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ABSTRACT: Studies [Bachovchin, W. W, et al. (1978) Bio-
chemistry 17, 2218] of the mechanism of inactivation of
adenosylcobalamin-dependent diol dehydratase have led to the
development of a general method to describe the kinetics of
a reaction pathway containing a reservoir of mobile hydrogen.
Analysis by this method of catalytic rate measurements for
mixtures of 1,2-propanediol and 1,1-dideuterio-1,2-propanediol

Diol dehydratase is an adenosylcobalamin-dependent en-
zyme which catalyzes the conversion of 1,2-propanediol to
propionaldehyde, of ethylene glycol to acetaldehyde (Lee &
Abeles, 1963), and of glycerol to §-hydroxypropionaldehyde
(Toraya et al., 1976; Bachovchin et al., 1977). The reactions
catalyzed by diol dehydratase share several features with eight
other adenosylcobalamin-dependent rearrangements (Babior,
1975) which are of the type shown in Scheme I, where X can
be an amino, hydroxyl, acyl or alkyl group. The migration
of X is known to occur intramolecularly in the reactions
catalyzed by diol dehydratase (Retey et al., 1966b), glutamate
mutase (Barker et al., 1964a,b), methylmalonyl coenzyme A
mutase (Kellermayer & Wood, 1962; Wood ct al., 1964;
Phares et al., 1964), and ethanolamine deaminase (Babior,
1969). The hydrogen which is transferred does not exchange
with water and, during the course of the rearrangement,
apparently becomes one of three equivalent hydrogens attached
to C-5 of the cofactor (Abeles & Zagalak, 1966; Retey &
Arigoni, 1966; Frey et al., 1967a,b; Miller & Richards, 1969;
Switzer et al., 1969; Babior, 1970; Eagar et al., 1972; Babior
et al,, 1973).

The stereochemistry of these rearrangements has also been
extensively investigated. The carbon to which hydrogen
migrates undergoes inversion in the diol dehydratase (Retey
et al., 1966a; Zagalak et al., 1966) and glutamate mutase
reactions (Sprecher & Sprinson, 1964). In contrast, one
observes retention of configuration at the carbon to which
hydrogen migrates for methylmalonyl coenzyme A mutase
(Sprecher et al., 1964; Retey & Zagalak, 1973). Hydrogen
is stereospecifically abstracted from C-1 of substrate (Zagalak
et al., 1966; Babior, 1969; K. W, Moore and J. H. Richards,
1978, unpublished experiments). In the case of glycerol, which
functions both as a substrate and an inactivator of diol de-
hydratase, catalysis occurs when the substrate binds in the “R”
conformation, while binding in the “S” conformation leads to
irreversible inactivation of the enzyme (Bachovchin et al.,
1977). Use of ®0-labeled (R)- and (S)-1,2-propanediol
allowed the identification of 1,1-propanediol as an intermediate
which is then stereospecifically dehydrated by the enzyme to
propionaldehyde (Retey et al., 1966b).

The purpose of the work described in this paper is to in-
vestigate the nature of the intermediate(s) on the catalytic
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supports a mechanism involving an intermediate with three
equivalent hydrogens, in which hydrogen transfer from this
intermediate to product is the major rate-contributing step.
Other results using tritium as a trace label [Essenberg, M. K.,
et al. (1971) J. Am. Chem. Soc. 93, 1242] are considered in
light of these deuterium isotope studies.

Scheme I

pathway between 1,2-propanediol and 1,1-propanediol. Ex-
perimental values of k,, were determined for several mixtures
of 1,2-propanediol and 1,1-dideuterio-1,2-propanediol. These
were then analyzed in terms of an equation derived to describe
the kinetics which would result for several different mecha-
nisms. This method facilitates discrimination among the
suggested mechanisms and, also, allows calculation of isotope
effects on k, caused by substitution of deuterium for hydrogen
in a single step of the reaction pathway.

The experiments and analysis of this work are somewhat
similar to those previously applied to methylmalonyl coenzyme
A mutase (Miller & Richards, 1969) and to glutamate mutase
(Eagar et al., 1972). Moreover, these methods should prove
applicable to the study of intermediates in other enzymatic
processes.

Experimental Section

Propanediol dehydratase was obtained from Klebsiella
pneumoniae (ATCC 8724) by a procedure adapted from Lee
& Abeles (1963). Fraction E-8 with a specific activity of
35-58 was used for all determinations. Enzyme free of
1,2-propanediol was prepared by dialysis against several
changes of 0.01 M K,HPO, at 4 °C,

Adenosylcobalamin (AdoCbl) was purchased from Sigma
Chemical Co.

