[937T z = k qom - k_ z
[94] w = k nex w
27 - q % -q -
1;95] x = kzm _ .
(567 y = k3n

The transform for m is

2 o e
k : - P+ P (k +k Fk)y+k k]
1%6% (PTk-q)[ (quT -q 3) -q 3

[97] m = — Z 3 > ‘.
T P +MP +NP +LP+Q. |

- B |
where !
| _ s& +2k q +2k -4k - i
[98] M = k a %+ qqo gt R, i
-1 ' + Kk + k. k '

[991] SN =k korkpag (k_ * kg q) kgfst X 2%

k +k +k g +k
+ (qu0+k3+k‘q)(la.o q % -_q).



ji{io 3] m =

. r0s. O

= k
nooj Q _q” | klk 2, (?Ak\%\klk k_ o(k_q-&-quo)

/
Eq. [97] can be written as

2 .
klaoeo(P+kq)[P +P.(quo+k +k)+k k.

{1011 ' m = l -9 3 P 3

AP+ ‘ '
o MNP+ ALHP+ AP+ )
where -A,, ~A,,-Ajand -}, are the roots of the polynomial

(w27 P4+MP3+NP2+ LP+ Q=0

The original for m is

kzkkae
-q 3 o o

A ?\2?\37\4

' - 2
- ok + 1
4 lﬁ_ 2 e (k-q Ai)[Ri Ri( . qo. L:_q

-5 -
i=1 li (P - 7‘1)

Substitution of eq. [103]into [95] and integration subject to the boundary

conditions t= 0, x = 0 leads to

ro4]  x = 220 — -t z
q 2 qo R
K_+aNl+g Y 2 t+z)
q 3 -9
- - + k -3t
4 K koae k BIE Mg 9tk Mk ko oy
1 2P -

hence K = k/k, andK =k /k
S .m 1 @ -9 g

RN
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Irreversible Case
)The solution now is
f
\
P e (k. g + k) 3 k k_a e (k + - -A.t
N1051/ x = —3 20 3 . s 12°°(qqo l{3 A} e

kq qo 'iél 'y ; (P —_Ai)

~ where -A -A -?\3 a%e the root of the equation

I 2’

[106] B> 1\111324NP+L=0

and .

fl07] . M= koa +k +2qu0+k3 :

108] N = k q + + k X < i
[108] k) 2, % (qu__o+ 3)(klao+k+quo)+kl;czao :
(1097 L = kk. a k q

1 2 o q o

Y -

As with other irreversible inhibitions, no steady state is

established and analysis in principle can be carried out as before.
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for all four mechanisms under the usual assumptions that the two substrates
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CHAPTER SEVEN

TRANSIENT -PHASE AND STEADY-STATE KINETICS FOR
TWO SUBSTRATE SYSTEMS

Introduction

Some enzymes are known to catalyze reactions between two
substrates, or between one substrate and a co-enzyme. Cleland (9)
cla.ss:.fled the kinetic mechanisms for these two systems into two
major categories: (a) ping pong bi bi mechanism in which products can
be released before all substrates have added to the enzyme ™ (b)
sequential mechanisms in which the products cannot be released before
all substrates have added to the enzyme. Under the latter category
falls the Theorell-Chance, the ordered ternary complex and the random
ternary-complex mechanisms. On the basis of inhibition studies, it

19 1n the

is poss:.ble to distinguish between these mechanisms

present chapter, transient-phase and stea.dy -state solutions are given L

or the substrate and co-enzyme are present at a larger concentration

than the enzyme, This can be eas:.ly realized in practice. The theoretical
significance of this assumpt:.on is that the substrate concentrations can be
treated as constants during the transient phase and the initial steady-

state pha@of the reaction.

As in the previous chapters,- the equations have been integrated

using the Laplace-Carson transformation technique.

Theorell-Chance Mechanism

Mech anism and Solution

The mechanism is

# Double-intermediate single-substrate mechanisms are frequently of
this type, the water molecule acting as second substrate,
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E
e -m-=-n
Q
k A . 34
a -1 3 Y ‘
) ° '
A |
o .
EA T EY .
m n -
X -
x

The reactants are A and B, and the products are X and Y. Itis

assumed, as is usually the case, that the enzyme concentration is
much less than that of A and B. The concentrations, at any time t,

are shown in small.letters in the scheme above

The differential rate equations are

1] m = IH a.o-(eo -m - n} - (k_l + kZ bo) m
2] ﬁ=k2Bom-k3n-
(32 X = kz bom
[4] ¥ = k3n |
'I‘h.e transforms of m agad n are found to be
5] . l-CZ bom ) kl kz ao bO.
n = =
P+k, (P+ A)E + 1)

xa e (P+k.)

(P + )Ll)(P-i- lz)
where
(7] A A, = i‘(-— R - -4 Q)

1

(8] Ay = 3-rR+ R -4 0
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9]

by
1

k a +k _+
1% 1 k2b0+k3

[10.'] Q

K, (k a2 +k  +
gl etk tlybrigk, a0,

The originals for m and nare

k.a e a e {(k_ -2 -1t k - “At
ri1] m = 1 2 o o _ kl ° 0( 3 1) ex1 laoeo(k3 lz)e ¢
' ALA - _

. 12 A= ry) Ay - Ay
koK b -
_ 12ao oeo lﬁkz e} oeo Ht
[12]_ = WY . T v ) e _—
172 - IR R U
k k -
123. b eo e?\zt
z(ﬁ'kz)_

The rate of production of the first product X is-

r13) %= Xx.b m

* Substituting the solution from m and putting Kl KZ = (Q, and integrationy

with the boundary condition thatt =0, x= 0, leads to

klkzk a b e

3 o O
r47] x = t
. b .
k3 (kla0+ k_l+ kzbo)-i-klkz a b,
- At
klkza b e (k3 7\.1) )“1 -1 o
+ > . (e |
- )1} . . .
- ' -3 .t )
. k k,a boe (k- 1) o 2D {
2
A, (A - Ao
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Similarly, the solution for the second product Y is

Ny kl R,k a_ bo e - | /
151~ ¥ = k, O 2 +k1+k b)+klka.b t | NS

2

'k k_k b - - ’
155 33.0__on Klt klk k a b e ALt

-2

‘The first term in each of eqgs. [14]and [15] corresponds to the stea.dy state.
The variation of x with t is shown schematically in Fig. 2I; the 11near
steady-state behavior is approached in a biphasic exponential fashion. The

variation of y with tis of the same form.

Ahnaly sis of Results

If the formation of X has been studied experimentally, in the

transient-phase and steady-state-regions, the results can be analyzed

as follows. Equation [14] can be written as

-nt ALt
[167] x = vt+ B+ B e T, e
where B = - (;31 + ;32). Extrapolation of the linear part of the curve
{cf. Fig. 21) will has an intercept on the x axis equal to B, and from the
expressions for ;31 and 62 we find that ’
b +k

- y L, kja Fk kbt 1

vETE TR + k k_a b |

- K ky Gepa tk kB )+ K 523,% |

' Also, a plot of In (x - vt - B) against t will consist of two straight

regions, of slopes -A; and - KZ A y and 7\2 obey the following relations -\
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-~
Fig. 21. A schematic plot ofxvs t Pcf.' eq. [14]).
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ko+k kb
o

: A=k (k,+
v[18] MA T Ry kb a k) ko k, kg

9] (7\1+ lz) = kl ao+ k-l + kz bo+'k3

Thus a plot of (11 -i-‘kz} against a2 at constant bo is linear with a slope of

k. The intercept of this plot is k

against bo is linear with slope of k

0 + kz bo + k3; a plot of this intercept

> and intercept of k-l + k3.

Similarly A can be plotted against b o 2 schematic plot of

1 2

wh_ich is shown in Fig. 22. The slope is kl k?_ a + kz k3- kl’ kz, and ao
in this slope are known so that k3can be calculated, and consequently

k-l' The procedure thus allows kl, kz; k3 and k 1 to be calgulated.

It is noted that various other methods of analyzing the data can

also be devised. ' ' o~

| UNHVA

Similar procedures apply to the second product Y. Eq. [15]

can be written as

. -llt -A.t
[20] y = vt+ B+ ﬁle +;32e

where v is again the steady-state rate (the same as for X}, and

k kb+k
la +k1+ 3

+k Ty rk K. a b
K, & a7k ) o

[21] g/vV = 7 =
-1 2 o 1 2

As before, v and B can be obtained from 2 plot of y against t (compﬁre
Fig. 21). A plotofln {y - vt - f) against tcan then be used to get 11'
and AZ and/various plots can be used to calculate the rate constants. !

!

Ping Pong Bi Bi Mechanism

Mechani sm and Solution’

The mechanism is
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Fig. 22 A schematic plot of ll A, against bo {cf. eq. [18])
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a, -1 4 ¥ ‘|
" EA EA'B 1
m L z |
v/ kB .-
XN/ 30 ;
Q
X EA' ' -

n

The_concentrations of the various species, on the assumption of excess

" Aand B as compared with E, are given in small letters. The differential

rate eqzuations are lg
tezl m = klao(eo-m_n“z_)-(k—l'*-kZ)m é
rzs]\ | A = kzm-kébon L ;
f24] z = ksbon-kéz

f2s5] | X = k, m

[26] | v = k,z ‘ : :

The transform of m is
+ b)Y {P+k
k a e (P k3 ) !)

[27] m = = -
_ (P+ AP+ )P+ A5l

where the A .'s:are the negative roots of the polynomial
1 .

X
- | | 1
(28] P>+ MP°+ LP + Q=0 . |

.;'"
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. -
‘where ’ N | " ..
291 M=k atk. +k +k R \ |
rz9] etk tk, bk b ok, - |
= k. k b +(k,b + . A
f30] L R LR (k b k) (k a + k tk)rk K a O
= k b
[31] Q k3 (kla +kl+k)+lﬁkka+klk2k3ab
The transform of z is
r323 L K kykga, 0,8
- Fr @+ )P+ A
and the originals are _
. kl k3 kéa bo'eo 3 K% % (A~ kS'bo,) (li-k&}) Ayt -
[33] e VS U WA -z X, (B - &) € g
17273 i=1 i i - 2
-2t £
kl kz k3 a.o bo eo 3 k kz k3 ao bo o 11
£34] = TR - E A(P-A) - ¢
Al 23 o=l S ~i -

Substitution of these expressions into egs. [25] and [26], integration

subject to the boundary conditions t = 0, x=0, y=0, and substittitlng

11 1\2 7L3 = Q, leads to

‘I

[35] x = 34000b+kk(k+k)abt «
Kk, k,a_+ Kk k, (k  #R,)0b 55 % 8,7 % % %

1

‘ _-k_b)(r -k, At S
a. eo(ll 3 o)( 1 4 e -1) . .

