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ABSTRACT: Cytochrome P450 systems are unusual in that many of them can convert a substrate to a number
of different metabolites. Several kinetic mechanisms may be envisioned by which the metabolites may be
formed. In each of the mechanisms, the substrate combines with the enzyme in different orientations to
form a set of (ES) complexes that then are activated to a set of (EOS) complexes. The fate of these (EOS)
complexes determines the kinetic mechanism. Inthe “paralle] pathway” mechanism, the (EOS) complexes
are so stable and rigid they cannot be converted either directly or indirectly to complexes with different
orientations; the orientation of the (ES) complexes thus determines which metabolite will be formed. In
the “nondissociative” mechanisms, the complexes are not rigid; instead they undergo interconversion while
the substrate remains in the active site of the enzyme. Inthe “dissociative” mechanisms, the (EOS) complexes
dissociate to (EO) and (S), but recombine to form (EOS) complexes with either the same or different
orientations. Steady-state equations describing the deuterium isotope effects for these kinetic mechanisms
have been derived and solved for competitive experiments, in which equal concentrations of both deuterated
and nondeuterated substrates are present in incubation mixtures, and for noncompetitive experiments, in
which only one of the substrates is present. The equations reveal that comparisons of the isotope effects
on the formation of a metabolite by a pathway that does not involve the abstraction of a deuterium from
a deuterated substrate (the non-deuterium abstraction pathway) in both experiments can differentiate
between the kinetic mechanisms. A value of 1.0 for (v)u/(v)p in the competitive experiment, but <1.0 to
>1.0 for the value of (Vinax/Km)u/(Vmax/Km)p in the noncompetitive experiment, is diagnostic for the
“dissociative” mechanisms. Values of 1.0 in both kinds of experiments are diagnostic for the “parallel
pathway” mechanism. Values of <1.0 in both types of experiments are diagnostic for the “nondissociative”
mechanisms. The equations also predict possible unusual substrate-inhibitor interactions when the
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“dissociative” mechanism is operative.

The enzymes comprising the superfamily of cytochrome
P450 are known to catalyze the oxidation of many substrates,
including steroids, fatty acids, drugs, and environmental
chemicals, to several different metabolites. During the past
decade many of the enzymes have been purified, their amino
acid sequences determined, and their cDNAs constructed.
Studies with the purified enzymes and expressed enzymes
fromtransfected cDNA clones have made it obvious that some
of the enzymes have narrow substrate specificities, whereas
others have broad specificities.

Despite the plethora of substrates that are metabolized by
the cytochrome P450s, the general mechanism for the
formation of the “active oxygen complex”, (EOS), appears to
be identical for nearly all of the reactions (Porter & Coon,
1991). Mostinvestigators believe that the general mechanism
of cytochrome P450 enzymes involves the following inter-
mediate reactions. The enzyme (E) combines with the
substrate to form an (ES) complex. Anelectronisintroduced
into the complex to form a reduced complex (ESred) which
then reacts with molecular oxygen to form a monoreduced
oxygenated complex (monoEO,S). Another electron is
introduced into the complex to form a direduced oxygenated
complex (diEO,S). The complex then decomposes to form
water and a monooxygen complex (EOS) (Figure 1).
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FIGURE 1: The cytochrome P450 cycle for the hydroxylation of alkyl
groups and the oxidative dealkylation of ethers.

Several mechanisms have been proposed to describe the
fate of (EOS) complexes. Inaliphatic hydroxylation and ether
cleavage reactions, a hydrogen atom is abstracted from the
substrate to form a carbon-centered radical (EOSrad) and a
heme-stabilized hydroxyl radical; these then “rebound” to form
the enzyme—product complex (EP) (Grovesetal., 1978; Linsay
Smith & Sleath, 1983). The mechanisms of N-dealkylation
and N-hydroxylation of amines and amides and the hydroxy-
lation of aromatic rings are less certain. For example, the
(EOS) complex may possibly abstract an electron from amines,
heterocyclic compounds (Ortiz de Montellano, 1986), or
aromatic rings to form radical cations followed by oxygen
rebound to form the enzyme—product complex. It is also
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possible that the oxygen in the (EOS) complexes of aromatic
compounds may combine with a 7-orbital of an aromatic ring
to form a tetrahedral charge-transfer complex (Hanzlik &
Shearer, 1978; Ortiz de Montellano & Correia, 1983;
Korzekwa et al., 1989a), which ultimately may rearrange to
a phenol, either directly or by way of a ketone, or to an epoxide.

In some systems, the (monoEQ,S) may dissociate to form
superoxide and (ES), the (diEO,S) may dissociate to form
hydrogen peroxide and (ES), and the (EOS) may be reduced
to form water and (ES) (Gorsky et al., 1983; Atkins & Sligar,
1987). Thus the relationships for the consumption of substrate,
NADPH, and oxygen are not always 1:1:1.

A given form of cytochrome P450 may convert a substrate
to several different products, but the kinetic mechanisms by
which several metabolites may be formed by a single enzyme
are not always obvious. Clearly, the substrate must be able
toassume several different orientations, relative to the oxygen,
at crucial phases of the reactions. Several mechanisms may
be envisioned.

In some kinetic mechanisms, which may be called “post-
abstraction mechanisms”, the formation of multiple products
depends on the rigidity of the (EOSrad) complexes formed
after the hydrogen atom is abstracted from a methyl or
methylene group. For example, the unpaired electron in the
substrate in the complex may migrate from its original position
to different positions, and the complex may have sufficient
flexibility that the heme-stabilized hydroxyl group may
rebound with the unpaired electron in the new position. This
kind of mechanism can account for the isomerization of
trideuteriomethyl pulelone during its oxidation to menthofuran
(McClanahan et al., 1988) and for the formation of both
hydroxybicyclopentane and hydroxycyclopentene from bicy-
clopentane (Ortiz de Montellano & Sterns, 1987). Another
postabstraction kinetic mechanism is the double abstraction
mechanism, which has been proposed for the formation of
AS-testosterone as well as 7a-hydroxytestosterone from tes-
tosterone by cytochrome P450 2A1 (Korzekwa et al., 1990).

In many kinetic mechanisms, the different orientations that
account for multiple product formation may be achieved before
the abstraction of a hydrogen and thus may be called
“preabstraction mechanisms”. In these mechanisms the
substrate may combine with the enzyme in several different
orientations to forma set of (ES) complexes. These complexes
may be then activated to form a set of (EOS) complexes. But
the kinetic mechanism depends on the properties of these
(EOS) complexes.

In one group of kinetic mechanisms, the different orien-
tations of the substrate in the (EOS) complexes are inter-
convertible while the substrate remains within the active site
of the enzyme before the abstraction of the hydrogen atom
occurs; these may be called “nondissociative mechanisms”.
The mechanisms depend on the rate constants for the
interconversion relative to the rate constants that describe the
abstraction of the hydrogen from the substrate and the
reduction of the complexes to (ES) and water. When therate
constants for the interconversions approach infinity (which
we call the “rapid interconvertible mechanism”), the mech-
anism approaches the “branched pathway mechanism” de-
scribed elsewhere (Jones et al., 1986; Korzekwa et al., 1989b).

In another group of kinetic mechanisms, suggested by
Harada et al. (1984), the orientations of the substrate in the
(EOS) complexes are not interconvertible while the substrate
is in the active site of the enzyme. Instead, the substrate may
dissociate from the monooxygenated complexes and recombine
to form complexes in either the same or different orientations;
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we call these “dissociative mechanisms®. These mechanisms
lack rate constants for interconversion, but depend on the rate
constants for the dissociation and reassociation of the (EOS)
complexes relative to the rate constants for the abstraction of
the hydrogen from the substrate and the reduction of the (EOS)
complexes to (ES) and water. When the rate constants for
dissociation and reassociation are very large, the mechanism
becomes the “rapid equilibrium mechanism”.