Assays were performed as previously described (Bachovchin
et al,, 1977, 1978). Solutions generally contained: yeast
alcohol dehydrogenase (ADH, Sigma), 10 units; 8-nicotin-
amide adenine dinucleotide (reduced form, NADH, Sigma),
0.2 mM; apodiol dehydratase, 0.15 unit; bovine serum albumin,
0.1 mg; potassium phosphate buffer, pH 8.0, 30 mM; AdoCbl,
0.02 mM; and the desired mixture of deuterated and un-
deuterated substrate, 20 mM. Total volume was 2.3 mL, and
all reactions were carried out at 37 °C. The reaction was
initiated by addition of AdoCbl in a 30-uL aliquot. The rate
for each substrate mixture was determined from at least three
kinetic experiments.

Substrate. (R,S)-1,2-Propanediol was purchased as the
reagent grade chemical (MCB) and distilled before use.

(R,S)-1,1-Dideuterio-1,2-propanediol (diol-d,) was pre-
pared as described (Bachovchin et al., 1977).
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FIGURE 1: Ky oheq @5 @ function of Xgp, the mole fraction of deuterated
substrate, for mixtures of 1,2-propanediol with diol-d,, diol-d;, and
diol-dg at different substrate concentrations: diol-d;, 20 mM (@);
diol-d,, 8 mM (0); diol-d;, 23.4 mM (4A); diol-dg, 10.3 mM (D).

(R,S)-1,1,2-Trideuterio-1,2-propanediol (diol-d;) was
prepared by reduction of ethyl pyruvate with lithium aluminum
deuteride (Stohler). Deuterium content in the labeled positions
was at least 98% as determined by 'H NMR.

(R,S)-Perdeuterio-1,2-propanediol (diol-d,) was prepared
by lithium dluminum deuteride reduction of ethyl 3,3,3-tri-
deuteriopyruvate which had been synthesized from Cd(CD;),
and ethyloxalyl chloride (Aldrich) by the general procedure
outlined by Kollonitsch (1966a,b). CDsI (Stohler) was used
in the synthesis of the organocadmium reagent,

Computing. Computer programs based on the algorithms
described by Marquardt (1963) were used to fit the experi-
mental rate data to an equation derived to describe the kinetics
of AdoCbl-dependent reactions.

Results

Figure 1 illustrates the variation in the observed catalytic
rate constant as a function of mole fraction of deuterated
substrate in mixtures of 1,2-propanediol with diol-d,, diol-ds,
or diol-ds. The rate data obtained for these three substrates
are virtually identical which indicates that substitution of
deuterium for hydrogen at C-2 or C-3 of 1,2-propanediol does
not significantly affect the reaction. Several substrate con-
centrations were used; since all were at least 250-fold greater
than K, (Bachovchin et al., 1977, 1978), saturation kinetics
were observed in each case. Moreover, as a maximum of 1.7%
of the original substrate was converted to product during any
particular experiment, we eliminated complications resulting
from preferential depletion of undeuterated substrate, with a
concomitant change in mole fraction of deuterated substrate.

Derivation of Rate Expressions. A quantitative inter-
pretation of the data of Figure 1 requires an equation which
relates the observed catalytic rate to the isotopic composition
of substrate. Such an equation may be derived by consid-
eration of the generally accepted mechanism of catalysis, which
involves a minimum of two steps: (i) transfer of hydrogen (or
deuterium) from C-1 of substrate to an intermediate reservoir
of hydrogen and (ii) transfer of hydrogen (or deuterium) from
this reservoir to C-2 of product. Figure 2 outlines a simple
hypothetical mechanism in which hydregen abstracted from
substrate becomes one of two equivalent hydrogens in an
intermediate reservoir. Substrate may contain either deu-
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FIGURE 2: Reaction scheme for a hypothetical mechanism in which
the intermediate carries two equivalent hydrogens.

