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Steady-State Analysis of Kinetic Isotope Effects in Enzymic 
Reactions? 

Dexter B. Northrop 

ABSTRACT: The decrease in the rate of bond cleavage re- 
sulting from the presence of heavy isotopes is expressed to a 
greater or lesser extent as an isotope effect on steady-state 
kinetic parameters of enzyme-catalyzed reactions, depend- 
ing upon complex relationships between individual rate con- 
stants. This paper describes these relationships and derives 
general kinetic expressions which allow the determination 
of the limits of the relative contribution of different reaction 
components to V,,, and Vmax/Km. The value of the true 
isotope effect on a carbon-hydrogen bond breaking step, 

T h e  major reason for determining kinetic isotope effects 
in  enzymology has been to determine whether the maximal 
velocity is a measure of the rate of the step in which cova- 
lent change takes place (Jencks, 1969). Such a step is nor- 
mally identified as the “rate-determining step” of the enzy- 
matic reaction. The results to date and the steady-state con- 
cepts of current kinetic theory suggest, however, that the 
domination of maximal velocities of enzymatic reactions by 
a single covalent step is a rare event. It now appears likely 
that the maximal velocity of most enzymes is dependent 
upon several “rate-contributing’’ or “partially rate-limit- 
ing” steps. In this latter situation, apparent isotope effects 
have meaning only in terms of a comparison to the true iso- 
tope effects exerted on the catalytic step of covalent change. 
However, since true isotope effects could not previously be 
determined, the usual procedure has been to evaluate ap- 
parent effects on an absolute scale, based upon an implied 
comparison with apparent effects for other enzymes and re- 
sults obtained in chemical reactions. Such an approach ig- 
nores the possible wide variation of the true isotope effects 
in enzyme-catalyzed reactions, which are, in addition, prob- 
ably much greater than the current standards of compari- 
son. 
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supported by Research Grant GM-18701 of the National Institutes of 
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the rate of this step, and its percentage of partial rate limi- 
tation of the overall reaction, plus the dissociation constant 
of the enzyme-substrate complex, can be determined from 
the derived expressions by comparing deuterium and tri- 
tium isotope effects on Vmax/Km. In the absence of a mea- 
sure of the true isotope effect, the lower limit of primary 
isotope effects of deuterium which may be interpreted as 
identifying the slowest or “rate-determining’’ step in an en- 
zyme-catalyzed reaction is found to be k H / k D  = 8, and not 
k H l k o  = 2 as is currently supposed. 

The primary purpose of the present study is to examine 
the origins and degrees of expression of isotope effects with- 
in  the steady-state behavior of enzymes, in order to develop 
a theoretical basis for evaluating apparent isotope effects 
and to define the relative contributions of various partially 
rate-limiting steps to maximal velocities. A method for de- 
termining true isotope effects was discovered which clearly 
obviates the limitations and uncertainties previously en- 
countered in the interpretation of isotopic data. The ther- 
modynamics of bond-breaking processes which give rise to 
the presence and magnitude of kinetic isotope effects has 
been reviewed (Jencks, 1969) and is not a subject in this 
discussion. In addition, the present study is restricted quan- 
titatively to primary isotope effects arising from isotopic 
substitutions of hydrogen in substrates displaying Michae- 
lis-Menten kinetics, although extensions of the theory to 
other isotopes and secondary effects are possible in many 
ins ta nces. 

Theoretical Analysis 
The steady-state kinetic behavior of enzymes as a func- 

tion of the concentration of one substrate generally obeys 
the equation 

2’  = V S / ( K  + s) (1) 
where V is the maximal velocity and K the Michaelis con- 
stant. The kinetically independent constants are V and V / K ,  
both complex functions consisting of several rate constants. 
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Consequently, a reduction in the magnitude of one rate con- 
stant as a result of isotopic substitution will be expressed to 
a greater or lesser extent on either V or V/K, depending 
upon the relationships between rate constants within these 
complex functions. In order to define these relationships it 
is useful to examine first the kinetic functions describing a 
simple reaction mechanism, and then turn to a more com- 
plex mechanism from which general equations may be de- 
rived. 

Scheme I is a simplified reaction mechanism consisting 

SCHEME I 

of a minimal number of components. The first component is 
the binding of substrate (S) to enzyme, governed by the rate 
constants, kl and k2. The second component is the catalytic 
step, governed by first-order rate constants, k3 and k4. For 
the purpose of isolating kinetic functions in this discussion, 
kq is set equal to zero, indicating irreversible catalysis. The 
third component is the dissociation of product from the en- 
zyme, governed by the first-order rate constant, k5. Since 
initial velocity conditions are assumed, the concentration of 
product (P) is assumed to be zero and thus the rate of the 
reaction governed by k6 is also zero. 

The steady-state rate equation for this mechanism is 
given in eq 2, from which kinetic expressions for V, K ,  and 
V/K may be derived (eq 3-5).  