[l

it
fu

ey A ?1"
e
™~

]

o
St




s - 11 5- . oot

T -y

kkkkabe
[36] - T ML

kka+kkk+kb+kk )
lﬁ 3. 4(‘ ) 3(k2+k4)aobo

<
b

k_k_ k b -
B Ry Rk e b e Ayt

i=1 A (P - X)) N . v
1 1 - ) . .

Analysis of Results
¥

The first term in both of these eicpressidns correspond to the
st.ea‘dy'state; the remaining terms correspond to a triphasi;: exponential
approach to the steady state. The general form of thex vs tand yvs t _
curves will be similar to that in Fig.-2l. Equations [35]and [36]can
be written as o

f=hit -At ‘,-«/J\ﬂt

[37] x}:" vt+ B+ ;Blre ! +B,e 2+/€‘

where = - (‘;3l + [52 +§33), v is the steady-state rate and f§ the intgcept

&

on the x(y)-axis. A plot of ln (x - vt - ) or 1n (y - vt - B) ggainst t
will in general have three straight portions, the slor:;'es of which are
-3 - ‘d - A

7\1,0 7&2 and }‘3' The product

The sum (?.tl + J\_Z

against 2 at constantb , and against b atconstant a, will then give
o ' o .

17273
+ A ;) is M which is given by eg. [29]. Plots of M

A. A_ = Q which is given by eq. [311]. A S

’ k . A plot of Qagainstb at constant a_will be
kl’ k3' a~.r1c11c_1-}-1c2<}-1c4 plo Qag ° o

linear with an intercept of kl kz k4 a hence kz k4 is known. We also

have that o

b . _ o
k1k2k3k4 ao oeo

) ‘

Z-\

[38].

<
n
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and a plot of vQQ against 2, bo will give LH k2 k3 k‘4; this also giveg k3.

The slope of the plot- of Q againstb is--
(¢]

f
—

. .
kl 3 (k2+ k4) ao-!- k.3 k4 (k-1+ kz)

and a plot‘of this against a, gives lﬁ_ k3 (kz + k@;ﬂhepcé k?_ + k4 can be .

determined, and k | can also be obtained. This plot also givesk_Kk
= 2

1

‘ _ 4
k interce i k
(k_.1 + 2) as intercept, since k3, 5 k4 and k‘-l are known, k?. and k4

can be calculated. Therefore,using this procedure all the rate constants

can be calculated.
'4

Various other methods of analysis can also be used.

Ordered Ternary-Complex Mechanism .

Mechanism and Solution

The mechanism is i
E - -
e -m-D-Z e
T - 1 e S
. b ]
kl A « G
a ' f[k 4y ¥ -
o. -1 .
: EA : EY -
' m z. .
k., k j )
. -2 5
I B\ 3 . @ .
- Zbo -~ < I
a EAB ' . -
. . n ’ ,
The differential rate equations are (
. o , | N\
h o= k -m-n-2)- x_ b +k
[339] m kl 2 (e:o -m-n-2) (k_l + 5 o) m+k ,n

no= - + k
(0] R kbom- &, 3 2



[41] ,z=k3n-k42.
[%2] :c = k3n
[43] vy = k2

The transforms for n and z are

lﬁ. kZ ao bo eo.(P i ké)

k k. k. k b
+k1k.2. 4aobo+ 1 2 3ao o)

‘The originals for n and z are

(kl a.o+ k

+k2b)

[44] BT PP AP
(P +aq( kz)( +7\3)_
k. k_k a b e
- (Ef+_ ?\1)(}?+ 12)(P+’7\3)
where -?xl, —Az, and -?\3 are {oots of g polyno.rnial
' 3 2
[46] P+ MP +LP+ Q=0
with
[4:]“ kla +k,+k l+k_2+k3+k2bo
487 L=k ({la +k1+kb+k2+k3)+k__2
' - k. k "ib"
thy Gk a +k  +k bk ks by
[49] Q,=k_2k4(kla +k)+kk(lgia +kl

_Y

-y
—
)
=
-
]
3
=3
-l
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kkkabe 3 k k. a b e (K

_ 1 2 4 o 0 1 2 ¢ o o0 4-li) -lit
[s0] TR R, A "k X, (B - X ¢ | ‘
1%2"3 i=1 B
k k_k k k : -
1kz 3a oeo 3 1 2k3aob e ALt
(511 G VWY PO W W ¢ |
172 %3 i=1 i N :

Substitution of these equations for n and z into eqs. [42] and (437, and

integration with the initial conditions t = 0, x=0, y=0, leads to

k.kkkabe

[52] x = 1 2 3 4 o
- k k
14:_21k4 (g 2+ k_l)+k‘3 4(kla._ltk (TR, D K K, (e ¥ )a.b
. 3 klkzk3a boeo (k‘;'?\i)' "lit. _
+Z > (e - 1)
i=1 A (P - )
1 1
_ klkzk k a b - eo .
[53] y =

k b
_2 4 (lﬁa + K )-l- k k4 (kla.o-i- k-l + k2b0)+ kl 2(k3:5- l.cé) a b,

- -

' 3 . K,k k,a b e At
i=1 x P -
1 1

Analysis of Re sults

Equations for x and y are both °£. the form
' -A t -t -t
x ‘ 2 N . 3

[54] Y} =vt+ B+ B e + 8, e By

- . -
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where v is the stea.dy-s.ta.te rate and B1is equal to - (;31+ BZ + [33). The
xvstandyvs t curves thus show a linear steady-state portion, which is
approached in a triphasic exponential manner {compare Fig. 21). The

quantities § and v can be determined from the intercept and slope

-

of such a plot, and 7\1, lz, and ?\,3 from plots of In { x-- vt - §) or

in (y - vt - B) against t. We also have that )

and vQQ = lﬁ'kz k3 k4 ao bo eo.

7\2?\ =Q A +ALFAL= M

1 3 1 2 3

Further analysis to obtain the rate constants is carried out by

plotting Q, vQ against ao at coz?sta.nt bo’ and against bo at.constant.

a_, as previously described. Plots of M against a, at constant boa.nd

bo at constant a, lead at once to values of kl and k.z, respectively.

Random Ternary-Complex Mechanism

The mechanism is
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Againt it is assumed that ao, bo >>eo, and the concentrations are givén

above in small letters. Even the steady-state analysis of this mechanism

is very complicated, and leads to clumsy results which do not permit an

. . 48,4
analysis of experimental data ( , 9). The complete transient-phase

equationsphave been developed but only an outline of the conclusions is’

presented.since it is not likely that they can be utilized.
The form of the equations for the products x and y is
2 C-
NI SR G S S

[55] = vee I 2 (e M
. i=1 AT @)

- 1)

o

where fl’ {_ and f3 are complicated expressions involving the rate constants.

The k s are the roots of a quartlc equation in P, the differential operator.
The steady state rate v has the same comple*c form obtained by Botts

(48 {4 9).

and Morales ) and by Laidler

Eq. [5571is of the form

-Alt -7\21; -x3t' -l4t
[56] _;}vt+§3+;31e | +ﬁze +;33e -+;34e

where = -(§ + B, + B, + B,). Aplot of xory againstt will yield p
as an intercept, by e*ctrapolatmg the linear part, on the x(y) axis v is the
slope of the linear part. A plot couléd then be made of In {x -"vt - B)

against t, which in principle would yield Al,' A., ».. However, only

2’ "3 4
in very favourable cases would it be possible to separate these values.

In any case, further analysis to yield the rate donstants appears to be® -

out of the question,

’

\__'
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CHAPTER EIGHT

INFLUENCE OF PREMIXING ON TRANSIENT-PHASE KINETICS FOR TWO-

SUBSTRATE ENZYME SYSTEMS ~

Introduction N b

&
In the previous chapter we have presented equations for the pre-

steady-state and steady-state kinetics of two-substrate systems“bccurring

. by the following mechanisms:

() Theorell-Chance
(2) Ping Pong-Bi Bi
(3) Ordered ternary cornplgx

(4) Random ternary complex

It was assumed that the concentrations of the substrates A and B were
in great excess of that of the enzyme E, and that the three ingredients,

E, A and B were mixed together at zero time.

In the present chapter we derive the equations that apply to
certain pre-mixing procedures. . In the case of the first three mechanisms,
one substrate, which we denote as A, interacts first with the enzyme, the
other, B, being involved later in the reaction. The pre- ste‘ady—state kinetics
will therefore be modified if we premix E and A, and then add B-at
zerd time. On the other hand, for these three mechanisms, premixing
E and B will lead to the s.a.me pre-steady-state kinetics as bﬁnging E,

A and B together at zero time.
i

Equations for the various cases are derived in the present paper

—

and attention is also given to the situation in which the concentration of-l

A is much less than that of E and B. It will be seen that the resultmg
equations lead to criteria for distinguishing between the various mechanisms
on the basis of transient-phase studies u.nderA different conditions of

premixing. The equations for the random ternary-complex mechanism

—_—
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have been omitted from the present chapter, since they are t0o complicated
to be useful in interprgting experimental data; however, certain

qualitative conclusions are drawn about the influence of different premixing

conditions.

Theoretical .

3
Figures 23, 24 and 25 show the Theorell-Chance, Ping Pong Bi Bi
and Ordered Ternary-Complex Mechanisms, and give the concentrations
of the various speciés for the case as bo > e, Two special cases

are considered:

(i) PBoth substrates in excess of enzyme; 2 bo >> eo';

(ii) Enzyme and substrate B in excess of substrate A
e , b > a -
o o o

N

" The concentrations of the various species for these special cases are

shown, for the three mechaniskys, in Table 1.
Two different premixing conditions are considered:

(i} E|A|B, E[A +BorE+ B] A. The vert.ical stroke indicates
mixing at t = 0, the positive sign premixing; thus E]A+ B means that
A and B are premixed, their mixed solutions being added to E at t= 0.
By definition B is the second substrate involved in the ‘re'action; pﬁ-emixing
of B with A;' or of B with E, therefore, does not”affe;t the kinetics.

The equations for this case were given in the previous chapter. :

{(ii)) E+ A|lB. This type of premixing will affect the kinetics, in
that there will be more rapid r-ea.ction'inathe transient phase.

0
oy

o

1
'
)
1
[
|
v
'
'
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*

Fig. 23 The Theorell-Chance mechanism, showing the concentrations of K

Y
1
~

the various species for the case 2, b0 > eo.

*
5

o
3
.33

s
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g .

Fig. 24 The Ping Pong Bi Bi mechani sm, showing the concentrations of

i

the various species for the case 2 bo >> e -

-t
&’






\

Fig. 25 The Ordered Ternary-Complex mechanism, showing the concentrations

of the various species for the case a s b0 >> e o

p—_—
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The'orell—Chéince Meéh'ani sm -

The The\srell Chance mechamsm is shown in Fzg 23, and the

equations for the rates of forma.t:.on of X (the first product produced) and
'Y (the product lat r produced) are given in 'I'a.ble 2 fora , b e
and the two premixing conditions stated above. The equatlonsowereo
obtained by the use of the i'..aplace—CarsB?n transfortn method. The
constants }‘1 and A , are always positive quantities a:ia Qe arbitrarily
defme 21 as the ore having the larger value, It is ea.s:.ly shown that )\

must be g.reate-r'/: an k3, A >

can be'either greater of less than k_.
Anaflysis of the experimental data with refere'nce to the

ecuatrons for x and ywas discussed in the previous chapter.

