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SUMMARY 

The previous observation (BABIOR, B. M., J. Biol. Chem., 

244, 449 (1969)) that the tritium isotope effect for the coen- 
zyme B,,-dependent deamination of ethanolamine was 
smaller than the deuterium isotope effect prompted a re- 
examination of the various isotope effects observed in this 
reaction. Measurements of the rates of deamination of 
[l-D]- and [l,l-Dn]ethanolamine showed that no secondary 
isotope effect was detectable within the limits of experimental 
error. Activation parameters for the deamination of unla- 
beled ethanolamine and [l,l-Dn]ethanolamine at 23’ were 
as follows: for the unlabeled substrate, E, = 3.9 kcal per 
mole and S = -9.7 e.u.; for the deuterated substrate, E, = 
5.5 kcal per mole and S = -9.4 e.u. The similarity of these 
values implies that the rate-limiting step does not change on 
passing from the unlabeled to the deuterium-labeled sub- 
strate. Measurement of the tritium isotope effect for each 
of the two individual hydrogen transfer steps of the reaction 
gave the following results: for the first step (transfer of 
hydrogen from substrate to coenzyme), kTf kH = 4.7; for the 
second step (transfer of hydrogen from coenzyme to product), 
&lb = 160 and kTjkD = 22. The over-all deuterium 
isotope effect was found to be 7.4, confirming previous re- 
sults. From these and other observations the following 
conclusions were drawn: (a) the rate-limiting step is the 
transfer of hydrogen from coenzyme to product; (b) an ir- 
reversible step occurs between the first hydrogen transfer 
step and the second; and (c) exchange between free and en- 
zyme-bound coenzyme B,* during the course of the reaction 
is slow. 

In the coenzgme B12-dependent. conversion of ethanolamine to 

acelaldehyde and ammonia, one of the hydrogen atoms on the 

* This research was supported in parl by Public Health Service 
Grants AM-09115, FR-0076, and ~111-5413. The previous paper 
in this series is Reference 22. 

1 To whom correspondence regarding this paper should be ad- 
dressed. Recipient of a Research Career Development Award 
from the National Institute of Arthritis and Metabolic Diseases. 

carbinol carbon of ethanolaminc migrates to the adjacent carbon 
atom (I). The over-all reaction shows a deuterium isotope effect 
of about 7, indicat,ing that the rate-limiting step involves the 
rupt.ure of a carbon-hydrogen bond (1). Esperin1ent.s with 
tritiat.ed ethanolamine showed that this hydrogen transfer is 
stereospecific-that is, that the enzyme is capable of distinguishing 
bekvecn the R and S hydrogen atoms on the carbinol carbon of 
ethanolamine, selecting one to migrate’ and leaving the other 
behind to become the aldehydic hydrogen of the product. How- 
ever, contrary to expectations, the tritium isotope effect, which 
according to the Swain relat.ionship should ha.ve been in the 
vicinity of 17 (2), n-as observed to be smaller than the deuterium 
isotope effect. 

This anomaly, which was unexplained at the time, prompted a 
reinvest.igation of the various isotope effects observed in the 
ethanolamine ammonia-lyasc reaction. From t.he results of this 
study, it became possible to specify the rate-limiting step in t,he 
reaction. 

NATERIALS AND METHODS 

Ethanolamine ammonia-lyase (EC 4. 1.3) was prepared and 
resolved of bound cobamidrs by the method of Kaplan and 
Stadtman (3). Enzyme concentration was determined by the 
method of Lowry et al. (4), applying the appropriate correction 
factor as described by Kaplan and St,adtman (3). The molar 
concentration was calculated on the basis of a molecular weight 
of 520,000 (5). The enzyme has previously been shown to 
possess two active sites per molecule (5-7). Enzymatic activity 
was measured by the spcctrophotometric assay of Kaplan and 
Stadtman (3) or the radioactive assay of Babior and Li (6). 

Coenzyme B12 was purchased from Calbiochem. Yeast al- 
cohol dehgdrogenase (lyophilized, salt free) and DPNII were 
purchased from Sigma. 2-Aminoacetaldehyde diethyl acetal 
was obtainecl flom Aldrich. [W@thanolamine was obtained 
from Xew England Nuclear, a,nd [1-TJethanolamine was synthe- 
sized as previously described (1) ; before use, both compounds 
were treat,ed with activated charcoal (Darco G-60, acid washed) 
to remove charcoal-adsorbable radioactive impurities. [l , l-D,]- 

1 This particular atom is hereinafter referred to as the mobile 
atom. 
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Ethanolamine (1) and [14C]adenosyl-DBC2 (8) were prepared as 
previously described. Other materials were reagent grade, and 
were used without further purification. 