Assuming a primary deuterium isotope effect on cataly- 
sis, and no significant secondary isotope effects elsewhere, 
the degree to which this effect is expressed on V is depen- 
dent upon the ratio of k3 to kg. An expession for this func- 
tion may be obtained by dividing eq 3, expressed in terms of 
the substrate containing protium, by the same equation ex- 
pressed in terms of the substrate containing deuterium. 
Solving for the apparent isotope effect on V one obtains 

The apparent isotope effect on V approaches the value of 
the true isotope effect when the ratio k3/k5 is small, and ap- 
proaches a value of one when the ratio is large. 

Similarly, the degree to which an isotope effect on cataly- 
sis is expressed on V/K is dependent upon the ratio of k3 to 
k2. An expression for this function may be obtained by di- 
viding eq 5, expressed in terms of the substrate containing 
protium, by the same equation expressed in terms of the 
substrate containing deuterium. Solving for the apparent 
isotope effect on V/K yields 

The apparent isotope effect on V/K varies inversely with the 
ratio of k3 to k2 to give values between one and the true iso- 
tope effect. Subtracting a value of one from both sides of eq 
7 gives 

which is a useful form of the equation for comparing deute- 
rium and tritium isotope effects. 

The expression of tritium isotope effects is governed by 
equations analogous to 6 ,  7, and 8. However, the determina- 
tion of an isotope effect on V requires a total isotopic substi- 
tution while tritium can only be employed as a trace label. 
Hence, only V/K isotope effects of tritium may be experi- 
mentally determined,’ and in practice, only eq 7 and 8 are 
applicable. Since the ratio k3/k2 is independent of the isoto- 
pic substitution, a comparison of deuterium and tritium iso- 
tope effects may be obtained by dividing eq 8 by the same 
equation expressed in terms of tritium. Their common de- 
nominators cancel out leaving 

Equation 9 thus provides a means of comparing apparent 
isotope effects on V/K to the true isotope effects. 

Rate equations for more elaborate enzyme mechanisms 
often appear hopelessly complex in terms of individual rate 
constants, and the expression of an isotope effect on a single 
rate constant, which appears numerous times in both the 
numerator and denominator of the rate equation, seems un- 
intelligible. It is with some surprise, therefore, that close ex- 
amination of a wide variety of rate equations reveals a pos- 
sible reduction to simple kinetic expressions not significant- 
ly different in form or content to those already presented. 

Scheme I1  illustrates a mechanism of greater complexity 
than Scheme I, sufficient to illustrate the form of kinetic 

’ Isotope effects of tritium, or any other isotope present at only trace 
levels, are determined by a procedure variously described as  a discrimi- 
nation, enrichment, competition, or enhancement experiment. The iso- 
topic ratio (or specific radioactivity) of the substrate a t  the start of a 
reaction is compared to that of the substrate or product at some later 
time in the reaction. Simon and Palm (1966) have shown that competi- 
tive isotope effects are V/K effects, governed by the equation 

The integrated form of this equation provides the function relating ini-  
tial concentrations to those present at time f. namely 

The following rearrangements (Cleland, personal communication) pro- 
vide a form more compatible with experimental data as usually ob- 
tained: 

where f is the fractional conversion of substrate to products, and RSo 
and R,’ either the isotropic ratio or specific radioactivity of the sub- 
strates a t  time zero and the products at time r ,  respectively. Since the 
limit of In ( I  - x )  as  x - 0 is -x, the equation approximates a t  low 
levels of conversion (10-20%) to ( V / K ) H / (  V / K ) D  = R,O/R,’. There- 
fore, in determining an isotope effect by a competitive experiment. it is 
important to either take note of the extent of conversion, or maintain 
low levels of conversion, in addition to measuring changes in  the isoto- 
pic ratio. It can also be shown that comparisons between RSo and R,’ 
are considerably less accurate than RSo and Rp‘. For further discussion 
of the assumptions, sensitivity, and errors of the method, see Melander 
( 1960) or Bigeleisen and Wolfsberg ( 1  958). 
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SCHEME I 1  

expressions relevant to various specific but more elaborate 
enzyme mechanisms. 

A reversible binding step (k l ’ ,k l ’ ) ,  an  irreversible inter- 
mediate step (k5’ ) ,  and an irreversible product release (kg’) 
are again assumed. Two new features are added, a pre- and 
a post-equilibration step, governed by k3’. kq’ and k7’, kg’, 
respectively. These additional steps may represent substrate 
or product isomerization, enzyme conformational changes, 
additional but reversible catalytic steps, or the binding of a 
second substrate held a t  a fixed concentration. 

The steady-state rate equation for the mechanism in 
Scheme I 1  is 

? 2 1 ‘ / ? 4 ’ k 7 ‘ / ? 9 ’  + ki’k5’k7’k9‘ + ki’k3‘k5’k9’)[S] + 
!\3’k5‘k7’k9‘ A k2‘k5‘k7‘k9‘ + k2‘k~’k7’k9’ 

(10) 
The general form of kinetic isotope expression may be dis- 
cerned from eq I O  by defining three new kinetic terms, each 
relating to one of the three components discussed for 
Scheme I .  