In another mechanism, the (EOS) complexes are sufficiently
rigid and stable that they are not interconvertible while the
substrate is in the active site of the enzyme, nor do they
dissociate. Such mechanisms may be envisioned as special
cases of the other two mechanisms, in which the rate constants
for the reorientation and dissociation of the (EOS) complexes
arevirtually zero. The equations for this kind of mechanism,
which we call the “parallel pathway mechanism”, were first
derived by Grimshaw and Cleland (1980).

In the present study, we have developed the theoretical basis
for designing deuterium isotope experiments that can differ-
entiate between these preabstraction kinetic mechanisms.

THEORY

Because of the complexity of the mechanisms we envisioned,
several simplifying assumptions were made, which do not
invalidate the general conclusions. We have assumed that
the concentrations of (ESred) and (EOSrad) were negligible
compared with the other intermediates; this would occur if
the concentration of oxygen is very high and if the rate constant
for the “rebound” step is much larger than the rate constant
for the abstraction of the hydrogen. We also assumed that
we could use a single intermediate (EO,S) to describe both
(monoEO,S) and (diEO,S). This would be valid when either,
but not both, is negligible; in most cytochrome P450 systems
the rate constant for the decomposition of (diEO,S) appears
tobe larger than that for the introduction of the second electron,
and thus the steady-state concentration of (diEO,S) is
negligible. We further assumed that the conversions of (ES)
to (EO,S) and (EO,S) to (EOS) were irreversible reactions;
although the validity of the first of these assumptions may be
questionable, it is highly doubtful that (EOS) could be
converted back to (EO;S).

The rate constant for the abstraction of a deuterium from
a given carbon—deuterium group in a deuterated substrate is
invariably smaller than the rate constant for the abstraction
of a hydrogen from the corresponding carbon-hydrogen group
in the nondeuterated substrate. When several metabolites
are formed from a deuterated substrate, some metabolites
may be formed by “deuterium abstraction pathways”, which
involve the abstraction of the deuterium, whereas others may
be formed by “non-deuterium abstraction pathways”, which
may involve the abstraction of a hydrogen from the deuterate
substrate or the hydroxylation of an aromatic ring. There
will be virtually no difference between deuterated and
nondeuterated substrates in the rate constants associated with
reactions that do not involve the breaking of carbon-hydrogen
bonds. In the different kinetic preabstraction mechanisms
for multiple metabolite formation, the substrate may exist in
different orientations, which must be represented as different
entities. Intermediate forms leading directly to the metabolite,
P, by a deuterium abstraction pathway may be designated
(ESyw), (EO;Sy), (EOS,), and (EPy,), whereas those leading
directly to the formation of a metabolite, Py, by a non-
deuterium abstraction pathway may be designated (ES;),
(EO,S,), (EOS;), and (EPy) (Figure 2).

Studies of isotope effects on the metabolism of substrates
are performed by two different kinds of experiments. In
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FiGURE 2: The nondissociative and dissociative mechanisms in
noncompetitive experiments.

noncompetitive experiments the deuterated and nondeuterated
substrates are incubated with the enzyme in separate exper-
iments. Since only one substrate is present, the metabolism
of various concentrations of the each substrate by the enzyme
provides the information necessary to calculate the Ve for
each metabolite of each substrate and, when appropriate, the
K., for each substrate. In competitive experiments, both the
deuterated and the nondeuterated substrates are present in
the incubation mixture, and the metabolites from each
substrate are measured. In some competitive experiments
the concentration of one of the substrates is held constant and
that of the other substrate is varied; such experiments may
be viewed as typical competitive inhibitor experiments and,
when appropriate, may be analyzed by any of several plotting
techniques for competitive inhibitors. In most competitive
experiments, however, the deuterated and nondeuterated
substrates are present in equal concentrations. Both com-
petitive and noncompetitive experiments are necessary to
differentiate the preabstraction kinetic mechanisms.

The schemes for the nondissociative and dissociative
mechanisms in noncompetitive (Figure 2) and competitive
{Figures 3 and 4) experiments have been developed in ways
in which the various reactions and the appropriate rates
constants are kept as analogous as possible. For example, in
both of the mechanisms, the immediate precursors of the
deuterium abstraction reaction for the nondeuterated and
deuterated substrates are (EOS,)u and (EOSy)p, the rate
constants for this reaction are Kyssn and Kwasp, and the products
formed from the two substrates by the pathways are (Pw)u
and (Pyw)p. Therate constant for the formation of a metabolite
by the non-deuterium abstraction pathway is kx46, the enzyme—
product complexes are (EPy)y and (EPyx)p, and the products
from the two substrates are (Py)g and (Px)p. Indeed, the only
differences between the two schemes are that the nondisso-
ciative models contain Kky4xs and Ky4ws fOr the interconversion
of the orientations, whereas the dissociative models contain
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kwas, Skwsa, kxas, and Skysq to describe the dissociation and
reassociation of the (EOS) complexes.

1t is noteworthy that analogous schemes for intramolecular
isotope effects will be special cases of those described in Figures
2-4. Inintramolecular isotope experiments the substrate must
have two symmetrical, catalytically susceptible sites; one of
the sites contains the deuterium and the other site contains
the hydrogen. Thus, the equations for the intermediate forms
of the intramolecular isotope effects would be the same as
those for the deuterated substrate, but the k, rate constants
would equal their corresponding k, rate constants, except
kyas would equal kysey. In the nondissociative mechanism,
the kxsws would equal kyax4, and in the dissociative mechanism
kyas and kyxsq would equal ky4s and kyss, respectively.

The seminal work of Northrop (1975, 1978, 1981) and
Cleland (1982) provided the theoretical basis for evaluating
the differences between “observed” and “intrinsic” deuterium
isotope effects. An “observed” isotope effect is defined as the
ratio of a kinetic parameter (usually Vipax OF Vmax/ Kn) obtained
with an nondeuterated substrate to that obtained with a
deuterated substrate. An “intrinsic” deuterium isotope effect
is defined as the isotope effect on the rate constant for the
abstraction of a deuterium from a carbon—deuterium bond in
a deuterated substrate. In the present paper, the intrinsic
isotope effect is defined as kywasu/kwssp. The “observed”
isotope effect for the metabolite formed by the deuterium
abstraction pathway depends not only on the intrinsic isotope
effect but also on the isotope effect on the steady-state
concentration of the immediate precursor of the deuterium
abstraction reaction. In the models described in this paper,
the observed isotope effect on the metabolite formed by the
deuterium abstraction pathway would be [(EOSy)ukwasu]/
[(EOSy)pkwssp]. By contrast, the observed isotope effect on
a metabolite formed by the pathway that does not involve the
abstraction of a deuterium, the non-deuterium abstraction
pathway, will depend solely on the isotope effect upon the
concentration of its immediate precursor. In the models
described in this paper, the observed isotope effect will formally
be [(EOS;)ukxasu]/ [(EOSy)pkrasp]. But kxaep equals Kxash,
and therefore, the observed isotope effect on the nondeuterium
abstraction pathway depends solely on the ratio (EOSy)u/
(EOSy)p.

For any enzymatic mechanism, we may obtain these
relationships indirectly by writing the equation as the total
enzyme concentration times the fraction of the total that exists
as a given intermediate under steady-state conditions times
the appropriate rate constant for the initial rate of formation
of a product. Thus,

_ E(EP)k
- (denominator)

8y

in which E, is the total concentration of the enzyme, (EP;) is
the steady-state concentration of the enzyme—product complex,
k; is the rate constant of dissociation of the complex, and the
denominator is the sum of the steady-state concentrations of
the free enzyme and each of the intermediate forms of the
enzyme. The total metabolism of the substrate is given by the
sum of such equations. The steady-state equations for (E)
and each of the intermediate forms may be solved by the
determinant method described by King and Altman (1956).

After the appropriate substitutions into eq 1 are made, the
equation may be then inspected to determine whether it fits
the general form of v = ASy/(B + CSy) in the equation for
anoncompetitive experiment and v = ASy/(B+ CSu+ DSp)
in a competitive experiment. When the equations fit these
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forms, they may be converted to Michaelis—Menten equations
for noncompetitive and competitive experiments, respectively.
For example, for a noncompetitive experiment for the
nondissociative mechanism, we may write

(Vmax)i(S/Km) = Et(EPl)kl/(E) (2]’1)

(v,

max.