If, on the other hand, E and A are premixed, the equilibriurrl )
E+A EAis establis-hed; if m is the value of m at t = 0 we have

the equilibrium equation

. =k
717 .' kl 2, e, REaN
. B
h{:nce .
N, ' 2
rz21 m = 1 oo ‘
o} k 1

The pro’ced{ﬁ-e for solving the differential equations for this case is
Nk

similar to that for the previous ca.se; the only modification being that

o

in replacmg the d1£ferentlals by operators P, the transformation is.

‘Pm - Pm . The solutions for th:Ls case are shown in the lower pa.rt
o

_of Table 2.

Iy . ) , -

1
It is to be noted that for both sets of premucmg conchtmns there °

is a biphasic: exporxent:r.a.l rlse of x or y to the steady state, the steady

state being identical in ther two cases. However, in the second case the
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L3

~

exponential {ise is more rapid; this is because of the equilibrium

concentration of EA that is established during the premixing. A study S

of the‘pre‘-steady state thus permits one to distinguish A (the {irst

substra.te) from B; premixing with A will enhance the pré -steady-

state kinetics, whlle premixing with B will elther leave it unaffected
r (if an abortive complex is formed with B) will actually reduce - :

the pre- steady .state rate.

1

The equations for the situation in which the concentration of A
*

is lirmtm.g (eo, bo - a.o) are shown in Table 3, for the two sets of

_premixing conditions. 1 and A a.re positive, with j 1 > X 2" It is

2
'to be noted that there is now no steady state, x and.y rising to the value
é.o. The exponential rise is biphasic for x, tnpha.s:.c for y. Analysis

jof experimental results for this situation could be c\x\ned out as follows.

A plot of In x against t is biphasic, the slopes of the two lmes being

S and “Ap- From the equation at the foot of Table 3
r3 I =
‘J] k1+;\2 kleo-i-k_l-%-kzbo
. =k k.
[4] Aph, = Kk, e

N

+so that a plot of Al + 2 5. agamst e, gives kr and agamst b gives’
kz; k 1 can then be obtamed Al{:ernatxvely, Aidp could be plotted

against eobo. A similar procedure-could be..a.pplied to y.

It is to be _seen that the different premiting E_rocedures givé ‘
similar behavior {x.biphasic, y triphasic, no steady state). However,

| with 2 limiting, p;emifcing E and A giv\;a s.a faster exponential rise
than E|A|B, E| A + B, etc. il

—
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- ‘ ' 7 ' L
Pineg Pong Bi Bi . '

~ The mechanism is shown in Fig. 24, which gives the

concentrations corresponding to the conditiona , b > e (cf. also
' ‘ e o o :
Table 1)7 "The resulting expressions for this condition are given in . .

the upper part og'l'ab]:e 4; they were worked out in detail in the previous = .~ ’

chapter. The )'s are.the negative roots of the equation : '

3 2

F57 : PP+ MP +LP+Q=0-
with . . .
ré7 M=kla,o+k_1+k2+k3bo+k4
71 "L = k. ok, b +(k b +k . ' :
SO 3 g B ¥ (kg P ok dlka tkoy+ k) sk k2
= \k-. b (k. a 4 - k . 2
[8"1 0 k"S- . o(} o-rk-l, k2)+k1 2k4a0+k1k2k3aobo i |<-1-
- The premixing of E and A gives rise'to the product X; a study =7
“of its formation in the absence of B is a good way of arriving at the :5‘
constants kl’ k4 and k,. The kinetic equation during this premixing /%3
process is _ ‘ | '
- k - k. k -
o1 . - +k1 2%% M 2% % T
. o }“1(7\1"‘2) _ -?\2(,\1-?\2) | -
where -A 1 and .-_12 are the Toots of . )
W - ' ’ ' o

2 ) -
7107- P +(klao+k_1+k2)P+k1kzao = 0

The constants kl' k  and k, dan readily be obtained, by analogous

1
methods to those described above and in the previous chapters,

At the end-of the E +*A premixing, E has 2ll been converted into ez

“EA'; the initial concentration of this is thereforé"eo. The kinetic -

g
i

- equations for the rates of formation of X and Y for this case aregiven
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LS

in the lower part of Table 4; the ;s é._re the negatives of the roots

of th'e equation

o 2

r117 -P3 +MP +NP+C =0

with :
rl127 M = klao‘+k-l+k2+k3bo+lf‘4 ;:

= k

ri3] N klza +(k3b -&k)(ka+kl kz)

r . = k b k k k
. 147 . . @ k3 + 1 3ab Tk1k2k4ao

The determination of rate constants can be carried out as previously, -—-°

It will be noted that for this case of E + A| B the steady-state rates are
the same for X as for Y but that they are different from those for

E|A]B. %

-

The equations for the case in which the concentration of A is
limiting (e‘o, I:n0 >> a.o) are given in Table 5. The 33 and Ay values for
the first premixing case are the negatives of the roots of

2

ri1s57 P+P'(ke+k +kJ+kke=0
- 1 o 12

and Ay = k3 b . Inthe case ofE + A premlxlng, A is all converted- -
o - .

into EA. during the premixing, and there is no further production of

X after B is added; the equation for the formation of Y is given in Table 5.

Aga.:.n we may wish to measure X formation during the premixing

of E with A, in the absence of B. The equation. fo@us with e, = aoa'
is . - K ' ’

kl k2 eo a.o ., kl kz e a.)o e-;\ 5

Q
.T167 "x = a_ + - -7
- o 7\1(11'*2) A e

‘where A 1 and ) , are the negatives of the roots of the equation
T . .

a

»
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. in which product X is produced in the absence of one reactant’'B. The

-out by mathods similar to those considered previously. Again, premixing

‘results, . ‘ N

- 135 -

5 _ .
r177] | P + (kleo-:-k_l-i-kz)PJrklkzeo = 0 &

The results for this case are easily analyzed to give kl, k . and kz.
This Ping Pong Bi Bi mechanism is easily distinguished from the

others on the basis of transient-phase studies, since it is the only one

reactants A and B are readily distinguished in this way, and rate constants

are easily determined,

Ordered Ternarv-Complex Mechanism . o -

The various solutions for the ordered ternary-complex mechanism

(Fig 25) are given in Tables 6 and 7. . Analysis of results can be carried

1

gives more rapid pre-steady state kinetics; premixing oi &

-

with as no effect.

} U;’.'ﬁhli\

TRALRIE!

uyiitnl

Random Terharv-Complex Mechanism -

(48, 49)-

|

v

7

Even\tb,e/ steady-state equation ' - for the random terna\fy_:
complex. mechanism (Fig. 26) is ¢xtreme1y comphcated too muc:h 50

to be applied to eﬂcpenmental results, The pre-steady-state equations are
even more compligated; they can be worked out by the Laplace -Carson

transform method, but would be useless for 1nterpret1ng experimental _
’ ‘ A !
‘ \ . ° ] i

?’Le qualitative side it can be noted that for this mechanism
premlx g of E with either A oT B will lead to no ghange in steady- state
kinetics, but to an acceleration of the pre-steady-state kinetics rela.t:.ve

to El Al B, EIA + B. This a.llows a-clear distinction of this mechamsm

-
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" “from the other three, for which E + B premmmg ca.nnot increase ra.tes

(it may decrease thern, .if an abortwe«-E-B complexus formed)

v - Vet
- - . - - ~.' ~ [

- ~

T -
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. . PN RN .

Discu.ssion Tl ‘ . T e T N

-

,\ ~ The rmain conclusmns of the present wofk are-summa.nzed_ m N \ N
Table 8 They can be further smnmenzcd as follows:: )
\-“ - . ., \\ .

- (L) W'hen the corrcentratlon of E 1s 11rmt1ngd there is a.lways -

a steady state’ preceded by a phase c:on51st1ng ‘of the sum of exponentials..

-

(2). When the concentration of the"'ﬁrst substrate A is 1imi.ti.ng
¢ ' ' b - - T : . L B -
there-is no steady-state; the concentrations oi X and.Y rise¢ to a limiting

-

-value equal. to the 1n1t1a1 cOncentratmn of A .the rise bemo represented
by the sum of exponentlals (The case of B bemg limited wis also = " -
1nvest1gated but no a.nalytmal solutlon appears to be. possﬂale presuma.bly,

" there would again be no steady state, the concentratlons of X

- . - v ‘&

- - .-

rising to the initial concentration of B).

- . (3) Preémixing of E and B affeets the kinetics only in the case “\
of the'random fernary—complex'mechanisrh;' it leads o more rapid CoN
1n1t1a1 reaction as compared with E|A| B, etc.. o '

- -~

(4) Premlxlng E and A followed by addrt:.on of B 1eads to more
L ) .
rapld initial- reaction, but does not affect the m.unber of pha.ses except

. for the P1ng Pong Bi B:. rnechanlsm. ’ i S .

(5) Premixing does not afiect the steady state kinetics except .
for the Ping ‘Pong Bi Bi mechanism; " this.is a s_pec1a.l_.ca.se_:, ‘because

the starting material is nownalter_ed.

.
- - - . M H
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Results for Horse Liver Alcohol Dehydrogenase

(50-54)

Recently some transient-phase studies have been carried

. out- w:.th horse‘hver alcohol-dehydrogenase (LADH), and, in partlcular
'Lu151 and Favﬂla (53) have studied the effect of premixing the enzyme and
-co enzyme The results have been interpreted as implying that there
“are two ca.ta.lyt:r.c sites on the enzyme which differ in their a.ctw:.ty
How eV?er the theoretical equatlons derived in the present chapter show
that no such conclusmn is neces.sary, the experimental results are
eonsistent'withi a Theorell-Chance me‘chanisr? occurring at a single

"catalytic site.

The main experimental results of the studies, with premixing of
E and A (co-enzyme). cad be summarized as follows, with reference

to the theoretical'treatment of the present paper:

(1) With eo > 2, or bo there is a biphasic exponential formation
of product X, completion of the reaction corresponding to depletion of
the limiting reagent_ This is consistent with the equation given in Table

'3 for the Theorell-Chance mechanism. Two catalytic sites are not

- required to explain the biphasic character.

{2) During the biphasic formation of product X there is an
“initial exponentla.l formation of approx:.rnately half-of the product followed by
. a slower exponentla.l formation of the other half. Thisis expla:l.ned by

the equatzon in Table 3 if A 1 and A , are fairly close to one another. The

exponential terms (amplitude factors) are then approximately equal, leading

'fo-+the result that a /2 will be produced initially followed by the remaining
T e} 3 Co.

