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When a presteady state burst is seen in an enzymatic reaction where a change in absorbance
accompanies the isotope-sensitive step, there will be an isotope effect on the initial rate of the burst.
The apparent commitment which reduces the size of the intrinsic isotope effect will not be solely the
partition ratio of the intermediate undergoing the isotope-sensitive step (as in steady state kinetics),
but will also be a function of the ratio of the forward rate constants for the isotope-sensitive step and
the one preceding it. A contour map of these relationships is presented.

Introduction
Enzymatic reactions are usually studied under
steady state conditions where the enzyme level is
much lower than that of the substrate, or than the
Michaelis constant, which is the measure of apparent
substrate affinity in the steady state. The theory of
isotope effects on steady state enzymatic reactions is
well worked out [1] and may be illustrated by the
mechanism:
EA + B ^

EAB ^

EAB* ^

EPQ — EQ ^

EPQ*
E,

(1)

where the chemical interconversion is between EAB*
and EPQ* so that only k5 and k6 are isotope-sensitive
(k3, k4, k7, and k8 are for conformation changes that
convert the open EAB or EPQ complexes from which
reactants can dissociate to the closed EAB* and
EPQ* forms in which catalysis occurs). In mechanism
(1), the isotope effect on V/K (the apparent first order
rate constant at low subtrate level) is given by
Dkc + cf + DKca c.
1 + Cf + cr
where the leading superscript D indicates a deuterium
isotope effect. Dk5 is the intrinsic isotope effect on k5
(that is, k5 for unlabeled substrate divided by k5 for
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deuterated substrate), and D/Ccq is the isotope effect on
the equilibrium constant (that is Dk5/Dk6). The isotope
effect on the maximum velocity is given by a similar
equation where c{ is replaced by new constant, cVf,
which consists of the sum of the ratios of k3 k5/(k3+ k4)
and k3, k7 kg/(k8 + kg), kQ, and kt l .
In (2), c( and cr are called forward and reverse com
mittments, and consist of partition ratios for inter
mediates:
cr = (ks/kA) [ l+ k 3/k2],

(3)

cr = (k6/k7) [ l + k 8/k9].

(4)

In reactions such as those of pyridine nucleotidelinked dehydrogenases the chemical step is accom
panied by a change in absorbance (at 340 nm in this
case), so that the formation of EPQ* and subsequent
complexes is readily measured in a rapid reaction ap
paratus. It often happens, when EA and a saturating
level of B are used in such an apparatus, that a burst
of absorbance is seen before the steady state rate is
achieved. The amplitude of the burst depends on par
tition ratios such as k jk 7 and k8/k9, but the initial
rate of the burst does not, and thus contains informa
tion concerning k3, k4, and k5 only. It might seem that
the isotope effect on the burst rate might be given by
°kbUTSt = (Dk5+ cf)/(l+ c {)

(5)

but c( in this equation will not be given by (3), and it
is the purpose of the present paper to show how the
apparent value of c{ in (5) varies with the values of k3,
/c4, and k5 in mechanism (1).

-Please order a reprint rather than making your own copy.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung 4.0 Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
für Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution
4.0 International License.

460

2

-1

W. W. Cleland • Deuterium Isotope Effects on the Presteady Sta

log(k3/k5)

0

+1

Fig. 1. Apparent commitments for an isotope effect on the initial velocity of the presteady state burst of an enzme-catalyzed
reaction when saturating substrates and enzyme arc rapidly mixed. The intrinsic isotope effect is assumed to be 6. The rate
constants A3 and k+ are for forward and reverse directions of the step prior to the isotope-sensitive one.

Results and Discussion
We will assume that deuterated and undeuterated
substrates are used separately and the apparent initial
rates of the bursts are compared, discounting any lag.
Actual data handling will be discussed below.
The general solution for observation of a burst in
mechanism (1), starting with EAB. is an equation with

two exponential terms!
EPQ*/£,= 1 + Axe~ke,t- Aß e~kßt,
where
kx=(p + q)/2,

kß = {p -q )/2,

p = k3+ k4 + k5,

q = ]/p 2~ 4 k 3 k5,

Aa= kß/(ka- k ß),

Aß= Ax+ 1.
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Fig. 2. Contours showing where lag will he observed in the presteady state burst of an enzyme-catalyzed reaction. The solid
lines are for unlabeled substrate, and the dashed ones for deuterated substrate. Other details as in Figure 1. The first numbers
on each contour are the ratios of kx and kß in (6). The numbers in parentheses are the ratios of amplitudes (AJAß).
The term in kx causes a lag or induction period, but
this is often not seen because Aa<£Aß. Also the initial
portion of the burst is the hardest to observe experi
mentally, and the lag is often buried in the mixing time
of the instrument. Even when the lag is seen, the time
course does not have enough information in it to de
termine unique values of k3, k4 and k5. One can calcu
late only the sum of the three constants (from k^ + kß),
and the product k3k5 (from kxkß).

