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(8) Anal. Calcd for CgH340¢5: C, 67.45; H, 6.87; S, 6.43. Found C, 67.68; H,
6.93; S, 6.34. IR (Nujol mull): 1709 cm™" (s). 'H NMR (pyrldine-ds, 220 MHz):
5 8.342 and 8.098 (d of d, 4, Jag = 1.3 Hz, aromatic CH), 1.799 (s, 6,
OCCH3), 1.782 (s, 6, OCCHa), 1.318 (s, 18, t-BuCHa). The chirality of 1 was
evidenced by the addition of optically active 2,2,2-trifluoro-1-phenyletha-
nol, purchased from Burdick and Jackson Laboratories, Inc., to a CD,Cl,
solution of 1 (—30 °C) in the 220-MHz NMR spectrum. The methyl singlet
at 5 1.782 and the tert-butyl singlet were each resolved into two singlets.
For a discussion of the use of this chiral alcohol in NMR spectroscopy of
racemic mixtures, see W. H. Pirkle, J. Am. Chem. Soc., 88, 1837 (1966)
and W. H. Pirkle and S. D. Beare, ibid., 90, 6250 (1968).

Anal. Calcd for C2gH3406S: C, 67.45; H, 6.87; S, 6.43. Found C, 67.18; H,
6.78; S, 6.63. IR (Nujol mull): 3400 (m), 1710 (s), 1320 (s)and 1165 cm™"
(s). '"H NMR (pyridine-ds): 6 7.805 and 7.340 (d of 4, 4, Jag = 2.1Hz, aro-
matic CH), 5.277 (br s, 2, olefinic CH), 4.818 (br s, 2, olefinic CH), 1.939
(s, 8, CHj3 at olefinic carbon), 1.316 (s, 18, t-BuCH,).

(10) J. C. Martin and L. J. Adzima, preceding communication.

William Y. Lam, J. C. Martin*

Roger Adams Laboratory, Department of Chemistry
University of Illinois

Urbana, lilinois 61801

Received November 22, 1976

C

A Solvent Isotope Effect Probe for Enzyme-Mediated
Proton Transfers
Sir.

A crucial step in a number of enzyme-catalyzed reactions
is the transfer of a proton from the solvent to a carbon atom
of the substrate. Examples of such reactions include decar-
boxylations and other carbon-carbon bond cleavage reactions,
some hydration and dehydration reactions, and a variety of
others. The proton transfer may occur either directly from the
solvent or else through the mediation of some catalytic group
of the enzyme. We show here that a distinction between these
two possibilities can sometimes be made by measuring the
hydrogen isotope discrimination which occurs when the re-
action is conducted in 50:50 H,O:D,0.

Proton transfers to and from carbon are ordinarily subject
to hydrogen isotope effects'-2 in the range kH/kP = 2-10. If
a proton transfer from the solvent to a carbon atom of the
substrate occurs during the course of an enzymatic reaction,
then such an isotope effect is expected to occur in that proton
transfer step. If the reaction is conducted in 50:50 H,0:D,0
the isotopic composition of the product will reflect this isotope
effect, provided that (1) the proton transfer occurs either di-
rectly from the solvent or from a catalytic group of the enzyme
which undergoes rapid hydrogen exchange with the solvent and
(2) the enzyme does not catalyze hydrogen exchange between
solvent and product under the conditions of the experiment.

On the other hand, this isotope discrimination may not be
observed if the proton transfer occurs through the mediation
of a monoprotic? catalytic group which is shielded from hy-
drogen exchange with the solvent. Under such conditions the
only proton available for transfer to the intermediate is the
hydrogen attached to that catalytic group and the isotopic
content of the product will reflect only the equilibrium isotope
fractionation between the solvent and the catalytic group. For
imidazole and carboxyl groups, this equilibrium fractionation
is near unity,* and no hydrogen isotope discrimination in the
product is expected.® Thus, the absence of hydrogen isotope
discrimination in the protonation of an enzyme-substrate
complex may serve as evidence for mediation of the proton
transfer by a monoprotic catalytic group of the enzyme which
is shielded from proton exchange with the solvent during the
lifetime of the appropriate intermediate.®

The pyridoxal 5’-phosphate dependent amino acid decar-
boxylases function by a mechanism involving an enzyme-bound
Schiff base between the coenzyme and the substrate’ (Scheme
I). Decarboxylation produces a quinoid intermediate which

A A

> L i

=

[}

& B B

-

4

w

>

[

j L l 1 I i

w

x
C C
L L.

84 86 98 100

mle

Figure 1. (left panel) Mass spectrometer scans of the molecular-weight
region of the y-butyrolactam formed by enzymatic decarboxylation of
glutamic acid at pL 4.6, 22 °C (A) in H,0; (b) in D,0; (C) in 50:50
H,0:D;0. (right panel) Same, for the y-valerolactam formed by enzy-
matic decarboxylation of a-methylglutamic acid at pL 4.6, 22 °C.
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is protonated almost exclusively on the terminal carbon of the
conjugated system.! No evidence has been provided for the
existence of an enzyme catalytic group which mediates this
protonation.