), = E(EP)k;/[(ES,) + (EO,S,) + (EOS,) +
(EP,) + (ES,) + (EO,S,) + (EOS,) + (EP,)] (3n)

K,/S = (E)/[(ES,) + (EO,S,) + (EOS,) + (EP,) +
(ES,) + (EOS,) + (EOS,) + (EP,)] (4n)

For the noncompetitive experiment for the dissociative
mechanism, we may write

(Vmax)i(S/Km) = Et(Epl)kl/[(E) + (EO)] (2d)

(V)i = E.(EP)K,/[(ES,) + (EO,S,) + (EOS,) +
(EP,) + (ES,) + (EO,S,) + (EOS,) + (EP,)] (3d)

K./S = [(E) + (EO)]/[(ES,) + (EO,S,) + (EOS,) +
(EP,) + (ESy + (EO,S,) + (EOS,) + (EPy)] (4d)

Ratio of Metabolites. When the enzyme catalyzes the
formation of two or more metabolites from the same substrate,
the ratio of the rates of formation of the metabolites in the
same incubation mixture may be calculated solely from the
numerators of eq 1, because the denominators of eq 1 will be
the same for both metabolites. Thus, in noncompetitive
experiments,

v(pw)/v(px) = [(EPw)kw61]/[(EPx)kx6l] (5)

Incompetitive experiments isotope effects may be calculated
for other ratios of metabolites. Thus,

e/ @ewp = [(EP)ukye ]/ [(EP,)pk.g]  (6)
(Ven)n/ @n)p = [(EPYuke ]/ [(EP)pkyet]  (7)

Wewu + Wen)n - (EP,)ukye + [(EP)pke1)
(v(pw))D + (U(px))D (EPy)pkyg; + [(EP)pksq ]

Since the isotope-sensitive rate constant, Kyag, is the only
difference between the equations for the deuterated and
nondeuterated substrates, only that constant need be distin-
guished, i.e., kwssy and kweep. After separation of the terms
that contain the isotope-sensitive rate constant in the various
parameters from those that do not, the equation for the
nondeuterated substrate is divided by the equation for the
deuterated substrate. Northrop (1975) pointed out that the
resulting equations for the isotope effects on Viax/Km and
Vmax may be frequently rearranged to the following general
form for a normal isotope effect:

¥

(parameter)y  C+ kyueu/Kuaen

= 9
(parameter) C+1 ®

where the ky4en/kwssp term is the “intrinsic™ isotope effect
and C is a “masking” term. In the mechanisms developed
here, however, many of the masking terms comprise several
hundred terms, and thus it is impractical to publish the
complete list. Nevertheless, the direction of the isotope effects
may be frequently determined by inspection of eqs 2—4 after
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appropriatesubstitutionsare made. For example, the following
may be shown:

Case 1. When the equation for the parameter does not
contain the isotope-sensitive rate constant, the ratio of the
equations will be 1.0, and therefore there will be no isotope
effect.

Case 2. The equation of the parameter has the following
form:

bk,  (parameter)y _

arameter = ;
P ¢ +dky, (parameter)y

(d/kyssr T (Kyagu/ kuasp)
(d/c)kysen + 1

(10

where k46 is the isotope-sensitive rate constant. Thus, the
ratio of the equations for the nondeuterated and deuterated
substrates can be rearranged to the Northrop form for a normal
isotope effect; i.e., the observed isotope effect will be greater
than 1.0.

Case 3. The equation of the parameter has the following
form:

a (parameter)y _

arameter = ;
P ¢+ dk, (parameter),

¢/ (@K y461) + (Kyasn/ Kuagr)
cf(dkyuen) + 1

(1mn

Thus, the ratio of the equations can be rearranged to the
Northrop form for an inverse isotope effect; i.e., the observed
isotope effect will be less than 1.0.

Case 4. When the equation of the parameter has the
following form:

a+ bk, (parameter)y

c+ dkw“; (parameter)y, "
(@ + bkyuu)(c + dkyep)
(@ + bkyuep)(c + dk i)

parameter =

(12)

the ratio of the equations cannot be modified to a Northrop
form. Indeed, some of the terms would tend to make the
isotope effect normal, and other terms would tend to make it
inverse; the net effect thus depends on the relative concen-
trations of the intermediate forms that contribute to the isotope
effects.

Since by definition of a normal isotope effect the parameter
for the nondeuterated substrate is greater than the parameter
for the deuterated substrate, subtraction of the denominator
of the equation for the ratio of the parameters from the
numerator should be positive for a normal isotope effect and
negative for an inverse isotope effect. This procedure
sometimes can aid in identifying what parts of the system
govern the direction of the isotope effect.

Case 5. Some models predict that the ratio of the rates of
formation obtained from the nondeuterated substrate divided
by that obtained from the deuterated substrate will give the
“intrinsic” isotope effect, i.e.,

(U(pw)/ v(px))H/ (v(pw)/ U(px))D = kyasrr/Kwasp (13)

This will occur, for example, when the equation for (EPy)
does not contain the isotope-sensitive rate constant, Ky4¢.
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FIGURE 3: The nondissociative mechanisms in competitive experiments. The rate constants shown in the figures have been used in the derivation

of the equations in Tables 1-3.

Table 1: Nondissociative Mechanism, Competitive Experiment:
Steady-State Solutions for the Intermediate Forms of the Enzyme#b

(E) = (W5,)(YS,)

(ESw)n = (Su)(YSu) [kwi2kx21 (Kwasrs + kwaz) X2y + A(gsw)l]
(EO2Sw)u = (ESw)rkwas/ (kw32 + kwss)

(EOSw)u = (SH)(YSu)(AEosw1)

(EPy)u = (EOSW)H(kI“ﬂ/kWGl)

(ES))u = (SH)(YS) [kw21hx12(kwastW 1 + kwa2) X34 + Aesyyl]
(EO:S:)u = (ES )ukwas/ (kwiz + Kwss)

(EOSx)u = (Su)(Y52) [Aosx)! + Fxaskwaikx12kx23 W]
(EPy)u = (EOS;)nkxas/ kxs1

(ESw)p = (Sp)(W54) [kwi2kx21 (kwasp + Kwaz)X2n + A(eswl]
(EO:Sw)p = (ESy)pkwaa/(kwsz + kwae)

(EOSw)p = (Sp)(W5s)(AEosw1)

(EPw)p = (EOSy)pkwasn/ ks

(ESy)p = (Sp)(W5a) [kw21kx12(kwaspW 1 + Kkuws2) X3y + AEsnl]
(EO38:)p = (ES:)pkszs/ (kxs2 + kxzs)

(EOSy)p = (Sp)(W5s) [ Frsekwa1kx12kx23Y2s + Agosx1]
(EPy)p = (EOSx)pkyas/ kxs1

@ All of the equations have been divided by (kwaz + kw3d), kwe1, (Kx32
+ ky34), and kg ¥ Boldfaced terms contain the isotope-sensitive rate
constant, kese.

Inthe present study, the various equations have been derived
and condensed with the aid of Macsyma (Symbolics, Inc.,
East Burlington, MA).

