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ABSTRACT. A new least square method for analysis of the whole time course of enzyme-
catalyzed reactions is presented. This method requires only a programmable calculator with small
capacity and is applicable to both uninhibited reactions and reactions inhibited by products or added
compounds. This method fits the data to the nonlinear plot of substrate concentration vs. time, and,
consequently, estimates the kinetic parameters better than the least square method based on linearly

transformed equations.

INTRODUCTION

The importance of kinetic measurements in
elucidation of enzyme mechanisms cannot be
overemphasized. 1*? Kinetic parameters such as
k.. K, and K; are estimated from the kinetic
results and these give plenty of information
about the nature of catalytic residues on the
active site and binding mode of substrates and
inhibitors to the active site, Conventional
methods for estimation of kinetic parameters
consist of measurement of initial velocity (o)
and analysis of the dependency of v, on the

initially-added substrate concentration (S;) by

Thus,
for a given run emphasis is given to only the

Lineweaver-Burk plot or its analogs®

initial part of the reaction in order to obtain
the initial velocity. Furthermore, runs at several
different S, values are needed to obtain values
of kinetic parameters with Lineweaver-Burk
plot or its analogs. '

If the whole time course of an enzymatic
reaction is analyzed according to the integrated
rate expression, the kinetic parameters for
reactions following the simple Michaelis-Menten
scheme can be estimated from a single run. In
addition,
demonstrate that the kinetic scheme under con-

this analysis is the best way to
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sideration is consistent with the data once the
enzyme activity, temperature, pH, the ionic
strength, and other conditions are known to be
maintained constant during the reaction.

Recent advent of high-speed computers al-
lowed more efficient and accurate data analysis
of the kinetic runs. However, computer analysis
is limited to those who have the pertinent pro-
grams. Besides, computer analysis is still
uneconomical in terms of the time needed for
preparation of input cards as well as the cost.

In this article, a new method for analyzing
the whole time course of an enzymatic reaction
by the least square method is presented. A
commercially  available programmable-calcul-
ator with small capacity is enough for data
treatment with this method.

METHODS

Data analysis by linear and nonlinear least

square method was performed with a Texas
Instruments Programmable Slide-Rule Caleulator
Model SR-56.

RESULTS AND DISCUSSION

The schemes for reactions catalyzed by uni-
substrate enzymes? are listed in Taeblel. Also
included in this table are reactions inhibited in
various modes. These schemes lead to rate
expressions generally represented by equation 12
when steady-state approximation is applied to
ES and ES’ under the condition of E, (total
enzyme concentration) {{S,.

_—dS _ aEy(S |
S ‘_“_gﬁ(s; @

The integrated form of equation 1 is
£=Aln—ph +B(Sy— (5)) )

The expressions of A and B for various

Table 1. Schemes for the enzymatic reactions considered.

No. Scheme Remark
I k
1 E4S—= ES—E+P, Simple Michaelis-Menten Scheroe
1
.h kz ia y
11 E+S ?_—' ES —» ES' —>» E4+ P, ES§’ is a covalent intermediate.
-1 -+
Py
k: kg
E+S—ES—» E+P,
II1 = Competitive product inhibition
E+P 1 — EP
. K
£ #£2
E+S— ES— E+P,
Iv -1 Competitive inhibition
E+l—=EI
K
& &,
E+S——=ES— E+P;
v K H. I -y "j T K Noncompetitive inhibition
ElI4+8 == ESf
‘l k;
E+S—=—ES— E+P;
VI ko IJ [ K Uncompetitive inhibition
ES{
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Table 2. Expression for parameters of equation 2 and methods of estimation of enzymatic kinetic parameters.
Scheme A B Methods of estimation of kinetic parameters
1 K 1 ko= 1 K =._.i .-—_k"" = 1
kano &cllEo o _EE_, " B’ Kn EITIA
Kuyapp 1 =1 =4 ke 1
I cllEO kcatEO Feu EoB ! K,.,app B’ Kmapp B EDA
K, (So+K) 1— X, Plot of EgA vs, Sq: slope=a= (K,/K)/ke and intercept
m | X & == Kolken
kcatEﬂ l'Ec:nlEi) .
SO S W U S
YU EBta®’l T EBtra’ K, H 0 a
o 1 Plot of EqA s, Ig'slope=cr-K,,./k¢.rK- and intercept=p2=K,/k..
v | K(+F) Fonka a 1 g i '
kcn(EU o R —hhm—- T_ ,,, ? =
Plot of EoA vs. Iy 2 slope=a;=(K,/K;) ke and intercept
- Il] IO "'.3!" m/kcat
K 1+ 14—
v (k E:_iﬁ ) Z ‘E; Plot of E,B vs. Iy: slope=ay=1/k.,K; and intercept=8,=1/%.,,
o o e ku :.._l...._‘ K.= By , --——-..—k‘:'l :L K:.él_ _ﬂi
Y %' Kn B T a e
K 1+_do Plot of EgB vs. I : slope=a=1/k,K; and intercept=p5=1/k.,,
Vi FonEo —5 b=l Kom BA ka1 g 5
kﬂIEO cal £ = ‘8 y Km EOA ’ 13 a