Optical spectroscopy was performed on a Gary model 15 re- 
cording spectrophotometer, with l-ml quartz cuvettes with path 
lengths of 1 cm. Sample temperature was controlled by means 
of a thermostated cell holder. Nuclear magnetic resonance spec- 
troscopy was performed on a Varian T-60 instrument. Radio- 
activity was measured with a Nuclear Chicago Mark II liquid 
scintillation counter, with Bray’s solution (9) as scintillant. 
Counting efficiency was determined by internal standardization 
with radioactive toluene of known specific activity. 

dl-[l-D]EthunoZamine-Racemic [1-D]ethanolamine was pre- 
pared by the reduction of 2-aminoacetaldehyde with NaBD4. 
To prepare 2-aminoacetaldehyde, 0.8 ml of 2-aminoacetaldehyde 
diethyl acetal was added to 9.2 ml of 3.3 N HCl. After 12 hours 
at room temperature, the acetal was completely hydrolyzed. 
Without further treatment, the acidic solution of aminoacetalde- 
hyde was added dropwise with constant stirring to a solution 
containing 150 mg of NaBD4 in 5 ml of 7 N NaOH. The entire 
reaction mixture was then distilled to separate the product from 
nonvolatile substances present in the mixture. The distillate 
was brought to pH 7.0 with WC1 and taken to dryness on a rotary 
evaporator. The crude [1-Dlethanolamine-HCl was purified by 
recrystallization from I-propanol. (Yield after recrystallization 
30%; m.p. 77-80” (in the literature 75-77” (10) for unlabeled 
ethanolamine-HCl).) When chromatographed on Whatman 
No. 1 paper with l-butanol-acetic acid-water (4: 1:5) (organic 
phase) as the developing solvent, the product had the same mo- 
bility as authentic ethanolamine. The nuclear magnetic reso- 
nance spectrum of the product is shown in Fig. 1. 

Tritiated DBC-This compound was prepared by incubating 
unlabeled DBC with [1-Tlethanolamine in the presence of 
ethanolamine ammonia-lyase. During the course of the reac- 
tion, tritium from the substrate was transferred to the 5’-carbon 
of the adenosyl group of the coenzyme (11, 12). 

The reaction mixture contained 0.12 pmole of DBC, 0.17 
nmole of ethanolamine ammonia-lyase, 6.2 nmoles (0.5 PCi) of 
[1-Tlethanolamine, and 10 pmoles of potassium phosphate buffer 
(pH 7.4) in a total volume of 0.615 ml. The incubation, which 
was begun with enzyme, was carried out in dim light at room 
temperature. After 5 min, the incubation was terminated by 
heating for 30 s in boiling water. The coenzyme was separated 
from salts and unreacted substrate according to the method of 
Barker (13). After removal of these substances, the coenzyme 
solution was taken to dryness on a rotary evaporator, and the 
residue was dissolved in 1 ml of water and used without further 
purification. 

The specific activity of the tritiated coenzyme was 1.8 mCi per 
mmole. Activated charcoal (Darco G-60, acid washed) took up 
1007, of the radioactivity from a solution of the tritiated coen- 
zyme. When a reaction mixture containing 0.79 nmole of labeled 
coenzyme, 0.62 nmole of ethanolamine ammonia-lyase 0.108 
pmole of ethanolamine-HCl (pH 7.4), and 0.2 pmole of potas- 
sium phosphate buffer (pH 7.4) in a total volume of 0.035 ml was 
incubated for 2 min at room temperature in the dark, 80% of the 
tritium originally in the coenzyme was transferred to product, as 

2 The abbreviations used are : DBC, 5’-deoxyadenosylcobalamin 
(coeneyme B12); S(o), initial substrate concentration; S(t), sub- 
strate concentration at time t. 
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FIG. 1. Nuclear magnetic resonance spectrum of [1-Dlethanol- 
amine in D20. 

determined by the appearance in the reaction mixture of tritium 
which was not taken up by charcoal (see below). 

Transfer of Tritium from Tritiated DBC to Product-For this 
determination, reaction mixtures was diluted to 2.0 ml with 
water, and the quantity of tritium in 0.5 ml of the diluted reaction 
mixture was determined by liquid scintillation counting. To the 
remainder of the mixture was added about 5 mg of activated char- 
coal (Darco G-60, acid washed), and the solution was stirred 
vigorously. The charcoal was then removed by passage through 
a Millipore filter (pore diameter 0.45 pm), and the tritium in 1.0 
ml of the filtrate was determined by liquid scintillation counting. 
The fraction of the total radioactivity appearing in the product 
was calculated by dividing the quantity of tritium in the filtrate 
by twice the amount found in the untreated diluted reaction mix- 
ture. 

Chromatographic Separation of Coenzyme from Substrate- 
Where necessary, coenzyme was separated from substrate by 
descending chromatography on Whatman No. 3MM paper, de- 
veloping with water-saturated 2-butanol. All the radioactivity 
in both tritiated and 14C-labeled substrate was found to migrate 
as a narrow band with RF 0.50. RF of coenzyme in the same 
solvent system was 0.05. 

RESULTS 

Secondary Isotope E$ect-In the previous paper (l), a large 
secondary isotope effect was proposed as a possible explanation 
for the anomalous relationship between the deuterium and tritium 
isotope effects. Such an isotope effect would lead to a decrease 
in the rate of deamination of deuterated substrate (in which both 
carbinol hydrogen atoms are replaced by the isotope) but not 
tritiated substrate (in which only one such hydrogen atom is re- 
placed by the isotope). The existence of such an isotope effect 
was investigated by studying how the rate of conversion of 
ethanolamine to acetaldehyde is affected by the substitution of 
deuterium for the pro-aldehydic hydrogen of the substrate. For 
reasons which will become clear as the results are presented, the 
experiments were conducted with substrate in which the mobile 
hydrogen atom was replaced by deuterium. Thus, the deter- 
mination of the secondary isotope effect involved comparison of 
the rate of deamination of [1-Dlethanolamine with that of 
[l , 1-Dz]ethanolamine. 

