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Summary

The reaction mechanism of old yellow enzyme (NADPH:(acceptor) oxido-
reductase, EC 1.6.99.1) was kinetically investigated using NADH as substrate.
The enzyme was reduced by NADH via a reaction intermediate which has a
specific absorption spectrum. This intermediate decomposed to yield a reduced
enzyme and NAD' through an irreversible first-order reaction step. The
reduced enzyme was reoxidized by oxygen through a second-order reaction
process. Individual values of elementary rate constants were measured and a
computer simulation of the reaction process was carried out. No involvement
of free radical of flavin semiquinone in the reaction process could be shown.

Introduction

The reaction mechanism of the old yellow enzyme (NADPH:(acceptor)
oxidoreductase, EC 1.6.99.1) was previously studied by Nakamura, Yoshimura
and Ogura [1]. In their reaction scheme using NADH as substrate, the oxidized
form of the enzyme formed a complex with the substrate and this complex
reacted with oxygen. Additionally, the complex was considered to be identical
with Haas’s red-colored complex [2], which was produced by titration of the
reduced enzyme with NAD* under anaerobic conditions.

In the present experiment, a more detailed investigation was carried out into
the reaction mechanism of old yellow enzyme using NADH as substrate.

* To whom reprint requests should be addressed. Present address: Research and Development
Center, Pharmaceuticals Division, Sumitomo Chemical Co., Ltd., 4-2-1, Takatsukasa, Takarazuka,
Hyogo, 665, Japan,

** Present address: School of Pharmaceutical Science, Toho University, Narashino, Chiba, Japan.
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Materials and Methods

NADH. NADH was prepared from NAD (Sigma Chemical Co.) by reduction
with ethanol in the presence of alcohol dehydrogenase from baker’s yeast.

The preparation of the old yellow enzyme. The old yellow enzyme was
prepared and purified using a modified method of Theorell and Akeson [3].
Brewer’s bottom yeast (Saccharomyces carisbergensis) was kindly supplied
from Ebios Yakuhin Kogyo Co. The enzyme was finally purified by gel filtra-
tion with a Biogel P-150 column. The solution of the purified enzyme had a
absorption ratio, A3gsnm/A464nm, of 0.98, which is equal to the ratio of crystal-
line enzyme [3]. The concentration of the enzyme was expressed as that of the
enzyme-bound FMN and it was estimated spectrophotometrically by measuring
the absorbance of the enzyme solution at 464 nm, using the millimolar extinc-
tion coefficient of 10.6 cm™! [3].

Experimental conditions. All the experiments were performed at pH 7.0 and
25°C in 0.1 M phosphate buffer, except for the ESR measurement, which was
carried out at liquid nitrogen temperature.

Measurement of oxygen uptake. When oxygen was used as an electron
acceptor, the overall rate of reaction was estimated by measuring the consump-
tion of molecular oxygen dissolved in the reaction medium by means of a Clark
oxygen electrode made by the Yellow Spring Instrument Co. The reaction was
initiated by the addition of 0.1 ml of enzyme solution into 2.9 ml of the reac-
tion mixture which had been previously saturated with air and placed in the
reaction vessel. The concentration of oxygen in the reaction mixture was
increased or decreased by bubbling with oxygen gas or nitrogen gas, respec-
tively, before the reaction.

Measurement of the reduction of ferricyanide. When ferricyanide was used
as an electron acceptor, the overall rate of reaction was estimated by measuring
the reduction of ferricyanide. The concentration of ferricyanide was deter-
mined by using the millimolar extinction coefficient of 1.04 cm™ at 420 nm.
The reaction was initiated by the addition of 0.1 ml of enzyme solution into
the cuvette containing 2.9 ml of reaction mixture. The decrease of the optical
density at 420 nm was recorded with a Hitachi Perkin-Elmer spectrophoto-
meter, model 139.

Spectrophotomeric measurements by the Flow Method. For analysis of each
reaction step, a flow apparatus was used. The apparatus used comprised a sensi-
tive spectrophotometer combined with a flow system which had been designed
by Chance and Legallais [4]. The changes in absorbance were displayed on a
San-ei oscillograph, model ER 101.

Computer simulation. A digital computer, Hitachi 5020E, was used for the
simulation of the enzyme reaction. A set of first-order simultaneous differen-
tial equations was numerically solved using a Runge-Kutta-Gill method [5].
The programme was written in FORTRANIV.