DERIVATION OF EQUATIONS

Nondissociative Mechanisms. (A) General Mechanism.
As shown in Figure 3, the intermediate forms present in a
competitive experiment, and therefore in the denominator of
eq 1, include

(denominator)y , = (E) + (ES,)y + (EO,S,)y +
(EOS, )y + (EP,)y + (ES))y + (EO,S)y + (EOS,)y; +
(EP,))y + (ES,)p + (EO,S,)p + (EOS,)p, + (EP,)p +
(ES;)p + (EO,S;)p + (EOS,)p + (EP,)p

The solutions for the steady-state concentrations of these
intermediates are shown in Table 1. Table 2A gives the

Table 2: Nondissociative Mechanism: Definitions®

Part A: General Nondissociative Mechanism
Fya4 = kusa/ (kw32 + kusa) Fuag = kraef (ka2 + Kxze)
W1 = (Fusakwas/kwa1) + 1 X1 = (Fxaekaas/ kxa1) + 1
W2, = (kyaxs + Knaa) W1 + kysz X2, = (kxaws + kzag) X1 + ks
wsl = kwle + kw“ll + kw42 xan = Kxawa + kx“ + km
Y2, = (kwasp + Knaxd) W1 + kuaiz
Y3| = kw“b + klexd + kw42
WSs = ky21kn2i [W2i(KneX 1 + kzaz) + Krawa(bwaattW1 + kyaz) X1]
Y5, = kyaikaat [(kxaeX1 + kza2) Y20 + Kxewa(kmasp W1 + kyiz)X1]
Aesw)] = kwiokwaxakea1 (kaasX1 + kuaz) + Frakwazkxizkzoskzoms
Agoswyl = Fusakwizkwskxn X2y + Frakwaikxi2kuaskzawaW1
Agsn] = kuaikwisakziz(Kxas + k) W1 + FysekwizkwasKwanekzaz
Agosn] = Fuzkwizkwaskwasakan X1

Part B: Rapidly Interconvertible Nondissociative Mechanism
(Branched-Chain Mechanism)®
Wzn = Y2n = kw4xAW1 xzn = kx4w4XI
W3n = Y3n = kv‘x‘ X3n = kx4v4
WSy = kwa1kxat [Kwaxs W1 (KzesX1 + kraz) + kxawalkwasaW1 + Kua2) X1]
st = kwllkﬁll(kx“XI + kxlz)kw4x4W1 + kxdw‘(kw“DWI + kw‘l)x”

¢ Boldfaced terms contain the isotope-sensitive rate constant, Kwas.
b All other terms are the same as those defined in part A.

appropriate mechanism-dependent definitions for the general
mechanism that should be substituted into the equations in
Table 1.

Innoncompetitive experiments (Figure 2), the denominator
for the rate equations for the nondeuterated substrate will be
(denominator)y = (E) + (ES, )y + (EO,S,)y +

(EOS,)y + (EP,)y + (ES,)y + (EO,Spy +
(EOS,)y + (EP,)y4

and for the deuterated substrate will be

(denominator)y, = (E) + (ES,)p + (EO,S,)p +
(EOS,)p + (EP,)p + (ES,)p + (EO,S)p +
(EOS,),, + (EP,)p

The equations for each of the nondeuterated forms in the
noncompetitive experiment may be derived from the equations
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Table 3: Nondissociative Mechanisms: Direction of Isotope Effects
for Various Parameters®

row rapidly inter-
no. ratio or parameter general (A) convertible (B)
Competitive Experiments®
plots: linear linear
1 wﬂ normalB«< intrinsicF/
(Upw)n/ (UW)D
2 Opw)u/ (Opw)D normalC# pormaloﬁ
3 (Vp)u/ (Op)D <1.0to 1.0¢/ inverseH#
4 (Vow+p)H/ (Vpw+px)D normalB* normalb¥
Noncompetitive Experiments
plots: linear linear
5 wﬂ normalB< intrinsicF/
(xpw)p/ Wpdp
6 S.K“'__mz"_/_{(i).ﬂ normalC< normalG<
Vmu.pw/ Km)D
7 (_nglfn;)ﬂ <1.0to 1.0P¢ inverset4
px/ K )D
8 ( max, (pw-+pn)/ K normalE normall#
( (pw+px)/ K )D
9 (Vmaxpw)H/ (Vimaxpw)D normal¢ normal¢
10 (Vausp)t/ Vinazpn)D <1.0to>1.0¢  <1.0to>1.0%
11 Vnasguipolu <10t0>1.04  <1.0t0>1.0¢
(Viaax owip))D

Table 4:  General Dissociative Mechanisms, Competitive
Experiment: Steady-State Solutions for the Concentrations of the
Intermediate Formsa®

(E)H.D kwn{[SD(Wza)kw«n + Su(Y2)) knaa](W1) A 1) [Sp(W2y) +
S 24) ewszl A1) + (31 + Sp) (W20 (Y 2) (A D)}

(EO)up = ku2if[Sn(W24) + Su(Y24)1(AEo)1) + (Sp +
Su)(W24)(Y24)(A0)2)}

(ESW)u = ky21Su{Sp(AEm)d) (knsstikuisdW 1 + kuasknapW 1 +
kysrkwaers) + (Y25)(Su + SD)[(A(&w)Z)(W3¢) + AEsw3] +
[Stkwsst + kwaz(S1 + Sb)1(Y24)(AEsw) 1)}

(ESy)p = wnSD{SH(A(Bw 4) (kysgikwisdW 1 + kyyskesaW1 +
kwarkwasp) + ( (Su + Sp)[(4 Esw)2)(Y3d) + Agesw)3] +
[Sokeigp + kusa(Sr + Sp)] (W29 (Acpsm]

(ESyu = Sﬂszl[(A(r;sx)l)(WD(Ska«Hde + SpkwspW2y) +

(WZ‘%E)YZ‘)(SH + Sp)(Aesn2] + [(Agsn ) kwsz + Aesn31(SuY2 +

SpW

(ESy)p = Spkwa1[(Aesn 1) (W1)(Srkwasr Y24 + SpkwispW2g) +

gw‘%,d%f)yh)(SH + SD)A(ESx)Z] + [(AEsnl ke + A(Bx)3](SHYzl +
D

(EOZSW)H (Esw)H[ka/(kaz + kw.‘!‘)]

(EO:Sx)n = (ES)ulkxas/ (kxsz + kx3e))

(EO284)p = (ESy)plkwza/ (kw32 + ky3e)]

(EO2S;)p = (ESy)plkazs/(Kxsz + kx3a)]

(EOSy)u = Su(Y29)kv21(AEosw)1)(Sh + Sp)

(EOSw)p = Sp(W2)kw2(AEosw) 1)(Su + Sp)

(EOS)u = Skan[(A(ms &})(Snkw«HYla + SpkwspW2y) +
(AEosx)2)(SuY2q + SpW2y) + (A(Bos::)3)(SH + SD)(wzl)(de)]

(EOSyp = Snkm[(A(Eos&,)(SkawHde + SpkwispW24) +
(Aosx2) (SuY24 + SpW24) + (AEosx3)(Su + SD)(wzl)(de)]

(EPV)u = (EOS, ) u(Kwsgt/ kws1)

(EPyn = (EOS)u(kys/ kxs1)

(EPyw)p = (EOSy)p(kwasn/kws1)

(EPy)p = (EOS,)p(kxes/ kxs1)

%In a normal observed isotope effect the value of (parameter)y/
(parameter)p is greater than 1.0. In an inverse isotope effect the value
of (parameter)y/(parameter)pis less than 1.0. An intrinsicisotope effect
for the (parameter)y/ (parameter)pequals kssu/k4sp. Superscript capital
letters identify corresponding identical equations. b Sy = Sp. ¢ Case 2.
4 Case 3. ¢ Case 4./ Case 5. £ Case 4. Subtraction of the denominator
from the numerator reveals that the denominator will always be larger
when ky4zs and kyaws aresignificant. Thus, the isotope effect will always
be either 1.0 or inverse. * Case 4. Subtraction of the denominator from
the numerator, however, gives an equation which will always be positive,
and therefore, the isotope effect will always be normal when either (EOS,)
or (EOS;) is reduced to (ES) and water. The isotope effect will be 1.0
when neither of these intermediates is reduced.  Case 4. Subtraction of
the equation for the (Vmaxpx)p from that for (Vimaxpx)u reveals that if
virtually all of the enzyme existed as (EP,,), the isotope effect would be
inverse, whereas if it existed as (EOS,,), the isotope effect would be normal.
If virtually all of the enzyme existed as (ESy) and/or (EO:Sy), the
direction of the isotope effect depends on whether (EOSy,) is reduced to
(ESy) and water; if it is not, the isotope effect will be inverse, but if it
is, the isotope effect could be normal. If virtually all of the enzyme
existed as (ES;) and/or (EO,S;), the isotope effect would be inverse. But
if virtually all of the enzyme existed as either (EOS;) or (EP;), the isotope
effect would approach 1.0. / Case 4. Subtraction of the equation for the
(Vinax(pw+px))D from that for (Vmax (ow+px))u reveals that if the predominant
form is (EPy), the isotope effect will be inverse, but if the other intermediate
forms predominate, the isotope effect will be normal. (ES,), (EO;S),
(ESy), and (EO,S), however, will contribute to a normal isotope effect
only when either ky42 Or kx42 is significant; otherwise, they will contribute
only to the masking term. ¥ Case 4. Subtraction of the equation for the
deuterated substrate from the equation for the nondeuterated form reveals,
however, that the isotope effect will be normal only when (EOSy,) is the
predominant form. Moreover, (EOS;) and (EP;) will contribute only to
the masking term. ! Case 4. Subtraction of the equation for the deuterated
form from that for the nondeuterated form shows that the isotope effect
would be inverse only when (EPy,) is the predominant form. If the other
forms predominate, the isotope effect would be normal, but (ES,), (EO,S),
(ES;), and (EO,S;) will contribute to a normal isotope effect only when
either kya4a Or kyqz is significant.