Measurement of the reaction rate with [l , 1-DJethanolamine 
was straightforward, since the doubly deuterated substrate was 
available. Measurement of the rate of deamination of the mono- 
deuterated substrate was more difficult, however, since the sub- 
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FIG. 2. Time course of the deamination of singly and doubly 
deuterated ethanolamine. Reaction mixtures contained 74 pg of 
ethanolamine ammonia-lyzse, 10 nmoles of DBC, 0.4 Nmole of 
DPNH, 0.2 mg of yeast alcohol dehydrogenase, 50 pmoles of po- 
tassium phosphate buffer (PH 7.4), and substrate as noted (0.2 
pmole of [1-Dlethanolamine or 0.16 pmole of [l, 1-Dtlethanolamine) 
in a total volume of 1.0 ml. The reaction wzs begun with enzyme, 
and wzs carried out at 24’. The disappearance of DPNH was 
followed spectrophotometrically at 340 nm as described under 
“Methods.” 

dl- [I-D] ETHANOLAMINE [IJ-Dp] ETHANOLAMINE 

m t I 
1.5 1.5 2.0 

v (pM/sec) 

FIG. 3. Time course of the deamination of singly and doubly 
deuterated ethanolamine, plotted according to the integrated 
Michaelis-Menten equation. Data obtained from the tracings 
shown in Fig. 2 were plotted according to the integrated Michaelis- 
Menten equation as described in the text. 

strate of interest was one of the two enantiomers of [1-D]eth- 
anolamine, while the substrate that was available was a racemic 
mixture of the two enantiomers. To measure the velocity of the 
desired compound, advantage was taken of the large discrepancy 

in the rates of reaction of the two components of the racemic mix- 
ture resulting from the fact that the enantiomer in which the 
mobile hydrogen atom was replaced by deuterium would display 
a large primary isotope effect which would not be seen with the 
other optical isomer. The latter would be consumed much more 
rapidly than the former, with the result that by the time the 
reaction was 75% complete essentially all of the remaining sub- 
strate would consist of the more slowly reacting isomer. 

The course of the reaction with the two substrates is shown in 
Fig. 2. Apart from an initial lag (3), the rate of deamination of 
[l , 1-Dzlethanolamine (Z&) is constant until the concentration of 
the substrate begins to approach its K,. At this point the reac- 
tion velocity starts to fall, and continues to do so until the 
substrate is exhausted. In contrast is the course observed with 
the monodeuterated substrate (right). Here, the velocity 
achieved at the beginning of the reaction is much greater than 
that attained with the doubly deuterated substrate, reflecting the 
extent to which the velocity at this point in the reaction is deter- 
mined by the deamination of the rapidly reacting isomer (that is, 
the isomer in which the mobile atom is a hydrogen rather than a 
deterium). However, the velocity, rather than being constant, 
falls continuously during the first two-thirds of the reaction as 
the rapidly reacting isomer is consumed, leaving behind the 
slowly reacting isomer to be deaminated at a more leisurely rate. 
During the last third of the reaction, the slowly reacting isomer 
is for practical purposes the only one that is left, so that this por- 
tion of the reaction resembles the reaction with the doubly deu- 
terated substrate. Thus, over the early part of the last third of 
the reaction, the velocity appears to be constant, and only begins 
to fall again as the concentration of slowly reacting isomer nears 
its R,. 

The secondary isotope effect was measured by comparing the 
rates of disappearance of each of the two substrates, plotting the 
data according to the integrated Michaelis-Menten equation 
(14) : 

1 S(0) v  1 [S(O) - ‘s(t)1 
jlnS(t)=r-y 

m m t 

where S(0) is the initial substrate concentration and S(t) is the 
substrate concentration at time t. The use of this plot rather 
than the Lineweaver-Burk plot (15) was necessary because of the 
low concentrations of substrates which were required for the 
measurement of the Michaelis constants. To follow the reac- 
tions long enough to obtain reasonably accurate “initial” veloci- 
ties for a Lineweaver-Burk plot would have required the con- 
sumption of a large enough fraction of the substrates to have led 
to considerable uncertainties in their “initial” concentrations. 
Moreover, the lag period precluded accurate determination of 
velocities at the start of the reaction, and in addition, the pecu- 
liarities of the course of the reaction with monodeuterated sub- 
strate added to the difficulties of treating the kinetics according 
to the method of Lineweaver and Burk. 

Since the rate of deamination of monodeuterated substrate 
during the early part of the reaction is a function of the concen- 
tration of two isomers which react with unequal velocity, while 
the rate over the last portion of the reaction is related to the con- 
centration of only the slowly reacting isomer (the rapidly reacting 
isomer having been consumed by the time the reaction is about 
two-thirds complete), the points for both the monodeuterated 
and dideuterated substrates were obtained from the portion of 
the reaction taking place after the reaction was 75% complete. 
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Examples of such plots are shown in Fig. 3. It is seen that these 
points fall close to a straight line. This result indicates that the 
decrease in rate as the reaction approaches completion can be 
entirely attributed to the fall in substrate concentration, and im- 
plies that there is no other superimposed process (e.g. inactivation 
of enzyme or product inhibition) which would tend to slow the 
reaction down with time. 