terium (mole fraction Xgp) or hydrogen (mole fraction Xgy
= 1 - Xsp), and the reservoir may likewise have either
deuterium (mole fraction Xp) or hydrogen (mole fraction Xy).
As illustrated in Figure 2, conversion of one molecule of
substrate to product may occur by any one of six microscopic
pathways (a—f) each of which is characterized by a particular
overall rate constant (kyy, kup, kpy, Or kpp). The contribution
of each pathway to the overall observed rate constant (ke oed)
is the rate constant appropriate for that particular path
multiplied by the probability that such a path will be followed.
Accordingly, the catalytic rate observed for a given isotopic
composition of substrate will be the sum of the terms at the
bottom of Figure 2.

kpu + kpp
Keatobsd = XH[XSHkHH + XSD( — +

kyu + kup
XD[XSH(“—2— + Xspkpp | (1)

This expression can be simplified by deriving Xp (and Xy) in
terms of Xgp, assuming that the isotopic composition of the
coenzyme has reached a steady state. (This is a reasonable
expectation, as each molecule of holoenzyme turns over
thousands of molecules of substrate even during the very early
stages of the reaction.) In the mechanism of Figure 2, only
pathways c and d affect the isotopic composition of hydrogen
attached to coenzyme. At steady state, their contributions to
kcarobsa become equal so that

(1/2)XuXspkpu = (1/2)XpXsukup

This leads, on substitution of X = 1 — Xp and rearrangement,
to

5 Xspkpu
Xspkpu + Xsukup

Xp (2)
Equation 2 indicates that coenzyme will become enriched in
deuterium if kyp < kpy; for kyp > kpy, the intermediate will
be depleted in heavy isotope relative to substrate.

Equation 1 may be generalized to describe a mechanism in
which the intermediate hydrogen reservoir contains n hy-
drogens and in which that hydrogen transferred to the reservoir
from substrate has a statistical probability f/n of being re-
turned to product in step ii [f = 1 for a mechanism with n
equivalent hydrogens and f = 0 for a “merry-go-round”
mechanism in which hydrogen can never be returned to the
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Table I¢
nf  kum kup kpu kpD o
Equivalent Hydrogen Models
2 1 250:+x1 -11.6x28 -56:11 2071 1.22
3 1 250=1 23121 11216 207=1 1.22
4 1 250zx1 347+1.8 16818 20.7xz1 1.22
S I 250=1 40417 196:19 2071 1.22

Merry-go-round Models
2-5 0 250:1 §78+1.4 280+23 2071 1.22

8 Optimized rate constants [s™*, based on a molecular weight of
250000 and specific activity 60 unjts/mg (Essenberg et al., 1971))
for a least-squares fit to eq 3 of rate data obtained with 1,2-pro-
panediol/diol-d, mixtures. Identical results were obtained for
2,3, 4, and § hydrogen merry-go-round schemes.

same substrate molecule from which it was abstracted (Miller
& Richards, 1969; Eagar et al.,, 1972)].

kearobsd = E(5'-_11)XH["~"]XD["_”fXSH[(f/n + B)kyy +
Ckypl + Xsp[Bkpy + (f/n + QOkppl} (3)

where

_(n-dn-p
- n(n-1)

= (i-1)n-p
nin-1)

and (7}) is the usual combinatorial notation. In a manner
analogous to that used earlier in the case for =1, n = 2, one
can show that eq 2 also applies to the general case.

Equation 3 includes several assumptions. Hydrogen in the
intermediate reservoir may not exchange with product. In our
experiments both the high substrate concentrations employed
(which would saturate holoenzyme with propanediol) and the
immediate reduction by ADH/NADH of propionaldehyde
released from the enzyme preclude significant recombination
between enzyme and product. In addition, hydrogen in the
reservoir may not exchange with unreacted substrate to such
an extent that the isotopic compositions of either are ap-
preciably affected. The absence of appreciable exchange of
hydrogen between cofactor and unreacted substrate has
previously been demonstrated (Frey et al., 1967a; Carty et al.,
1971). Furthermore, the finding that AdoCbl becomes
considerably enriched in tritium relative to substrate during
catalysis (Essenberg et al., 1971) indicates that the hydrogen
of substrate does not equilibrate with that of AdoCbl.
Equation 3 further requires all (n - 1) hydrogens initially in
the reservoir to become chemically equivalent in the inter-
mediate. At least two results support this requirement. Both
hydrogens attached to C-5" AdoCbl can participate in the
reaction (Frey et al,, 1967b) and 'H NMR studies of etha-
nolamine deaminase (Hull et al., 1975) indicate that the
methy! group of enzyme-bound 5’-deoxyadenosine, the putative
form of the coenzyme during the intermediate stages of the
enzymatic reaction, rotates at a rate exceeding 107 s}, which
is many orders of magnitude larger than the rate of hydrogen
transfer from the intermediate to product. Lastly, eq 3 neglects
any secondary isotope effect, for example, abstraction of
hydrogen should occur with equal facility from intermediates
CH;Ad, CH,DAd, and CHD,Ad. Although no definitive
support exists for this assumption, such secondary isotope
effects should be small relative to the primary isotope effects
included in eq 3 (Richards, 1970). Moreover, the kinetics of