3 /2

(31 A Simila.}eml.lf was found with 2, bo p5s e, and E + A ] B;

in this case 2 steady-state is attalned There was an initial rapid
o
product of X followed by slower exponennal proeesses- this is prechcted

" by the equat:Lq,ns in Table 2 .
J

L




i?

(4) The amplitudes of tire pre-exponential terms under the above
conditions were proportional to e 2 and bo' This is ;;fedicted by
the equations in Table 2. - ‘

: . *
We conclude that the results are fully explained by the eguations

in Tables 2 and 3 of the present chapter, and that the transient-phase

-~

studies provide no evidence for two non-equivalent catalytic sites.
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CHAPTER NINE S

GENERAL DISCUSSION OF THE TRANSIENT-PHASE KINETIC APPROACH |

-~ - *

Introduction

In the theoretical treatment presented th-roughout this thesis, and
. under the gengral condition that the enzyme concentration is the limiting

feagent, the variation of a product x with time has the general form:
. s ,

o)

-A Lt :
i .
e .
i ,

1t

0

N = vi+ 3+
1

n

n
where v is the initial steady sta‘te rate of the reaction and 3= -1 5

is the intercept of the extrapolated steady-state line on the proéuct o0
axis of an x vs. t plot. In general, plots of x vs. t will con51st of

a linear steadv state portion which is approached asy mptotzcally by an
exponential rise. The number of exponentials might not be revealed

by a sirr"mple. visual inspection. Two general methods can be used to
detect the number of e\:ponentla.ls (1)) Numerical fitting by computer \
analysis, which will not be dlscussed further. (2) Plots of In (x - vi - 2)
agalnst t, which will consist of a number of linear regions. The nﬁ‘mber

of these linear reglons which determmes the pha51c1tv gives the
number of experimentally detectable e\ponent1a<1 funcuons The -
numerical w:'—al\ues of the slopes of these linear regions correspond to
the values of the Ai's. Hence all the effective 1y 's ¢an be ca.lculated
The nm:nber.an_d numerical values of A_ s aré very 1mportant m
determining the number of experimentally detectable intermediates and
in determining the numerical values 9£‘ the rate constants. Thesetwo

aspécts will be discussed in some detail, \

Number of Intermediates

‘ 5 N
In the theoretical solutions presented above for th&conchtlon

of enzyme concentration as limiting reagent, 2a generalization can be
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made: the number of kix.leticé.].‘ly important interfnediates_,(th_atf-is,

the number of forms in which the enzyme dccurs minus oné,the free
enzyvme not being counted) 1is the same as.‘the, rmmﬁe-r of exponen't‘ial terms.
This rulé has evolved from a simple inspection of the mechanisn;s and

the numbér of éxponential terms obtained in the theoretical solution.

The intermediates can be simple bina.fy or tefnary cbmplexes as well . ~
as chemically-attached inter;nedié.tes. like an acyl énzyme or phosphoryl |
enzyme, etc. Table ¢ lists all the mech'anismg t:reated in this thesis
undér the conditions of limiting enzyme concentration. It shows that

the abov_é- rule appl_ie;s in general for the treated mechanisms. The rule,
therefore can bé used to predict the number of eipected exponential ' \
terms in any proposed mechanism. On the other hand,"if the ﬁurﬁbé;' \
of exponential terms have been observed experiment,élly', it is |

necessary to propose 2 rﬁechanism which has a minimum_npmber-.‘of ,
intermediates as the number of experimentally observed exponentiglé.

It is apparent that the. proposed mechahism is phenomen_ologital and is only

true under the specified experimental conditions. That is, if any other
intermediates are present w;.th shorter life times than the e:\penmental
‘ detection time, they will not be detected. ' As mentioned above the |
proposed mechanism is only apparent and its validity should be treated

'by comparing it with the theoretical solution of that mechanism. It

’ls necessary however to have more quantztatlve tests for the vahchty

of this mechamsm A geréral and quant:.ta.twe test which can be apphed

will be discussed in the following section and some other tests applicable

to specific mechanisms will also be discussed; other tests can be

denved on the ba.51s of the theoretlcal solutlons

' Before_discussing'thé a.va.i.la.ble tests for mechanisms, we will

sho‘w-that the p;;edictidn technique can be .applied satisfactorily to other

mechanisms than the ones listed in Table 9. -~ ] ’k\‘
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In a simple Michaelis-Menten scheme, if the enzyme-substrate

complex undergoes a rearrangement (chernical shift or cdnfo'rma.tional"

-

change) before releasing the products, the reactionm'echan:fsm_can

be represeated as

T E + AZ Y \EA'“ - >E + X

Two intermediates, EA and EA*, are pres-ent in this mechanism.
According to our method of prediction, if the product X is being measured
as a function of time under the conditions of a >> e then the steady

state will be approached asymptotically by a blphasm (two- eaxponentzal) )
rise, A solution of this mechanism has been glven by Ouellet and T
Laidler a2) and we hav\ resolved the kinetics by use of the Laplace- I

Carson techmque. The result is

-

.2 -3t
x = vt+8+Z 3. e
j=1 %
where N
B k k e
Ty = lkZ 3% o :
- k. k
Ha k +k_ +k3)+k_1(k_2+k3)+ 2 X3
‘ 2
g T L ﬁ
i=1
kk2k3aoe°
"’»i =

~—P.is the diﬁereﬁtial operator and 3 i's are the negative roots of th-e\_,/
quadratic S : i . - . b

P +P(kla +k1+k2+k2+k3-)+lk1ao(~1'<2‘+k_2%k3)

- = 0
. + -1(1;_ +k)+k2k3



Cuantitative Test

Ta.ble 9 shows tha.t the theoretu:al values of )\ 's obey the relation

_ where 2 }_ is equal to the sum of all the klnetlc steps in any reactlon

mechamsm, Iboth the b1molecu1ar and unimolecular steps It can in
general be written as : ’ ‘ /’/
. n

R K CirTy

where k C represents the blmolecular steps and the summation is over
all the blmolecular steps in the reaction sequence; k, represents a
_unimolecular step and the sumrmation is over all unir-;olecular steps.

Ci is the initial concentration of a reagent,. other_thap ifree enzyme,'

that is involved in a bimolecular step in the sequence.

Thef procedure to be followed is to vary the initial concentration
of ':one reagent, a substrate, mocl_iﬁer, etr..:'. , and keep the eoncentrat_ions
of other reagents constant. This step is followed by an experimental
determznatlon of A g 's from plots tlp (w: - - B)'against t. The
deterrmned values of ;Ll s can them be used to plot 2 Ay against the
initial cpncentratlon of the varied reagent. Accordlng to the theoretical
result this plot must be linear. If the experiments bear out this
result then a'bimoleeular step involving this reagent is kinetically
effective and experimentally detectable. This procedure;can be repeated
for other reagents and hence bimolecular steps will be either confirmed
or excluded. The only exiaerimental application for this tyfe of test has
been done by Magu:.re, Hijazi and Laid?er (27). Aplotof g i, against
ao is shown in Fig.. 27 for the a- chymotryps1n-catalyzed hyhrolys:.s of - .
p-nitrophenylacetate. After the confirmation or exclusion ‘of all the
blmolecular steps, the unimolecular steps can be f:xed dependmg on

the number of exponent:.a.ls that are experimentally observable Hence
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L Fig. 27 A plotofj, +2 2 against as for the e-chymotrypsin

1
catalyzed hydrolysis of p—n:}_trophenylacetate

Maguire et 2.7,
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the reaction mechanism can be constrﬁcted from experiments in a
‘piece-wise fashion. It is ob;rious that th_i’s test.does not by; itself lead
to a unique mechanism, but it does establish u;'hether a bimclecglar
step is being resolved experimentally or not. To establish a unique
mechan‘ism: if ever pos\sible, one resort-s to various other tests that.
can be specifically devi's.‘ed Afor the possiblé mechanisms. An exémple .
of such tests is the effect of pre-mixing on two substrate reactions. .
Some otheﬂr tests which can be used are (é.)‘t'ne plots of]r{‘ - against
a véried reagent concentration (b) the dependence, in’ ;;:ne cases, of
ﬁhe induction .period on the varied reagent concentration (e) p}o%s of v ;
ZT A g against the varied substrate concentration. It is to be noted
1timlat various other tests can be specifically designed for a mechanism
such as an inhibition mechanism., In fize following sections, some of
the published results on fransient-phase kinetics will be discussed,

The choice of myosin, alkaline phosphatase and ¢-chymotrypsin has

" been dictated by the availability of the experimental data.

Myosin

The hydrolysis of nucleoside triphosphates by myosin and
actomyosin has been the subject of a large number of studies in both
the steady state and the pre-steady state. In this brief section we will

discuss the basic features of the pre-steady state studies. Tonomura et

é},.(bs-&) have studied the pre-steady state by monitoring the phosphate
' . 63-65) '
. production and the proton production. Taylor et gl_( repeated

some of the studies using a chemical-quench flow apparatus. The

‘ observed features are:

A1) Myosin at pH 8.0 and 20° yielded early bursts of phosphate

(63) ‘

liberation for the substrates MgATP, MgITP and CaATP The

early bursts are single exponential a.pproiches to the steady-state line.

Extrapolation of the steady.state line leads to negative values for the
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mductlon period, T, on- ‘the t:.me axi’s. Tonomuré.'and his collaborators-
obtained similar results with phospha.te 11berat1on The latter failed

to distinguish between the. observed rate constants, 3 , and the specific
rate constants for bimolecular and unimtmlecula.:p steps in the reaction
scheme, which can be measured only over a2 range of s_uBstra.te
¢concentrations. Since phosphate measurements are constructed point

by ‘point (63)it‘would be difficult to observe a second exponential, if

it existed. In some cases 3) a second exponential has been oBserved

but was discarded as due to experimentai error. However, as will

be shown later, the presence of thé “burst”- instead of a "'lag"” pr-oir'es

the existence of a second exponential.

64)

(2) Finlayson and Taylor ( Qbservéd a two-exponential

rise to the steady state by monitoring the proton hberat:.on in a stopped—
hS
flow apparatus in the presence of an indicator.. Thzs was also observed

by Tokiwa and Tonomura (E_’l);' later Tonofnura.et al, (58, 60)

discarded
the first e*cponentz.al (absorptlon step) as being too fast to measure but

retamed it on the basis of a stomh:r.ometnc argument, smce one mole

“of ATP produces one mole of 128 . However, the liberation step was

copfirmed (58, E>0); there is-an exponential rise in all these observations

and an e'\ctens:Lon of the linear steady-state line to the time axis gives

-

. a negat:we mductlon period which will be shown as a qualitative proof -

of the existence of a second e*cponenhal as mentioned above.