(11) 

The first term, k,, is an apparent first-order rate constant 
for the breakdown of the enzyme-substrate complexes ES 
and ES’ to free enzyme and substrate. It is analogous to k2 
of Scheme I ,  but differs as a result of the preequilibration 
step which produces the ES’ complex that cannot directly 
dissociate without isomerization to ES. The second term, 
kb, is the apparent first-order rate constant for the conver- 
sion of the first enzyme complex following substrate binding 
to the first enzyme complex immediately following the first 
irreversible step of the reaction, i.e. 

bb 
ES - EP’ 

It is analogous to k3 of Scheme 1. The third term, k,, is the 
apparent first-order rate constant for the conversion of the 
enzyme complex immediately following the first irreversible 
step to free enzyme, i.e. 

k c  
EP’ -t E + P 

It is analogous to ks of Scheme I .  Equations 1 1 ,  12, and 13 
will differ for different reaction mechanisms, but their form 
and the meaning of the kinetic terms k, ,  kb ,  and k ,  will be 
the same for all enzymes displaying Michaelis-Menten ki- 
netics.2 

Grouping appropriate rate constants in eq 10, followed 
by substitution of the expressions given in eq 1 1 - 13, yields 

I n  the special case of a freely reversible enzymatic reaction produc- 
ing only a single product, the release of product is the only irreversible 
\ tep.  Consequently k ,  is equal to infinity and Vequak kb.  

the following general kinetic equations. 

Equations 14-20, applicable to Scheme 11, are analogous 
to eq 2-9, derived for Scheme I, but take into account possi- 
bilities of a multitude of separate steps, either known or un- 
known, contributing to each of the three kinetic components 
of enzymatic mechanisms. What remains to be described is 
the influence of these additional steps on the expression of 
isotope effects in the kinetic terms k,, kb, and k,,  in order 
to ultimately relate apparent effects to the true isotope ef- 
fect. 

In most instances k ,  will not express an isotope effect. 
Conditions which allow kaH/kaD to be significantly differ- 
ent from one tend to result in suppression .sf the effect over- 
all. Hence, for the practical purposes of comparing V and 
V/K effects only (see below), eq 19 may be reduced to eq 
21, which is also more analogous to eq 7 .  For kb and k,,  a 

simple proportion between the rate of the irreversible step 
and the sum of the forward and reverse rates of the equili- 
bration step governs the degree of expression. For example, 
if deuterium substitution affects the irreversible step con- 
tributing to kb, the expression of k ~ ~ ’ l k 5 ~ ’  is 

Similarly, if deuterium substitution affects the reversible 
equilibration step contributing to kb, the expression of 
k 3 ~ ’ / k 3 ~ ‘  in kbHlkbD is 

Isotope effects occurring on reversible steps are complicated 
by the probable presence of an effect on both the forward 
and reverse rates of the step. Equation 23 was derived as- 
suming the forward and reverse effects were equal, i.e., 
k 3 ~ ’ / k 3 ~ ’  = k 4 ~ ’ / k 4 ~ .  When the two effects are not equal, 
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their ratio is the same as the ratio of the equilibrium con- 
stants of the overall reaction, and eq 23 increases in com- 
plexity to a less useful form: 

The relationship between the true isotope effect and ef- 
fects on V/K in complex mechanisms can now be summa- 
rized by the following equations. Given an isotope effect on 
a reversible step (Le., k3 of Scheme II), eq 20 becomes 

In the absence of an isotope effect on the equilibrium con- 
~ t a n t , ~  this reduces to 

Similarly, given an isotope effect on an irreversible step 
(i.e., ks' of Scheme 11), eq 20 becomes 

Equations 26 and 27 reveal the same fundamental relation- 
ship between true and apparent isotope effects in complex 
mechanisms as shown in eq 9 for a simple mechanism. It is 
important to note that these expressions are independent of 
the presence and number of equilibration steps either pre- 
ceding or following the bond breaking step. 

Discussion 
Calculation of True Isotope Effects. Swain et al. (1958) 

have examined the relationship between primary isotope ef- 
fects of deuterium and tritium, and found that for tempera- 
tures of 0-100' 

This relationship has been observed experimentally in sever- 
al chemical reactions where the true isotope effect can be 
directly observed, including reactions displaying very large 
isotope effects (kH/kD of 16 and 23), ascribed to the influ- 
ence of tunneling (Lewis and Robinson, 1968). Combining 
eq 28 with eq 9, 26, or 21 yields the general function: 

Isotope effects on the equilibrium constant may be measured di- 
rectly when the enzymatic reaction is freely reversible in the presence 
of substrates and products. For the purpose of comparing primary deu- 
terium and tritium effects, only one need be determined, since 

K A  = ( ! L ) ' . d d *  
KOIT 

For example, a comparison of the specific activity of the tritium-con- 
taining substrate and product a t  equilibrium yields the tritium equilib- 
rium effect, from which the deuterium equilibrium effect may be cal- 
culated. 