Table I1¢

n kun  kup kpH kpp ! nif o

22502 206+8 99.536 2071 070+ 0.11 2.9 1.30

32501 229=34110£18 20.7:2 1.0+ 0.075 3.0 1.30

4 2501 249=3.1 12115 20.7+1 1.29+0.11 3.1 1.30

52501 24.1+3.1 11610 207=1 163+0.14 3.1 1.30
@ Qptimized rate constants (s**) and f for mechanisms with an

intermediate containing n hydrogens.

Table [iI¢

f Lk cat,obsd ~ kcat.calcd)’
0 5814
1
1
1
1

1462

11.8
375
941

@ Least-squares criterion as a function of n and f for fixed values
of the rate constants kg = 250§}, kyp = 23.157, kpyg = 112
sHand kpp =20.7 571,

Db wot) X

inactivation of diol dehydratase by glycerol of varying isotopic
composition can be explained quantitatively without postu-
lating such isotope effects (Bachovchin et al., 1978).

The parameters kyy, Kup, kpy, and kpp in eq 3 were varied
by the method of least-squares estimation of nonlinear pa-
rameters to obtain the best fit to this equation of the ex-
perimental rate data obtained with various mixtures of 1,2-
propanediol/diol-d,. A number of different mechanistic
schemes were considered, including those with 2, 3, 4, or §
“equivalent” hydrogens (f = 1, and n = 2, 3, 4, 5) and
“merry-go-round” schemes (f=0and n= 2, 3,4, 0r 5). The
results of these comparisons are summarized in Table I. The
uncertainties listed for each rate constant are standard de-
viations obtained from the least-squares fitting program. The
value of ¢ (column 7) was calculated from eq 4, where kg a0

d 1/2
2

.‘L}(kcancalcd - kcat,obsd)

i=

o= pp (@)

is the value of k., for a given value of Xgp calculated by
optimization of eq 3; ke, cpsa 1S the experimentally observed
rate for substrate with this particular isotopic composition; d
is the number of data points used in the analysis (d = 12 for
1,2-propanediol/diol-d, mixtures); and p is the number of
parameters which were varied during the optimization (p =
4 for kHH’ kHD’ kDH’ and kDD)'

In a second analysis, the parameter f, which is proportional
to the likelihood of the hydrogen derived from substrate being
returned to product, was also allowed to vary systematically.
Table I summarizes these calculations. Although the value
of ¢ is larger (¢ = 1.30) than for the data in Table I (¢ =
1.22), the agreement between experimental and calculated
rates is actually slightly improved. Moreover, in the com-
parisons of Table II, p = 5, whereas in Table I, p = 4, and
this decreases the denominator of eq 4 which will, accordingly,
increase the calculated values of ¢ in Table I1.

Table 111 summarizes the variation of 3~ (Keatcaicd = Keatobsd)’
with changing values of n and f for a given set of rate constants
(data from Table I, second row). These comparisons em-
phasize that, for a given set of rate constants, the accuracy
with which eq 3 describes the experimental data depends
sensitively on the assumed values of # and f'and, thereby, on
the assumed mechanistic scheme.
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Discussion

A number of explanations can be considered to account for
the nonlinear variation of K. eq (Figure 1) with the isotopic
composition of substrate. Two such explanations can be
eliminated. A difference in enzyme-substrate association
constants as a function of the isotopic composition of substrate
could account for our observations but seems unlikely in view
of previous results showing that isotopic composition does not
affect binding of 1,2-propanediol (Bachovchin et al., 1978)
or of 3-fluoro-1,2-propanediol (Eagar et al., 1975).

