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ABSTRACT: A method was described recently for circumventing the difficulties in determining intrinsic
kinetic isotope effects from eigenvalues obtained in transient kinetic experiments (Maniscalco, Tally, and
Fisher (2004)Arch. Biochem. Biophys. 42865-172). The method, based on the isotope effects on
initial rates of formation of intermediates, was validated by numerical simulation for only a few linear
reaction sequences. A general analytical proof of the validity of the method is given in this work. The
mathematical approach, using rate laws and lpkfd’s rule, allows more complex reaction schemes to

be analyzed. Several are analyzed in this article, illustrating the broad applicability and possible
complications in this approach for determining intrinsic isotope effects. Some possible applications are
noted, with particular attention being paid to nonlinear reaction schemes, the effect of measuring signals
rather than concentration, and the ability to distinguish stepwise from concerted reactions.

Kinetic isotope effects (KIE$ are invaluable in studies be concluded with absolute certainty that rules based on
of enzyme reaction mechanisms and in probing the structurenumerical simulations apply to all possible mechanisms and
of transition states. However, intrinsic isotope effects are all possible values of rate constants. To address this possible
often difficult to measure directly because of the challenge uncertainty, a general mathematical proof of the result of
in determining microscopic rate constants in complex kinetic Maniscalco, Tally, and Fisher is provided here, confirming
schemes. Procedures for their determination by steady-statgheir insightful analysis of linear reaction schemes. Moreover,
kinetic methods are well-established, and a large body of this new mathematical analysis provides insights into mea-
literature documents a generalized theory for extracting syring kinetic isotope effects in reaction schemes that had
chemical information from experimental date<3). Tran- ot yet been considered, extending the utility of this new
sient kinetic methods provide a more direct view of enzyme 4najvtical formalism to reaction schemes more complex than
action than steady-state methods, but a generalized theoretical |iyear series, and giving a general recipe that can be applied
framework for interpreting kinetic isotope effects had been , gjyations not covered here. Some possible applications
lacking until recently, when Maniscalco, Tally, and Fisher oo hoted, with particular attention being paid to nonlinear

?natlyze(_j tqek.k'nft'c Isotope etgec_lt_sh on |n|t|kal Leactlgrt]hrattes reaction schemes, the effect of measuring signals rather than
igrs;atsgigal Irneeagi?))ripsegg::es)( intr?érsﬁoirs,o?oog;fec?s opyconcentration, and the ability to distinguish stepwise from
q : P concerted reactions.

forward rate constants may be obtained from ratios of the

time-derivatives of concentrations for protio and deutero

species obtained in transient kinetic analysis (Fisher’s third METHODS

rule of transient-state KIEs). This should facilitate the

analysis of substrate and solvent isotope effect data obtained Nomenclature and Definitiondhe notation and defini-

in stopped-flow and rapid-quench studies, where several stepgions of Maniscalco, Tally, and Fishef)(are used throughout

in a reaction sequence could be isotopically sensitive. with only minor modifications. The authors define the time-
The validity of the analysis of transient kinetic schemes dependent kinetic isotope effect (TKIE) for the transient rate

was demonstrated by numerical simulations of reaction time of a reaction as

courses 4) except for two simple reaction schemes, which

had analytical solutions. In all cases simulated, the new

analytical formalism predicted the results obtained in digital (%)

experiments. Nonetheless, numerical simulations are inher- TKIE. = dt /H (1)
ently anecdotal, requiring the choice of a reaction scheme X daxy\ ’

and values for the rate constants within that scheme. It cannot (E)D
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(dxi)
TKIE}, = ImTKIE, = lim d‘iz H
(&),

(2)

The intrinsic deuterium isotope effect on a reaction step is

denoted as Klf, which is defined as the rate constant of
the reaction of a protonated species (sometimes indicate

by kM) divided by the rate constant for the deuterated species

(sometimes indicated bkP). It will often be necessary to

distinguish rate expressions referring to protio-reactants from

expressions referring to deutero-reactants; this will be
indicated by placing a vertical line after the expression with
a subscript indicating the isotope.

Numerical MethodsReaction mechanisms were simulated
numerically using the fourth-order RungKutta algorithm
implemented in Berkeley Madonna 8.3. Simulations were
generally run with time steps of 1®s or less. Simulated
traces were imported into Microsoft Excel, where derivatives
were calculated by dividing the change in consecutive

£
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mechanisms. This approach is based on (1) the realization
that relatively simple algebraic expressions for the derivatives
in eq 2 are available from the differential rate laws describing
mechanism, and (2) the limits may be evaluated in a
straightforward fashion by considering initial conditions.
Consider the linear sequence of four reversible reactions
that was analyzed numerically)((Scheme 1). This mech-
anism is described by the following rate laws:

concentration or absorbance values by the corresponding

change in time. TKIE was calculated as the ratio of
derivatives for traces simulated with protio or deutero rate
constants. Extrapolations to= 0 were made visually in
Kaleidagraph (Synergy Software).

