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SUMMARY

A slight modification of the Lineweaver-Burk equation (and other variants)
inwhich the form is retained but the instantaneous velocity is replaced by the negative
change in substrate concentration divided by the time and the initial substrate
concentration is replaced by the arithmetic average substrate concentration during
the time interval, allows this linear reciprocal form to be used with little error even
when as much as 50%, of the substrate is consumed. This result is in sharp contrast
to the prevailing belief that the initial velocities and initial substrate concentrations
must be used.

The kinetic behavior of the majority of enzymes follows the Michaelis—Menten
form:

d[s] v
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[S]

(1)

where v is the instantaneous velocity at a time ¢ when the substrate concentration
is [S]. This same form is predicted by many quite complicated enzyme mechanisms
although the physical interpretation of the constants may, in different cases, be very
different. The usual way of evaluating V' and Ky, is to form the double reciprocall.

I 1 K I
_=_+l. (2)

v 14 v _[Ej
or a variant form%3 and measure the velocity at several different initial substrate
concentrations.

The comparative advantages of different modifications of the double reciprocal
have been discussed at some length?-¢ but there has been little or no discussion of
the practical experimental meaning of initial velocity. Clearly a velocity calculated
on the basis of a change of I or 29, in substrate concentration during the time
interval could be taken as an initial velocity, but it is not clear just how large a
change in substrate concentration would be acceptable.

In many cases it is not practical to limit the change in substrate concentration
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to 1 or 2%, and procedures must be used which involve the integrated form of
Eqn. 1, namely

S
Vi = [Se]l — [Se] + KmIn ESO]

(3)

]

where [S,] is the substrate concentration at zero time and [S;] the concentration after
the time interval ¢ (ref. 7).

The gist of this paper is that a simple modification of the double reciprocal
form enables that form to be retained even when as much as 50%, of the substrate
is utilized during the time interval.

The best we can do in estimating v is to form the quotient, ([S,]—[S¢])/t = 7.
If [Sq] — [Se] = ALS] is an appreciable part of [Sy], it is clear that it would be
unwise to use either [Sy]in Eqn. z or [S;] at the end of the time interval. Some inter-
mediate value is suggested. This intuitive procedure is given mathematical support
by the Theorem of the Mean® which states that for [S] == f (f) some value of [S]
exists in the interval [S,] — [S¢] where d[S7/d¢ does equal ([S,] — [S¢])/¢. If we could
always select this value of [S], or a sufficient approximation to it, we should be able
to always use Eqn. 2, in an exact manner.

We shall show that the arithmetic mean value of [S], [S] = } ([S,] + [St])
is a good approximation to the correct value of [S] for Eqn. 2, and its use introduces
negligible error even when one third of the substrate is utilized in the time interval,
and an acceptable error when as much as one half of the substrate is used up. This
result is in sharp contrast to the prevailing belief that “initial velocities” must be
measured in order to use the double reciprocal equation.

The integrated Michaelis—Menten equation, Eqn. 3, can be put in the form

I 1 Ko 1 ) [So]
Z n—
VoV S =[S [S]

(4)

The proposed modification of the Lineweaver-Burk equation is

1 Ko 1

I
AT (5)
where 5 — (ISy] — [S)/t and [S] — ([Sy] + [Se)/z.
The question is “how closely does 1/[S] approximate to
L By
[Sel — [Se]  [S:]
Let
(S [So]
_____ Pt R, 6
So— s ma e “
where a is the relative error involved in using 1/[S] rather than
I [So]
~—————1In .
[Sel — [Sel  [S:]
Substitution from Eqn. 6 into Eqn. 4 yields
11 Km( 1 )
TV + i 1+ a) -[Ej 7
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Values of a were calculated from Eqn. 6 for different extents of reaction in percent,

and the results are plotted in Fig. 1. The calculation indicates that the relative error,
a, is less than 19, even when the reaction has gone to the extent of 30%,. The re-
lative error is 29, at 40%, extent of reaction and < 4%, at 50%, extent of reaction.

Eqn. 7 which is exact indicates that if the approximate Eqn. 5 is used, the value
obtained for Ky, will be high by the error a. Thus if the extent of the reaction is 509,
Ky, will be high by 49%,.

The common practice is to use Eqn. 2 with v = A[S]/t and [S] = [S,]. Whether
this is good practice depends upon how closely 1/[S,] approximates 1/[S,] — [S¢] In
[So)/[S:], the approximation is poor! Even when the reaction has proceeded to
only 10%, the error in using [S,] already exceeds 5%, (Fig. 1). These results indicate
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Fig. 1. Percent errors at different extents of reaction. Percent errors, 100, were calculated from
Eqgn. 6 for different extents of reaction,

[I — [—SE]—':I X I00

that the use of Eqn. 2 with initial velocities estimated by A\[S]/¢ and the initial sub-
strate concentrations must be restricted to extents of reaction that are less than
109, and preferably less than 59.

The use of average substrate concentrations enables the investigator to retain
the Lineweaver-Burk form even when quite substantial extents of reaction have
occurred. In discussing this question we have assumed that there is no product
inhibition. This is a question that is easily answered experimentally and is in any
case, one that must be answered before any equation can be used. However, it is
more likely to be significant when large extents of reaction are involved. Similarly,
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the reaction must not be significantly reversible. This is required also in the case of
the Michaelis—-Menten or Lineweaver—-Burk equation. However, reversibility is more
likely to be a significant factor when large extents of reaction are involved.

In experimental work with angiotensin converting enzyme, it has not been
feasible for us to restrict the extent of reaction to much less than 409%,. However,
identical values for Ky, (4.2-107% M) were obtained whether Eqn. 4 or Eqn. 5 was
used?19,

Our conclusion that the Lineweaver—-Burk plot can be used for relatively
large extents of reaction, if the average value of [S], [S] is used, extends to all the
variants of this plot including those for reactions occurring in the presence of

inhibitors.
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