By plotting the results of several experiments according to the 
integrated Michaelis-Menten equation, values were obtained for 
V, and K, with both the dideuterated and slowly reacting mono- 
deuterated substrates. These are shown in Table I. It is 
apparent that within the limits of experimental error the substitu- 
tion of deuterium for the nonmobile hydrogen atom has a negligi- 
ble effect on the rate of deamination of ethanolamine by coen- 
zyme Blz-dependent ethanolamine ammonia-lyase.* 

Activation Energies--Another explanation for the discrepancy 
between the deuterium and tritium isotope effects is the possi- 
bility that the rate-limiting step changes on passing from un- 
labeled to deuterium-labeled substrate. Discrepancies of this 
sort have been reported in reactions in which tunnelling is im- 
portant in hydrogen transfer (16). This possibility was investi- 
gated by comparing the activation energy for the deamination of 
undeuterated ethanolamine with that for the deamination of 
[l,l-Dzlethanolamine, on the assumption that a change in the 
rate-limiting step would be reflected by a difference in the activa- 
tion energies for these two reactions. 

The Arrhenius plots for these two reactions are shown in Fig. 4. 
The plots for each of the substrates is linear over the temperature 
range investigated. According to these curves, the deuterium 
isotope effect at 23” was 7.4, confirming the results of a previous 
study (1). 

The activation parameters (17) are as follows: for the unlabeled 
substrate, E, = 3.9 kcal per mole and S = -9.7 e.u.; for the 
deuterium-labeled substrate, E, = 5.5 kcal per mole and X = 
-9.4 e.u. Thus, there is relatively little difference between the 
activation parameters for the two substrates, suggesting that the 
rate-limiting step in the deamination of each of these compounds 
is the same. 

Effect of Isotopic Xubstitution on Rates of Indiviclual Hydrogen 
Transfer Steps-The foregoing results showed that the anomalous 
relation between the deuterium and tritium isotope effects could 
not be attributed to a secondary isotope effect or to a change in 
the rate-limiting step upon isotopic substitution. Anomalies of 
this sort have however been reported in reactions involving two 
sequential hydrogen transfer steps when the second transfer is 
rate-limiting (18). The ethanolamine ammonia-lyase-catalyzed 
deamination of ethanolamine, a reaction in which hydrogen is 
transferred first from substrate to coenzyme and then, in a subse- 
quent step, from coenzyme to product, was shown to exemplify 
such a type of reaction by a series of experiments in which the 
flow of tritium from labeled substrate through coenzyme to 
product was studied under a variety of conditions. 

In the first experiment, incubations containing a mixture of 
[1,2-W]- and [1-Tlethanolamine were permitted to react until 
about half the 14C-labeled ethanolamine was deaminated. The 
distribution of tritium between substrate, coenzyme, and product 
was then determined. To measure the distribution of isotope, 
an aliquot of each reaction mixture was subjected to paper chro- 

a The apparent differences between the kinetic parameters for 
the monodeuterated and dideuterated substrates calculated from 
the plots presented in Fig. 3 reflect experimental error. 

TABLE I 
Kinetic parameiers for deamination of singly and 

doubly deuterated ethanolamine 
K,,, and V, were determined as described in the text. The 

values for [1-Dlethanolamine represent the results of six incuba- 
tions; those for [l,l-D2]ethanolamine, the results of four incuba- 
tions. 

Substrate 
Parameter” 

Km VVII 

[I-D]Ethanolamine.. . . . . . . . . . . 9.0 f 1.9 1.68 f 0.16 
[l,l-Dz]Ethanolamine.. . . . . . . . . . . 8.6 f 1.5 1.68 f 0.07 

o Mean f 1 S.E. 

I /T  (IO’x”K) 

FIG. 4. Arrhenius plots of the deamination of unlabeled etha- 
nolamine and [l, 1-Dllethanolamine. Reaction mixture contained 
5.5 pg of ethanolamine ammonia-lyase, 10 nmoles of DBC, 0.3 
pmole of DPNH, 0.2 mg of yeast alcohol dehydrogenase, 50 pmoles 
of potassium phosphate buffer (PH 7.4)) and 10 pmoles of the sub- 
strate noted, in a total volume of 1.0 ml. The reactions were 
begun by adding ethanolamine ammonia-lyase. Enzymatic 
activity was determined spectrophotometrically at the tempera- 
tures indicated. 

matography to separate the coenzyme from radioactive ethanola- 
mine and acetaldehyde, and the tritium incorporated into the 
purilled coenzyme was determined by liquid scintillation count- 
ing. The remainder of the reaction mixture was treated with 
charcoal to remove the coenzyme, after which the extent of de- 
amination of the two species of radioactive ethanolamine was 
determined by the method previously described (6). 

The results of this experiment, together with the details of the 
procedure, are presented in Table II. From this data, it can be 
calculated that the tritium isotope effect for the first hydrogen 
transfer step, that is, the transfer of hydrogen from substrate to 
coenzyme, is 4.7 (see “Appendix”). On the other hand, the 
tritium isotope effect for the second hydrogen transfer step is a 
function of the extent to which free coenzyme exchanges with 
enzyme-bound coenzyme during the course of the reaction; if the 
exchange is rapid, so there is complete randomization between 
free and enzyme-bound coenzyme, the isotope effect is between 
12 and 21, while if there is no exchange the isotope effect is be- 
tween 750 and 1350. 