A second possibility involves a reaction pathway with si-
multaneous transfer of two or more hydrogens. A relation
between the isotopic composition of substrate and reaction
velocity has been derived (Kresge, 1964; Gold, 1969) for such
reactions. In the present case, in which no exchange of
substrate hydrogens with water occurs (Abeles & Lee, 1962),
such an explanation would require that (k,,)!/", where n is
the n. mber of hydrogens simultaneously in flight, should be
a linear function of Xgp. (Such behavior has, in fact, been
reported in studies of the mechanism of action of serine
proteases (Hunkapiller et al., 1976; Schowen, 1977) and
amidohydrolases (Schowen, 1977).) Our results do not show
such a dependence. Moreover, a concerted transfer of two or
more hydrogens appears unlikely in view of the finding that
hydrogen abstracted from C-1 of substrate has a significant
probability of being returned to its parent substrate molecule
(Frey et al., 1967a).

The third explanation, which we favor, attributes the shape
of the curve of Figure 1 to the existence of an intermediate,
which is enriched in deuterium relative to substrate, hydrogen
transfer from which is a major rate-determining step of the
reaction. Substantial evidence for the existence of such an
intermediate, in which the cofactor is present as 5'-deoxy-
adenosine, has been reported (Babior, 1975; Abeles & Dolphin,
1976). Furthermore, that this intermediate should be enriched
in heavy isotope relative to substrate is supported by studies
with tritiated substrates and AdoCbl (Essenberg et al., 1971;
Weisblat & Babior, 1971).

Models for Hydrogen Transfer. Equation 3 allows eval-
uation of pathways with intermediates containing n hydrogens
in which hydrogen derived from substrate has a probability
f/n of participating in the second transfer step (Figure 2,
reaction ii). The best fit of the experimental rate data to this
equation was determined by systematic variation of the rate
constants kyy, kpu. Kup, and kpp by the method of least-
squares estimation of nonlinear parameters for 2-5 equivalent
and 2-5-hydrogen merry-go-round mechanisms (Table I). In
Table 11, these rate constants as well as the parameter f were
allowed to vary. The rate constants kyy and kpp are turnover
rates when both transfer steps involve only hydrogen or only
deuterium, respectively; kyp and kpy are turnover rates in
which deuterium is transferred only in the second or only in
the first step, respectively.

As shown in Table I, row 1, a close fit for a mechanism
involving 2 equivalent hydrogens requires the physically
meaningless condition that kyp and kpy assume negative
values. On this basis, we may eliminate this proposed
mechanism. Similar evidence also argues against the mer-
ry-go-round mechanisms in which kpy ~ 280 s! compared
with kyy ~ 250 s7! (kyy/kpu ~ 0.89). Such an inverse
primary isotope effect has no precedent in studies of
AdoCbl-dependent enzymes and little precedence in enzy-
mology in general (Jencks, 1969; Richards, 1970). Thus, the
mechanisms which most adequately describe the experimental
data are those involving an intermediate with three or more
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equivalent hydrogens (Table I, rows 2-4). The analysis of
Table II, in which f is allowed to vary as well as the rate
constants, indicates that mechanisms in which the ratio n/f
~ 3 provide the best fit to the experimental data. The im-
provement in this second analysis between calculated and
experimental data is, however, slight. Nevertheless, despite
uncertainties inherent in the rate measurements, these data
and their analysis provide evidence for a mechanism involving
an intermediate containing three equivalent hydrogens, one
of which was abstracted from substrate. (The possibility of
more than three equivalent hydrogens cannot, however, be
rigorously eliminated on the basis of our data alone.)

Rate-Determining Step. The value of kpp (20.7 s7,
kuu/kpp = 12) indicates that the transfer of hydrogen is an
important rate-contributing step of the reaction. Which step,
i or ii, is slower can be ascertained from the values of kpy and
kyp in Table I. In the three equivalent hydrogen mechanism,
substitution of deuterium for hydrogen in step i causes the
turnover rate to decrease from 250 s (kgg) to 112 5™ (kpg)
for an isotope effect of kyy/kpy = 2.2. The same substitution
in reaction ii causes a much larger decrease, to kyp = 23 57
for kyp/kup = 10.8, an isotope effect similar to that observed
when deuterium participates in both reactions (kyy/kpp =
12). (We emphasize that the rate constants kyp and kpy
represent turnover rates when deuterium replaces hydrogen
in only one of steps i or ii; they are not true “microscopic” rate
constants for a particular step of the reaction.) These data
do, nevertheless, clearly identify reaction ii, the transfer of
hydrogen from cofactor—intermediate to product, as the slowest
step in the conversion of 1,2-propanediol to propionaldehyde
catalyzed by propanediol dehydratase. This differs from a
previous conclusion (Essenberg et al., 1971), but accords with
those drawn for ethanolamine deaminase (Weisblat & Babior,
1971) and for the inactivation of diol dehydratase by glycerol
(Bachovchin et al.,, 1978).