RESULTS

Summary of the MTF Analysig\nalyses using either

dX,
E = - klxl + k,lxz (5)
dX,
= KX (kX kX (6)
dX,
dX,
ot kgXs = (K5 k)X, + K pX5 (8)
dXs
ot =KXy = K 4Xs5 9)

The TKIEC values will be calculated for X X3, X4, and X%.

integrated rate laws in simple mechanisms or numerical APPlying the definition of TKIE? and the rate law for species

solutions of rate laws for a four-step mechanism demon-

strated two important resultd)( The first (eq 3) states that
the limit ast approaches zero of the TKIE measured after a
sequence ofi reactions on the + 1th species is the product
of all the intrinsic isotope effects on thmeforward reaction
steps leading to the formation of that species.

n

KIE;

i,int

TKIED,, = ©)

The second result, a consequence of applying eq 3 to the

formation of two consecutive species, allows the intrinsic

isotope effect on the reaction separating them to be calcu-

lated.

0
TKIE?

— 4)
TKIES_,

n,int =

Only intrinsic KIEs on forward reaction steps enter into this

X, gives
(dX2
dt,
dx,
[

k

I

TKIEY, =Ilim
2 t—0

D
Xy = (Koy k)X K oXg|

K + % )x+ K2 X
KIE—l,int KIEz,in 2 K|E—2,im *lp

(10)

where the vertical lines with the subscrigtor D indicate
evaluation for protium or deuterium reactants, and the rate
constants with deuterium are given by the rate constants for
protium divided by the intrinsic isotope effects. The limit of
this quantity ag approaches zero is obtained by realizing
that at the start of the reaction, all concentrations are zero
except forX;, which has a value oX:°. If the initial value

of X; is the same for the labeled and unlabelled reactjons

=

analysis. The mathematical simplicity suggests that theseit cancels from the numerator and denominator, as #ges

relationships could be extremely useful.
Mathematical Proof of Equation Equation 3 was not

rigorously proven mathematically for general reaction schemes,

but it was shown to be valid for one-step and two-step
reactions, where the limit of the ratios of the time-derivatives
were computed analytically from the integrated rate laws,
and for a four-step reaction, which was examined by
numerically evaluating the limits after numerically solving
the differential equationst]. A general analytical approach

is presented here that proves the validity of eq 3 for linear

leaving only the intrinsic isotope effect on the first step:

2The analysis is completely general for higher order reactions,
including the common case in which the binding of substrate by enzyme
initiates the reaction sequence. Isotope effects on binding are generally
small for C-H/D bonds but may be sizable in the case of solvent
isotope effects. Strictly speaking, such isotope effects do not alter the
analysis presented here; the TRIEontains contributions from every
forward reaction step (emphasized in the section on rapid equilibria).
However, because substrate binding is often too fast to observe, the
initial concentration of the firsbbsewable species might vary with
isotopic substitution because the binding has reached equilibrium before

reaction schemes and will later be extended to other data are collected.
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0 _
TKIEy, = KIEy jne (11)

The calculation of TKIEX may be started in a similar

fashion but requires another step to evaluate the limit.
Because the initial concentrations of all the intermediates

and products are zero, the limit eapproaches zero appears
to be 0/0 and cannot be evaluated directly.

defﬂg
X, — + X5+ X
KIEZ,int 2 KIE—2,int KIE3,in 3 KIE—3,int ‘ D
0-0+0
0o—o+o 2

Limits of indeterminate forms may be evaluated by applying
L’HdG pital’s rule 6), which states that the limit of the ratio
of two continuous zero-valued functions equals the limit of
the ratio of the derivatives of the functions. By applying
L'Hdpital’'s rule, eq 12 becomes

TKIES = lim
3 t—0
s SR S
7 Kt T keagrl,
k, dX, ko |k |, ko dX,
KIEydt  \KIE_,;  KIEg ) dt ' KIE 5, dt I
(13)

Algebraic expressions for each of the derivatives are available
from the rate laws, giving an expression that is too long to o 7( ke ks ) X] bt ]
be conveniently represented here. However, the numerator KEsnlKIEs | KIEyn * \KIE 1 KIEp) *  KIE 5"

and denominator are sums of terms with only one term in

each, that containini®, that does not extrapolate to zero
ast approaches zero. Therefore the limit is

kik,X,°+ 0+ 0+ ‘H

0 __

TKIER, = —— :
X, +o+0+...‘

D

KIE jnKIE jne
KIE inKIE ine (14)

This result is identical to that deduced previously from
numerical simulations4.

The analysis forX, requires sequential applications of
L’Hd pital’s rule. Applying the definition of TKIE (eq 2) to
X4 gives an expression that initially evaluates as 0/0.

TKIEY =
4
& k k. K HI@
3 3 4 4
X; — + X, +——X
KIES,int : (KIEB,int KIE4,im) ‘ KIE74,int > D
(15)

Applying L'Hépital’s rule gives an expression in terms of
derivatives.
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TKIEY = lim

dX dX, dXs
g~ e TR gy

ky dXq Ko | ke N ko 0%
KIEgdt  \KIE g KIE, ) ot KIE_, 0 dt |
(16)

Expressions for the derivatives are obtained from the rate
laws, giving eq 17. L'Hpital’s rule does not generate a
proper form but instead gives a fraction whose limit still
appears to be 0/0.