Because of the uncertainty in the extent of exchange between 
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TABLE II 
Distribution of &ilium between substrate and coenzyme, and rate of 
consumption of tritium-free substrate, in incubations initially 

containing [i-T]ethanolamine and [‘K’2]ethanolamine 

The experiment was done in duplicate. The reaction mixtures 
contained 1.0 pmole of ethanolamine-HCl (pH 7.4) (including 4.0 
nCi of [lG]ethanolamine and 100 nCi of [1-Tlethanolamine), 
0.017 nmole of ethanolamine ammonia-lyase, 2.2 nmoles of DBC 
(including 0.3 nCi of [14C]DBC) and 10 pmoles of potassium phos- 
phate buffer (pH 7.4) in a total volume of 0.2 ml. The incubation 
was begun by adding enzyme, and was conducted in dim light at 
23”. After 5 min, the reaction was terminated with 0.2 ml of 6% 
(w/v) trichloroacetic acid. One-tenth milliliter of the reaction 
mixture plus 10 ~1 of 1.2 mM DBC were applied to Whatman No. 
3MM paper and chromatographed in the dark for 4 hours as de- 
scribed under “Materials and Methods” to separate DBC from 
substrate and product. The spot of DBC was then excised, placed 
in a scintillation vial containing 0.1 ml of water, and counted by 
double label techniques to measure the amount of tritium lost 
from the coenzyme. The amount of tritium in the coenzyme was 
calculated by multiplying the measured T:‘% ratio by 660 dpm, 
the amount of [“C]DBC originally in the reaction mixture. 

To the remainder of the trichloroacetic acid-treated reaction 
mixture was added 1.7 ml of water. DBC was removed by treat- 
ment with charcoal as previously described followed by passage 
through a Millipore filter (pore diameter 0.45 pm). The deamina- 
tion of both isotopic forms of ethanolamine was determined by 
subjecting the filtrate to the radioactive assay, counting by double 
label techniques. 

Mobile tritium 
Experiment W in substrate 

In substratea In DBCb 

70 of rotaz % 01 total 

1 86.1 1.0 55.7 
2 92.7 

I 
3.2 60.7 

FIG. 5. Transfer of tritium from labeled coenzyme to product 
at, high coenzyme to enzyme ratios. The reaction mixtures con- 
tained 0.077 nmole of ethanolamine ammonia-lyase, 10.9 nmole 
of DBC (including 1.5 nCi of [l%]DBC and 17.5 nCi of [TIDBC), 
5 amoles of ethanolamineeHC1 (pH 7.4) (including 20 nCi of 
[lQ]ethanolamine), and 50 pmoles of potassium phosphate buffer 
(pH 7.4) in a total volume of 1.0 ml. The incubation was begun 
with enzyme, and was conducted in dim light at 23’. At the 
times noted, 0.2-ml portions of the reaction mixture were added 
to 0.2-ml aliquots of 6yo trichloroacetic acid (w/v). Two-tenths 
milliliter of the resulting mixture was chromatographed and trit- 
ium in the coenzyme was determined as described in Table II. 
To the remainder of the trichloroacetic acid-treated reaction mix- 
ture were added 1.8 ml of water. DBC was removed as described 
in Table II. The extent of deamination of ethanolamine in the co- 
enzyme-free solution was then determined by the radioactive 
assay. O-0, [T]DBC (nCi); O- - -0, consumption of etha- 
nolamine (rmoles). 

4’ F 
I W 

0 I 2 

TIME imin) 

TABLE III 

Transfer of tritium from labeled coenzyme to product in incubations 

(1 Mobile tritium in substrate = 100 X St (see “Appendix”). 
b Mobile tritium in DBC = 2Ct (see “Appendix”). 

in which concentration of active sites exceeds 
concentralion of coenzyme 

Reaction mixtures contained 0.79 nmole (1.4 nCi) of [T]DBC, 

free and bound coenzyme, the isotope effect for the second hy- 
drogen transfer step was measured with coenzyme labeled with 
tritium in position 5’ of the cobalt-linked adenosyl residue. 
Apart from the use of tritiated coenzyme and the omission of 
tritiated ethanolamine from the reaction mixture, the experi- 
mental conditions were very similar to those described in Table 
II. On the basis of the previously described experiment, it was 
expected that by 1 min more than 80Yo of the tritium originally 
present in the coenzyme would have been transferred to the 
product, since a tritium isotope effect for the second step of 
around 15 to 20, which appeared to be in reasonable agreement 
with a, deuterium isotope effect of 7.4 observed for the over-all 
reaction, would imply a rapid exchange between free and enzyme- 

0.62 nmole of ethanolamine ammonia-lyase, 0.1 pmole of potassium 
phosphate buffer (pH 7.4) and substrate as indicated in the table, 
in a total volume of 0.035 ml. Incubations were begun with en- 
zyme, and were conducted in dim light at 23”. After 1 min, the 
reactions were terminated with 0.1 ml of 6% (w/v) trichloroacetic 
acid. Water (1.9 ml) was then added, and the tritium content of 
0.5 ml of the diluted reaction mixture was measured. DBC was 
removed from the rest of the incubation mixture by charcoal 
treatment followed by Millipore filtration as described in Fig. 4, 
and the quantity of tritium which was not taken up by charcoal 
was determined on 1 ml of filtrate. The amount of tritium trans- 
ferred from coenzyme to product was calculated from these figures, 
on the assumption that the tritium which was not absorbed by 
charcoal represented tritium in product. 