Relation to Microscopic Rate Constants. Although the rate
constants kyy, kup, Kpus and kpp are overall turnover rates,
their values as determined above may be used to deduce
relationships between some of the microscopic rate constants.
Based on previous studies, the minimum reaction scheme which
may be drawn is

Ken K ks
E+S—ES—ES"—E+P
koﬂ k-l

k, is the rate constant for hydrogen transfer from substrate
to cofactor, while & is the net rate constant for the remainder
of the pathway, which includes hydrogen transfer from cofactor
to product. When holoenzyme is saturated with substrate, ke
is given by (Cleland, 1975)

kcat = Vmax/EO = (klkZ)/(kl + k—l + k2) (5)

Each of the constants k,, k_;, and k, may manifest a primary
deuterium isotope effect. This expression may be used to
derive expressions for the observed isotope effects kypn/kup,
kun/kpn, and kyy/kpp in terms of the microscopic constants.
For the first of these

kPt (kM + kB + kgH
kBl / Tk B + kH 4 kP
ko + ko B+ kM
kP /M + ko H + k5P)

kuu/kyp =

(6)

Because the values of k), k_;, and k, are unknown, kyy/Kup
cannot be evaluated explicitly. However, limiting values of
kyu/kup may be obtained for the cases k; >> (k; + k) for
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Table [V: Limiting Values of Overall Isotope Effects for a
Two-Step Reaction

k, << k, >>
k., +k,)° *k_, +k,)
kau/kup k,Hk, D 1
Kuu/kpu 1 k H/k, D
kHH/kDD sz/kzD le/le

¢ If the hydrogens in the intermediate are equivalent with
respect to k_,, the * and + labeled quantities will be somewhat
reduced and increased, respectively.

which kyy/kup = 1 and ky << (k, + k_;) for which kyy/kup
= k,H/k,P Similar consideration of kyy/kpy and kyn/kop
{(neglecting equilibriutn isotope effects) gives the results in
Table IV.

In view of the values kyy/kyp = 10.8, kyy/kpp = 12, and
kyu/kpu = 2.2 obtained experimentally, we conclude that the
diol dehydratase reaction corresponds more closely to the left
column of Table IV. In contrast, the glutamate mutase re-
action (Eagar et al., 1972), with isotope effects of kyy/kpp
(“kn/kp") = 1.5, kun/ kup((ku/kp)/4)) = 7.5/7.0 = 1.1, and
kun/kpu((ku/kp)/4;) = 7.5/1.5 = 5.0, corresponds to the
right side of Table IV, with k, the most likely rate-limiting
step. Methylmalonyl CoA mutase (Miller & Richards, 1969)
which exhibits values of 3.5, 1.1, and 1.2, respectively, con-
stitutes an intermediate case in which both hydrogen ab-
straction from substrate and hydrogen return to form product
influence significantly the overall reaction rate.

Relation to Previous Studies. The existence of an inter-
mediate in which the cofactor exists as 5'-deoxyadenosine with
three equivalent hydrogens attached to C-5" has been inferred
from studies of ethanolamine deaminase (Babior, 1969;
Weisblat & Babior, 1971) and diol dehydratase (Frey et al.,
1967a; Essenberg et al., 1971), using substrates and AdoCbl
in which transferrable hydrogens are enriched with *H. The
results and analysis described here accord with the qualitative
conclusions reached earlier. More importantly, these deu-
terium isotope effects, observed during rearrangement of
1,2-propanediol catalyzed by diol dehydratase, unambiguously
require the intervention of a “reservoir” containing at least
three equivalent hydrogens. This same point has been pre-
viously established for two other AdoCbl dependent enzymes,
methylmalonyl coenzyme A isomerase (Miller & Richards,
1969) and glutamate mutase (Eagar et al., 1972).

Indeed, eq 3 as developed to analyze the results with
deuterium can also be informatively applied to the earlier
studies employing *H as a trace label. These investigations
involved two types of experiments: (a) transfer of *H from
5/-3H-AdoCbl to product during catalysis of unlabeled sub-
strate and (b) catalysis with [1-*H]-1,2-propanediol or [1-
‘H]ethanolamine as substrate.