Electron spin resonance spectrometry. ESR measurement of the reaction
intermediate, which appeared immediately after the mixing of the enzyme with
the substrate, was made according to Bray’s rapid freezing technique {6]. The
ESR measurement of the red-colored complex produced by the anaerobic
titration was performed at room temperature according to the method of
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Ogura, Nakamura and Nakamura [7]. For ESR measurements performed at
liquid nitrogen temperature, the sample was anaerobically introduced into a
glass tube of 3 mm internal diameter. The tube containing the sample was
frozen in liquid nitrogen, and the signal was measured at 77 K. The ESR
spectrometer used was a model P-10 X-band instrument of Japan Electron
Optics Laboratory Co.

Titration of the reduced enzyme with NAD". A stock solution of old yellow
enzyme was anaerobically reduced with an equimolar amount of NADH. This
reduced enzyme was titrated by adding various amounts of NAD" solution in
an anaerobic cuvette and the mixtures were made up to equal volume by the
addition of buffer solution. The solutions of NAD" and buffer had been kept
under anaerobic conditions before the experiments. The absorption spectrum
was recorded using a Shimazu recording spectrophotometer, model MPS-50.

Results

The kinetics of overall reaction

The rate of overall reaction was followed by measuring the oxygen uptake
in the presence of various concentrations of substrate (NADH) and electron
acceptor (oxygen). The Lineweaver-Burk plot of initial velocity is shown in
Figs. 1a and 1b. As Fig. 1 shows, the plots were linear and a set of parallel
lines was obtained in which the ordinate intercept varied. From Figs. 1a and
1b, the following equation is deduced:
e _€g A B

v V' [NADH] [Og] 1)

where e, is the concentration of the enzyme, v is the initial velocity of the
oxygen uptake, V is the maximum velocity of the reaction and A and B are
constants determined from the gradients of the parallel lines in Figs. 1a and 1b,
respectively. The rate of the monomolecular reaction step was obtained by
extrapolation of the lowest line to the ordinate in Fig. la, and the value of
V/e, was 0.71 s™. The values A=3.1-10"M-sandB=9.1-10"*M - s were
obtained.

In the presence of ferricyanide as an electron acceptor, no consumption of
oxygen was observed and the rate of the reduction of ferricyanide was indepen-
dent of the concentration of ferricyanide. After the ferricyanide was used up,
the residual substrate was oxidized by oxygen. The Lineweaver-Burk plot in
the presence of ferricyanide, with NADH as substrate, was the same as the
lowest line in Fig. 1a when an infinite concentration of oxygen was available.
Values for the kinetic constants relating to conditions of infinite oxygen con-
centration and ferricyanide addition are shown in Table I. These results would
indicate identical enzyme reaction pathways with oxygen or ferricyanide used
as electron acceptor. However, the reoxidation by ferricyanide was far more
rapid than that by oxygen.

The absorption spectrum change during the anaerobic reduction of the oxi-
dized form of the enzyme
Using the flow apparatus, the solution of the oxidized enzyme was mixed
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Fig. 1. Lineweaver-Burk plots of the overall reaction for NADH concentration (a) and oxygen concentra-
tion (b). Enzyme concentration (based on FMN): 2.88 uM. Molecular oxygen concentration in a: 90 uM
(4), 130 uM (»), 170 uM (2), 255 uM (0) and o (®). NADH concentration in b: 127 yuM (4), 168 uM (),
338 uM (&), 506 uM (©) and ° (®). In b, each line was extrapolated to the ordinate i.e. 1/[05] = 0. Each
ordinate intercept was replotted in a (®). In a, each line was extrapolated to the ordinate (1/[NADH] = 0)
and each ordinate intercept was replotted in b (®). Buffer, 0.1 M phosphate (pH 7.0); temperature, 25°C.

with 750 uM NADH under anaerobic conditions, and the absorption spectrum
change was observed over the wavelength range 420—700 nm. The absorption
spectrum of the enzyme at 100 and 300 ms after mixing with NADH are shown
in Fig. 2. Both oxidized and reduced enzyme have no absorption over the range
560—700 nm. However, a rapid increase and a subsequent slow decrease in
absorbance were observed in this wavelength region immediately after mixing.
This absorbance increase was thought to be result of the formation of a reac-
tion intermediate. By measuring the rate of the decrease in the absorbance at
560 nm, the rate of decay of the intermediate (0.69 s™!) was obtained as a
first-order rate constant. The formation of the intermediate (increase in absor-
bance) was so rapid that the rate of formation was measured by using the con-
tinuous flow technique at different NADH concentrations. The wavelength
used was 560 nm. An apparent rate constant of formation (k,,,) was estimated

TABLE I
KINETIC CONSTANTS OBTAINED FROM OVERALL REACTIONS

The values of V/eg, A and B were estimated from the Lineweaver-Burk plot of the initial velocity of
oxidation of NADH by molecular oxygen (Figs. 1a and b) or ferricyanide in the presence of the enzyme.