L-Glutamic acid (0.03 M in 3 ml of 0.2 M pyridinium
chloride buffer, pH 4.6, containing 1.7 X 107® M dithiothre-
itol, 1.7 X 10~® M pyridoxal 5'-phosphate, and 0.2 M total
chloride ion) was decarboxylated completely by treatment for
18 h with 320 units of purified glutamate decarboxylase from
E. coli.? Similar experiments were conducted at the same pL
in D,0O and in 50:50 H,0:D;0. The product y-aminobutyric
acid formed in each case was isolated, washed repeatedly with
water, and converted by pyrolysis to y-butyrolactam.!® Mass
spectra of the lactam samples so obtained are shown in Figure
1. When the decarboxylation was conducted in D,O, 1.00
deuterium atom was incorporated into the product.' The
sample from the mixed solvent contained 0.48 deuterium atom.
Six repetitions of this procedure gave 1.00 & 0.02 deuterium
for experiments conducted in DO and 0.48 + 0.03 deuterium
in the mixed solvent. The results were independent of acidity
over the range pL 4.1-5.1. Because glutamate decarboxylase
does not catalyze hydrogen exchange in y-aminobutyric
acid'2!3 the results of the isotope discrimination experiments
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can be used to calculate a deuterium isotope effect of 1.1 £ 0.1
on the protonation of the quinoid intermediate.

Glutamate decarboxylase catalyzes a very slow decarbox-
ylation of a-methylglutamic acid.!4 Decarboxylation of 6.2
ml of 0.02 M D,L-a-methylglutamic acid in the buffer de-
scribed above but containing 4 X 10~ M pyridoxal 5-phos-
phate for 10 days with 1000 units of enzyme resulted in ap-
proximately 20% decarboxylation. The product y-aminovaleric
acid was isolated, washed repeatedly with water, and pyrolyzed
to the corresponding lactam. Mass spectra of the lactam are
shown in Figure 1. In D,0 the product contained 0.9 deuterium
atom,'’ whereas the product from the mixed solvent contained
only 0.14 £ 0.01 deuterium. The hydrogen isotope effect cal-
culated from these isotopic composition measurements is
kH/kP =6.2+04.

The lack of appreciable hydrogen isotope discrimination in
the decarboxylation of glutamic acid indicates that the proton
source for protonation of the quinoid intermediate is a mono-
protic catalytic group of the enzyme which is sufficiently
shielded from the solvent that hydrogen exchange between this
group and the solvent does not occur during the lifetime of the
quinoid intermediate. Transfer of the proton from the solvent
to the catalytic group probably occurs prior to the decarbox-
ylation step. Enzymatic decarboxylations of amino acids occur
with retention of configuration at the a-carbon atom,'® and
it is possible that the catalytic group involved in protonation
is the group that binds the a-carboxyl group of the substrate
prior to decarboxylation. It is possible that the decarboxylation
of glutamic acid is “ordered”, with protonation of this catalytic
group necessarily occurring prior to substrate binding.

The large hydrogen isotope effect observed in the decar-
boxylation of a-methylglutamic acid is in striking contrast to
the lack of an effect in the decarboxylation of glutamic acid.
There are two possible reasons for the presence of a large iso-
tope discrimination in this case: Protonation of the quinoid
intermediate might occur from a different proton source—
either directly from the solvent or from an exposed catalytic
group. Alternatively, protonation might occur from the same
catalytic group as before, but the lifetime of the quinoid in-
termediate might be significantly longer and the conformation
of the enzyme might be such as to allow hydrogen exchange
between the catalytic group and the solvent.

Hydrogen isotope discrimination experiments of the type
discussed here may be useful for studying a variety of enzy-
matic reactions involving proton transfer to carbon. Only if
hydrogen discrimination is absent is it possible to make any
statement about the route of the proton from solvent to sub-
strate. Even in the absence of hydrogen discrimination, several
factors must be considered: It must be shown that the lack of
discrimination is not the result of readily reversible proton
transfer; if such transfer takes place and the catalytic group
of the enzyme is in contact with the solvent, then the enzyme
will catalyze facile hydrogen exchange between solvent and
product. It is possible at least in principle that the transition
state for the proton transfer might be very asymmetric and that
the absence of a hydrogen isotope discrimination might be the
result of this asymmetry. However, such asymmetric transition
states generally give rise to small, though measurable, isotope
effects, and it is unlikely that an isotope effect of 1.0 would
result from such a circumstance. This technique is not capable
of detecting the presence of catalytic sulfhydryl groups, be-
cause such groups can give rise to appreciable isotope frac-
tionation even if the catalytic group is shielded from the sol-
vent.
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cis-Dimethyldiazene
Sir:

Although the properties of the trans isomers of the simple
diazenes, HN=NH,! CH3;N=NH, <2 and CH;N=NCH3;,3
are rather well known, the only cis isomer that has been re-
ported is that of dimethyldiazene (C). Hutton and Steel ob-
tained small amounts of C by direct photoisomerization of the
solid trans at liquid nitrogen temperature but did not secure
enough material for a full characterization.* Nelsen prepared
a mixture of cis and trans isomers by the pyrolysis of
1,2,3,6-tetrahydropyridazine.’

We report here the isolation of millimole quantities of pure
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