(3) In the presence of EDTA w:Lth ATP as substrate it was
ov,s/erved that there is no burst in the product:.on of both phosphates and

pfotcn ~(55 56, 58 65)_‘ The product forma.tlon phosgxates or protons)

followed a dJ.stJ.nct "lag" (smgle exponent:LaD before the steady state

The extensmn of the stea.dy state line gives a pos:Lt:.ve mduc:tzon penod

-+, which 1:5 cons:._stent w:.th a smgle-mtermedza.te Mlchaehs Menten
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Both groups proposed‘ similar mechanisms to explain the
- ‘H\__“ !
experimental results. Tonomura proposed-that since the enzyme
has two active sites (denoted by 1 and 2) then the mechanism in the

presence of divalent metals is

v - 1 . . 2 -
1 + -AH 1
A — E* —— +
E2+ +Hr_.__. El\z . E;2+ADP+Pi+H
N .
- A tH 8
-3
N 4
5
ADP .
. : + +
- El\ + H———?Elz_ + H —)Elz‘ + H+ + ADP
’ 2..ADP P ) = -
N~ P ‘

,whe_;qéz is myosin with its two active sites. A is the sube';;rate ATP,

ElA and I‘EZ\A are enzyme-substrate complex-es with the substrate bound ~

to the first and second site respectively, E 2,/ .PADP is a complex

where there has been.2 chernical shift of the phosphate from the substrate

to the enzyme., This complex can exchange phosphate with terminal

phosphate of ATP. E12 _ADP and I-"..l‘2 P cannot exchange their N
phosphates, This schem}'fngolves the cle.a;:' a.ssumpt1on that there ‘
are two kinetically and chemically dﬁent sites on the enzyme.” While

| site 1 ca.ta.lyzes the reaction without a phosphoryl complex or phosphoryl
intermediate, “the second site does (site 2). Step 3 is sometimes’ 1nc1nded
and sometimes not; its s:gmfica.nce is not clear from Tonomura's B
discussions. There are five intermediates and.one of them is bemg formed
by two routes By our simple correlatlon rule we expect su: exponenta,a.ls
E:q:v:-:r:u'x'zen‘f:zs.lly only a maximum of two exponent:.a.ls ha.ve been observed

(55-6

or can be :Lnferred Tonomura et al, 2) proposed that in the presence
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of EDTA, t’k.1g latter blocks step 4 in fhg r'eaction‘mech,anisr'n and thus

'\a sifnple Michaelis-Men‘ten' scheme is observed. However; St;el:ﬁ 3.
should also be blocked; otherwis:é‘ Fhe obse-z_-{(ed e:’:perirhénta-‘l results’
cannot be e*:plé.ined -Thié is a'v'ery-ialziﬁsible-'explahafiéh since it is |
not ¢lear why EDTA should ‘block the hydroly31s by site 2 and not by site
1, After the d1scusszon of Taylor s mechamsms we w111 propose an
explanation for the observed phenomenon _for_both cases of hydrolysis |

" in the presence of EDTA as well a's.in its absénce.

-65 '
Taylor et 3}__(63' :)_ essentlally prOposed su'mlar but less

‘involved mechanisms than Tonomura's. ln the presence of Me

Taylor proposed the {following mechanism

E+ A————FEA ‘pA' ——>E + Products S

N N . B
k_l , ' kz K ) - ST o.

..?.

A s_olution for this‘n‘leéhanism gives the following 'r_esult for the variation |
bt + ) . . . . o )

of any product x (H P'. or ADP) with time '
- kkkae 2 k. k. k_a e -yt

x:123oo.+g‘ 12230.0 (el,-l)‘
’ i=1 . (P - )

kl}‘Z ) . 01 i

where the 3 _'-s‘are the negative robts ©f the quadratic equation with
: : 1 - : .

‘ - ; c ko +k o+ k|
(k1+}\2): = klao-rk_l':: 2 2 3-_

_ . -
= . "+ k k (k _+k)+k k
1)\, > kl'ao (kz T k_l-r 3) *k_, (\ 2 3) 5 3

This mechanism can explain the observed b:':pha.si'c nature of the Pi
_and i liberation. However a simple algebraic rmanipulation leads to
a value for the induction period

klflz_

- = B/v .
T / }\.1\}.2
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which is positive under all conditions. This is contrai'y to the
experimental evidence where the presence of Me++ the induction pericd

13 alwa-ys negative. This simple test rules out the applicability of this

mechanism.-

Lymn and Taylor (63) proposed that in the presence of EDTA,
the reaction mechanism is a simple Michaelis-Menten scheme
(single-intermediate). This is true. The authors did not commit

themselves to explain this change in mechanism due to EDTA.

A s;imple explanation is proposed here to explain the experimental
‘behaviof. Since EDTA is known to chelate the divalent metals :Mg+‘+
‘and Ca++, then the cﬁange in the mechanism due to the presence of EDTA
should be correlated to its ability to remove from solution the {ree
metal ion§ through chelation. Hence the metal ions should be directly
involved in the reaction,in the absence of_EDI‘A. A theorétical ana.lysisl

of the scheme o

-

E + A2EA———>E + Products

EAQ —— E + Products

where O can be the metal ion or the substrate molecule proved to be-

. incompatible with experimental results.

Formally the inhibition by metal ions according to the following
scheme: a .
k + k

E + A,\_l__i E:.A 2 —>E + Products

q -q

EAQ

can explain qualitatively the observed behavior. The variation of products

with time is found to be biphasic; the induction period, 7 41is found to be



k.k g a +k k +k |
r = 1% % % -q( -9 qqo)'
.k (k +k a +k k (k.

-q a ‘:10) o -q .q( _1+ kz)qo

1

which gives negative values of 1 under the condition

kk g 2 » k (k
o, 0 -q

+ k
X, R

Also the ?‘{obs =A 5 un-der an approximate evaluation of 3 1 and ) 2 would be

o : k k
: : 1% : -q ¥ kq qo) i (k-l'+ k?.)

k.a +k +k g +k
1l o g ‘o -q

~

which has a hyperbolic dependence on substrate concentration as is

(63)

observed experimentally

Another plausible mechanism which ¢an intuitively explain’
the observed experime-ntal behavior, though an a.naly'ti:cal treatment is -

. f
not possible, is

++
A + Me ‘—1A*Me

£ + A Me=—=EAMe ——>E + Products

E + A—EA »E + Products

Here the metal ion binds to the substrate and the binary complex, AMe,
is the one-that undergoes binding to the enzyme and consequently hydrolyzes.
The substrate molecules can also hydrolyze through direct bin?dng
of A with E in 2 Michaelis-Menten scheme. This type of mechanism has

. (62,66-68)
been proposed to explain some of the steady-state results .

More recently (69) it has been proposed that the inhibition mechanism

is the one that takes place and the effect of EDTA is due to its ability to
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_ o
chelate trace amounts of Me  which could otherwise inhibit the reaction,

The activation of the substrate by metal ions cannot be solved,
és rﬁentioz}ed above. However if_ we consider intuitively that the two
reaction paths are due to different sﬁbstrates, A and AMe, but lead
to the same products, then we would expeqt a biphasic approach to
the steady state with: each path contnbutmg a single exponential to
the total variation of any measured product with time. If we adopt this

scheme we are obliged to conclude that the mechanism through AMe

is faster than that through A.

70)

It is not known at this time (7 whether the divalent metal ions ‘ *
bind to a dis;éct site on m;rosin (inhibition by binding to EA) or whether
_they-exert _their influence by forming a stereochemically specific
com;ﬁlex, AMe, with the polyphosphate f:ort_ion of the nucleoside

substrate. However both mechanisms can explain the fact that in the

presence of EDTA only a single expohential rise to the steady state is
: Vd

observed, with a positive induction period. The variation of products’ )
with time is of the form o | ‘
. k k -x t
X = k].kZZ.aoeo SN 12 % % . (ek -_i)
T k.a +k.+k (klao-i-k_l-rkz-) :

1 o -1 YA

and

-1
[}

k v
Ik, 2 +k )+ k)

. EDTA removes all the metal ions such that all steps involving these ions

are now nonexistent. ) ‘

The Michaelis-Menten scheme is the simplest possible mechanism -
. p ) A
for an enzyme-catalyzed reaction, and its solution consists of a single

exponential rise to the steady state, Under all conditions the induction
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period for this mechanism is positive. An observation ofdﬁ

value for the induction period, therefore, forcesthe conclusion that

there exists moxe than one exponentiszftIrTétion and consequently -
; - .

. . . T
more than a single intermediate
. . "

Alkaline Phosphatase

- In recent years, there has been a wide interest in the transient-

phase kinetics of alkaline-phosphatase-catalyzed reactions ({1-77)_

" In spite of the impressive number of articles in this area, the
interpretation of the results varied from one group to the other‘:- However,
in most cases the interpretz;‘.tion of the pre-stea:dy-state data has been’

in terms of the transient product formation {the ihtercept of the
¢extrapolated steady state line on the product cencentration a_.*cis ofan .

x ﬁ t plot). This parameter is very complicated even for the simplest

enzyme mechanism and consequently this parameter cannot be used as

"a sensitive test of any mechanism. Another complication is the use

' of comparable concentrations of enzyme and substrate, in which case
theoretical treatment presented above will fail. On the other e\treme
some workers have used too h:.gh a substra.te concentra.t:.on such tha.t
even the steady-state rate will simplify to

“} = X catE o .
and consequentlg} the pre-steady state part of the reaction is too fast to’
be resolved by the experirne‘nta.l techniques in use, especially the

stopped-flow apparatus.

A maximum of two exponential terms in the approach to the steady

{83} —
state has been resolved by Fernley and Walker by monitoring the first

_J
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iaroduct released (4—methylurribelli.fer0ne) from the substrate
4-methylumbelli{eryl phospha.te. The authors have been able to observe
that a low substrate concentrations (SpM) in the pH range of 3.8 - 6. 3 h
there was. an initial rapid liberation of 4-methy1umbelhferone wrth—a.———*
negative induction penod. On the other hand at very low substrate e
concentrations (0 1pM) in the pH range 4. 9 5.9 an initial lag with 2

positive lnductlon period has been_ob: sewe¢£r‘om which the values of kl

and k_, were calculated. Thisis a clear mchca.txon that Fernley and CT

8
Walker (83) have been able to resolve the two-exponential approach to

the steady state which is predicted for a double-intermediate mechanism,

»

where theoretxcally the vanatmon of product concentration with time is . -
2 ALt 7
x = vt+ 8 + Z B, : ' : - ' ~
1_ ) . g i e
where ' k.l_k 2 - e
T = v/B = 2 s

K, (k_l+ .kz) tkokga (s + k)

and other terms are as given in Chapter one. Itis seen that at very

low substrate concentration T "% TR which is a positive quantity.
~ - . N - . 2
At higher, but still low substrate concentrations, where kl kz 2, > k 3’
-k k
1°2 %

T =
2
k 3 (k_1+k2) -i: kl k-3 (k2+ k3) a

which is a negaﬁve quantity as observed experimentally. At still higher

substrate concentrations

k
R
k, (ky + k)
~ '
and the induction period is independent of substrate concentration. Hence - (

the expenmental observations can be qualitatively reconciled with 'I
(74, 80, 83, 85, 86)
a double-—mtenne;hate mechanlsm Only Fernley et al, l

have tried to explain their transient-phase expenments wlthout going into

farfetched conclusions.
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: 71-73, 79, 81, 82) . :
Gutfreund _Et_a._l.( 2 82) observed only one

| ex;poneritial approach to the steady sta.té ‘I‘hey have proposed a
conformational cha.nge of the enzyme- substra.te complex before any

' product is released. The mechanism is Kk PR

\EA —2. EAx 3 mest  ©
. #——E¥S—— B+ P,
P

E+A

Where the rate-determining step is the con\fersion‘c.af EA to E¥A,

| Clearly, for this me:chanism, one‘_would expecf to observe a three-
exponential approach to the steady state, This _mecﬁa.niém has actually
been proposed to explai.nlt'he ‘fa.ct that different ;substrates are hydrolyzed
at the s‘ame rate regardltg:és of the leaving product Plueven when production
of P1 is rate limitin_g. Further evidence for this mechanisni proposed'.