for the analogous forms in the competitive experiment (Table
1) by setting the Sp to 0, and dividing the equation by Y5,.
Similarly, the equations for each of the forms of the enzyme
with the deuterated form may be derived from the equations
for the corresponding forms in the competitive experiment by
setting the Sy to 0 and dividing them by W35,

(B) Rapidly Interconvertible Nondissociative Mechanism
(Branched Mechanism). Inthis mechanismtheratesat which

@ All equations have been divided by (kw32 + kwsa), (kxa2 + kxes), kwel,
kx61,and X24. » Boldfaced terms contain the isotope-sensitive rate constant,
kwas.

(EOS,) and (EOS,) are interconvertible are much greater
than the rates at which they are reduced to (ES) and (ES;)
or converted to (EPy) and (EPy), i.e., kyaxq >> (kwas + Kwaz)
and kxaws >> (kxas + kxa2). The equations for this mode] will
be the same as those shown in Table 1 for the general
mechanism, but the definitions of the terms are those shown
in Table 2B.

(C) Properties of the Nondissociative Mechanisms. Sub-
stitution of the steady-state concentrations of the various
intermediates into eq 1 reveals that the rate equations for
nondissociative model may be rearranged to a Michaelis—
Menten form. Lineweaver—Burk plots, as well as other graphs
based on rearrangements of the Michaelis—Menten equation,
will be linear (Table 3). Substitution of the equations shown
in Table 1 into eqgs 2n, 3n, and 5-8, as appropriate, leads to
several conclusions (Table 3). The equations for the ratio of
the ratios of the metabolites, (Pw/Px)u/(Pw/Px)p, formed in
the competitive and noncompetitive experiments are identical
(cf. Table 3, rows 1 with 5). The isotope effect on the (Py/
Pu/(Py/Py)p will be normal; in the rapidly interconvertible
(branched-chain) mechanism the value will be the intrinsic
isotope effect. Moreover, the equations for the ratio of the
metabolites formed in the competitive experiment are identical
to the corresponding equations for the (Vinax/Km)u/(Vmax/
Kp)p in the noncompetitive experiments (cf. Table 3, rows 2
with 6, 3 with 7,and 4 with 8). The (Vpax/Km)u/ (Vinax/Km)p
will be normal for the Py,. It may also be normal for the total
metabolism of the substrate, Py, + Py, but only when (EOS,,)
or (EOS,) is reduced to (ES) and water. The (Vpax/Km)u/
(Vmax/ Km)p for Py will be inverse, but will approach 1.0 when
kwaxa and ky4ws are small. By contrast, the isotope effects on
Vmax Will be normal for Py, but may be either normal or inverse
for P, or for the sum, Py + P;.

Dissociative Mechanisms. (A) General Mechanisms. In
the competitive experiment (Figure 4), the following inter-
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FIGURE 4: The dissociative mechanisms in competitive experiments. The rate constants shown in the figure have been used in the derivation

of the equations in Tables 4—6.

Table 5: Dissociative Mechanism: Definitions?

Part A: General Dissociative Mechanism
Fu34 = kysa/ (kwsz + kusa) Fras = kysa/ (kxaz + kxzs)
W1 = (Fysekwas/kwar) + 1 X1 = (Fraskxas/kxa1) + 1
W12 = kygsFuasksikwiz X12 = kwaikxasFxaakxiz
W24 = (kwas + kyagt) W1 + kyaz X2 = (kaas + kxag) X1 + kyqz
W3¢ = kwis + kwaat + kw2 X3¢ = kyas + kras + Kxaz
Y24 = (kvaep + kous)(W1) + ke
Y34 = kuagp + kwas + kvaz
Al = kwnkarkws
AEy2 = kwnkatkusa(kzasX1 + keg2)
Aoyl = karkwizkwasFuiskuasX2g
AEo2 = kwarkx1zkxasFraakses
Agswl = karkw12(X29) kwse AE®osn2 = Kwazkwsa(X12) +
kwaskxsas(W12)(X1)

A@sw)2 = kearkwiz(knsX1 + kxa2dkwsa  A@osn3 = kxse(X12)
Agesw)3 = ky12kw2sFaaakaskuazkwse
Agswd = kxaikwizkwsaX 24
Aposw)! = Keaskusas(W1)(X12) + kess(W12) (kresX1 + kxaz) +
kwss( W12)(X2)

Part B: Rapidly Equilibrated Dissociative Model?
W2¢ = Y2¢ = k“sz X2¢ = k;qu
W3g = Y3g = kess X34 = Kus

4 Boldfaced terms contain the isotope-sensitive rate constant, kyas.
b All other definitions are the same as those shown in part A.

Aesnl = kuarkzi2(X3a)kwse
A@sn2 = kuzikxi2(kxas + kxaz)kxse
AEsn3 = kwizkw2sFusekwasksazksss
Azosnl = kwss(W1)(X12)

mediate forms will be present in the denominator of eq 1:

(denominator)y , = (E)yy p + (EO)yp + (ES,))y +
(EO,S,)u + (EOS, )y + (EP, )y + (ES)y + (EO,S,)y +
(EOS,))y + (EP)y + (ES,)p + (EO,S,)p + (EOS,)p +

(EP,)p + (ES))p + (EO,S,)p + (EOS,), + (EP)p

The equations for the steady-state concentrations of these
intermediate forms are given in Table 4, and the definitions
of the general mechanism-dependent terms are shown in Table
SA.

Appropriate substitution of these equations into eq 1 for
either (Py)y or (Py)y leads to the following general form:

_ (ASy + BSp)Sy
" (C+ DSy + ESy)Sy + (F + GSp, + HSy)S,

v

This equation cannot be rearranged to a simple Michaelis~
Menten equation, and therefore, Lineweaver—Burk and other
plots based on rearrangements of the Michaelis-Menten
equation will be curved (Table 6).

In noncompetitive experiments (Figure 2), the denominator
of eq 1 for the nondeuterated substrate will be

(denominator)y = (E)y + (EO)y + (ES,)y +
(EO,S,)y + (EOS, )y + (EP,)y + (ESp)y +
(EO,S)y + (EOS,),; + (EP)y

whereas that for the deuterated substrate will be

{(denominator), = (E)p + (EO)p + (ES,)p +
(EO,S,)p + (EOS,)p, + (EP,)p + (ES,)p +
(EO,S,)p + (EOS,)p + (EP,)p

The equations for the forms of the enzymes for the
noncompetitive experiment with the nondeuterated substrate
may be derived from the equations for the corresponding forms
in the competitive experiment, shown in Table 4, by setting
Spto 0 and dividing the resulting equations by Sy. Similarly,
the equations for the forms of the enzyme for the noncom-
petitive experiment with the deuterated form may be derived
from the equations for the corresponding forms in the
competitive experiment by setting the concentration of Sy to
0, and dividing the resulting equations by Sp.