In case a, the rate of tritium transfer from cofactor to
product is given by the sum of those terms in eq 3 which
involve kyr (kyp in eq 3). Thus

d7p _ dTagecn
dr dt

3

(i-Dn-5

=y X, [ x L=
1(;1) H T SH n(n— 1)

kur (7)

i
When n =3, f= 1, and Xgy = | for unlabeled substrate this
expression reduces to

=d T adocul
dr

2
EXTkHT
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which upon integration becomes

Tagocet = To agocne™ 2/ Vkur?)

Accordingly, transfer of *H from AdoCbl to product should
be first order in the *H content of AdoCbl; a semilogarithmic
plot of the *H content of AdoCbl as a function of time should
be linear with a slope of —(2/3)kyr.

Analysis of an experiment of type b is somewhat more
complex. One may monitor both the specific activity of
unreacted substrate and the ratio of specific activity of
substrate to that of AdoCbl. The rate of conversion of tritiated
substrate to product is given by the sum of those terms of eq
3 which contain kry and kpp

-d Ts n . .

—— = 20X X T X [Bhy + (f/n + Okl

dt i=1 )
(8

where B and C have been defined previously. On substitution
of n = 3 and f = 1, and neglect of terms in which the mole
fraction of tritium appears more than once, this expression
simplifies to

-d7s  (2kry + kr1)Xst ©)

dr 3

Equation 9 may be used to derive an expression for the specific
activity of residual substrate as a function of the fraction of
substrate converted to product x (Melander, 1960):

sp act., x
P = (1 - x)[Zkw + kr/Bkme) = 11 (95)

spact, x =0

Thus, observation of the specific activity of residual substrate
can give only a weighted average of kry and krr.

Despite the fact that Xst increases continuously due to
depletion of unlabeled substrate, eq 2 may be adapted directly
to tritium kinetics for AdoCbl-dependent rearrangements if
one assumes that a steady-state value of Xy is attained rapidly
on the time scale of changes in Xgr. In fact, measurements
of the specific activity of AdoCbl during catalysis with tritiated
1,2-propanediol as substrate support this assumption (Es-
senberg et al., 1971). Furthermore, with the approximation
that Xgrkty << Xsykyr, €q 2 becomes

X1 = Xsr(kta/kur) (10)

When X7 is given by eq 10, the amount of tritium entering
the intermediate is equal to the amount transferred from
intermediate to product. Under these steady-state conditions,
the specific activity of product will be determined by the overall
tritium isotope effect kyy/[(2kry + krr)/3] (eq 9a) as follows:

product sp. act., x 1= (1 = x)[kmu + krn)/3knn)

substrate sp act.,, x =0 - X

(11)

In light of these equations, the information that can be
derived from experiments using tritium kinetic isotope effects
may be summarized. A value of kyy can be determined by
measuring the rate of tritium transfer from [5’-3H]AdoCbl
to product derived from unlabeled substrate. The ratio
ktu/kyr may be determined by measuring the specific ac-
tivities of substrate and AdoCbl during catalysis with tritiated
substrate. Finally, measurement of the specific activity of
unreacted substrate or of product as a function of extent of
reaction can yield a value for (2kry + kr7)/3. However, in
no case can one calculate the isotope effect for a single mi-
croscopic step of the reaction pathway from experiments of
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Scheme I1
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this type in which either deuterium or tritium isotope effects
are observed.

In view of these conclusions, an earlier report (Essenberg
et al., 1971) merits scrutiny. Based on an experiment of the
type described by eq 8, a tritium isotope effect of 250(2/3)
was calculated for hydrogen transfer from AdoCbl to product
at 10 °C. This value is unprecedentedly large and is, further,
not consistent with the deuterium isotope effects observed in
this work. In a second experiment, Essenberg et al. measured
the specific activities of AdoCbl, propionaldehyde, and residual
substrate as a function of time with [1-3H]-1,2-propanediol
as substrate. Their first observation, that AdoCbl becomes
enriched in tritium relative to unreacted substrate by a factor
of 19, accords with the conclusions reached in the present work.
From the present results, approximate values of kty and kgt
can be calculated (Swain et al., 1958):

kuw/ kur = (kup/ kup) 44 (12)

Thus, kyu/kru = 3.1 and kyu/kur = 30.9 which, though they
do not represent true isotope effects for single steps in the
reaction, do approximately reflect the tritium isotope effects
for the first and second hydrogen transfer steps, respectively.
These values, when substituted into eq 10, give a value of
X1/Xst ~ 10 which must be multiplied by two to obtain a
specific activity ratio of 20. This result agrees well with the
experimental data and predicts a tritium isotope effect for the
transfer of hydrogen from AdoCbl to product of 31, a
magnitude frequently observed in enzymatic reactions (Jencks,
1969; Knowles & Albery, 1977).