Electron acceptor

0, Fe(CN)3~
Vieg(s™) 071, 067
A M-s) 3.1-107 3.0-10

B M - s) 9.1-10 —
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Fig. 2. Absorbance change on reacting the oxidized enzyme with NADH in the absence of oxygen.
Absorption spectra recorded at 100 (®) and 300 (0) ms after mixing in flow apparatus. € mM™! .em™l)
represents millimolar extinction coefficient. In the wavelength range 520—700 nm, the level of absorp-
tion at 100 ms was almost the same as at 300 ms. The continuous lines represent the oxidized (upper line)
and reduced (lower line) enzyme. Enzyme concentration, 5 uM; NADH concentration, 750 uM.

according to the following equation:

Ropp = 2.3031 a4, ! 2
R »
Where AA,_, represents the maximum increase in absorbance (the height of the
peak of absorbance increase) after the mixing of the enzyme and substrate solu-
tions, and AA, represents the absorbance increase at ¢ s after mixing, observed
before absorbance increase reached maximum. In Fig. 3, values of k_,, are
plotted against NADH concentrations. A plot of increase of k,,,did not give a
straight line but levelled off at high substrate concentration. This result indi-
cates that a simple, one step, reversible reaction is not suitable for explaining
the mechanism of formation of intermediate from the oxidized enzyme and
NADH. It may most simply be ascribed to a two step, reversible reaction in
which the first step is in rapid equilibrium and the second step is a slower
isomerization process [8]:

E,,+ NADH 7:;_—11» E.,NADH féx (Scheme 1)
4 —2

Ra[NADH] +k_y> kyp+k_,,

where X has been written for the intermediate that has a particular absorbance
at 560 nm, and E_, + NADH and E_ NADH exhibit the same spectrum. Then
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Fig. 3. Plot of the apparent rate constant of formation of reaction intermediate (kapp) against the NADH
concentration. k,,n was calculated according to Eqn. 2 in the text. Solid line represents the theoretical
curve obtained from Eqn. 3 and numerical values in the text.

k .op is given by

. b4 k.s[NADH] (3)
2P - T2 TR + [NADH]

where,

Ky=k_y/k4,

since [NADH] >> [E], and [NADH] remains constant in the reaction.
[NADH] and [E] represent the initial concentrations of NADH and enzyme,
respectively. Assuming the two step reaction, the values of k,,, k_, and K, were
estimated to be 80 57!, 30 s7! and 1.7 - 107% M, respectively, as the best fit for
the experimental values.

It appears from the absorbance change that the following sequential reac-
tions occurred when the solution of the enzyme previously deaerated with
nitrogen was anaerobically mixed with the solution of NADH in flow appa-
ratus:

k k k
E,, + NADH k:*é E,,NADH .k_*—i X E,.. + NAD* (Scheme 2)
-1 —2

According to this scheme, the following equation can be derived relating to
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AA,,, A€seo, €0 and the rate constants.

11 (1+k_2+k+3+ Ko )
koo [NADH]

= (4)
AAm AE560 ‘€

k_1k_gthk_1kigtkigkeg

Km = ’
k+1 k+2

where Aesq, represents the differential millimolar extinction coefficient (inter-
mediate minus oxidized or reduced form) of the enzyme at 560 nm and e,
represents the total concentration of the enzyme (see Appendix I). A linear
relationship was obtained when plotting reciprocals of AA,, against those of
NADH. Using the values of k,,, k_, and k,; obtained previously, a millimolar
extinction coefficient of 1.03 cm™ and K, value of 1.6 - 107 M were
obtained. Thus, the extinction coefficient of the intermediate in the wave-
length range greater than 560 nm could be estimated. However, in the range
420—540 nm, E_, and E_, NADH in addition to X contribute to the absorbance.
Using the values of k,, and k_,, the amounts of E_ NADH and X which exist
at infinite concentration of NADH were estimated as 27 and 73% of the total
concentration of enzyme, respectively. Since E,, and E NADH exhibit the
same spectrum, the extinction coefficient of X could be calculated from the
linear relationship between 1/AA_ and 1/[NADH] at different wavelengths
by eliminating the contribution of E_, through the extrapolation of the plot to
the ordinate. The absorption spectra of X thus estimated are shown in Fig. 4.