- 50 

20 0.6 0.7 0.8 0.9 1.0 

f , I \-to 

2 

0.30 0.35 Q40 Q45 a50 0.55 
(V/KIH /(V/KI,, -I 

(V/KIH/(V/KIT -I 

FIGURE 1: Values of true isotope effects as a function of apparent iso- 
tope effects on V/K.  The curves were generated by substituting as- 
sumed values in eq 29. The vertical axis is scaled for both deuterium 
and tritium, but the latter is nonlinear. Consequently, values are more 
accurately obtained on the deuterium scale and converted to tritium by 
application of eq 28. The major curve extends from k H / k D  = 2-1 5 ,  al- 
though higher values are theoretically possible. The insert extends the 
function to the lower limit of zero, and therefore includes inverse iso- 
tope effects. The crossover point from normal to inverse isotope effects 
is found by L'Hospital's rule to be: limit x - 1 [(x - - l ) ]  
= 1 / 1.442 = 0.6935. 

which can,be solved for the true deuterium isotope effect. 
This is most readily accomplished by graphical analysis, il- 
lustrated in Figure l ,  since eq 29 is a transcendental func- 
tion. Thus, regardless of the complexity of the reaction 
mtchanism, the true isotope effect can be determined from 
experimental measurement of the apparent deuterium and 
tritium isotope effects on V/K, followed by a simple reading 
of the true value on the graph of Figure 1. The only qualifi- 
cations are that there is no equilibrium3 or secondary iso- 
tope effect. Both of these effects are probably insignificant 
in the dehydrogenase enzymes, the hydrogen-transfer en- 
zymes of greatest interest, since the transferable hydrogen 
is bonded to a tetrahedral carbon in both the substrates and 
coenzymes. 

Once the true isotope effect has been determined, a com- 
parison of this value with the apparent deuterium effect on 
V suggests a qualitative estimate of the overall rate contri- 
bution of the bond breaking step. Such a comparison can be 
misleading, however, particularly when the apparent iso- 
tope effect is small. The desired estimate is actually the dif- 
ference between the observed maximal velocity and the ve- 
locity one would expect if the bond breaking step were not 
partially rate limiting. Repeating the earlier derivations and 
incorporating a condition where the bond breaking step is 
not rate limiting, it can be shown 

wheref, is the fractional reduction of the maximal velocity 
of reaction with normal substrates attributed to the bond 
breaking step, and lOOfv is the percentage of partial rate 
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F I G U R E  2: The expression of an isotope effect on the maximal velocity 
as a function of the ratio of kb to k ,  at different levels of expression of 
the effect on kb. The curves were calculated through use of eq 18. 
Since eq 6, 7, 18, 21, 22, and 23 are all of the same general form, the 
figure may be utilized to evaluate isotopic expression of other kinetic 
functions by appropriate substitutions for VH/VD, k b / k , ,  and kbH/ 
k b D .  

limitation.4 The value of fv varies from 0 to 1, representing 
enzymatic reactions in which the bond breaking step does 
not contribute to the maximal velocity, to reactions in 
which it is totally rate limiting. Similarly 

(31) 

where fv/k is the fractional reduction of V/K. 
Having determined the percentage of partial rate deter- 

mination, and knowing the maximal velocity and Michaelis 
constant, it is also possible to determine the rate of the bond 
breaking step and the true dissociation constant of the en- 
zyme-substrate complex. By appropriate substitutions, it 
can be shown that 

l7 - _  - kH f v  
and 

(33) 

Combining 32 and 33 gives the substrate dissociation con- 
stant, k z / k l . 5  

The Magnitude of Isotope Effects. A value of 15 for 
kH/kD is normally assumed to be the upper limit for deute- 
rium substitutions on the rate of cleavage of carbon-hydro- 
gen bonds (Richards, 1970; Simon and Palm, 1966). Most 
enzymes display lower values than this and have been de- 

For example, using the data of Bright and Gibson (1967) 

Thus .  the carbon-hydrogen bond cleavage is said to be 28% partially 
rate limiting, and the observed maximal velocity is 28% less than the 
expected velocity if the bond cleavage were not partially rate limiting. 

Equations 32 and 33 yield only minimal values for kH and k z / k l  in 
the presence of an equilibration step preceding catalysis. For example, 
in Scheme I1 with an isotope effect on k5, VLv = k s ~ / ( 1  + k4/k3) ,  V/ 
Klf/:lk = k ~ ~ k l k 3 / k ~ k 4 .  and the apparent dissociation constant is k d  
k l ( l  + k3/k4) .  When k3 > k4. the apparent value of k5 approaches the 
true value; conversely, when kq > k3, the apparent dissociation con- 
stant approaches the true value. Events following catalysis, however, do 
not influence the calculation. 

scribed by Jencks ( 1969) as either "normal", displaying 
deuterium isotope effects in the range k H / k D  = 6-10, or 
"abnormal", displaying even lower values. Three areas of 
consideration can account for lowered values. The first are 
special thermodynamic considerations surrounding the 
transition state of the bond-breaking process itself, which 
have been described by Westheimer (1961) and Jencks 
(1969), and give rise to the magnitude of the true isotope 
effect. The second and third are steady-state considerations 
which have not been adequately described, but which must 
be evaluated prior to an appeal to possible thermodynamic 
causes when evaluating experimental data, since these con- 
siderations determine the difference between true and ap- 
parent values. 