In contrast, their second observation, that the specific
activity of propionaldehyde product (given by eq 11) is lower
by a factor of 20—47 than that of residual substrate (given by
eq 9a), indicates that hydrogen transfer from cofactor to
product exhibits an apparent tritium isotope effect approxi-
mately fivefold larger than that expected on the basis of our
observed deuterium isotope effects.

Similar arguments also apply to the work on ethanolamine
deaminase (Babior, 1969; Weisblat & Babior, 1971); they
observed a tritium isotope effect of 5.8 for the conversion of
[1-*H]ethanolamine to acetaldehyde compared with a deu-
terium isotope effect of 6.8-7.4. This seemingly anomalous
result (a deuterium isotope effect which is larger than the
apparently analogous tritium isotope effect) in fact follows
quantitatively from the treatment of this paper. The tritium
isotope effect is dominated by kty and, therefore, depends
principally on the isotope effect for the first hydrogen transfer
step, a conclusion also reached qualitatively by Weisblat &
Babior (1971). The overall deuterium isotope effect depends,
in contrast, on kpp. When the effect of isotopic substitution
is kpy > kyp (and kg > kyr), for the overall reaction one
observes that ky/kp > ky/kr. Indeed, when applied to the
diol dehydratase reaction, our data on the deuterium isotope
effects, together with this treatment, predict a tritium isotope
effect of ~4.5 compared with a deuterium isotope effect of
12.

The deuterium isotope effects observed in this study are
within the range of those reported for free radical reactions
involving cleavage of a carbon—hydrogen bond. For example,
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Wilen & Eliel (1958) reported isotope effects ranging from
3 to 10 for abstraction of hydrogen from «-deuterated toluene
and p-xylene by various peroxides. Howard et al. (1968)
observed isotope effects of 8 to 20 for the oxidation of deu-
teriocumenes and perdeuteriotetralin by cumene hydroperoxide
and tert-butyl hydroperoxide. Thus, our data are compatible
with a mechanism involving hydrogen transfer between free
radicals (Babior, 1970; Finlay et al., 1972, 1973). See Scheme
IL

However, with the exception of the work of Walling &
Cioffari (1972) and Julia (1971), and of calculations carried
out by Golding & Radom (1976), there is little precedent for
a 1,2 rearrangement of a radical species. In contrast, 1,2
rearrangement of a carbonium ion, such as might be generated
by oxidation of the 1,2-propanediol-1-yl radical by cob(II)-
alamin, has ample precedent. In this event, the mechanism
shown in Scheme III could obtain, as suggested earlier (Eagar
et al., 1972; Halpern, 1974). Free radical I is more stable
than its precursor, ‘CH,Ad. Similarly, the rearranged radical
III is less stable than -CH,Ad, and formation of the latter, by
transfer of a C-5 hydrogen to C-2 of III, would be ener-
getically favored. The relative stability of the oxocarbonium
ion II could help to facilitate oxidation of radical I by Cbl!l,
while the eventual elimination of H,O could provide a driving
force for rearrangement of II and the reduction of the resulting
carbonium ion by Cbll.

Conclusions

By analysis of the variation of k., with mole fraction
deuterated substrate in the AdoCbl-dependent conversion of
1,2-propanediol to propionaldehyde, we have inferred the
obligatory intervention of an intermediate hydrogen reservoir
in which the hydrogen derived from substrate becomes
equivalent with at least two other hydrogen atoms; one of these
three equivalent hydrogen atoms is returned to form product
in the principal rate-determining step of the reaction. The
magnitudes of the primary deuterium isotope effects observed
in these two hydrogen transfer steps are consistent with these
steps’ involving cleavage of a carbon-hydrogen bond. These
results should, therefore, be immune to the criticism
(Schrauzer, 1971) of experiments which use tritium as a trace
label. The role of the 5’-methyl group of 5’-deoxyadenosine
as the reservoir of the three equivalent hydrogens has ample
precedence (for example: Babior et al., 1974; Bachovchin et
al., 1978).
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