TKIEy, = lim
4 0
KolkoX, = (K_p + ka)Xg + K_X] +...+...‘H

k3 k2 X ( k—Z k3 ‘)X + k—3 X
KIES,int KIEZ,int 2 KIE*Z.int KIEB,in ® KIE*3.int N

+. 4

D

(17)

Therefore, L'Hital's rule is applied a second time, and
after the derivatives are replaced by their rate-laws, a nonzero
term divided by a nonzero term is obtained, allowing the
limit to be evaluated.

TK|E§4:|1@)
dX, dX, dx,
@[sz — (ko tk)= k,ga] ot
k [ k d_Xz_( K., ks )d_)(3 kg dx
KIEgnd KIE e dt  \KIE 50 KIEg ) dt  KIE_ g dt [ 7 5

TKIES = lim
X o

Kol koTky Xy — (K + ko)X, + K_Xa] +.oon] oo
H

k [ e [ &

D

(19)
KakokiX;°
TKIE, = vt 3K“.1. L (20)
3 2 1 XO
(KIE&im)(KIEz'in,)(KlElvin) o
TKIER, = KIEg (yKIE,  KIE, g (21)

Note that most of the terms generated by these manipula-
tions (eqs 18 and 19) are products of rate constants and
intermediate or product concentrations, which will go to zero
in the limit of initial conditions (eq 20); therefore, many of
these terms have not been explicitly written in the derivation
above {t+...). The final result (eq 21), identical to that deduced
previously by numerical simulation, is obtained when the
initial value of X; is identical for both isotopes.

These examples illustrate a general pattern. If one consid-
ers species far enough downstream from the starting species,
applying the definition of TKIE gives an indeterminate form
(0/0) because none of the species in the rate expression
(intermediates and products) are preserit=at0. Applying
L'Hépital's rule and substituting the rate laws for the
derivatives generates more concentration terms, both up-
stream and downstream from the species under consideration.
The concentrations of the downstream species will be zero
att = 0, thus removing these terms from consideration,
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Scheme 2 TK|E§’(5 = KIE i KIEg inKIE 4 ny (24)
k ks K
X_kl‘xz‘k‘n‘]:‘xs 0

. &\ / + TKIES, = KIE; ;yKIEs (25)

ky kj

k. ks

4
e TKIEys = KIE ;o KIE iy (26)
whereas the upstream species will (eventually) generate a TK|E?<2 = KIEy jnt (27)

term whose value is not zero &t= 0. Once terms are

generated whose values are not zero at the start of theNote that it is possible for the longer branch in a looped
reaction, L’Hgpital’s rule can no longer be applied, and the pathway to be faster than the shorter branch. Nonetheless,
limit (now a constant divided by a constant) is obtained. The the reactions of the faster but longer reaction pathway will
original rate term that eventually generates the constant termstill be excluded from the TKIEfor species beyond this

is the rate for forming the species under consideration from loop because the TKfEis determined by extrapolating to
an upstream reactant. This repetitive application of Igkd’'s zero time. However, in this scenario, the amplitudes of the
rule generates the products of all the forward rate constantsreaction phases required to determine Tkl be signifi-

for H and also for D from the most upstream term, giving cantly diminished, making TKIE difficult to determine

the product of the intrinsic KIEs as postulatdjl (Therefore, accurately.

in a linear sequence of1 reversible reactions starting with If both paths from the entrance to the exit of a loop have
Xy, calculating the TKIEfor the formation of ther-th species  the same number of steps, then both branches of the loop
Xn (eq 22) will requiren-1 applications of L’Hgital’s rule, contribute to TKIE for species beyond the loop, and the
giving the result in eq 23 reported previously (assuming equal KIEs contributed by the loop will not be intrinsic but instead
concentrations for both isotopic reactién&). will be a weighted average, as in the example in Scheme 3.
0 __

(dxn) TKIEy = KIEy
TKIE; = limTKIE = lim dt/n _ koks + keks KIE. . (28

dX k k 4.int ( )

K Ksks
dt +

KIE,;KIE3;,,  KIEg;KIEg;
i kn 1Xn 1 (k—(n 1)+ kn)X + k—nxn+1‘ ( ) 2,int 3,int 5,int 6,int
=0k X K + +k X Note that if the flux through one branch is much higher than
KotXn1 = (Koo DX Ky ”“‘ through the other, the KIEs contributed by the whole loop

d"2x will approach the product of the intrinsic KIEs of the fast
branch. For instance, ikks > ksks, then the flux will
"2 h—1 predominately be through the upper branch of Scheme 3,
TKIES = lim———= |‘1K|Ejyim, n=3 (23 and
toeofdAx =

TKIEg ~ KIEl,in’[KIE2,intK|E3,intK|E4,im (29)

di"? . .
° Branched PathwaysBifurcating pathways are often

encountered in enzyme reactions. A simple reaction scheme
is presented in Scheme 4. The TRI®r X, Y, andZ are
easily computed by applying the definition of TKIEb the

rate laws describing the system, giving the following results:

The analysis presented above is general for sequential.
reaction schemes and proves the validity of the insightful
numerical analysis already reportef).(These mathematical
methods can be applied to other kinetic problems; the results

for several other reaction schemes are presented below. +k
Pathways with LoopsWhen computing TKIE the TKIEg’( i ! K (30)
sequential application of L'Huaital’s rule in evaluating limits o4 2
stops once a nonzero term is generated, which occurs when KIEy jine  KIEz
a reactant is reached whose starting concentration is nonzero.
This probes the topology of a reaction network by finding TKIE$= KIE; i (31)
the fewest number of reaction steps from the species of ’
interest back to the initial (nonzero) reactant. If one considers TKIE, = KIE, (32)

a reaction scheme with loops, then the TKIi# a species

will be the product of the intrinsic KIEs on the shortest |nterestingly, intrinsic isotope effects are obtained when
pathway back to the start so that if a loop has an unequaleither product is analyzed but not when the reactant is
number of steps from the entrance to the exit, one side of analyzed. In comparison, the observed rate constant for this
the loop will not contribute. For example, consider Scheme reaction, obtained from the exponential describing concentra-
2. Applications of L'Hupital's rule to the expressions for  tjon as a function of time, would ble + k, regardless of
TKIE® show thatKIEzn and KIEsn do not contribute to  whetherX, Y, or Z were monitored, and the apparent isotope
TKlEg or TKlE?%, although KIEz will contribute to effect on this observed rate constant would be the same as
TKIE0 that found for the TKIE of X (eq 30).
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Scheme 3

Scheme 4

Scheme 5
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Parallel Reactionslf two (or more) reaction pathways
operate in parallel, for example, the reaction of different
conformations of an enzyme that interconvert slowly but the
two (or more) forms are experimentally indistinguishable,
then intrinsic isotope effects are not obtained. Instead, an
average weighted by the distribution of enzyme forms is
obtained, as shown for the reactions in Scheme 5. In this
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Scheme 6
K k3
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If identical concentrations are used in the protio and deutero
reactiong, the total initial concentrations cancel, giving the
observed TKIE in eq 37.

fik, + (1 — fk;'
TKIEQ  =—1 37
X,,0bs fkl (1 _ .I:)kll ( )
KIEl,in’[ KIEl,int'

An analogous approach gives the observed PKHE Xa.
fkik, + (1 — )k, 'k,
fklkz (1 - f)k1' k2'
KIEl,intKIEZ,int KIEl,int'KIEZ,int'

0 —
TKIER gps=

(38)

Note that egs 37 and 38 implicitly assume that there is no
isotope effect orf, which is expected if substrate isotope
effects are being considered. However, solvent isotope effects
are possible orf. In that case, the values df in the
numerators and denominators of eqs 37 and 38 would differ.
Analysis of Isotope Effects on Signdfsa signal such as

absorbanceis analyzed as a function of time, then the
analysis for TKIE must be modified. Analogous to the
analysis of concentrations, the isotope effect on the transient

example, each molecule adopts two forms, designated byrate of change of the signalKIE,, is defined in eq 39.
the presence or absence of a prime, and these forms are

indistinguishable experimentally so that measurements give
the total, that is, Xtor = X2 + X2 In this case, the
experimental TKIE values will be measured for the total
concentration of the different forms of a species.

dX d

[Pare), Speex,

TKIEY 4ps= lim =lim (33)
2 t0[dX; o7 —od X, + X]
dat /o a2 " "2lp
0 T
TKIEXZ,ObS_ Itllir(.:])d)(2 dxzr (34)
at ' dtlp

This limit can be evaluated by the methods described earlier
in this article, giving

H

kX% + kX,
TKIES ops = B (35)

kX, ? + ky'X,°

D

This can be expressed in terms of the experimentally
observable total starting concentrations by assuming®hat
comprises a fractiorf, of the total, and therefore{'; is a
fraction, 1— f of the total.

fig + (1= Ok oy
LT Gt L S
KIE1,int KIE1',int

TKIER gps= (36)

[

[l

The following analysis will consider the limit of this quantity
at the start of the reaction.

TKIE, = (39)

TKIES = limTKIE, (40)

It will be shown that by including a signal, there is no longer
a guarantee that intrinsic isotope effects can be obtained for
more than the first reaction. Two examples, a linear reaction
sequence and a branching reaction, will be described to
illustrate the influence of a signal.

First, consider the linear sequencenakversible reactions
starting with X; and ending withX,1 (Scheme 6), where
each specie¥; has an extinction coefficier. The absor-
bance of the solution at any time depends on the contribution
of each species.

n+1
A=) eX
; 1“0

Equation 41 may be substituted into the definition of
TKIE? (eq 40), giving

(41)

3 Absorbance is discussed for the sake of treating a specific example.
However, the treatment is generally applicable to any signal that is
directly proportional to concentration, such as fluorescence or circular
dichroism.
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dA dnti nt1 dX Note that eq 46 was derived under the condition that
— —Zeixi Zei— €. Substituting that into eq 46 leads to the simplified result
o . (dt)H e = H A& odf in eq 47.
TKIE, = lim =lim = It|rr(;n+l o (42)
1

=1Ilim
H)(d_A) odT o TKIES = KIE, (KIE, 1 (47)
dt/o a5

Ei_
Z dt |p L . .
: Intrinsic isotope effects for the next reaction can contribute