The first area of steady-state consideration concerns the 
degree to which an isotope effect on a single rate constant is 
expressed on the kinetic terms k a ,  kb, and k , ,  due to pre- 
and post-equilibration steps. In most instances, k ,  will not 
express an isotope effect if a significant effect is present on 
V,K.  The kinetic relationships which suppress the isotope 
effect on kb are described by eq 22-24. Similar equations 
can be derived for k,, since the principles responsible for the 
suppression are identical for k b  and k, .  

The second area of steady-state consideration concerns 
the degree to which an isotope effect appearing in kb or k ,  
will be expressed in V and V/K.  The maximal velocity is a 
function of the apparent first-order rate constants for the 
second and third components of an  enzymatic reaction, i.e., 
kb and k ,  in eq 15, and approaches the rate of the slower 
component when a large disparity exists between the rates 
of the two components. In this situation, an isotope effect on 
the slower component will be fully expressed on V,  whereas 
an effect on the faster component will not. This relationship 
is described by eq 18 and is presented graphically in Figure 
2. The extreme right and left portions of Figure 2 reveal 
that the disparity between the apparent first-order rate con- 
stants must approach a factor of 100 in order to either fully 
express or depress the isotope effect. Between these ex- 
tremes, the faster component does play a significant role, 
and the maximal velocity cannot be considered equal to the 
rate of the slower component. 

The other side of this question is what magnitude of a 
deuterium isotope effect on the maximal velocity is neces- 
sary in order to conclude that cleavage of a carbon-hydro- 
gen bond is the rate-determining step. Values of two or 
more are commonly accepted (Richards, 1970, Collins and 
Bowman, 1970). However, Figure 2 shows that given an 
isotope effect on kb of 15, an apparent value of two is ob- 
served for V H / V D  when the rate of kb exceeds k ,  by a fac- 
tor of 13, and is therefore hardly "rate determining". Con- 
sidering possible thermodynamic and steady-state suppres- 
sion of the isotope effect on kb, the lower curve of Figure 2 
shows that even a t  a suppressed level of kbH/kbD = 3, a 
value of two is observed for VH/VD when kb and k ,  are 
equivalent. Furthermore, if this suppression is due to 
steady-state factors within kb, i.e., k H / k D  is greater than 5, 
then the carbon-hydrogen bond cleavage step cannot be the 
slowest step contributing to kb. Consequently, the current 
practice of accepting deuterium isotope effect values as low 
as two for evidence of a rate-determining step in enzyme ca- 
talysis is unfounded. Unless additional kinetic evidence is 
available which characterizes the steady-state contributions 
to k b ,  or the true isotope effect is determined, a maximum 
effect of kbH/kbD = 15 must remain in the realni of possi- 
ble values. This places the lower limit for apparent isotope 
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effects on the maximal velocity, attributable to rate deter- 
mination from carbon-hydrogen bond cleavage, a t  a value 
of eight. The upper curve of Figure 2 shows that at V H /  V D  
= 8 and k b H / k b D  = 15, k b  is equal to kc, and the two com- 
ponents contribute equally to the maximal velocity. To the 
extent that unknown thermodynamic and steady-state con- 
siderations have suppressed k b H / k b D ,  k b  will actually be 
less than k,. Hence, a value of eight for an isotope effect on 
the maximal velocity means that no other step of the reac- 
tion can be slower than C-H bond cleavage, but may be 
equal in the absence of suppression. Under these conditions 
bond cleavage may be considered a major “rate-limiting 
step” of the reaction, a wording more precise than the des- 
ignation “rate-determining step,” since the maximal veloci- 
ty may be as low as one-half the rate of the designated rate- 
limiting step. 

The expression of an isotope effect on V/K is subject to 
restraints similar to those discussed for V, and is dependent 
upon the ratio of k b  to k ,  as shown in eq 19 and 21. These 
equations are similar in form to eq 18, and produces a 
graphical profile similar to Figure 2. Consequently, when 
the ratio of k b  to k ,  is significantly greater than 0.01, an 
isotope effect appearing in k b  will not be fully expressed in 
V/K.  

The dependence of V/K on k ,  determines the meaning 
and subsequent interpretation of isotope effects on V/K. 
The kinetic term k ,  represents that fraction of enzyme-sub- 
strate complex which is not available to undergo catalysis. 
It is determined by the extent to which the preequilibrium 
step illustrated in Scheme I1 favors ES, plus the rate that 
ES dissociates to free enzyme and substrate. The magnitude 
of k ,  relative to k b  determines the degree to which the bind- 
ing substrate to enzyme results in a “commitment to cataly- 
sis”. Therefore, the expression of an isotope effect on V/K 
may provide a measure of the commitment to catalysis, but 
does not by itself yield information concerning the rate-lim- 
iting steps of an enzymatic reaction6 The absence of an iso- 
tope effect on V/K may be due either to the suppression of 
an effect on k b  (see above), meaning carbon-hydrogen 
bond cleavage is not the slowest step contributing to k b ,  or 
to a large commitment to catalysis. On the other hand, a 
large isotope effect on V/K indicates both a low commit- 
ment to catalysis plus rate limitation of k b  by carbon-hy- 
drogen bond cleavage, but does not reveal whether k b  is fast 
or slow relative to the remaining portion of the enzymatic 
reaction represented by k,. Only in the special case of a 
freely reversible reaction producing a single product* will 
an isotope effect on V/K by itself yield conclusive informa- 
tion concerning the contribution of a carbon-hydrogen 
bond cleavage step to the overall rate of an enzymatic reac- 
tion, and then only if the observed effect has a value of eight 
or more. 