Appropriate substitution of these equations into eq 1 leads
to equations that can be rearranged to Michaelis—-Menten
forms and therefore can give linear Lineweaver—Burk plots.
It should be pointed out, however, that the validity of these
considerations is based on the assumption that (EQ) is not
reduced to (E) and water; if it were, the equation would
comprise quadratic equations in both the numerator and the
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Table 6: Dissociative Mechanisms: Direction of Isotope Effects of
Various Parameters?

Table 7: Parallel Pathway Mechanism, Competitive Experiment:
Steady-State Solutions for the Intermediate Forms of the Enzyme®

row rapid
no. ratio or parameter general equilibrium
Competitive Experiments?

plots: nonlinear nonlinear

1 (_Um)li/_(fﬂ normalBe intrinsic®/
(UW)D/(pr)D

2 (Vpw)u/ (Vpw)D normalB« intrinsic®/

3 (Up)n/ Wpe)D 1.0¢ 1.08

4 (Ow+x)u/ (Vwas)D normalh normal®

Noncompetitive Experiments

plots: linear! linear!

5 o/ Wy normal normale
(Upw)D/(vpx)D

6 (_K“_'_“@ normal¢ normal¢
(Vmu.pw/ Km) D

7 Vonp/Kalu <10t0>1.0/  <1.0to>1.0/
(Vmax,px/Km)D

8 (Vioax, owpn)/ K normalk normal¥
(lex.(Pw+px)/ Km)D

9 (Vmaxpw)H/ (Vmaxpw)D normal¢ normal¢

10 (Vasrpt/ Venarp)D <1.010>10 <1.0to>1.0f
11 Yowewrmlu <10t0>10"  <1.0to>1.0m

( VmAx,(pw+px))D

%In a normal observed isotope effect the value of (parameter)y/
(parameter)p is greater than 1.0. An intrinsic isotope effect for
(parameter)y/(parameter)p equals kasp/k4sp. Superscript capital letters
identify corresponding identical equations. ® Sy = Sp. ¢ Case 2. 4 Case
3.¢Case 4./Case 5.2Case 1. * Case 4. Subtraction of the rate of
metabolism of the deuterated substrate from that of the noneduterated
substrate reveals that the isotope effect would be normal.  If (EO) is
reduced to water, the plots will be nonlinear. / Case 4. Subtractions of
the equation for the deuterated substrate from that for the nondeuterated
substrate reveals that the direction of the isotope effect will depend on
the direction of the following equation: (Vmaxpx/Km)H — (Vmax,px/ Km)D
= (C){(kxsa/ kx12)[kx21/ (kx2aFx3s) + 1] — 1}{Kkwasp — kwasn), where C is
a set of terms containing isotope-insensitive rate constants. Values >0.0
will be normal, and values <0.0 will be inverse. Inspection reveals that
the direction of the isotope effect is governed largely on the ratios of
kxsa/kx12 and kxa1/kx23 and the values of kwssp and kwasn. Since Kyaep
< kwasH, the isotope effect would be inverse if kys4 = ky12 and would be
normal if kxsq were zero. It would also be inverse if (kxsa/kx12)[kx21/
(kx23Fx34)] were >1.0 even when kysq < ky12; in most cases this is likely,
because the introduction of the first electron, represented by kx23, is nearly
always slow compared to the dissociation of the (ES;) complex to (E) and
substrate, represented by kiz;; the intermediates in the formation of
estrogens from androgens by aromatase, however, would be exceptions.
k Cased. Subtraction of the equation for Fimas/ K for the total metabolism
of the deuterated substrate reveals that the isotope effect will always be
normal. If (E) > (EO) and both (EOS,) and (EOS;) were not reduced
to water, however, the isotope effect would approach 1.0. / Subtraction
of the equation for the ¥pmax for Py formed from the deuterated substrate
from that formed from the nondeuterated substrate reveals that (ES;y),
(EOQS,), and (EPy,) terms will contribute to an inverse isotope effect.
(EOS,) terms will contribute to a normal isotope effect. (EOS;) and
(EP,) terms will not affect the direction of the isotope effect but will
contribute to the masking term. However, the (ESy) and (EO,S,,) terms
may contribute to either a normal or an inverse isotope effect, but will
be inverse if kyay were zero. ™ Case 4. Subtraction of the equation for
the Vmax for the total metabolism of the deuterated substrate from that
of the nondeuterated substrate reveals that the (ESy), (EO,Sy), (EOS,),
(ESy), (EO1S;), (EOS;), and (EPy) terms will contribute to a normal
isotope effect, but (EPy) will contribute to an inverse isotope effect.

denominator (derivation not shown), and nonlinear Lin-
eweaver—Burk plots would occur.

(B) Rapid Equilibrium Mechanism. In this mechanism,
the rate constants for the dissociation of (EOS,,) and (EOS;)
are assumed to be very much larger than the rate constants
for their conversion to (EPy) and (EPy) and their reduction
to (ESy) and (ESy), i.e., kyas >> (kwag + Kwaz) and kxas >>

(E) = (W5pp) (Y5Spy)

(ESw)n = Su(YSpp) kwizkxz1 (Kkwaest + Kwa2)X2pp
(EO:8:)u = (ESw)nkwas/ (kwaz + Kw3a)
(EOSy)y = SH(YSP’)A(EOSW)I

(EP2)u = (EOSy)ukwast/ kw1

(BS)H = SH(YSpp) kw21 Kx12(KnaeHW 1 Kuwa2)X3pp
(EO:Sx)u = (ESy)nkwas/ (kwaz + Kwas)

(EOSy)u = SH(YSn)Fx“ka]kmkxnwzn
(EPy)u = (EOS;)ukes/ ks1

(ESw)p = So(W5pp) kwi2kszi(Knap + Kwaz)X2pp
(EO28w)p = (ESw)pkw2s/(kwsz + kw3e)
(EOSy)p = Sp(WSp)A(eosw)1

(EPw)p = (EOSW)DkW“D/ kws1

(ESx)p = Sp(WSpp)kw21kx12(KwaepW 1 + Kuwa2)X3pp
(EO38:)p = (ESx)pkx23/ (kxsz + kxsa)

(EOS;)p = Sp(W5pp) Fxsakw21Kx12Kkx23Y 2p
(EPy)p = (EOS;)pkzas/ kxs1

4 All of the equations have been divided by (kwsz + kwse), Kws1s (Kx32
+ kx34), and kyg. ® Boldfaced terms contain the isotope-sensitive rate
constant, kyas.

(kxas + kxa2). These modifications of the definition of the
mechanism-dependent terms, shown in Table 5B, are then
substituted into the equations for the steady-state concen-
trations of the various intermediates shown in Table 4.

(C) Properties of the Dissociative Mechanisms. Appro-
priate substitutions of the equations into eqs 2d—4d and 5-8
lead to several conclusions (Table 6). In competitive exper-
iments, the ratio of the ratios of the metabolites, (Pw/Px)u/
(Pw/ Px)p, will be normal and will approach the intrinsicisotope
effect if the system approaches the rapid equilibrium mech-
anism (Table 6, row 1). Moreover, the equation for the ratio,
(Pw/Py)u/(Pw/Px)p, Will be identical to that for the ratio,
(Pw)u/(Pw)p (cf. Table 6, rows 1 and 2). Thisfollows because
(Po)u/(Px)p will be 1.0 (Table 6, row 3). Appropriate
substitutions into eqs 2d—3d also reveal that in noncompetitive
experiments the isotope effect on the ratio of the ratios of the
metabolites, (Py/Px)u/(Pw/Px)p, and on the (Vmax/Km)u/
(Vmax/Km)p for Py, and for the sum, Py, + Py, will be normal
(Table 6, rows 5, 6, and 8). But the equations for the isotope
effects on these parameters will not be identical to those for
the corresponding ratio of metabolites obtained in the
competitive experiment (cf. Table 6, rows 1 with 5, 2 with 6,
and 4 with 8). Moreover, the (Vmax/Km)a/(Vmax/Km)p for
P, may beeither inverse or normal (Table 6, row 7), depending
ontherelative values of the rate constants in the nondeuterium
abstraction pathway (Table 6, footnote j). The isotope effects
on the Vpax for Py, will be normal (Table 6, row 9), but the
isotope effects on Py or the sum, P, + Py, may be either normal
or inverse (Table 6, rows 10 and 11).