Each derivative is defined by the rate laws, describing only if the coefficients of both th&; and theX, terms in eq
Scheme 6 in terms of concentrations and rate constants43 are zero. This will occur it; = €2 = e3. Note that an

Substitution and grouping terms gives the following. alternative condition could cause the coefficienXgin eq
43 to be zero; if the ratio of the rate constants for the
TKIES = Iim{{(e2 — ek X; + ek ; — ex(k_; + k) + reactions ofX; in the reverse and forward directions equals
0 the ratio of the changes in extinction for these reactions (eq
€3kl X, [k — ea(ky + Kg) + €4kl X + ‘H}/ 48), then the coefficient oX, will be zero.
{(ez — ePkyXy +[e1k g — ex(koy ko) + €gho] X, + K, € —é
[exK_» — €5(K_, + Ky) + €4kl Xq + ...\D}} (43) * e-o (48)

o However, eq 48 requires; = €. In that circumstance,
All terms except those containing; Xxtrapolate to zero at TKIES will be determined by the; term of eq 43 to give

the start of the experiment, giving eq 44. the result in eq 45, and the behavior of subsequent species
0 will be irrelevant. Therefore, we need only consider the case
TKIEC = (€2 = e)keXi |, (44) when the reactions ok; to X, and X, to Xs are spectrally
A

silent, causing the coefficients of thg andX; terms in eq
43 to both be zero. L’Hpital’s rule allows the evaluation
of the limit. Because the coefficients of the origin@land

If ¢; and e, are not identical, then the numerator and X terms are zero, their derivatives will always be multiplied
denominator are nonzero, and the limit can be evaluatedPy zero; therefore, the first nonzero term will be generated

directly. The condition of identical starting concentrations from Xs after two rounds of differentiation. The result, given
of protio and deuter; gives the following. in eq 49, has features that are similar to those of eq 46.

k, 0
(62 - 61) Kl El,intX1

D

TKIES = KIE, 45)  TKIE=
€K 5, — €5k, + Kg) + €4k

No assumptions were made in obtaining eq 45 except that k., K, ks ks
the reaction oK, to X, be accompanied by a spectral change; KE E3(KIE —+ KIE. ') + CAIEL
when this is so, only the intrinsic isotope effect on the e e & sint
conversion ofX; to X, can be obtained from TKIiE
because the first terms in the numerator and denominator ofBecause:; must be identical t@; in order to obtain eq 49
eq 43 each contaiX; and extrapolate to nonzero values at from eq 43, eq 49 can be simplified to eq 50.
the start of the reaction. If thé, terms were eliminated from

I‘IEZ,intKIEl,int

(49)

. . 0 _

eq 43, reactions further along the reaction pathway could TKIEL = KIEg jnKIE i, KIE  jng (50)
contribute intrinsic isotope effects to TKiE The term o )
containingX; as a factor will be zero i = e,, for example, oM these analyses, it is apparent that TKIE a linear

the wavelength of observation is an isosbestic point for the réaction sequence will be the product of the intrinsic isotope
first reaction. If this is so, then no terms in the expression €ffects leading up to the first step to give a signal change.
for TKIES (eq 43) will be nonzero, and L'Huital’s rule Reactlon§ after the first step to produce a signal change will
must be used to evaluate the limit. Differentiating will never NOt contribute to TK_I&, regardless of the occurrence of
eliminate the factor of zero originating from the original X ~ SUPSequent isosbestic points. _

term; therefore, this term may be ignored in subsequent The procedure for writing expressions for _TI{IIEan be
manipulations. Applying L’Hgital's rule generates the appl!ed to other reaction mechanisms. F(_)r instance, when
derivative ofX,, which may be replaced with the rate law applied to the branching pathway shown in Scheme 4, the

for the reactions in Scheme 6. A term containiXg is result in eq 51 is obtained.
generated, and because this extrapolates to a nonzero (e, — ek, — (€, — ek
concentration at the start of the reaction, the limit may be TKIES = Y 1 vz X (51)
computed, giving the result in eq 46. 1 ko
(&~ &g~ ~ (&2~ &g —
TK|E2 — 1,int 2,int
ek — (kg + k) + €5k, Note that at wavelengths where one of the reactions does
K K K K KIE jne not produce a spectral change (eithgr= ey or ex = €z),
€ 1 62( 142 ') + €5 2 intrinsic isotope effects will be obtained; otherwise, TRIE
KIE_ 1 jnt KIE i KIEy KIE; it will be wavelength-dependent and contain contributions from

(46) both intrinsic isotope effects. If the spectra of X, Y, and Z
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Table 1: TKIE Values for a Concerted Reaction

concerted
semi-classical tunneling
Ly L, TKIE 0 TKIES TKIE prod TKIES
D H KIE 1,int KIE 1,int KIE int KIE 1,int
H D KIE2,nt KIE 2,nt KIE2,nt KIE 2,nt
D D KIE 1,intKIE 2,int KIE 1,intKIE2,int <KIE1,inKIE 2 jnt <KIE 1,intKIE 2,int

2The TKIE values expected for the concerted transfer of two hydrogenar(d L;) are tabulated assuming either semi-classical conditions, in
which the Rule of the Geometric Mean appli€$, (0r assuming significant hydrogen tunneling, which causes the Rule of the Geometric Mean to
be disobeyed. The values of TKiBbtained either from direct product analysis (TRJ&j) or from a signal (TKI&) are given for both semi-
classical and tunneling transition states. The intrinsic isotope effect for transfemofilL, are KIE i,r and KIE i, respectively. The reaction from
substrate to product is assumed to be the first reaction in a possible sequence.