Comparison of V and V/K Isotope Effects. The major 
difficulty encountered in evaluating isotope effects on the 
kinetic parameters V and V/K derives from their depen- 
dence upon a pair of the components contributing to the en- 
zymatic reaction. Unless some information can be obtained 
concerning one of the pair of components, a definitive con- 
clusion as to which one is slower may not be possible. Un- 

Primary isotope effects on V/K are not usually reported nor inter- 
preted to implicate a rate-limiting step. However, enrichment experi- 
ments have been undertaken for this purpose (O’Leary, 1971; Seltzer 
et al., 1959). The dependence of enrichment experiments on V/K is de- 
scribed in  footnote l .  

fortunately, the effect of isotopic substitution on only one of 
the components cannot be determined directly from steady- 
state data, even if the true isotope effect is known. Never- 
theless, advantage can be taken of the fact that V and V/K 
show a common dependence on the second component, k b ,  
and it is this portion of an enzymatic reaction that frequent- 
ly  contains the rate constants for catalytic steps. Comparing 
V and V/K isotope effects, the larger effect represents a 
minimum value for k b H / k b D .  This minimum value plus ei- 
ther an assumed maximal value of 15 or the true isotope ef- 
fect if determined can then be substituted into either eq 18 
or 21, to obtain a range of values for the ratio of a pair of 
components. When ( V / K ) H / (  V / K ) D  exceeds V H /  V D ,  use of 
eq 18 allows a calculation of the h i t s  of the ratio of k b  to 
k,, to give an estimation of the relative contribution of the 
two reaction components following substrate binding. In a 
sequential mechanism, this ratio may reveal whether or not 
product release is rate limiting; for a ping-pong mechanism, 
the ratio represents a comparison of the rates of the two 
half-reactions. In the converse situation, when V H / V D  ex- 
ceeds ( V / K ) H / (  V /K)D,  use of eq 21 allows a calculation of 
the limits of the ratio of k b  to k a ,  and an estimation of the 
commitment to catalysis. Although this information is less 
useful, the predominance of low values for V/K isotope ef- 
fects calculated from the literature data indicates that the 
commitment to catalysis is generally rather high, and that 
the rate of dissociation of substrates from enzymes is not as 
rapid as is often assumed (Seltzer et al., 1959; O’Learj, 
1971). The following two examples will serve to illustrate 
the utility of comparing isotope effects on V and V/K when 
interpreting data. 

Bardsley et al. (1973) have examined the kinetics of di- 
amine oxidase using p-dimethylaminomethylbenzylamine 
and p-dimethylaminomethyl-~,~-bis(deuteriobenzyl)amine 
as substrates. Steady-state kinetics using the hydrogen sub- 
strate support a ping-pong reaction mechanism illustrated 
in Scheme 111. Subsequent initial velocity measurements 

SCHEME I l l  
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employing the deuterium substituted substrate 
(RCD2NH2) under a variety of experimental conditions 
and substrate concentrations gave a range of VH/VD values 
from 1.14 to 5.5 .  These results plus the presence of the iso- 
tope effect at low 0 2  concentrations were interpreted as 
proving that the rate-limiting process in the catalytic se- 
quence occurs prior to the reactive step involving oxygen, 
namely the first half of the ping-pong mechanism. But cal- 
culation of V/K effects from their data reveals equal or 
greater values than present on V, the mean values being 3.5 
and 2.0, respectively. Substitution of ( V / K ) H / (  V / K ) D  
values for k b H / k b D  in eq 18 together with observed values 
for V H / V D  yields a mean value of 1.5 for kb/k, .  Assuming 
an upper limit of 15 for k b H / k b D ,  a mean value of 13 is ob- 
tained. Therefore, the rate of the first half of the ping-pong 
mechanism must exceed the second by a factor between 1.5 
and 13, and cannot be the slowest step as suggested. 