Parallel Pathway Mechanism. In this mechanism, the
(EOSy) and the (EOS;) complexes are so rigid that there is
neither interconversion between them nor dissociation to (EO)
and the substrate. The mechanism may thus be viewed as a
special case of either the nondissociative model, in which ky4xs
and ky4ws are zero, or the dissociative mechanism, in which
both kyss and kyss are zero. This mechanism thus has
characteristics of both general mechanisms. Because (EQ)
is not present, the intermediate forms of the enzyme will be
the same as those for the nondissociative mechanism, but the
equations which govern their concentrations will be different.

Substitution of the mechanism-dependent definitions of the
terms shown in Table 8 into the equations for the steady-state
concentrations of the various intermediates (Table 7) leads
to the conclusions shown in Table 9. Substitution into eq 1
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Table 8: Parallel Pathway Mechanism: Definitions®

Fusa = kwaa/(kwsz + kw3e) Fy3q = kyaaf (kx3z + krae)
W1 = (Fuskuas/kwat) + 1 X1 = (Fysskzaz/kant) + 1
WZ,, = knagiW1 + Kwa2 XZPP = kyasX1 + keqr
w3" = Kyaet + Kwaz X3pp = Kyas + kza2

Yz” = k'“DWI + kwq

Y3" = Knasp + kwaz

WSy = KuaiKx21(W2pp) (kxasX1 + kui)

YSpp = kwaikxa1 (KxasX1 + Kxa2)Y2pp

AEswyl = Fusakwizkwaiks21X2pp

7 Boldfaced terms contain the isotope-sensitive rate constant, kwas.

Table 9: Parallel Pathway Mechanism: Direction of Isotope Effects
for Various Parameters?

Tow no. ratio or parameter parallel pathway (B)
Competitive Experiments?
plots: linear
v v
N Y TG normalBe
(UW)D/(UPI)D
2 (vpw)H/ (Vpw)D normalB<
3 (vpx)H/ (Ups)D 1.0CH
4 (vw+x)H/ (vw+s)D normalP#
Noncompetitive Experiments
plots: linear
5 [(Uw)H/(pr)H]/[(UPW)D/(Dpx)D] normalB#
6 (Vmax,pw/ Km)u/ (Vemas,pw/ Km)p normalBs
7 (Vmax,px/ Km)H/ (VMPX/ Km)D 1.0Ch
8 ( Vr;(u,(wﬂx)/ Keo)H/ (Vimax ow+pn)/ normalP¢
m/D
9 (me.pw)H/ (Vmax,pw)D normal¢
10 (Vmaxg)H/ (Vmsx,p0)D <1.0 to >1.0¢
11 (Viwax (pw+px)) B/ (Vinax, w+px)) D <1.0 to >1.0¢/

%In a normal observed isotope effect the value of (parameter)y/
(parameter)p is greater than 1.0. Superscript capital letters identify
corresponding identical equations. ¢ Sg = Sp. ¢ Case 2. ¢ Case 3. ¢ Case
4.fCase 5. £ Case 2. The isotope effect will be normal, but only when
kwazissignificant. * Case 1. / Subtraction of the equation for the deuterated
substrate from that for the nondeuterated substrate reveals, however,
that the isotope effect would be inverse, only if virtually all of the enzyme
existed as (EPy) and kw4 were significant. If nearly all of its existed as
(EOS,), the isotope effect would be normal. But (ES,) and (EO;S,)
would contribute to normal isotope effect only if ku4y is significant.
Otherwise, they would contribute to the masking term. If virtually all
of the enzyme existed as (ES;x), (EO2Syx), (EOSy), or (EP;), the isotope
effect would be 1.0./Case 4. Subtraction of the equation for the
deuterated form from that for the nondeuterated form shows that the
isotope effect will be inverse only when (EP,,) is the predominant form
and kw4 is significant. If the other intermediate forms are predominant,
the isotope effect will be normal, but (ESy), (EO.S), (ESy), (EO2S,), and
(EP,) will contribute toa normal isotope effect only when k4, is significant,

reveals that the rate equations for both the competitive and
the noncompetitive experiment may be rearranged to a
Michaelis—-Menten form; Lineweaver~Burk and similar plots
thus will be linear (Table 9). There will be no isotope effect
on either the (vp)u/(vpx)p in the competitive experiment
(Table 9, row 3) or the (Vimaxpx/Km)H/(Vimaspx/Km)p in the
noncompetitive experiment (Table 9, row 7); i.¢., both will be
1.0. Moreover, the equation for the isotope effects for (vpw)n/
(vpw)p in the competitive experiment (Table 9, row 2) will be
identical to the equation for the (Vmax pw/ Km)1/ (Vimax,pw/ Km)D
in the noncompetitive experiment (Table 9, row 6) and will
be >1.0, but only when k.4, is significant (Table 9, footnote
g). Consequently, the equation for the isotope effects on the
ratio of metabolites, (vpx)/ (vpw) in the competitive experiment
is identical to the equation for the (Vmax,pw/Km)/(Vimaxpx/
K,,) in the noncompetitive experiment and will be >1.0 when
kwaz is significant (Table 9, footnote g; cf. Table 9, row 1 with
row 5, and row 4 with row 8).
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The (Vimax)u/(Vmax)p for Py, will be normal (Table 9, row
5), but the (Vmax)a/(Vmax)p for Py and for the sum, Py, + P,,
may be either normal or inverse (Table 9, rows 10 and 11).

DISCUSSION

The principal objective of the present study was to provide
insights into various kinds of preabstraction kinetic mecha-
nisms. Inspection of the various equations for the different
mechanisms reveals that the magnitude of the rate constant
for the abstraction of a deuterium from a deuterated substrate,
kywas, relative to the magnitudes of the other rate constants
which emanate from the immediate precursor, (EOS,,), is key
to the different mechanisms. If ky46 is at least 2 orders of
magnitude greater than Kwsz, Kwaxd, and Kyas, the value of
(Vmax/ Km)u/ (Vmex/ Km)p in noncompetitive experiments and
the ratio of (vpw)u/(Vpw)p in competitive experiments for the
metabolite formed by the deuterium abstraction pathway will
approach 1.0. In this case, the paralilel pathway mechanism
would be applicable (Table 9, footnote g). The finding that
the (Vinax/ Km)u/(Vmax/Km)p for the formation of the me-
tabolite by the deuterium abstraction pathway is greater than
1.0thusimplies that the perferryl oxygen species in the (EOS,,)
complex is rather stable, because the values of kw42, Kwaxs, OF
kwss must be of the same order of magnitude or greater than
the k4 constant. Which of these rate constants approaches
or exceeds the k46 rate constant determines the preabstraction
kinetic mechanism.

Inspection of Tables 3, 6 and 9 reveals that comparisons of
the isotope effects on a metabolite formed by a non-deuterium
abstraction pathway provide sufficient information to dif-
ferentiate between the mechanisms. If both (Vmaxpx/Km)u/
(Vimaxpx/ Km)p in noncompetitive experiments and (Ups) 1/ (Ups)p
in competitive experiments for the metabolite formed by the
non-deuterium abstraction pathway, Py, approach 1.0, the
parallel pathway would be applicable (Table9). Inbothkinds
of experiments, a normal isotope effect on the metabolite
formed by the deuterium abstraction pathway, Py, would be
caused by a significant reduction of (EOS,) to (ES,) and
water; i.e., kwaz would approach or exceed ky4s. Theoretically,
if kwaz >> kwas, the observed isotope effect on the metabolite
formed by the deuterium abstraction pathway could approach
the intrinsic isotope effect, but the system would be extremely
“leaky” and the rate of formation of the metabolite would be
small.