Ey Gutfreundland his collaborators is from an :'r.nhibitio;w. study usi.ng 2

(82). I—Ialford et al. (82) proposed

hydroxy- :> -nitrobensylphosphonate
that the only mechanism which can explain the expenmental results
. (dependence of the amplitude, §, and observed rate constant, 3 , on

inhibitor concentration) is the following scheme

E+ I=—El'— EI=

In connection with this work, it should be noted that

(1) Halford et al, (82)

obtained evidence suggestmg that one molecule
of I1is attached to one of enzyme, but they did not esta.bhsh this
conclusively. v '

(2) The conditions used in the experiments ranged from enzyme in
excess to inhibitor in excess. If the goncentrations are comparable,
the pre-steady-state equations cannot be solved analytically. It is
to be noted that Gurfreund and hi-s collaborators did not offer a .
theoretical treatment of the kinetic system they proposed in "the _ |
transient phase. | - )

Further evidence for the conclusions of Halford et al. (82)'wa.s )

obtained from relaxation Idneticé.
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A different conformational change has‘be,er; proposed by
. 87 . . ,
Reid and Wilson ( ). T_hey proposed that the enzyme is found in

two conformational states and the rate of interconversion of these two
enzyme forms is the rate-determining s.t'epi A similar argument to
“the one presented above for ‘Gutfreund's 'mecﬁ_an;.sm can be ra:ised
against Wilson's x'n_echa.niﬁsm.- The transient-phas'e' experiments_dc; not-

justify the proposed mecharism. o : o

~ —n,

" Chymotrypsin

Chymotrypsin is probably one of the most exten-s'ively studied
enzyn\ieﬁs from the kinetic point of view. It has been used to test
theories as well a‘s'.to lead to models for enzyme-catafyz‘ed reactions.

- A compfehensive:rgvigw of this enzyme is beyond the scope of this work.
The transi.ént-phase studies on ihis enzyme has been adequately reviewed
(88-91). In this se.ction we. will try to correlate the theoretical

treatment presen'ted' here and the experimental observations. Two

methods have been used to follow the transient kinetics of

a—chymotrypsin:

f{1) The direct measurement of the rea_.cti.on‘%ducts as a

function of time,

(2) The displacement of proflavin by the substrate from a
Iproflavin-enzyme'complex where the change of proflavin-enzyme complex
is being monitored as a function of time. _

— Direct Observation of Products. The most convenient and first substrate

!

for a-chymotrsrpsin that has been studied in the transient phase is-

(92) - (92)

"p-nitrophenyla.ceta.te Hartley and Kilby proposed that the

reaction mechanism is a double-intermediate mechanism
¥ ) - .



k k, ' k,
E + AF——FA—=3EA LE + P
k_ ‘ P'l 2

where A is p-nitrophenyl acetate, EA is the enzyme-substrate complex,

p is p- m.trophenol and EA. is an acylenzyme and P2 is the acetate,
27,93-99 .

La}ter workers { ) studied the same reaction and obtained

similar results indicating that the double-intermediate mechanism is

probably an adeguate description for the observed kinetics. Maguire
(2 :

et g_l'.-( 7 were able to calculate the rate constants LH and k 1 as well

as to prove that ‘there is a biphasic approach to the steady state. This

observation is in agreément with the theoretical predictions presented

in Ch_a‘.pte T one.

4

H . . -~

Proflavin-Displacement Method . The a-chymotrypsin-catalyzed

hydrolysis-of 11:5 specific substra.tes is generally too\ fast to be
‘monitored by.du-ect observatioh of one of the product_s{ Ancther problem
with some ’(‘Jf the épeciﬁc substz;a.tes is that the producfs cannot be

- meonitared by s'pectrc;lsco'pic methods. A new method has been developed
experin}enta.llf to studff thesegreactions. Prc;ﬂavin."is known to be

a competitive inhibitor with the specific substrates of a-chymotrypsin.

' Since also proﬂavm changes its absorption spectrum upon b1nd1ng tof

" the enzyrne, its enzy-me complex can be used for momtormg the kinetics
(100-106)

of the reaction The appr0pr1ate reaction mechanism 1§

' N .

+ k kz k3 .

E +AFT———Ea > EA" 2E +P,
kg ”k_q | k) . Py
} h {

EF
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This mechanism has been \sollved in Chaptéf six where analyéis of

data have been presentedj in terms of Pl'. However, exﬁeriinentaily the

" enzyme and proflavin-dre _pré-rnixed in one syringe and then -theif_"

mixture is mixed with a substrate solution in a stopped-flow appé.ratus

where the change in absorbance of EF complex is foilowed at (f;65 mu, ' .
where the absorbance due to EF is maximum, Hess et al, (100 106)
envisaged the reaction to be composed of the follo_wmg steps. ''.(a)

An initial rapid decrease in concentration of t;fxf: enzyme-proflavin P
complex, EF, considered to reflect the formation of an enzyme- . o
substrate complex (EA). (b) A second decrease in the concentration of

EF, considered to occur as a result of the forrmation of another intermediate,

EA. This step is resolvable: by the 1nstru:nenL (c) A period during

wl'::.ch essentially no change in EF occurs - ‘a penod considered to reflect

the tune dunng which there is maintained a steady state concentration

of the intermediate EA. The length of this period depends on 1 substrate
concentration. (d) Finally, an mcrea.se in the concentratmn of EF,

considered to be a result of the decomposn:mn ‘of EA and regeneration of ‘ -

(106) (102, 103, 106)

enzyme, n Hess et _al, showed that step {c) has .

the following depéndence on the concentration

k a i
- k .2 ° + k.
~obs kl F 3
- a +— (1+ )
o K -
k-l q

under the conditicons a >> eo and Fo > e0 where all the terms are
o . . ,

as defined in the reaction scheme.

On-the basis of the above rationale, one would expect to find

a four-exponential ¥ariation of EF with t. In fact this can be seex;s)
i o : (103, 1
visually in the oscilloscope traces reported by Hess et al. .
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The above.observation can be explained by the theoretical

—  treatment wHere, from Chapter six, EF can be calculated. Itis found

- to be h o ‘ | ' T

,\V\ i . .

| kT 43 2

: . ) q O(QJ quoeo(?ti +mJ\.i Lki+Q) -Rit

o lErl= S - €
172 3 4 A(F - '
1

T; B
r—-‘M'b

]
» where 3 . ',s are the roots of a very comphcated polynom:.al of the fourth
degree, P is the d1£ferent1al operator, and F is the nut:.al proﬂavm
concentration. Two important propertles, however, are less

'c‘omplig:ated than the rest:

4 . i
T .= 2k F 2k k, + k k
= Ay kLa'm-}- kq o -q+ 27 -1.+ 3

- | o
O = (ky+k))(k Fo+k_.q)+k1k_q a_ (k, + k)

There is yet another probiem: the theoretical solution is for the case
‘where E and F are not pre-mixed, which is co;itra.ry to the experimentgl
condi.ti.ons. For pre-mixing E and F we do not expect an effect on the

X i'S. The only effect will be on the pre-exponex}tial terms. Therefore |
the equations for I A ; and 7'} ; aTe still valid and can be used to

calculate some.of the rate constants.
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) CHAPTER TEN

T~

KINE'IIC EOUATIONS FOR CONSECUTIVE REVERSIBLE REACTIONS .
WI'I'H SPECIAL REFERENCE TO PROTEIN DENATURATIONS

/

ot

Introduction

Protein d:enamrationg are usua.lly”studiec'-t kinetically by following
'the course of change of some pro_pe_i'_ty y, such as o;ﬁti;cal rotation, |
Sometimes the time-course of this propérty exhibits b-ehaviour c§ﬁsistent
with a single-stage mechanism ' J' R
k) B o o :
Ng/——>*.oDp . . E

k

-1 e -

It is convenient to define a function

R A _ i

Yo B qu K

where y is the property at time t, Yo that at t = 0 and qu that at t =« .
It is easy to show that a.plot of In Ty - qu)/(yo - yeq)] against t will

be linear for this simple mechanism.
< .

it has sometimes been found, Howéver that plots of this kix_ud give -
_not a 51ng1e stra:.ght lme but two straxght regions; fhéy are then said

to be biphasic. -This means that at least two exponent1al terms are
involved in the variation of y with t, and requn-es that an add:.tmnal species

X is involved 1n the mechaxnsm.

1t has frequently been assumed that X is a species wh:.ch has
properties intermediate between N and D, and which 15 formed as a

Kinetic intermediate on the pathway between N and D3
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I . Ne=Xe=D

.:' Such a mechanism has been postulated by Simpson and Kaume (107)

for the urea? deneturation of ovalbumin, followed through its change in
- optical rotaition. It is equally possibfe, however, to explain biphasic’

behaviour in terms of the mechanism .

I N=D&=X - =

and
o m X‘—‘;N;:*D . e
| (108) .
A mecha.msm similar to II was assumed by Chase , and has been
more recently considered by Tanford (109 110) who regards X as an

ﬁlcorrectly folded species which canrnot be converted into the correctly
folded form N without first being unfolded into D: A mechamsm similar

to 4 was postulated by anht and Schomaker (1) , but was not considered
by Tanford. In mechanism II.I X can be regarded a/\ncorrectly

folded species which cannot be unfolded to give D without- first being
correctly foldey into state N.

NN (114)
In a recent paper lkai and Tanford

have considered some
éﬁperlmental results in terms ‘of mechanisms I and I, For the guanidine
hydrochlonde deiz_ey:uratlon of cytochrome C, for example,-they show -
- that the type of vari'ation of y with t is inconsistent with mechamsm 1,
and they conclude that mecha.nism II applies. However, they do not
esta.bhsh that the behaviour is cons1stent w1th mechan_ism II, .and- they

do not consxder the pos 51'b111ty of mechanism IIL .