Bright and Gibson (1 967) have investigated the kinetics 
of glucose oxidase in a very thorough study employing ini- 
tial velocity, stopped flow, and isotopic substitution experi- 
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ments. Comparison of the three experimental approaches 
provides a unique opportunity to test the present method of 
analysis. Bright and Gibson proposed Scheme IV for gIu- 
cose oxidase. At 3O, 1-D-glucose produced isotope effects of 
1.98 and 4.92 on V/K and V ,  re~pect ively.~ The smaller ef- 
fect on V/K than on V suggests a large commitment to ca- 
talysis causing a suppression of the isotope effect on VlK. 
Using values of 4.92 and 15 as the limits for k 3 ~ / k 3 ~  in eq 
7 (this equation may be used instead of eq 18 since no pre- 
equilibrium step was detected by stopped-flow measure- 
ments) the ratio of k d k 2  is found to be between 3 and 13.3. 
Stopped-flow data show in fact, a ratio of 11.1 and a large 
isotope effect on k3 of 14.9. Clearly, the suppression of the 
isotope effect on catalysis from a value of 14.9 to a value of 
1.98 on V/K is the result of a relatively slow rate of release 
of substrate from the enzyme. In addition, the isotope effect 
on V also appears suppressed, suggesting slower steps fol- 
lowing k3. I n  fact, stopped-flow measurements reveal 
values of 784 and 570 sec-’ for ks and kg, respectively, as 
compared to 1000 sec-’ for k3. Although an  isotope effect 
of almost five is observed on the maximal velocity of glu- 
cose oxidase, the effect is clearly not sufficient to conclude 
that the isotopically sensitive step is solely rate limiting. 

Presence of Isotope Effects. The presence of an isotope 
effect on either V or V/K, or on both, yields some diagnostic 
value as to where in a reaction mechanism an isotopic sub- 
stitution exerts a specific effect. Examination of eq 2 and 4 
or 12 and 14 shows that V and V/K are each rather simple 
functions of only two of the three components of an enzy- 
matic reaction, but not the same pair of components. Isoto- 
pic substitution which alters the first component (i.e., bind- 
ing of substrate defined by kl and k2) will be expressed in 
V/K but not V. Substitution which alters the second compo- 
nent (i.e,, enzyme complex interconversion up to and in- 
cluding the first irreversible step, governed by k )  or kb, nor- 
mally representing catalysis) will be expressed in both V 
and V/K. That which affects the third component (i.e., 
events following the first irreversible step, governed by ks 
or k,, normally representing product release) will be ex- 
pressed in V but not V/K. 

The utility of these diagnostic features lies in the study of 
enzymes for which there is little information available con- 
cerning the sequence of events leading to the overall reac- 
tion. For example, the involvement of molecular oxygen in 
many oxidase enzymes introduces an irreversible catalytic 
step into the reaction mechanisn. Determining whether the 
introduction of deuterium into the transferrable ’position of 
a substrate produces an isotope effect on both V and V/K or 
on V only, will establish whether 0 2  precedes or follows the 
proton abstraction step. It must be stressed, however, that 
conclusions based upon an  absence of an isotope effect on 
either V or V/K must be confirmed by other evidence since 
certain relationships between rate constants will result in 
complete suppression of an isotope effect on V and/or V/K. 

In  contrast to V and V/K, the Michaelis constant is a 

h. 

E,,a + 02 + E,,-P, - E,, + P- 

’ A low temperature was apparently necessary for accurate determi- 
nations of rate constants by stopped-flow measurements. Steady-state 
assays at  2 5 O  gave values for (V/K)H/(V/K)D and V H / V D  of 3.84 and 
7.8 3, respectively . 

complex function of all three components as shown in eq 3 
and 13, and thus has little diagnostic utility for interpreta- 
tion of isotope effects. Values for KHIKD are frequently 
tabulated and discussed (Simon and Palm, 1966; Jencks, 
1969) but are often the subject of ambiguous interpretation, 
particularly when values of less than one are obtained 
(which are neither abnormal nor infrequent). Since all three 
components do contribute to K,  interpreting KH/KD in 
terms of only one component, particularly substrate bind- 
ing, is therefore hazardous. Even in the extreme case where 
K is considered to have the significance of a dissociation 
constant (Le., the first catalytic step is much slower than 
the rate of substrate dissociation) close examination of eq 
13 reveals that K may remain sensitive to isotopic effects 
occurring after substrate binding. 

The observation of a kinetic isotope effect on a measured 
rate of an  enzymic reaction ( V H / V D )  has little meaning re- 
garding the mechanism of catalysis. This is due to the shift 
in steady-state distribution of enzyme forms as a function of 
substrate and cofactor concentration. At different concen- 
trations of substrate, the isotope effect might well be abol- 
ished, as has been observed in studies of alcohol dehydroge- 
nase (Bush et al., 1973). On the other hand, a single set of 
conditions might fail to express the effect, indicating erro- 
neously that no isotope effect is present. Accurate interpre- 
tation is therefore dependent upon obtaining limiting values 
for vH/vD and (v /K)H/(v /K)D.  