(mM'cm™")

€

1 1 N .
300 400 500 600 700
WAVELENGTH (nm)

Fig. 4. Absorption spectrum of the reaction intermediate. From the anaerobic reduction of the oxidized

enzyme with NADH, the millimolar extinction coefficient (¢) of the intermediate was calculated accord-
ing to Eqn. 4 and numerical values in the text.
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The measurement of the rate of reoxidation of E.,, using the flow method

The solutuons of the oxidized enzyme and NADH were kept separately and
saturated with air before experiments. The enzyme solution was rapidly mixed
with substrate by means of the stopped flow method under aerobic conditions.
The absorbance change of the mixed enzyme solution at 464 nm was recorded.
The recorder trace is shown in Fig. 5. The absorbance rapidly decreased due to
the formation of the intermediate and the reduced enzyme, and the enzyme
returned to the oxidized form on exhaustion of the added NADH. Since the
absorbance of the reaction intermediate is similar to that of the oxidized
enzyme at 464 nm, the contribution of the intermediate to the decreased
absorbance could be neglected. The rate constant &, of the oxidation of the
enzyme by oxygen was estimated according to the following equation [9]
[10] (see Appendix II):

[NADH]
[O2] * Prmax * t1y2

where P, has been written as the maximum concentration of the reduced
enzyme formed during the course of reaction and t, ;2 represents the time
required for the return to the level of half the decreased absorbance. The
values obtained are given in Table II. The values of k_, were constant within
the limits of experimental error. The values in Table II show that the plot of
1/k . [0O,] against 1/[O,] is linear and crosses the ordinate at 1/[O,] = 0. This
fact suggests that the reoxidation process in the sequential reactions does not
involve a first-order rate step and follows second-order kinetics with respect to

the concentration of oxygen.

kox =

Computer simulation of the enzyme reaction

From the experiment of anaerobic reduction of the oxidized enzyme with
NADH, scheme 2 was proposed for the mechanism of oxidation of NADH by
old yellow enzyme and each value for the elementary rate constant was esti-
mated. To confirm these values, computer simulation was attempted and the
change in the amount of the reaction intermediate was calculated using the
given rate constants. On representing the amounts of E _, E, NADH, X and

E,.q by functions which vary with time, the simulation of this reaction scheme
32 uym NADH
¢
-—Level of
Oxidized
lReduction Enzyme
4A =0.010
0 60 "~ Pmax.
464nm (sec)
SuM Enz.

Fig. 5. Oscillographic trace of absorbance change at 464 nm obtained in an aerobic flow experiment. The
solution of oxidized enzyme was rapidly mixed with NADH solution in the flow apparatus, and the
change in absorbance was recorded in the presence of oxygen. Enzyme concentration, 5 uM; NADH con-
centration, 32 uM; oxygen concentration, 260 uM.
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TABLE II
kox VALUES OBTAINED IN THE AEROBIC FLOW EXPERIMENT

The rate constants of oxidation of NADH by molecular oxygen (kox) were estimated from the oscil-
lographic trace in Fig. 5 at different NADH concentrations. koy was estimated according to the equation
in Appendix II.

NADH (uM) kox M L7
32 1.3+ 103
44 1.1-10]
67 1.2-10]

126 1.0-10

may be reduced to a mathematical problem solving simultaneous ordinary
differential equations with four unknowns. Unfortunately the complete solu-
tion of this problem leads to equations of great complexity. For that reason,
the Runge-Kutta-Gill method was adopted as a numerical solution for these
equations [5]. An initial condition, that is [E_] = 1 and [E(",)kNADH] = [X]
= [E,.4] = 0 at t = 0, was given. Five elementary rate constants were given as
the coefficients of these equations. Among these rate constants, k,,, k_,, k3
and the ratio k_;, : k,; were already obtained. However, there are no data
available regarding the magnitudes of the individual values of k_; and k,;, so
appropriate values were chosen such as to be in accordance with the assump-
tion k,;[NADH] + k_; >> k,, + k_,, used when the equation for k, ,, had been
derived. As step size was 1072, the accumulated truncation error of the approxi-
mate solution was less than 1077, The program was written so as to plot the
calculated values of [X] vs. time. Figs. 6a and 6b show the calculated and
experimental curves, respectively. An actual value of k,; seems to be a little
greater than the estimated one of V/e,, so that the value of 1.0 s™! was used

for k&, 5.