If both (Vmaxpx/Km)u/(Vmaxpx/Km)p in noncompetitive
experiments and (vpe)u/ (Vps)p in competitive experiments for
the metabolite formed by the nondeuterium abstraction
pathway were <1.0, a nondissociative mechanism would be
applicable (Table 3). Insuch cases, the finding that the (Vipax/
Kn)u/ (Viax/ Km)p for the metabolite formed by the deuterium
abstraction pathway, Py, was >1.0 would indicate that kyaxs
approached or exceeded ky46. The reduction of (EOS,,) and
(EOS;) to their corresponding (ES) complexes and water could
also contribute to the unmasking of the isotope effect on the
formation of Py, but the extent to which they do so depends
on a complex interaction of the various rate constants. A
finding that (Vmax/Km)u/{(Vmax/Km)p for the sum of the
metabolites, Py and Py, is virtually 1.0 would indicate that
there was very little reduction of either (EOSy) or (EOS;,) to
water and the corresponding (ES) complexes (Table 3, footnote
h).

When the perferryl oxygens in the (EOS,) and (EOS,)
complexes are very long-lived relative to the rates of reori-
entation of the substrate within the active site, i.e., kwazs and
kxaws >> kwas and ky4s, the nondissociative mechanisms
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approach the branched-pathway mechanisms described by
many other investigators [e.g., Korzekwa et al. (1989b)]. In
such cases, the ratio of (Vpw/vpx)H/ (Vpw/Upx)p Obtained in either
the noncompetitive experiment or the competitive experiment
will approach ky4su/ Kwasp, the intrinsic isotope effect (Table
3, column B, rows 1 and 5).

If (Vimax.pr/ Km)H/(Vmax,px/ Km)p in noncompetitive exper-
iments is not 1.0, but (vps)1/ (Vps)p in competitive experiments
is 1.0, the dissociative mechanisms are applicable (Table 6,
row 7). In such cases, the perferryl oxygen in the (EOS,)
complex must be long-lived relative to the rates of dissociation
and reassociation of the complex; i.e., kwss and Skyss must
approach or exceed the values of ky4s. Moreover, for the sake
of simplicity, we have assumed that (EO) is not reduced to
water, but reacts solely with the substrates to form the various
(EOS) complexes. At low concentrations of the substrate,
therefore, the enzyme may exist in its activated form, (EO),
as well as in its nonactivated form, (E). Since there can be
an isotope effect on the steady-state concentrations of both
(E) and (EQ) (Table 4), the (Vmax/ Km)/(Vmes/ Km)p for the
metabolite, Py, formed by the deuterium abstraction pathway
may be greater than 1.0 even when (EOS,,) is not reduced to
(ES,,) and water; i.e., kwsz becomes negligible. For the same
reason the value of (Vmax,px/ Km)H/ (Vmax,px/ Km)p in noncom-
petitive experiments may also be greater than 1.0 when the
formation of (EOS;) from (EO) and the substrate is negligible;
i.e., kxss approaches zero compared with kx;5 (Table 6, footnote
j). However, when kysq/kx12 > 1.0 the value of (Vmaxps/
Ku)u/(Vmaxps/Km)p Will be less than 1.0. The dissociative
mechanism, however, will always give a normal isotope effect
on the (Vmax/Km)H/(Vimax/ Km)p for the total metabolism of
the substrate when neither (EOS,) nor (EOS;) is reduced to
(ES) and water (Table 6, footnotes & and k).

When the rate constants for the dissociation of (EOSy) and
(EOS;) complexes are much larger than the rate constants
for the abstraction of the deuterium and hydrogen, i.e., kw45
and ky4s >> Kkyes and kygs, the system approaches the rapid
equilibrium version of the dissociative mechanism. Under
these conditions the ratio of the ratio (vpw)u/(Upx)u to the
ratio (upw)n/(vpx)p Will approach Kyasu/Kwaep, the intrinsic
isotope effect, in competitive experiments but not in non-
competitive experiments. Innoncompetitive experiments the
value will be >1.0 but less than the intrinsic isotope effect.

The possibility that cytochrome P450 enzymes may act
through the dissociative mechanism raises the possibility of
a kind of substrate interaction that can be significant even at
low concentrations of the substrates. For example, suppose
that an “inhibitor” were able to combine with the P450 and
to form (EOI), but is not metabolized. Instead, it dissociates
to (EO) and (I), and the (EQ) is converted to (EOS). The
total rate of metabolism of the substrate thus depends not
only on the (E) — (EO,S) — (EOS) — (EP) pathway but
also on the (E) — (EO,I) — (EOI) — (EO) — (EOS) —
(EP) pathway. In this way the “inhibitor” might stimulate
the metabolism of the substrate at low concentrations. On
the other hand, if (EOI) is more rapidly reduced to water than
is (EOS), then low concentrations of the “inhibitor” might
inhibit the metabolism of low concentrations of the substrate
by increasing the formation of water.

Itis theoretically possible to detect a dissociative mechanism
by showing that increases in the rate of metabolism with
increases insubstrate concentration in competitive experiments
do not fit the Michaelis~Menten equation. But detection of
the difference would require extraordinarily precise data.
Indeed, most computer programs for curve fitting of nonlinear
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systems would fail to detect the lack of conformity to a
Michaelis—Menten equation.

Isotope effects on Ve, for the formation of metabolites by
deuterium and non-deuterium abstraction pathways are of no
diagnostic value in differentiating between the preabstraction
mechanisms. All three mechanisms predict that (Vmax)u/
(Vimax)p for a metabolite formed by a deuterium abstraction
pathway will be greater than 1.0, and all three mechanisms
predict that the (Vimax)u/(Vmas)p for a metabolite formed by
a non-deuterium abstraction pathway may range from <1.0
10>1.0. Nevertheless, studies of the isotope effects are useful
for elucidating other aspects of the mechanisms of the enzyme.
Some of the effects may be visualized intuitively from the
realization that, at any given substrate concentration, the
concentration of (EOSy)p tends to be greater than that of
(EOSy)u. The observed isotope effect at very high concen-
trations of the substrate therefore depends on the extent to
which (EOS,)y represents the total concentration of the
enzyme. If (EOSy)y represents most of the enzyme, then
(EOS,)p cannot represent a much greater proportion of the
enzyme and (Vmax)u/(Vmax)p may approach the intrinsic
isotope effect. But if (EOS,)u represents a minor fraction
of the enzyme at very high concentrations of the substrate,
then (EOS,)p may achieve greater concentrations at the
expense of the concentrations of the other intermediate forms
of the enzyme, and (Vinax)u/(Vmax)p may be only slightly
greaterthan 1.0. Theisotope effect onthe Vax 0f a metabolite
formed by a non-deuterium abstraction pathway is more
difficult tovisualize, because the tendency for the concentration
of (EOSy)p to be greater than that of (EOS, )y may result
in a tendency for the concentration of (EOS,)p to be either
greater than or less than that of (EOS;)y. The footnotes to
Tables 3, 6, and 9 provide some insights into the contribution
of various intermediate forms of the enzyme to the direction
of the isotope effects.

The solutions for the steady-state equations shown in Tables
1, 4, and 7 may be used to obtain the equations for other
parameters, such as the apparent Ky, values (see eqs 3n and
3d), when appropriate. In addition, the general mechanisms
may be modified to include those in which hydrogen peroxide
or superoxide anion are not formed by setting ky32 and ky32
tozero and simplifying the resulting equations. Theequations
may also provide the basis for describing systems in which the
radical formed by the abstraction of a hydrogen may lead to
several metabolites. For example, the steady-state concen-
tration of the radical (EOSrady) formed by the deuterium
abstraction pathway may be represented by (EOSy)kwar/
(kw1s + ku79), in which ky4; is the rate constant for the
abstraction of the hydrogen and ky73 and kys9 are the rate
constants for the formation of two metabolites formed by a
postabstraction mechanism. The steady-state concentration
of the (EPyy9), the complex between the enzyme and one of
these “postabstraction metabolites”", may be represented by

(EPyg) = (EOS, )k urkyr9/ [(Kyrs + kyr9)kug ], etc.

Substitution of these modifications into eq 1 may then be used
to elucidate the effects, if any, on the isotope effects for such
mechanisms. The equations thus should be useful as the basis
for making many other comparisons.
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