Table 2: TKIE Values for a Stepwise Reaction

é_é kl A_é k') >—<
—_— —_— —
)4 L, Ag, © L, Ae,

1

stepwise
semi-classical tunneling
L1 Ls TKIE o TKIES, Ae= 0 TKIES, Ae;=0 TKIE 04 TKIES, Ae;= 0 TKIES, Aei=0
D H KIE 1,int KIE 1,int KIE 1,int KIE 1,nt KIE 1,int KIE 1,int
H D KIE 2,nt 1 KIEz,int KIE 2,nt 1 KIEz,int
D D KIE ,inKIE2,int KIE g,int KIE 1,inKIE2,int KIE 1,inKIE2,int KIE 1,int KIE 1,inKIE2,int

aThe TKIE® values expected for the stepwise transfer of two hydrogenarf L) are tabulated assuming either semi-classical conditions or
significant hydrogen tunneling. However, for the stepwise reaction, tunneling does not alter the observaBldfi&Nalues of TKIE obtained
either from direct product analysis (TK&q or from a signal (TKI&) are given for both semi-classical and tunneling transition states. For
TKIEg, cases are considered where the formation of the intermediate is accompanied by a signalxhand® @nd where the formation of the
intermediate is not accompanied by a signal chanfgg € 0). The intrinsic isotope effect for transfer of land L are KIE i and KIE,ing,
respectively. The reaction from substrate to product is assumed to be the first reaction in a possible sequence.

are known, then it should be possible to calculate the kinetic  Interestingly, TKIE values obtained for concentrations
parameters in eq 51 from the variation of Tlﬁlﬁlith the cannot distinguish between concerted and stepwise mecha-
wavelength of observation. nisms (Tables 1 and 2). The Rule of the Geometric Mean
Multiple Deuterium Isotope EffectsThere are many  predicts that the isotope effects controlling a concerted
enzymatic reactions in which bonds to two hydrogens are reaction will be multiplicative, and because these are
broken, but only one kinetic phase is observable. In such expressed in a single step, the TRI#alues will also be
situations, it is not cleaa priori whether both bonds are  multiplicative. However, a stepwise reaction will also give
broken in the same step (a concerted reaction) or in differenta TKIE® containing the product of the intrinsic isotope effects
steps with an intermediate that is too unstable to observe (aof the two steps leading to the reaction product because the
stepwise reaction). When the conversion of the reactant toTKIE® value for a species formed by a linear reaction
the product can be observed directly as a single kinetic phasesequence is the product of the intrinsic isotope effects leading
multiple kinetic isotope effects can sometimes be used to to that species. Therefore, a stepwise reaction will have the
determine whether the reaction is concerted (and the observedame TKIE that a concerted reaction would in semi-classical
rate constant represents the actual rate constant) or whethefiydrogen transfers. If quantum mechanical tunneling is
the observed rate constant represents a net rate constant fcgignificant in the concerted reaction, then the Rule of the
the overall stepwise process. In semi-classical concertedgeometric Mean will not be obeyed, and the product of the
hydrogen transfers (i.e., quantum tunneling is negligible), intinsic single isotope effects for a concerted reaction will
the Rule of the Geometric Meafi)(predicts that the product 5t equal the double isotope effect determined from TKIE
of intrinsic isotope effects for reactants individually labeled 5 es. Curiously, the equality would still hold for stepwise

at two sites will equal the intrinsic isotope effect measur_ed reactions involving tunneling, leading to a reversal of the
for the doubly labeled molecule. In contrast, for a stepwise (|5ssic diagnostic criterion.

reaction, the single and double isotope effects determined ) ) .
for the formation of the product from observed rate constants 1 1€ Possible outcomes of double isotope effect experi-
(the eigenvalues obtained from an exponent) will not obey Ments are slightly more complex with TK{Eowing to the

the simple multiplicative relationship that concerted reactions dependence of TKIf on extinction changes. A concerted
obey. reaction will give a TKI@ equal to the intrinsic isotope
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effect, and the products of the effects observed for singly requires that experimental time-courses be extrapolated
labeled substrates will equal the effect obtained with the accurately td = 0. The observation of reactions started by
doubly labeled substrate (in the absence of tunneling), similarmixing are limited to times greater than the dead-time of
to TKIEC for the concentration of the reaction product. For the stopped-flow or quenching instrument, typically about a
a stepwise pathway, two outcomes are possible. If the first millisecond on most commercial rapid-reaction instruments.
reaction occurs with an extinction change, then TKill Reactions with rate constants on the order of 10008l

only contain the intrinsic isotope effect for the first reaction. have proceeded to a significant extent before being observed,
Therefore, isotopomers that transfer the label in the first stepwhereas much faster reactions will be over before data
will produce a TKIE equal to the intrinsic isotope effect ~ collection can begin. Consequently, it might be anticipated
for that bond cleavage, whereas the label that reacts in thethat when there are reactions that are rapid relative to the
second reaction will not contribute to TKIE If the first dead-time, their intrinsic KIEs might not be available in the
reaction produces no extinction change, then Tﬂ(\hEII be experimentally determined TKPE This was investigated

the product of the intrinsic isotope effects of both steps. thrFqugh nuineriga£ Sii?“'a“‘?”- it . rat g
Rapid Equilibria and Unfaorable Rate-Determining 'gures - an show simulaftions of concentration an