ESR measurement

Using the rapid freezing technique [6], ESR measurement on the reaction
intermediate was undertaken. In the flow apparatus, the oxidized form of the
enzyme was anaerobically mixed with NADH and the solution was rapidly
introduced into a solution of isopentane previously cooled in liquid nitrogen
so that the solution was frozen. The reaction was stopped by rapid freezing
110 ms after mixing. Measurement was performed at 77 K. No difference in
signal between the reaction mixture with NADH and the enzyme solution
without NADH was observed,

Titration of the reduced enzyme with NAD*

On reaction with NAD®, the enzyme which was reduced with equimolar
NADH formed a red-colored complex which was similar to that formed with
NAD" and the enzyme reduced by hydrosulfite as performed by Haas [2].
NAD" solution was added to the solution of the reduced enzyme in the absence
of oxygen. By plotting the reciprocals of the increase in the absorbance (1/AA)
against those of the concentration of NAD" (final concentration: 2.2—14.8
mM) at different wavelengths, straight lines were obtained. This finding indi-
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Fig. 6. The change in the amount of intermediate, X, against reaction time. The amount of X is expressed
as a percentage of total concentration of enzyme. The experimental curves are shown in b. The NADH
concentrations are 590, 292, 183 and 81 uM from top to bottom, The simulation curves are shown in a.
The values k+ = 1.7 - 10° M™! - s71, k| = 50071, &y = 807!, k_, = 30s7! and k3 =1.057! were
used for calculation. The NADH concentrations correspond to those in b, respectively, from top to
bottom.

cates the following equilibrium exists among the reduced enzyme, NAD" and
the complex:

k
E,eq + NAD" = complex
k

According to this scheme, the following equation can be derived:

AA Ae- e [NAD*]

where

K=Fk|k,

where Ae represents the differential millimolar extinction coefficient (complex
minus reduced form) of the enzyme and e, represents the total concentration
of the enzyme. Thus, the absorption spectrum of the complex was estimated
and shown in Fig. 7. The dissociation constant calculated (K = 1.5 - 1072 M)
was almost constant at 440—700 nm and 25°C, and the value at 5°C was not
different.

ESR measurement of the complex formed in this way was performed at
77 K and at room temperature. No significant signal caused by flavin free
radicals formation was observed.
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Fig. 7. Absorption spectrum of Erpeq * Nap* complex. The reduced enzyme was titrated with NaD'

in the absence of oxygen. The millimolar extinction coefficient (e¢) of the complex formed by titration

was calculated according to the method described in the text.

Discussion

The rate of decomposition of the intermediate (0.69 s™) to products E,,4
and NAD® is in fair agreement with that of the first-order reaction step in
overall reaction (0.71 s7!). This finding indicates that the reduced form of the
enzyme is included in the turnover process, and that a molecular species of the
enzyme which is reoxidized by oxygen or ferricyanide is the reduced form of
the enzyme. The Kkinetic data suggested that the intermediate was formed with
E_, and NADH via an ES complex.

The results obtained can be summarized by the following reaction scheme
when NADH and oxygen were used as substrate and electron acceptor, respec-
tively:

kiy kyo ki3
E,x + NADH = E,, NADH = intermediate — E,.4 + NAD"*

k1 k—_9g
kox '
Efeq + 02— Eox + H,y0, (Scheme 3)
The following equation is given for the rate of overall reaction in scheme 3:
1 K 1 1 1
e e (5)

v kig kizg [NADH] ko, [O:]

k_yk_g+k_1Rig+kigkss
P

K, =

It is thought that e,/V, A and B in Eqn. 1 correspond to 1/k,,, K,,/k,, and
1/k,, in Eqgn. 5, respectively. From the value of V/e, (0.71 s7!), A (3.1 -
10 M - s) and B (9.1 - 10™* M - s), the values of k.3, K., and k, were calculat-
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TABLE IIT
KINETIC CONSTANTS OBTAINED BY VARIOUS METHODS

Overall * Anaerobic reduction ** Stopped flow ***
Ky ™ 0.71 0.69
Km®™ 2.2-107" 1.6-107"
Eox vt sTh 11-10° 1.2-10°
k_y/kyy (M) 1.7-107
kyo (S_‘ ) 80
k_, ™ 30

* Obtained from the overall reaction when oxygen was used as electron acceptor.
** Obtained from the absorbance change at 560 nm when the enzyme was anaerobically mixed with
NADH.
*** OQbtained from the absorbance change at 464 nm when the oxidized enzyme was mixed with
NADH in the presence of oxygen.
T Ky is defined in the text.

ed. The values of elementary rate constants measured by various methods are
shown in Table III. The values of K _, k,; and k_, so obtained were constant.