This discussion addresses the expression of isotope effects 
as a function of rate dependence on a labeled substrate only. 
In enzymatic reactions involving two or more substrates, 
the concentrations of additional substrates contribute to k,, 
kb, or k c ,  and in turn influence the expression of isotope ef- 
fects on V and V/K. The diagnostic utility of determining 
the expression of isotope effects as a function of nonlabeled 
substrates (or products) has yet to be fully examined, but 
two conditions are worthy of mention. First, in an  ordered 
reaction mechanism, saturation with the second substrate 
abolishes the isotope effect on V/K for the first substrate, 
thus providing another means of identifying ordered mecha- 
nisms. Second, no isotope effect should be present on V/K of 
the unlabeled substrate in a ping-pong mechanism, nor will 
the concentration of the unlabeled substrate influence the 
expression of an isotope effect on V/K for the labeled sub- 
strate (Bright and Gibson, 1967). Hence, the observation of 
Bardsley et al. (1973) that low 0 2  concentrations did not 
abolish the deuterium isotope effect of diamine oxidase is 
entirely consistent with the predicted behavior of enzymes 
displaying a ping-pong mechanism. 
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Proton Nuclear Magnetic Resonance Investigations of 
Fraying in Double-Stranded d-ApTpGpCpApT in H20 
Solution? 

Dinshaw J. Patel* and C.  W. Hilbersx 

ABSTRACT: The chemical shifts and line widths of the Wat- 
son-Crick ring N H  resonances of the self-complementary 
duplex of d-ApTpGpCpApT have been monitored at low 
ionic strength and in the presence of Mg ions at  neutral pH 
in aqueous solution to determine the thermodynamic pa- 
rameters associated with fraying (D. J. Patel (1974), Bio- 
chemistry 13, 2396) at  the terminal and internal base pairs 
as a function of temperature and pH. From studies in H20- 
MeOH (3:2), the fraying process persists down to --20' 
for the internal TA base pair and down to and probably be- 
yond -30' for the terminal AT base pair. The observed av- 
erage chemical shift at  each of these base pairs as a func- 
tion of temperature suggests rapid exchange on the nuclear 
magnetic resonance (NMR) time scale between helix and 
coil (chemical shift separation of 3.2 ppm) and have been 
utilized to determine the dissociation constant at  the termi- 
nal and internal base pairs. Comparison of the reaction 

T h e  availability of short double-stranded nucleic acids of 
defined sequence has resulted in the evaluation of the ther- 
modynamic and kinetic parameters associated with their 
helix-coil transition (Bloomfield et al., 1974). These results 
followed from optical changes monitored as a function of 
temperature in equilibrium studies and temperature jump 
experiments. They were first undertaken on self-comple- 
mentary riboadenylic acid-uridylic acid block copolymers 
(Martin et al., 1971; Craig et al., 1971; Porschke, 1971; 
Porschke and Eigen, 1971) and later extended to GC con- 
taining ribonucleic acid sequences (Ap),CpG(pU),, where 
n = 2,3,4 (Uhlenbeck et al., 1971) and (Ap),GpC(pU),, 
where n = 2,3,4 (Porschke et al., 1973; Ravetch et al., 
1975). In parallel investigations, thermodynamic parame- 
ters have been determined for the helix-coil interconversion 
in self-complementary duplexes of (dA-dT), (Scheffler et 
al., 1968, 1970; Scheffler and Sturtevant, 1969) and (dG- 
dC), (Pohl, 1974). 

it has been demonstrated that the Watson-Crick hydro- 
gen-bonded ring imino protons (guanine N I H  and thymine 
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enthalpies elucidated from the chemical shift parameters 
with those reported from optical studies suggests that the 
symmetry related internal TA base pairs break in a coupled 
manner at  low ionic strength, with the coupling removed in 
the presence of Mg ions and high salt. By contrast, the sym- 
metry related terminal AT base pairs break independently 
of each other in the absence and presence of Mg ions and 
high salt. The terminal base pair exhibits a T ,  of 10-15O 
lower than that of the internal base pair in the hexanucleo- 
tide, with divalent Mg ions and high salt stabilizing the 
double helix as reflected in the T ,  values of these base 
pairs. The observed line width changes as a function of tem- 
perature provide an estimate of the exchange rate of the 
proton from the coil form with water. The exchange reac- 
tion from the coil state is base catalyzed with rate constants 
in the diffusion limit. 

N3H) resonate between 11 and 15 ppm downfield of sodium 
2,2-dimethyl-2-silapentane-5-sulfonate in the high-resolu- 
tion nuclear magnetic resonance (NMR) spectrum of dou- 
ble-stranded nucleic acids in H 2 0  solution (Kearns et al., 
1971). The observed chemical shifts of these resonances re- 
flect the ring current contributions from stacked nearest 
neighbor base pairs to the intrinsic chemical shifts of the 
ring imino protons (Shulman et al., 1973; Patel and Tonelli, 
1974). 

Self-complementary single strands of the hexanucleotide 
d-ApTpGpCpApT form a double helix which exhibits two- 
fold symmetry so that the six base pairs are pairwise equiv- 
alent. 

This study reports on the helix-coil transition of double- 
stranded d-ApTpGpCpApT in HzO solution as monitored 
by the chemical shift and line-width changes of the guanine 
N I H  and thymine N3H resonances as a function of temper- 
ature and pH. It will be demonstrated that the thermody- 
namic parameters associated with the fraying of the termi- 
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