b=k and K,=(k (k) /% for schemes except Scheme II. For Scheme II, k., =koks/ (B2+£;) and K,app=

ky(k a2/ (ko k)b R's are as defined in Tablel.

Schemes are summarized in  Table 2. Thus,
equation 2 represents the general equation of
the whole time course of enzyme-catalyzed
reactions,

The least square treatment on equation 2
requires minimization of §> defined by equation
3%

—B[S,—
3

- {t;— AIn—a— (S) (8):3}?

x...‘_ Gy

3
Here, g,; is the standard deviation of ¢, Because
¢; is the time reading for each data point,
can be regarded as being constant under nermal
experimental conditions. Thus, one obtains

21 J— So — -
=57 Z‘: {: AIBW B(8— (8);))*
@
By setting ?ji =0 and —aT-—O in order to

minimize %%, one obtains

4=l St BS- (9 5
D4(S= (9 DlS- ($).7
®)
B=11§ Z] In— (S), Z}t In—294— (.S‘),
HESIOB LTI OB
®
pe | B ST Bis- ) Img
| Z0S- (DIl DS ()
0

Standard deviations of A and B can be derived
by equations 8 and 9,

(B =az(fA) @

i ol
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1o GBN_ 8B \?
"B—‘?"'*('aTj) =oiZ( Ty ) )
Thus,
O4=0, E’[SO'— (S)l]2 (10)
D
aszaxvjzi[ln-(—gorj' 1)
D

where ¢, can be given by equation 124,

0= gy S - Aln— 3~ B(Sy= ()

(12)

iere, N is the number of data points,

Analysis of each kinetic run according to
equations 5, 6, 10, and 11 leads to the values
of 4, B, and their standard deviations,

When the enzyme reaction follows Scheme 1
or II, values of the kinetic: parameters, k...
K., and k./K,, can be calculated directly
from the values of A and B of asingle run as
indicated in Table2. When several runs are
performed, weighted average of the values of
the kinetic parameters determined from each
run can he ohtained according to eqguations 13
and 14%

o B(Pilor)?
=S len? a9
op = (T fopD} ? (14)

Here, P and &» are the average value and the
average standard deviation, respectively, of the
parameter P (i.e. A or B) and P; and ap, are
the values of P and its standard deviation,
respectively, determined from the ith kinetic
run. In order to obtain good estimation of the
parameter values from these equations, runs
with Sy values near X, must be performed.
For Schemes III~VI1, linear plots of E,4 or
E,B obtained at several S, or I, values vs.
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respective S, or I, are needed to obtain the
values of the kinetic parameters as shown in
Table2. Weighted regression of lines represent-
ed by y=az+ 8 can be carried out with equa-
tions 15~19¢,

4%
1
4 i g%
s=%T )
2
s=4n-5 as)
—_ 1 I? . Xy 2
4=Rg 5ok {35 (19)

Here, o,, 05 and g; are the standard deviations
of &, B8, and y; (the value of y determined from
the i run), respectively. It should be kept in
mind that several y;’s must be measured at low
2’8 to obtain good estimation of the intercept
and a relatively wide range of z; must be tried
to obtain good estimation of the slope.