In the present work we have made a complete.ana;?sis of the

kinetic implications of the three mechanisms, and have classified the

diﬁerent patterns of behaviour..
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Theoretic'a.l

- The states N and D are well-defined states of the protein, One can
start with the pure native protein N, and carry out a study of the |
depaturation process, an equilibriurfx being eventually established, One
V‘can also start with the pure denatured protein D and study the kinetics of
renaturation. Sihce N a.nd D can be isolated, the values of the property

y related to the pui‘e spectes, Viz,

YN and Yo+ can be determined. The
species X is not, however, in general isolatable, so that its contribution
Y to the property cannot be obta.inéd. A cor;ven‘ient w'a.y (110) of dealing
with this difficulty is to define a quantity ¢ by
13 @ = ____._—YX YN,

Yp = YN

The property y is related to YN'- Yp and Y by

21 y = (- -1 YN+£XYX’+/£‘DYD‘ SN
' ! "/.. N
= : ../’/ -
"3 y = oyt iy Yyt Ip Up T YN

where fx and fD are the fractions of the pfotein molecules in the states
' (110)

1 .
X and D at time t, It is also convenient to define an apparent
equilibrium constant by | -
: ' Yeg "N
r47 K =

2PP Yp." Yeq

0) - . o o
Experimentally, K has been found (110) to be a positive qua.ntlty for all
app

systems investigated,

A1l three mechanisms lead to solutions of the form
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. y - Y, ' -8t -eZt‘
r51 ‘ —&  -P e +P_e
- Yo o ¥ 1 - 2
o eq
_where
ré P +P, =1

This explains why the plots of log Ty - yeq(/{yo - yeq)] are of a biphasic
character. B A

The three mechanisms can be considered 2s special cases of the

general mechanism

klZ

' N
. NT_T___X _ :
21
= .
_ k31 ] kz‘s
D

‘ , (112
A solution for this case has been given by Szabo (112}

. ,The initial

conditions for the present problem are

™ t = 0,N=N,X:X,D=D
- Q s o]

and the solutions are then

: 1
87 N -N-=
' ° L B
!
ran ¥ -X=
) © A1 A2
1
109 D -D-=
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S.+85 ';(s -5.)
r11] S S-S \/ "1 72
1(2) 2 = 4
+ (k k : -
(%2 32)(k21 k3ﬂ
riz27 = +
S 51 52 +_k31 k13
r137 s, = )
Bl > k21'+k3+k32
: k.. -k '
r14] _ vy o= '521 Q31
) » -8,
Ko1T k3
r157 A, = 75____2;_ | | \
2%
rles T! = Tl + ll TZ
17 "=
r17 .T Ty+a, Ty
r181 = (k__ 4 N - -
T e EUA N S Rt Ds
rl = - : : - k
7] T, = -k, N+ () # ko) X = kg DY g

The solutions for the three special cases were obtained by taking p?.rticuiar
values for the rate constants and initial conditions. Solutions were

obtained for the three rne-chanisms for the reactions occurring in both directions-
i, e., starting with pure N and pﬁ:e D. The intermediate state X is one

which by hypothesis cannot be isolated, but which contributes to the property

y.
k k
Mechanism 1 12 23
T N‘_ N X = d \D
X1 k32
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The solutlons are obtained by setting k13 k31 = 0. For denaturation
the initial condzt:.qns are N
= N=N,X=D=0, v =
r201. | t=0, o Yo © Yy

The resulting time-dependence expreséio.ns for N, X and D are given in the

Appendix. The final solution is

y -y -5.t . -8t
r217 - - — 8 - P _e bop e
: ' Yo Ve 1F . 2F
q
%where
1+ K .
‘ app 12
227 P_ = - ) - Fra(k,, -6, +k, ]
’ 1F ( Kapp ._ 91(671 g ,) .32 | 3&3
_ .1+Kamp \ kg, _
re3] P, = - T ek, -9, 0]

For renaturation the initial conditions are

!'24]. t = O’D=DO'N=X=6’ YO:YD R .
and the solution is
. Yy -y -8.t -5 Zt
rzZss £ -P e 1 + P R e
) Yo~ Y IR 2
o eq
where
) k32 K]
' ={1+ K Fa | -8) 8, -k, -
r26] Pp app’ 9,(8,-85) EAE U B T2
k ) - -
: ' 32 X \$
‘ = K . - - Ta (8 - k ) + 2]
r2T] Por = 1+ Koy g, (8y-85) 2 12 * ,
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It follows f-rorn the above equations (¢f. Ikai and Tanford 4) that

281 - Pir 1 l Kp (kg -8 y) ]
S e Kapp Kyp iy -8y
/"\

Experimentally it i5 found that Ka is always positive; this implies that

PP ,
Y oq always lies between y'N and Yp- Since, moreover, g 1 must, from eqn (11),
be ‘greater than any of tHe individual rate cohstants, it follows from

eqn (28) that . , ' -

ra9]

There are thus two possibilities:

r3o] (a) Pl'F>0, P1R< 0; (b) P1F<0’ P1R>O

. "

Similarly it is found that

o
r317 Por -~ 1 [ Kz (35 ~ €5 J
) ,PZR Kapp k32 “HZ ) E52)

This ratio can be positive or negative. In the former case PZF and 'PZR
must both be positive; both can not be negative in view of (6) and (29).

In the latter case either can be positive and the other negative. In the

light of the above the following are the only combinations of coefficients
. T o

that are compatible with Mechanism I:

0 P 1
'P1F<0 P1F>0 P1F< 1F >

I 0-
P2F>1 P2F>0 P2F>l PZF<

-

>1 P_.< 0
P1R>0 P1R<0 PIR:" 1R 4

Y

P P_>1 P ‘<.'0 P2R>_1

2r>0 Pop >R
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The patterns of kinetic behaviour related to these four pos

shown schernatically in Figure 28.

" Mechanism I . 13 . k32.

The conditions are now klZ = kZl = 0.and, for denaturation, !

3217 -+t =0 N = ’ = =0, = :
(32 , N, X=D =0,y =y

The solution is e‘gn. (21) where now

1+ K Tk k_+k, . - .
Cessr - B =- ¥ M app VP13 (@ kyy +Ky5 -8 )
1F (K /L g.8,-8,
app : 171 2 -
%34] e .:(1+K3pu l—_“‘ﬁs (e X35 T X3 - 8,) }
_ 2F Kapp J _ ez(el-e?_)

For renaturation the solution is eqn. (25) with

353 | o s0+K ) kg, 1-a) ‘k23+k32+k31'52)*ksl(el'kzs)]
s IR app [ 61(81-82)

S k(1 -a)lk,, tky, R - g) k(8 -k )]
| | - - 2 23 T %327 "31 51827 23
['36‘] Por * f“Kapp)[ 3

8, (6,-8 5)
Analysis of this case r’éveals“that PIR must be pdsitive. This
conclusioh togéther'with the normalization condition (6) leads to the

following possible combination, for Mechanism I: .

]
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Fig. 28 The different patterns for Mechanisms I, II and II1
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A

N4

A=A~ 3] 0]



-?

Pip> 0 P1F<_°_ Pip>1 P>l Pp>0

- ‘ . . 1.. " . . .
P > 0 P2F> P2F<O P2F< 0 P2F>0
Po>0 .P_ >1 PIR>0 ~P1R>1 P1R>l

P >0 P _ <0 P,_>0 P _<0 B_<0 S

2R 2R~ ZR 2R 2R. - \
The plots are shown in Figure 28 ) \
.k k.
Mechanism III 12 ) 13
X= = N 3 >D
: K
.o .kZl 31

.

The solution for denaturation is eqn.’(2]) with

' R R
r37 . o= PR apz [k12+k -8 )k, H R Ky e 91)]
2 w7 } 91( -9,
1+ Kapp (k12 +k21+k13 8 ) }HZ c - e) i
387 P._ = _ - . ]
. 2F ( Kpop 7 B ,ez)_

The solutlon for renaturat:.on is eqn. (25) with |

: - (ak +9,-k -5)
. 31 27% " "2 " "
739] > = (1+K )[ 5, -5 ]

1R .
+g_ -k _ -k )

| € ) kg lekp #8, 7% " " J
el Por = U app L B, (8- 8))
It ié now found that _ T )
- P, sk +k -8 .
S’ S (lﬁz Tratt3 "% ) »
(= Pp. K X3 | )

-
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53 K i iti d it :
Since app is ppsitive and g, is less than 1&2 +k 21 53 it follows that

Simijlarly
. . k» _
L ( 2ttty )
K X
‘app - 31 :
. .

which can be positive or negative. In the former case the normalization
condition (A) allows the first three possibi‘lities shown below. If the ratio

is negative the last two possibilities aﬁe allowed.

P 0 g ‘
p> 0 Fp< 0 BgFl Pp>0 Prp>ld
P2F> 0 P2F> 1 P2F< 0] P2F> 0 - P2F< 0

> > 0 P_< 0 : s
P1R>° ].R< P1R>1 PlR;l P1R>'O=
P._>0 P.»1 P._.<2 P._<0 P,_>0

2R 2R « 2R ZR 2R

E3

The plots are shown in Figure 28.

Discussion

It follows from the precgding treatment that in some cases the y vs.

t curves permit a decision to be made as to which of the three mechanisms

- applies, but that in some cases there is ambiguty. "Thus patterns A, B,

and C belong exclusively to Mechanism 1, and pattern I is exclusive to
Mechanism III. Pattern D, however, is possible with either Mechanism
Ior II, and E, ¥, G and H belong to either II or III. It is to be noted
that it is never possible, from the y vs. t curves, to be sure that
Mec‘:.ha.nisxh II applies. .

As an example, of the use of the above ty'pe of anaMysis may be

(109, 110 113)

mentioned work of Tanford et al on the denaturation of

A-lactoglobulin by guanidine hydrochlonde These workers conclude tha.t

'~ Mechanism II applies, partly on the basis of studies of the degree of

exposure of certain pept:.de groups. It would appear, however, from '

-
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[

| 1F’ "2F" T1IR
that either Mechanism II or LI might apply.

the kinetic studies that P__, P P.% and P, are all ‘positive, "so

.
Ap_gendix

The expressions for N, X and D as functions of tifne are.as

follows:

Mechanism I

x_ .k k. _(g k] -8.t

-k -
. ‘ . 1
3] N-N 21_‘3_,2_+ 12°1 23 -32°
- - t
. kp (Kog +kyy - 8,5) . ® 2
‘ 9‘1(31'92)
: k. K k_(k,_-g, -8t
2732 1 - 1
r44] X - N 12 32 N 12 (3e —L o-
oL 8,8, 818y -85),
-k -5 _t
ko (85 = kgp) ee?‘J
92(91-82)-
S T I - "8
[45)] D:N[ + €
j "olLg,8, el(el—e‘2
k_k -5 ,t {
12 23 e ZJ ;
8, (8778 ) .
Mechanism II ' )
.k -k -0.t
k31k23 k13 (91 k23 32) e 1
oLoj8, 81193179°2
K, -8 -5t
kyg (s #hyp 85) - 78, .
0, {8y -8,

PN

s

A
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k_k

. k. k -5 .t
ra7] ‘X=No(_ 13 32 ;13 32 8
' . 818, 181{8y-8,)
k.. k Iy
, 13N o785t .
T e, g, -6,) © \
— 2 'R 2
K ( ) 3
. : . -8 -5 t ¢
r487 D:NO[ 1323 1? 23 ) L e 1
k g
13 (8 ~ K30 78,8
(g S }
928178, :
- Mechanism 1II ° . ’
. Kook (k. -g ok, tk ko -g,) -9t
1491 N =N [ 211, T et sz T
o oLt gyleg -8y
k- k. - _
. (eyy =8y, + Ky FRy5 -89 . BZtJ
82(81- 9_2) * -
_ Cokk, KoMk 4k 4k -8,) et
rs07 - X:Notelz YU it - SRS C R MU N

K c e - ;
. 2 (gt Koy T Rys 78y eeth : .