Figure 1 has log(/c4//c5) on the vertical axis, and
log(k3/k5) on the horizontal axis. These ratios are for
k5H. The contours running from 50 to 0.0005 are ap
parent commitments that will be observed in (5) for an
isotope effect of 6.0 on k5 (the contours vary only
slightly with the size of the isotope effect, and thus this
graph may be used for any primary deuterium isotope
effect). Thus if k j k 5> 10, or if k3/k5>3, nearly the full
isotope effect is seen on the burst (cf <0.1; isotope
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effect >5.5). Shore's data for liver alcohol dehydro
genase fit this pattern [2],
The diagonal straight lines in Fig. 1 represent k3/k4
values, or the equilibrium constant for the first step.
The contours in Fig. 2 define the regions where a
lag will be seen before the burst. The first numbers on
the contours (11, 6, 3, 2, 1.5) represent the k jk ß ratio.
The number in parentheses (0.1,0.2, 0.5,1, 2) is AJAß,
and we assume that when Ax is less than 10% of Aß
you cannot see the lag. Thus two clear exponentials
are seen only in the region defined by the 0.1 contour.
The contours for the deuterated substrate are plotted
diagonally to the lower left of the ones for the un
labeled substrate (displaced by log 6 both vertically
and horizontally in the present case; for an isotope
effect different from 6, these contours will be displaced
a different amount), since k5D is 6 times less than k5H.
Note that it is possible to see a lag for unlabeled
substrate and not for the labeled one, and vice versa.
Fisher's data for glutamate dehydrogenase showing
an isotope effect of 1.5 -1.8 on the burst [3] correspond
to a c( value of 5-8, assuming that the true isotope
effect is 6 on the hydride transfer step, or to a cf value
of 4-7 if the isotope effect is 5. No lag seems visible for
the unlabeled substrate, but a small one may be pres
ent for the deuterated molecule. The data suggest that
k3 and /c4 are about equal, and both about 0.1 of k5.
By contrast, the steady state isotope effects on V/K
for glutamate are ~ 1.2, showing that there are reverse
commitments in the system as well as forward ones [4].
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Experimental Methods
In practice one should make semilog plots of the
burst, and determine the amplitude of the burst and
the apparent rate constant (see Fig. 3 for what these
should look like). The initial velocity is then the prod
uct of the amplitude and the apparent rate constant.
While to determine absolute values of the initial rates
requires knowing the extinction coefficient of EPQ*,
one need not know this for determining isotope effects,
since the value will cancel out unless deuterium sub
stitution changes the extinction coefficient. Thus the
isotope effect on the initial velocity of the burst is
given by
Dkß = (kH/kD)(A JA D),
(7)
where A is the amplitude of the burst, and kHor kDis
the apparent rate constant from semilog plots of the
burst, or from least squares fitting as noted below.

In(1-y)
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When only one exponential term is seen (no lag),
one can use a semilog plot, or better, fit the data to
y = A ( \- e ~ k,) + C,

(8)

where y is the absorbance, A the amplitude of burst,
k the apparent rate constant and C the absorbance at
f = 0. Where a lag is observed, one makes a semilog
plot of: In [(A —y + C)/A] vs. time, and extracts prelim
inary estimates of k from the slope and b from the
vertical intercept, which is In b. The data are then
fitted to the equation
y = A ( \ + ( b - \ ) e - ktlil- 1/b)- b e - kt) + C ,

(9)

which will supply good estimates for A, k, and b, even
for values of b as large as 3 (with test data, good values
of A and k are obtained even when b is large and
somewhat undertain).
The above analysis assumes that the burst is so
much faster than the subsequent steady state rate that
the latter can be ignored, or that a single turnover
experiment is being observed. In the more usual case,
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a steady state rate is observed after the burst. This can
be handled by extrapolating the steady state rate to
t = 0, and subtracting from each point the absorbance
developed by the steady state rate alone. The remain
ing absorbance can then be analyzed as a single burst
as noted above, and the initial velocity from this anal
ysis added to the steady state rate to give the true
initial velocity. A better procedure is to fit the data to
y = a e~k' + bt + c,

(10)

where (b —ak) is the initial velocity and (a + c) the
initial absorbance at r = 0. For a burst, a is negative,
and b and c positive. If an initial lag is clearly present,
de~ik2)t (where k2>k) can be added to this equation
(d will be positive); (b —ak) is still the desired initial
velocity. Computer programs to make the fits men
tioned in this article have been used in this lab.
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