From the results of the ESR measurement by the rapid freezing technique,
there is little possibility of a flavin semiquinone acting as an actual reaction
intermediate. Therefore, the FMN of the intermediate may not take a semi-
quinone form in the reaction. The red-colored complex formed by titration of
the reduced enzyme with NAD" had a specific absorption spectrum but showed
no ESR signal. Its absorption spectrum differs to a small extent from that of
the intermediate. The E_,, - NAD" complex has no absorption in the wave-
length region greater than 700 nm. On the other hand, the intermediate has
considerable absorption even at 700 nm or greater wavelengths. When old
yellow enzyme was titrated with hydrosulfite, a flavin semiquinone appeared
and showed an ESR signal [1]. The absorption spectrum of this semiquinone
apparently differs from that of E, , - NAD" complex and from that of the reac-
tion intermediate. It appeared that old yellow enzyme takes different forms
with NADH substrate.

Further experiments are being carried out on the reaction mechanisms of
this enzyme when compounds other than NADH are used as substrate.

Appendix I

In the text, scheme 2 was proposed for the anaerobic reduction of the
enzyme. The concentrations of various forms of the enzyme are expressed as
follows:

[on] =Y, [onNADH] =Y2, [X] =Ys» [Ered] =Ya,

The concentration of the substrate is represented as s. From the sequential reac-
tions in scheme 2:

dy,

_d‘t_= Ri1y1s —k_1¥2 —Rigy2 tR_3y3

——=Ripyy —k_3y3 —kizy;.



21

At maximum increase of absorbance,

dy. ‘

—Z=0, 1
. (1)
dys

—==0. 2
1 (2)

The formation of the intermediate is extremely rapid but its breakdown is
markedly slow, so that the amount of the reduced enzyme which is formed and
accumulated up to the time of the maximum increase in absorbance can be
neglected, i.e. y, = 0. The total concentration of the enzyme is given as:

Since y4 = 0,
eg=yY1tyz2tys. (3)

From a combination of Eqns. 1, 2 and 3,

epg =

kh_ik_atk_tkigthigkis ys + k_g+kyg

. + s 4
ko kog s ko Y3 T Y3 (4)

From the definition of the differential millimolar extinction coefficient of the
intermediate, AA  is related to A€sqo and y; by

AAn = A€ggo * V3.
On applying the above relationship in Eqn. 4,
1 1 (1 . k_y+k,g N Km)

AAm B A€560 * €y
Here K,,, is defined by

Rio s

kR_ik_s+k_1kRig+Rigkeg
k+1k+2 .

m

Appendix I1

The same notation is used as in Appendix I. The concentration of electron
acceptor is represented as a.

From the reaction scheme 3 proposed in Discussion, the differentiated forms
of rate equations are:

ds i i

—_—=h_ —_— 8

dt 1Y2 +1Y1

dyz_

T ke1¥18 —k_1¥2 —Ri2yatk_2y;3
dys

—=k —k_ —k
dt +2Y2 2Y3 +3Y3



——=ki3y3 —kox¥4a.

By summation of these equations, we obtain

ds d
s+_}2+dl§+%—

— = —ky yad.
dt dt dt dt oxYad

If a is greatly in excess and does not vary appreciably during the course of reac-
tion, it may be regarded as constant. On integrating between t = 0 and ¢t = ¢,

t
S+y2+y3+y4=—koxajy4dt+c! (1)
0

where C is the integration constant.
At t=0,s =35y and y, = ¥3 = y; = 0. Therefore C = s,, where s, is written as
the initial concentration of substrate.

Att=o,s=y,=y3=y,= 0. So that Eqn. 1 reduces to

—koxa [ ¥4 dt+s,=0,
(]

and therefore, k,, is represented as follows:

So
Ry =—

a fm (Ered)dt
0

The value of the above integration can be approximately estimated by the fol-
lowing equation:

oo

f (Ered)dt = Prax L2,
0

Therefore,

So

Rox =
@ Prax* t1/2
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