Substrate to Tritium in 
bound coenzyme, and the rapid exchange would ensure an ex- Substrate coenzyme 

(mole ratio) product 

tensive loss of tritium over the incubation time. However, the - 
results presented in Fig. 5 showed that only a small fraction of % of total 

the coenzyme-bound tritium was lost by the end of the incuba- None...................... 0 

tion. Thus, there is very little exchange between free and en- Unlabeled ethanolamine. 45 11.5 

zyme-bound coenzyme over the duration of the incubation, and Unlabeled ethanolamine. 90 27.0 

consequently the tritium isotope effect for the second hydrogen 
Unlabeled ethanolamine. . . 135 42.5 

The magnitude of the tritium 
[l,l-Dz]Ethanolamine.. . 4.5 8.4 

transfer step is extremely large. 9.0 18.3 
isotope effect for this transfer step was confirmed in experiments 

[l,l-Dz]Ethanolamine.. 
[l, 1-Dz]Ethanolamine.. 13.5 28.6 

in whirh cnzvme was Dresent in molar excess over tritiated coen- ___ .,______ _..-_I I 
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zyme, so that essentially all the coenzyme was bound to enzyme. 
In these experiments, the amount of coenzgme present was a 
defined fraction of the quantity of substrate in the reaction mix- 
ture. Enzyme was added, the reaction was permitted to reach 
completion, and the amount of tritium transferred to product 
was determined by radioactive assay. In the csperiments re- 
ported here, the duration of incubation was 1 min, although it 
can be calculated from turnover munbcrs (6) that in each case 
the rcnction was over within 10 s;. (In unpubliahccl controls, it 
was shown that for each concentration of unlabeled substrate, 
the amount of tritiurn lost from the cocnzyme at the end of 2 min 
was the same as the amount lost at the end of 1 min. This 
indicatrs that the loss of tritium from coenzymc in these experi- 
mentx is not the result of exchange of tritium between coenzyme 
and product, although this process has been shon-n to take place 
under ot,her conditions in the presence of ammonium ion.)4 13y 
using [ 1, l-D2]ethanolallline in addition to unlabeled ethanola- 
mine, it was possible to determine t,hc tritium-deuterium as well 
as the tritium-hydrogen isotope effect for the second hydrogen 
trawfcr step. The results, given in Table III, indicate that for 
transfer from cocnzymc to product, hydrogen is selected over 
tritiutn by a factor of 160, while dcuterium is selected by a factor 
of 22. 

The t.ritium isotope effect of 160 for the ~econcl hydrogen 
trailafcr step indicates that this rcnction must have some pe- 
culiar mechanistic fcat.ures, the nature of which are obscure. 
A similar isotope effect has been reported 1)~ Essenberg, Frey, 
and .\bcles for the dehydration of propylene glycol, a coenzyme 
I1l~-dcpendent reaction which is wry similar to the reaction 
catalywd by ethanolamine ammonia-lyase (19). In contrast, 
the tritium isotope effect of 4.7 obser\-ed for the transfer of 
hydrogen from substrate to coenzyme, a much more reasonable 
value, indicates that the isotope effect for this step can probably 
be explained by the conventional mechanism, in which differ- 
ences in the rates of reaction of isotopically substituted com- 
pounds are attributed to differences in vibrational energy levels 
of the various species arising in the course of the reactions (16). 

carbon of the adenosyl residue of the coenzyme rapidly becomes 
saturated with substrate hydrogen atoms. Therefore, in the 
transfer step under study in these experiments (i.e. the transfer 
from coeneyme to product), tritium is competing against which- 
ever hydrogen isotope was originally present in the substrate. 
The data indicate that tritium competes about 7 times as effec- 
tively against deutcrium as it does against hydrogen. The 
transfer of deuterium from coenzyme to product thus appears 
to take place at about one-seventh the rate at which hydrogen 
transfer takes place, confirming the prediction based upon the 
over-all dcuterium isotope effect and the assumption t.hat the 
second hydrogen transfer step is rate limiting. 

In contrast to the over-all deuterium isotope effect, the tritium 
isotope effect for the over-all reaction depends only on the iso- 
tope effect for the first hydrogen transfer step. This is because 
tritium, unlike deuterium, is present in the substrate in trace 
amounts only. Therefore, tritium transferred to the cocnzyme 
is always in equilibrium with 2 hydrogen atoms. Since hydrogen 
atoms as well as tritium atoms a.re available for transfer from 
coenzyme to procluct, the rate of the second transfer step will 
only be marginally decreased in a reaction involving a tritiated 
substrate molecule, because the overwhelming likelihood is that 
hydrogen will be transferred from the coenzyme to the product 
instead of the newly acquired tritium. The tritium is then 
washed out of the coenzymc by transfer to an unlabeled mole- 
cule. The number of t’hese which arc processed by the enzyme 
per min greatly exceeds the number of labeled molecules which 
react in the same interval. Consequently, despite the large 
tritium isotope effect seen in the second step, tritium appears 
in product about as fast as it is transferred from substrate, and 
there is little accumulation in the coenzyme when expressed in 
terms of the total amount of mobile tritium in the reaction mis- 
ture. The over-all tritium isotope effect therefore reflects the 
tritium isotope effect for the first transfer only (that is, the 
transfer from substrate to cocnzyme). With the present en- 
zyme, the relationships between the rates and isotope effects of 
the two hydrogen transfer steps are such that the over-all tritium 
isotope effect is smaller than the over-all deuterium isotope 
effect. 