82‘(81-92). * . -

k_.. k (k.. + k. ~ag Mk +Kk +k_ -8.) =-ge,t
. 2 3~ 8 52
es11 5. N 203, 12Tl 1T 7%,
T - o _B 1 62 ) e 1 (81 - 92)
: - L+ k- -t
(e, # Ky = 8 )y, TRy ¥ 55 7 9 L Lo —r
. 8 5 (81 e 2) i

The following is an example of the procedure for obtaining the P values; it

refers to Mechanism III and the denaturation process. The initial conditions are

- " ﬂ
Vs .. . /
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;527 t=0, N=N , X=D = oy
: . o K== 0 vs =y

K and i b : (4 ; : i
app__n g are g1ven Yy eq? (4) a.r:fd {1); qu {cf. egn, (4) can 'be written

as

K +
) - Rapp Yp * YN .
r53] Yeq © L+ K -
_ app

The property y is given by egqn. '7(3), and

»

. ® .
5471 - ) fx= T\T__ fD =
_ o -

o

Z

Q

Substitution of the values for vy, y q and Yo leads, after simplification, to
. e . .

y - Y ’ 1+ K ‘
1557 ——%4 -1- (——393) (o + 1)
70.7 7eq app

Substitution for fX and fD form the concentratmn equatmn followed by
simplification and normahzatwn (PIF + P F 1) then leads to

’ y -y R
e _ 1 : 1
567 | ——=%- =P ¢ +Pype
Yo7 7eq AU

where PIF a-.nd PZ'F are given by c.eqn. (:-37) aéd {38) o
' . E (114-116)
Since the completion of this study, Tanford et al, have

eoretical results a.hd applied their results to experimental

“

obtamed simmilar th

"o

data on lysozyme and cytochrome C.-
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APPENDIX A

“The Laplace-Car son Transformation

The operations of setting up the transformed functions (transforms)-"

and replacing the latter by_the originals are based on the so-called

Lapl_ace_trahfsﬁrm.

‘ 'I‘he' transform F(P)'of a fqnction f (t).éubject to the Laplace . .

transformation is defined as

« =Pt ]
F(P) = J e f(t) dt

© o~

L N - ' -Pt :
The integration is over two functions f(t) and e ; both functions are
depéndent ont. After the integration has been perfbrmed and the limits
t =0 and t = » substituted, the integral found will b:e'indep‘endent' of the

variable t; hence, the function F(P) will be only 2 fux;ction of P..

By use of the definition of F(P), it is possible to determine an
F(P) dependent only on P for every function f(t} which depends on t
only. The integral we are dlscussmg has been found for many f'u.nctlons
f(t). . We now have tables that contain the transforms with their
corresponding originals. Hence, given a functipn P (tra.ns_form-),
the function £(t) (original) can be found. This is the operator method

"for solving differential equations.

Besides the Laplace transform, there is a simi;L'ar Laplace-~

Carson transformation. This is defined by the integral

F(P) = Pf f(t) dt

This expr;assion-_ was used in thlS thesis to integrate the differential rate
equa.tion;s. The Laplace-Carson transformation gives the transform of

a constant as the constant itself. This will be shown below.

>
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e Consider a function f(t) = A; its transform is

o _.F(P.). :pJ: A e -TP‘C d"t . A] e-Ptr’ - A'
. | | L

) Consg.de'r a function f(t) = t; its transform is defined by
o .- ; '
F(P):PJO te Trat , )

_ Integration by parts .

@ ’ @ . y L @ © '

| - - - =Pt { -Pt

' P‘[ fe -P-t,.dt_; _f tde Pt = -]t e P ‘L +‘Jo e P dt
. . o i - - . .

Therefore
-Pt 1

——

F(P)=Pfote dt.=P

An actual solution of 2 differential equation will now be presented.

It is required to solve the differential equation

Sx +rx=1
dt A

: : : d .
where x and t are variables and ) 15 2 constant, - Replace 5 by P:

Px+)x=1

Consider P as a constant and solve algebraically

t, the

This is the transform of x. The solution of x as a function of

origi.na,l,. ;s obtained from the table as
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i
"
=
'
(¢]
!

This procedure can be applied to any linear differential equation

where the coefficients of variable x are constants. A table of tra.nsforms :

and originals, covering the cases dealt with in the present work, is given

on the next pa:ge. -
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A Table of Transforms and Originals

‘Transforms | Origina:ls
_1__ t
P -
1 ’ 1 B 1 e-)‘t
P+ A A
P e-kt
P+ ‘ B
1 1 1 M 1 7 2
(P +1 PP +1,) Ay, vy =) Vol -y
(PP P+ ) L R R !
+ 3 A - ‘
! 2 M2 T M1t R
P b, P+Db b 2-b + b -3 Lt
FH TR 2 Mt M
(P + 3 HP + 35 SN 11(A2-~1}
: -2
- ; -y .t
np m b T hy . A2 _
3 2(11-)\2)
-1 .t
1 1 _ 1 !
(P+;\1)(P+12)(P+x3}  Apizig ';\l(xz-al)(xﬁ-kl)
-y .t 1
] e
.-R_‘t
. .
- -3 .t b -
P+b b i S S h2
(P+Al)(P+l2)(P+7\3) Caqtghg ;\l(az-xl)(k3-_11) 7\2()&1"12)(13'-)\2)
-3 t b-l -\ t
2 3 c 3
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CLAIMS TO ORIGINAL RESEARCH -

. he Laplce-Carson transformation technique is applied to
the sing -substrate mechanisms. The s1ng1e -intermediate and the
‘doub'.le-interrhedia.te cases were solved under two limiting cases"

{a) enzyme concentration limiting (b) substrate concentration limiting.
This gave the same'xre sults as had previously been obtained by other
mathematical techniques. The solution of the double-intermediate
mechanism at limiting substrate concentra.t:r.on in terms of the second

product, is reported for the first time. A new method of analyzing the

experimental data'is discussed.

2. The transient-phase kinetics applicable to a scheme involving
two competing substrates is solved and analysis of experimental results

-

is discussed.

3. The transient-phase kinetic equations for three me;{u;fms in
the presence of an added nucleoph:r.le are presented, and criteria for -
distingu1shmg the three mechamsms are discussed. Also, analysis of

results to calculate the rate constants {rom e*cpenmental da.ta. ;s discussed.

4. The tran.sient-phase kinetic equation_s are developed for 2
single-intermediate mechanism in the preserice of an activator. it was
found that if the enéyme-substrate—a.ctivator complex breaks down into
enzyme-activator complex and products a’steady state.can not be
established. However if the enzyme substrate-activator complex breaks
down into enzyme, activator and products, the steady state can be -
established. In both cases analysis of results is carried out to yield

the 5peciﬁé rate constants.

5. The transient- phase kinetic equa.tmns apphcab'le to.two systems
exhiBitin'g sigmoidal behavioT in the steady state are obtained, and 2

discussion of the methods of analyzing expenmental“data. is presented.
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6. . The ‘tra.nsient-phase kinetic equations are reported for a..-si.ngle
intermediate--mechanism in the presence of inhibitor. The cases
considered are competitive, non- compet1t1ve and anti-competitive
1nh1b1t10ns. For each mechanism two types of inhibition are considered,
reversible and irreversible, Analysis of results to calculate the

specific rate constants is also presented. ' o

7. . A variety of inhibition mechanisms applicable in double- -
intermediate mechanisms are considered, and the transient-phase kinetic
equations are reported. For each meéchanism two types of inhibition

are considered, reversibie and irreversible, Analys'is of results to

yield the specific rate constants is also discussed.

8. Transient-phase kinetic equa.ti-ons appliéable to two-substrate
enzyme reactions are obtained. The mechanisms cons:.dered are (2a)
Theorell-Chance mechamsm, (b) ng Pong Bi Bi mechamsm, (c)
Ordered ternary-complex mecha.msm, (d) Random ternary-¢ omplex
mechanism, Metl'%ods of analysis to yield the specific ratg'-con'stants are

also suggested.

9. The effect on the kinetics of pre-mixing two of the three reagents
in two-substrate reactions has been thoroughly investigated. The
mechanisms cons:.dered are {a) Theorell- Chance mechanism {b) Ping

Pong Bi Bi mechanism {c) Ordered ternary-complex mechanism. All

possible combinations are conmdered. The rela.t:.ve concentrations of

the three reagents have been found to affect the kinetics. Two cases of

. . ; : > B
relative concentrations are considered a_, b _>>€, and b _, €, >~ 2
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these steps are resolved by the experimental techmque
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The case of eo"?' o '>>. bo was also éoﬁsidered, b.ut analv,-rtica.l solutions
were not poé’sible. However, the behavior is predicted.to bé similar

to that with ao limiting. The effect of pre-mixing on the mechanisms
has also been dlscussed ‘Criteria are established to distinguish a’mong .
the four mechanisms. Methods of calculating the spec1£1c rate consta.nts

h
are also discussed. _ S

10. A correlation rule betwe'en the number of expo'nex::tials and the.
rumber of intermediates is sugge sted with enzyme concentration
limiting and one of the products bemg measured as a function of time.
From this rule has evolved a technique for predlctmg the expected -
number of exponentials. A test is discussed to confirm or reject

b:.molecula.r steps in the reactmn mechamsm, asto whether or not

n

It was also found that the sum of all the exponents, T '.\ is
1=1

equal to the sum of all the kinetic steps in the reaction scheme.

11. "The kinetic patterns applicable to three-state denaturation
mechanisms
1 N=X=D . _ . T

I N=D=X
II1 Xe=Nz=D
in both directions are classified. The possibility of distinguishing the

' . . / ‘
three mechanism on the basis of kinetic studies 1s d:.scusse_gi. \/

12. A unified mathematical method, the Laplace-Carson tra.nsformat_ion
te'chniqué is applied for all the transient-phase Kinetic study. Itis

found that this method is versa.tile and simple for integrating the rate equations

under the copnditions, & >\ ey and € >> 2 .
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- 13, On the basis of the theoretical treatment, some exp‘erifnenta.l
data are discussed for carboxypeptidase A, Liver alcohol dehydrogenase,

myosin, alkaline phosphatase and a-chymotxypsin.

4
-
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