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data would imply that either AAD and HBDH have not evolved
from a common precursor or, if they did, the original enantios-
electivity was lost in the course of that evolution. In any case,
we believe that this is the first case where the conformational
enantioselectivity has been examined for two different enzymes
catalyzing different reactions of the same substrate.
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The stereospecificity observed in enzymic catalysis provides both
essential clues for understanding the mechanisms of enzymic
reactions! and opportunities for synthesizing optically active
molecules that would otherwise not be easily accessible.? Our
studies of the stereoselectivity of acetoacetate decarboxylase
(AAD, EC 4.1.1.4) from Clostridium acetobutylicum?® have been
particularly fruitful in these respects, and we report here the
following findings: (1) Decarboxylation of the two §-keto car-
boxylates 1 and 2 proceeds with net retention of stereochemistry;
(2) AAD catalyzes the exchange of pro-R a-hydrogens of a variety
of ketones, making it a versatile reagent for the synthesis of
optically active a-deuterio ketones;* (3) the AAD-catalyzed ex-
change reaction proceeds with a small but detectable level of
stereochemical infidelity, which results from competing reaction
pathways at the active site.

Westheimer and co-workers have shown that AAD forms a
protein-bound enamine as an intermediate in the enzymic de-
carboxylation of 8-keto carboxylates, as shown in Scheme I.
When incubated with racemates of 2-oxocyclohexanecarboxylate
(1) or 2-methyl-3-oxobutyrate (2), AAD catalyzes the selective
decarboxylation of (-)-1, leaving behind (+)-1, and (+)-2, leaving
behind (-)-2.¢ We have assigned the stereochemistries of the
reactive enantiomers by determining the absolute configurations
of the unreacted antipodes. Unreactive (+)-1 has the S config-
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uration;’ likewise, we have found that unreactive (-)-2 also has
the S configuration by reducing it with sodium borohydride to
erythro- and threo-2-methyl-3-hydroxybutyrates,® which have
known configurations at the 2 position.®

When AAD catalyzes the decarboxylation of racemic § (the
1-deuterio analogue of 1) in H,0, (-)-3, [a)®p —0.6° (c 14, ether),
is recovered, which is 40% d4,°  Similarly, when racemic
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2,4,4,4-tetradeuterio-2 is decarboxylated in H,0, dextrorotatory
deuterated 2-butanone is recovered, while decarboxylation of
racemic 2 in D,O yields levorotatory deuterated 2-butanone. From
the absolute configurations that we assign below to these chiral,
deuterated ketones, we conclude that the decarboxylations of both
(-)-1 and (+)-2 by AAD proceed with net retention of configu-
rations, with protonation of the intermediate enamine in either
case occurring on the same face from which CO, departed.!?

AAD also catalyzes the exchange of deuterium or tritium into
the o positions of cyclohexanone or 2-butanone to produce (+)-3
or (-)-4 or their tritio analogues. Three specimens of [2-3H]-
cyclohexanone were prepared: the first by enzymic exchange from
tritiated water into cyclohexanone, the second by hydrolysis of
commercial N-morpholino-1-cyclohexene to yield a stereorandomly
labeled sample, and the third by AAD-catalyzed exchange of
tritium out of the stereorandomly labeled material. These labeled
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cyclohexanones were then converted to labeled 1-hexanols (Scheme
II), diluted with 1-[1-1*C]hexanol as internal standard, and ox-
idized enzymically with NAD* and horse liver alcohol de-
hydrogenase (HLADH).!! The *C/*H ratios for the N-
phenylcarbamate of 1-hexanol and the semicarbazone of hexanal
produced by HLADH-catalyzed oxidation were compared for each
sample. Upon enzymic oxidation, the stereorandomly labeled
sample lost 23% of its tritium label, the sample from “exchanged
in” [2->H]cyclohexanone lost 39% of its label, and the sample from
“exchanged out” lost none of its label. Assuming that the
Baeyer—Villiger oxidation in Scheme II proceeds with retention
of configuration at the migrating center,!> HLADH catalyzes
removal of the pro-R hydrogen from hexanol,? and approximately
half the original label in [2-*H]cyclohexanone ultimately appears
in an unexchangeable methylene group,!® we conclude that AAD
catalyzes exchange of pro-R hydrogens at the « positions of
cyclohexanone. !4

‘We have confirmed this assignment by preparing optically active
a-deuterated ketones via AAD-catalyzed exchange of cyclo-
pentanone, 4-isopropylcyclohexanone, and 4-thiacyclohexanone
(6) with D,O. Absolute configurations for a-deuterated cyclo-
pentanone'® and 4-isopropylcyclohexanone!® have been reported
and are consistent with our assignment. Both enantiomers of
a-deuterated 6 were prepared and absolute configurations assigned
by conversion to the known optically active [2-2H]propionic acid!”
via a-deuterated 3-pentanone,'® as shown in Scheme III. The
assignment of absolute stereochemistry to 3 agrees with the octant
rule!® and independent work from Djerassi’s laboratory.?® The
R configuration was assigned to (-)-4 by its conversion to (-)-
[2-2H]propionic acid,?! shown in Scheme III. This assignment
was confirmed by preparation of (4)-2-[3-*H]butanone by chromic
acid oxidation of an authentic sample of 2-[3-2H]butanol known
to have 3S configuration.?

We have studied the kinetics of AAD-catalyzed exchange of
the a-hydrogens of cyclohexanone and 2-butanone by polarimetry
and mass spectrometric analysis of the extent of deuteration.
Surprisingly, we observe that AAD catalyzes a slow but detectable
exchange of the pro-S hydrogens at a rate 1-3% that of the
exchange of pro-R hydrogens.?> Exchange reaction 2 gives
excellent yields of (+)-7,2 but at longer times (+)-8 can be seen
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both by mass spectrometry and 2H NMR.2 The pro-S and pro-R
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exchange are both inhibited completely by 5 uM acetopyruvate,
a known inhibitor of the decarboxylation reaction.® Both ex-
changes are slowed by a factor of 5 in 10 uM 5-nitrosalicylal-
dehyde, a competitive inhibitor of AAD.® Furthermore, per-
chlorate,? in concentrations from 1 to 10 uM, inhibits in parallel
both the pro-R and pro-S exchanges. These experiments strongly
suggest that pro-S exchange occurs at the active site and proceeds
via the same intermediate responsible for stereospecific pro-R
exchange.

The broad substrate specificity of AAD makes this enzyme
valuable in the synthesis of a wide variety of compounds that are
optically active by virtue of asymmetric isotopic substitution. The
small amount of nonspecific exchange is especially interesting,
since it appears to be an exception to the general rule that enzyme
stereoselectivity is absolute once a substrate is bound.'%?’ For
AAD, unlike many enzymes, stereochemical infidelity is not easily
understood in terms of alternative modes of binding.? If both the
predominant pro-R exchange and the minor pro-S exchange occur
by the attack of a proton on the same enamine intermediate, we
are forced to conclude that two stereochemically distinct reactions
can occur at the same active site on the same bound intermediate
to yield the same chemical result. We know of no other case where
this has been shown for an enzyme.
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The nature of atomic motions in the interior of proteins is
currently a topic of great interest.!”> It has been shown by
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