From the weighted average of E,A or E,B
whichever is independent of Sy or I, and from
the values of o and §, the values of the kinetic
parameters are calculated as summarized in
Table2. For example, when Scheme III is
operative, values of Egd and E,B are obtained
at several Sy values., Because E,B is a constant
value, its weighted average and weighted
standard deviation (EyB and 5g,5) are calculated
with equations 13 and 14. Weighted linear
regression of the plot of (EyA); vs.  (Sp):
produces the values of the intercept, the slope,
and their standard deviations (8, «, a5 and
¢4). Then, the values of &, K,, k../K. and
K; are taken as 1/ (EsB-+a), 5/(E.B+a), 1/8,
and B/a. The values of standard deviations of
these kinetic parameters can be obtained by the
rule of propagation of error* las indicated by
egquation 20,
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1 of GR\? 2(5R)2 ......
ar—au(—a?) +6i WV + (20)
when R is a function of U, V, o .

Linear equations 21~24 which are obtained
by rearranging equation 2 have been used in
analyzing the rate data®

2 =4,5=8) g, @1)
; In-0dy
tSo = Ay S”‘SFDS) + By (23)
ln——(s) ln——-—(S)
In So
$=®) _a—S 45 @

In principle, linear regression on these equations
can produce the parameter values. Thus, plot

vs. gives a slope of

S
i ) M
¢ t
A (=-B/A) and an intercept of B, (=1/4).
For a linear line represented by equation 25,
the least square method minimizes 3% defined

by equation 26,
y=azx+b (25)

y=p-liant (26)

where o, is the standard deviation of the in-
dividual measurement y;. Assuming that ¢,% is
constant, equation 26 becomes
¥ =1/6% T {yi—axi—8)* @7
?

a0 2¢
By putting _%Ca_=0 and agb ={), the widely

used epuations for the linear least square method

are obtained®. Thus, the validity of the assump-
tion that the standard deviations of »'s are
equal, is essential for this regression method.
This assumption is hardly met for equations
21~24,
considered, equation 20 gives ¢,,° as

For example, when equation 21 is

S,

ln—32 1

0',,-21'-:0'2{ S \=*——'_0'(§)a

— ti(8):
2

In—38_
+ S (o (28)
H

Under normal instrumental conditions, ¢&, and
of can be regarded as being constant. Thus,
equation 28 shows that g2 cannot be constant.

Besides, .one of the basic assumptions in least
square method is that the independent variables
their standard de-
viations being zero. For example, when equation
21 is considered.

02{ S~ (8); }ZLJz +{ Sa:g(S)i }203_:0

t'_ t? (8

are correctly measurable,

(29)
Thus, ¢%, and ¢7. are assumed to be zero when
the least square treatment, on equation 21 is
petformed, This means that o2 given by equation
28 is also zero and, consequently, the dependent
variables as well as the independent ones are
correctly measurable.
This consideration linear
regression on rate data according to the linearly

indicates that

transformed equations 21~24 is less logical.

Sample data were collected from carboxypep-
tidase A-catalyzed hydrolysis of O-(trans-cin-
namoyl)~L~8-phenyllactate which was carried
out in 0.5 M NaCl, 0.05 M Tris, pH7. 50 buffer
solutions at 25°C. The data are illustrated in
Fig. 1. Also illustrated in Fiég. 1 is the theoreti-
cal curve obtained by nonlinear regression based
on equations 5~12. The same data have been
analyzed according to equation 21, one of the
linearly transformed rate expressions, and the
linear plot and the calculated line are illustrated
in Fig. 2. As shown by Fig. 2, data points
obtained in the early stage of the reaction are
scattered more than those obtained in the later
stage, as expected by the propagation of error
expressed by equation 28.
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The new method developed in this article of only 100 steps. Besides, this method is based

permits estimation of enzymatic kinetic parame- on the integrated rate expression instead of the
ters using commercially available calculators, initial velocities, and, thus, much smaller
The calculator used for analysis of the data number of enzymatic runs are needed for

illustrated in Fig. 1 had a programming capacity estimation of kinetic parameters.

4
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Fig. 1. Sample data obtained from carboxypeptidase A (1.35<10°7 M) catalyzed hydrolvsis of O-(trans-
cinnamoyl)-L~g-phenyllactate (0.4 mad{) at plt 7.5 and 25°C. The line drawn is constructed according to
equation 2. The estimated parameter values are: A=(l. 67:0.03) x10? sec and B ={~2.43:0.15) X10° sec-
M-L The value of B is negative bacause the reaction is competitively inhibited by the product (Scheme III).
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Fig. 2. Plot of the sample data according to equation 21. The estimated parameter values are A;= (1. 36t
0.06) X103 M and By=(6.17:£0. 16) X103 sec™’. The number near each data point indicates the time (sec) for
each measurement divided by 10.
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