StepsOften there are interconversions in reaction pathways absorbance as a function of time for a two-step reaction
that are much faster than the reaction steps leading to or(panel A), the TKIE for the products (panel B), and the

roceeding from them. In that case. the interconverting s e_TKIEA (panel C). In Figure 1, all rate constants are less than
P! ng. o o . 9 SPe- o, equal to 10 s, values which are easily accessible in most
cies maintain a concentration ratio determined by the equil-

ibrium constant, that is, the ratio of the forward and reverse rapid-mixing experiments. Two important features are worth

i X . noting in the change of TKIE with time. First, changes in
rate constants, governing the interconversion. Rate constantyyice ction are possible, as seen in the trace for the di-deutero
are not available from standard kinetic experiments for such reaction. Second. if ,data earlier than-10seconds are
rapid equmb_rlym steps.becagse by deflnlilon,. otr_\e_r steps areignored .extrapolaition back to the correct TRi&lues is
rate-determining. The inability to determine individual rate '

constants prevents the determination of KIEs by traditional accurate. In contrast, when a large value for a rate constant
. P . . : 1=S Dy is used (Figure 2), accurate extrapolation is not possible. The
kinetic means on reactions in a rapid equilibrium step.

T ) . TKIE traces in Figure 2 undergo critical changes in direction
Remarkably, kinetic isotope effects for steps in a rapid gt times earlier than one millisecond so that real experimental
equilibrium can be obtained from the TKIEFor instance,  gata would not reveal the true TKIBnstead, experimental

the analysis given in eqs @1 shows that in a linear  gata would extrapolate to an erroneous TKIE
reaction sequence, all rate constants for forward reactions

contribute to the value of TKIE regardless of their DISCUSSION
magnitudes, and reverse rate constants are absent, regardless

The analysis presented previously) (and developed
of their magnitudes. Thus, TKMwill contain as factors the y ’ p %) ( y

further here provides the theoretical basis for a general

intrinsic isotope effects for forward reactions in rapid \ethod of determining intrinsic kinetic isotope effects from
equilibria, which are not directly observable in kinetic traces. .4nsient kinetic data. This approach relies on determining

This analysis was verified in numerical simulations in the initial velocity of the reaction of a species or in

which a rapid equilibrium was included. In all cases determining the initial rate of a signal change. Under
examined, the TKIEvalue obtained was that predicted from = fayorable circumstances, delineated in Results, the calculation
the forward rate constants, regardless of how fast the rapidof TKIE® allows the convenient determination of intrinsic
equilibrium was relative to that of other reactions in the kinetic isotope effects. It is worth emphasizing that because
scheme and regardless of whether the rapidly equilibrating reverse rate constants do not enter into expressions for’TKIE
reaction occurred first in a sequence (simulating substrateyseful values can be measured even when there is a very
binding to an enzyme) or in the middle of a reaction scheme. high reverse commitment to catalysis. This is in contrast to

This behavior has powerful implications. In favorable steady-state studies of isotope effects, where high commit-
experimental situations, it should be possible to obtain ments mask intrinsic isotope effects.

intrinsic kinetic isotope effects for reaction that are otherwise |t js anticipated that determining TK?Ewill be more

kinetically invisible because they are rapid equilibria. generally useful for rapid-quench data, where the various
However, this sword is double-edged; a reaction whose species can be analyzed individually, than for stopped-flow
presence is unsuspected because it is kinetically inViSib'edata, where all Species often contribute to a signa|_ The
due to a rapid equilibrium will still contribute its intrinsic determination of intrinsic tritium isotope effects by rapid-
isotope effect to TKIE This reasoning is more general than quench experiments may be particularly convenient by PKIE
rapid equilibria. Reactions are often invisible due to unfavor- analyses. Generally, the proportion of tritium in a labeled
ably located rate-determining steps. Nonetheless, their in-sypstrate is fairly small, with the vast excess being an
trinsic isotope effects will contribute to TKPEFor instance,  ynlabeled carrier. If methods other than counting tritium are
if an intermediate is formed at Tsand reacts in the forward available for quantifying the Species present in quenched
direction at 10008, it is unlikely to be detected. Nonethe-  reaction mixtures, these will report on the time-course for
less, the intrinsic isotope effect on the fast reaction will the reaction of the whole sample, which is essentially the
contribute to TKIE for species later in the reaction sequence. tritium-free carrier. The time-course of the reactions of the