Since the tritium isotope effect for the first hydrogen transfer 
step is 4.7, the deutcrium isotope effect for this step must be 
something less than this value. From the Swain relationship (2) 
it can be estimated that the latter isotope effect is of the order 
of 2.9. However, the cleuterium isotope effect for the over-all 
reaction is about 7. As pointed out previously (l), this large 
over-a11 dcuterium isotope effect indicates that the rate-limiting 
step in the over-all reaction involves the rupture of a carbon- 
hydrogen bond. If  the first hydrogen transfer were the slow 
step in the reaction, it would be expected tha,t the over-all 
deutcrium isotope effect would be equal to the isotope effect for 
this step, that is to say, less than about 4. The fact that the 
over-all deuterium isotope effect is significantly greater than 4 
indicates that this step cannot be rate-limiting and therefore 
identifies transfer of hydrogen from the coenzyme to the product 
as the rate-limiting step. Moreover, the deutcrium isotope ef- 
fect of 7 predicted for the latter step on the basis of the isotope 
effect for the over-all reaction is confirmed by the results of 
Table III. Under the conditions of these experiments, the 5’- 

During the course of the reaction, the specific activity of the 
tritiated coenzymc reaches values which greatly exceed that of 
the substrate. From the results in Table II, for example, the 
specific activity of the substrate and participating (i.e. enzyme- 
bound) coenzyme at the end of the incubation can be calculated 
to be 0.15 and 62 mCi per mmole, respectively, assuming no 
exchange between free and enz)-me-bound coenzyme, This 
large difference indicates that the mobile tritium is not in equi- 
librium between the substrate and the coenzyme. Moreover, 
the departure from equilibrium cannot be attributed to a rapid 
irreversible loss of tritium from the coenzymc, since the fact 
that the coenzyme, rather than the substrate, has the greater 
specific activity indicates that tritium is being transferred to the 
coenzyme much more rapidly than it is being removed from the 
coenzyme. The failure of equilibration of tritium between sub- 
strate and coenzgme must therefore indicate the existence of an 
irreversible step occurring between the first hydrogen transfer 
and the second. 

4 T. Carty, B. M. Bnbior, and It. II. Abeles, manuscript, in Aclcnowledg~~zentsTVe wish to thank Earl R. Stadtman, 
preparation. Henry E. Lutterlough, and Maurice Miles for providing facilities 
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APPENDIX 

Calculation of T&urn Isotope E$ects 

Isotope Effects Starting with Labeled Substrate (Table II)- 
The tritium isotope effect for the first hydrogen transfer step 
(the transfer of hydrogen from substrate to coenzyme) was 
determined as previously described (I), except that St, the frac- 
tion of mobile tritium atoms remaining in ethanolamine at the 
end of the reaction, was calculated from the following formula: 

&=I- 
2(P, - 0.5Pc - C,) 

100 

where Pt and P,, respectively, represent the incorporation of 
tritium and r4C into acetaldehyde and Ct represents the incor- 
poration of tritium into the coenzyme, all expressed as percentage 
of total isotope in the reaction mixture. 

The tritium isotope effect for the second hydrogen transfer 
step was determined by comparing the rate constant for the 
loss of tritium from the coenzyme with the turnover number 
for the tritium-free substrate, the latter expressed as moles of 
substrate per mole of coenzyme per min. The model used to 
determine the rate constant for the loss of tritium from the co- 
enzyme was the following: 

Sf’Ckp 
where S and C represent the quantities of tritium present at 
time t in the substrate and coenzyme, respectively, and f  and 
kz are rate functions describing the flow of tritium to and from 
the coenzyme. The function f, which describes the transfer of 
tritium from substrate to coenzyme, is not a constant, but varies 
with time as a function of the specific activity of the tritiated 
substrate. This is true because the rate of conversion of triti- 
ated substrate to product depends on the absolute quantity of 
tritiated substrate bound to the enzyme, and the higher the 
ratio of tritiated to tritium-free substrate, i.e. the higher the 
specific activity of the tritiated substrate, the greater this quan- 
tity will be. If  it is assumed that the total quantity of tritiated 
substrate in the reaction mixture is constant with time (a good 
assumption in this case, since over the course of the reaction 
this quantity decreases by only 11%) and that unlabeled sub- 
strate disappears in a zero order reaction, then the rate function 
can be expressed by the following equation: 

f=k’ 
1 - at 

where lcr is the value of f  at the beginning of the reaction, and 
a is the fraction of tritium-free substrate consumed per unit of 
time. 