Experimental LimitationsAlthough the analyses presented tritiated species can be determined separately by independent
in previous sections clearly show that the TRI&n be a scintillation counting of the same quenched samples, allowing
rich source of kinetic information, an important experimental the labeled and unlabeled reactions to be performed in the
limitation must be considered. The determination of TKIE same enzyme reaction.
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Ficure 1: Simulation of a two-step reaction with favorable kinetics. Fgure 2: Simulation of a two-step reaction with unfavorable
A two-step reversible reaction scheme was simulated with values kinetics. A two-step reaction was simulated as in Figure 1, with
(for the fully protiated reactant) of the forward and reverse rate the only differences being that the values of the forward and reverse
constants for the first step of 10 and T.srespectively, and values  rate constants for the last reaction (with protium) were now 2500
of the forward and reverse rate constants for the second step of 1034 10 s2, respectively. Simulated traces for the product concentra-
and 1 s*, respectively. Two-fold isotope effects were used on both tjon and absorbance are shown in A. The TKIE traces for products
the forward and reverse rate constants for the first reaction, andgre shown in B. The inset in B shows the earliest time range and
4-fold effects were used on the forward and reverse rate constantsyas a vertical line drawn at 1 ms, which is roughly the earliest
of the second reaction. Panel A shows the simulated concentrationtjme that may be observed in mixing experiments. Note that
curves for the product (rising curves) and absorbance tracesajthough the TKIE values extrapolate to the values of TKIE
simulated for the same reactions (decreasing curves) using anpredicted by theory, these values may be difficult to determine for
extinction coefficient of 10 000 M cm~! for the reactant, 5000 data starting at 1 ms. The TK\Bvalues are shown in C, with a
M~1cm-* for the intermediate, and 3000 Mcm* for the product. close-up of the earliest times in the inset. Note that the curves for
The reaction having an isotope effect on the first step is marked astne 2-deutero and di-deutero reactions change direction much earlier
1-deuterg that with the isotope effect on the second step as than 1 ms, making accurate extrapolation impossible in real mixing
2-deuterg and that with isotope effects on both stepsladeutero experiments.

The time-courses of the TKIEs of the products are shown in B.
These traces extrapolate to values a0, which are predicted by  have contributions of intrinsic isotope effects from more

the analysis of TKIEin the text. Note that accurate extrapolations o4 tions. The occurrence of two or more identical isosbestic
would be possible in real experiments because no sudden changes

in direction occur near the practical cutoff for observability in POINts for sequential reactions may seem unlikely, butis not
mixing experiments{1 ms). The time-courses of the TK{E for without precedent?). More likely is the situation where a
the absorbance traces are shown in C. As in B, accurate extrapolacolorless reactant is converted, possibly after several steps,
tion is possible. Also note that because the extinction change in g 5 chromophore. In that case, the T}gla)uld contain the

the first reaction is not zero, the TKiHor the reaction with an Tntringie i ; .
isotope effect on the second step is 1, whereas that for the di-deutergriNSIC Isotope effects of several reactions. Clearly, compar

case is the same as that for the reaction in which there is an isotopd"'d values obtained at different wavelengths, or comparing
effect on the first step. different spectral signals, such as absorbance and fluores-

cence, will prove highly profitable.

The analysis of signals in Results demonstrates that the Although the use of TKIEwas originally conceived as a
intrinsic isotope effect of only the first reaction is guaranteed way of determining solvent isotope effects, where the rates
to contribute to the TKIE of a sequential reaction, whereas of several steps in a reaction pathway can be altetgdt$
sequences whose signal change is zero for initial steps willuse, in principle, is completely general. Therefore, this
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formalism could also be applied to measuring substrate the flavin of N-methyltryptophan oxidase has recently been
isotope effects, where only one or a few steps are expectedreported 8). The TKIE; values obtained in that study
to be isotopically sensitive. These considerations could haveagreed well with the isotope effects calculated from the ratios
particular relevance in the oxidation of substrates by flavin- of the observed rate constants. The large value for fH$E
utilizing enzymes. Frequently, molecules containing H-C- clearly consistent with Ralph and Fitzpatrick’s conclusion
X-H substructures (where X can be carbon, nitrogen, oxygen, that the flavin is reduced by a hydride-transfer and rules out
or sulfur) are oxidized to the corresponding double-bonded mechanisms invoking initial reactions that are isotope-
systems containing €X, and the question of concerted insensitive and accompanied by a spectral change such as a
versus stepwise is central to understanding the mechanismsingle-electron transfer to the flavin.
For a stepwise mechanism, the initial transfer of a hydrogen |t s hoped that the analyses presented here will stimulate
to the flavin would cause a large spectral change, whereasthe application of this potentially powerful new tool and
the alternative, deprotonation of the substrate, could be gssist in the proper interpretation of results. Other properties
spectrally silent. . of the TKIE function are coming to light, including the
The use of TKIE offers potential advantages over cyrious ability to experimentally count the number of
determining intrinsic isotope effects from observed rate reactions between two species by the rate of variation of the

constants obtained by transient kinetics. The TjEnerally
has a mathematical form that allows the simple extraction

TKIE (9).
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