The set of equations describing the model is 

(1) 

The constant kz cannot be obtained in a straightforward way 
from these equations, since they cannot be solved in closed form 
because of the time dependence of f.  However, from the data 
in Table II it is possible to establish upper and lower limit,s for 
kz. This can be done by calculating kz under the assumption 
that f  is a constant. The limits of kz are obtained by using for 
this calculation the extreme values that f  assumes during the 
course of the reaction described in Table II. 

With f  a constant, the solution to the set of Equations 1 is as 
follows 

c = Cj (e-ll - e-k,t) 
2 

where f, kz, and C are as defined above, and So is the quantity of 
tritium in the substrate at t = 0. With the averages of the data 
of Table II, X0 = 1.0 and C = 0.021, where So and C are ex- 
pressed in terms of the fractions of total mobile tritium present 
in the substrate (at t = 0) and coenzyme (at t = 5 min), respec- 
tively. The extreme values for f  are 0.021 min-1 (equal to kl, 
the rate constant at the beginning of the incubation, assuming 
that tritium which is lost from the substrate disappears according 
to first order kinetics) and 0.037 min-1 (equal to lcl (1 - at) at 
t = 5 min). From these numbers, kt for tritium can be cal- 
culated to lie between 0.91 and 1.6 mm-r. 

The value of ?Q for the transfer of hydrogen (rather than trit- 
ium) was equated with the turnover number, since 1 atom of 
hydrogen is transferred from the coenzyme for each molecule 
of substrate which is converted to product. The turnover num- 
ber, however, depends upon the amount of coenzyme which 
actually participates in the reaction. Since the coenzyme is 
present in large excess over enzyme, it is conceivable that only a 
small fraction of the coenzyme is involved in the reaction. This 
would be the case if exchange between the free and bound co- 
enzyme is slow with respect to the duration of the incubation. 
Under these circumstances, only those coenzyme molecules 
which are taken up by the enzyme at the start of the incubation 
would be able to participate in the reaction. Estimates of the 
turnover number can be made for the limiting cases of complete 
exchange or no exchange by dividing the zero order reaction rate 
for deamination of tritium-free substrate by the number of 
moles in the reaction mixture of coenzyme or active sites, re- 
spectively. The values are 38 mm-1 for complete exchange and 
2500 min-r for no exchange. 

To calculate the isotope effect, the turnover number was 
divided by lcz for tritium, and this value in turn was divided by 
2 to correct for the fact that a tritium atom on the methyl group 
of 5’-deoxyadenosine is more or less in equilibrium with 2 equiv- 
alent hydrogen atoms. A factor of 2 rather than 3 was used 
because of the fact that in the process under consideration, the 
transfer of hydrogen was much more rapid than the transfer of 
tritium, so that only the hydrogen atoms were taken into con- 
sideration in the determination of the statistical factor. To 
illustrate this point, consider the relative rates of loss of tritium 
and hydrogen from -CHZT, where the rate constant for tritium 
loss is arbitrarily set at 1 and that for hydrogen loss as 100. 
From these figures, the rate of loss of hydrogen from -CH2T 
would be 200 times that of tritium. Dividing this figure by 3, 
the number of equivalent atoms on the methyl group, yields a 
value for the tritium isotope effect of 67; the actual isotope effect 
as defined by the rate constants, however, is 100, which is the 
value obtained when only the 2 hydrogen atoms are considered 
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in the calculation. The tritium isotope effects determined where To is equal to the amount of tritium in the coenzyme at 
according to the above formulations are given under “Results.” the beginning of the reaction. 

Isotope Eflects Starting with Labeled Coenxyme (Table IIl)- With the integrated equation, the parameter r was calculated 
In these experiments, incubations containing small fixed amounts from the results of Table III. The substrate to coenzyme mole 
of substrate were permitted to go to completion, and the amount ratio was equated with H, while the term on the left hand side 
of tritium transferred from coenzyme to product was measured. of the equation was calculated according to the formula: T/T,, = 
To avoid problems resulting from the low rate of exchange be- 1 - (0.01 x percentage of tritium in product). The isotope 
tween free and bound coenzyme, ethanolamine ammonia-lyase effect is then equal to r/2, as described in the previous section. 
(expressed as active sites) was present in molar excess over co- The values of the tritium isotope effects with respect to the 
enzyme. The ratio r, representing the rate of transfer of H (or transfer of hydrogen and deuterium from coenzyme to product 
D) out of the coenzyme with respect to the rate of transfer of T are given under “Results.” 
out of the coenzyme, could then be obtained directly from the 
following equation: 

dT T --=- 
dH T 

where H, the amount of hydrogen transferred from coenzyme to 
product, is expressed in terms of turnover (moles of hydrogen 
transferred per mole of coenzyme), and T is equal to the amount 
of tritium in the coenzyme at the time the quantity H of hydrogen 
has been transferred from coenzyme to product. This equation 
is obtained from the equations describing the rates of transfer 
of the two isotopes from coenzyme to product. The latter 
equations are as follows 

dH 
-iii’ 

ktz 

for the zero order transfer of hydrogen from coenzyme to prod- 
uct, where b is expressed as a turnover number, and 

dl -- 
dt 

= kTT 

for the first order loss of tritium from coenzyme. Combining 
these equations yields Equation 2, with r = k~/k~. Integrating 
Equation 2 
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