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Bioorganic chemists commonly expect the same stereospecificity 
in enzymes catalyzing analogous reactions.' When stereochemical 
diversity is observed within a class of enzymes, it is often presumed 
to reflect an underlying mechanistic diversity.'-3 For example, 
both P-decarboxylases that produce retention and P-decarboxylases 
that produce inversion are known. Further, stereospecificity 
appears to correlate with mechanism and substrate structure: 
P-ketoacid decarboxylases acting on substrates where the ketone 
is a to a carboxylate (Scheme I) require a metal ion and produce 
retention; decarboxylases not acting on a-keto acids do not require 
a metal ion and produce inversion (Table I).4 

The correlation in Table I suggests that the stereochemical and 
mechanistic diversity observed in this class of enzyme is f~nct ional .~ 
In the context of Darwinian evolution, this requires that natural 
selection favors one stereochemical course over the other for each 
structural class of substrates. We have often noted the importance 
of distinguishing between functional and nonfunctional behaviors 
of enzymes," both to identify behaviors likely to reflect funda- 
mental principles of protein structure and catalytic mechanism 
and to guide protein engineering.I2 Therefore, mechanistic ex- 
planations for the stereospecificity of decarboxylases need to be 
examined further. 

The first independent test of the correlation produced a sur- 
prising result. Acetoacetate decarboxylase, predicted to produce 
inversion, produced essentially racemic product. This result was 
rationalized ad hoc by presuming that the reactivity of an in- 
termediate enamine was sufficiently great to permit its protonation 
directly by solvent. While this ad hoc modification appeared to 
be consistent with stereochemical data for aspartate &de- 
carboxyla~e, '~  an independent test of the correlation remained 
elusive. 
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Table 1. Substrates, Stereoselectivities, and Requirements for Metal Ions 
in Decarboxylations 

E.C. keto acid stereo- metal 
enzyme no. substrate selectivity ion ref 

isocitrate dehydrogenase 1.1.1.42 yes retention 

isocitrate dehydrogenase 1.1.1.41 yes retention 

malic enzyme 1.1.1.40 yes retention 
phosphogluconate 1.1.1.44 no inversion 

UDP-glucuronate 4.1.1.35 no inversion 

acetolactate 4.1.1.5 no inversion 

acetoacetate 4.1.1.4 no racemization 
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" OAD = oxaloacetate decarboxylase; AAD = acetoacetate de- 
carboxylase. 

Oxaloacetate decarboxylase (OAD) from Pseudomonas putida 
requires a divalent metal cation; the metal presumably chelates 
the a-keto acid moiety of the substrate providing an electron sink 
for decarboxylation (Scheme I).I4 The natural substrate is 
presumably oxaloacetate.I5 Consistent with the correlation, malic 
enzyme decarboxylates oxaloacetate with retention. Thus, based 
on both mechanistic considerations and by analogy, OAD from 
Pseudomonas is expected to catalyze the decarboxylation of ox- 
aloacetate with retention. 

We report here that this OAD produces inversion. 
Because oxaloacetate enolizes rapidly,I6 a special reaction se- 

quence was used to trap chirally labeled oxaloacetate generated 
in situ. (Scheme 11). Incubation of (2S)-[2,3-3H]aspartic acid 
with L-aspartase in D 2 0  yielded (2S,3S)- [23H,33H,ZH]a~partic 
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Scheme I1 
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acid (l), stereospecifically labeled a t  C-3 with deuterium and 
tritium (Scheme II).17 Incubation of 1 with glutamate-oxalo- 
acetate transaminase (GOT) and a-ketoglutarate resulted in 
generation of (3S)-[2H,3H]oxaloacetate, which was decarboxylated 
in situ by OAD to yield [2H,3H]pyruvate. Pyruvate was reduced 
in situ to lactate with NADH and lactate dehydrogenase to prevent 
loss of chirality via enolization. Chiral lactate was isolated by 
anion exchange chromatography (Dowex-1 formate),Is oxidized 
to acetate with lactate oxidase, and analyzed for ~hi ra l i ty . '~  
(S)-[1H,ZH,3H]acetate was formed from (3s)-oxaloacetate, 
showing that decarboxylation was with inversion. This conclusion 
was confirmed by the production of (R)-acetate starting with 
(3s)- [3-*H,3H]aspartate.20 

An OAD that produces inversion violates the correlation in 
Table I. Indeed, the result is inconsistent with any functional 
explanation for stereospecificity in decarboxylases based on a 
property intrinsic in the substrate, as OAD from Klebsiella ae- 
rogenes (biotin dependent),21 pyruvate carboxylase (biotin de- 
pendent),' and malic enzyme all produce retention.' In the last 
case, the enzyme-producing retention appears to operate via the 
same mechanism as the one reported here producing inversion.22 
Therefore, mechanistic diversity does not appear to accompany 
stereochemical diversity. However, the result is also inconsistent 
with "historical" explanations that presume common ancestry for 
enzymes catalyzing analogous reactions." Such explanations are 
prominent in the analysis of stereospecificity in many enzymatic 
reactions and are weakened by the results presented here. 

The enzyme class "P-ketoacid decarboxylases" thus displays 
a full range of stereochemical diversity: retention, inversion, and 
racemization. This result is consistent with the emerging notion 
that enzymatic distinctions between diastereomeric transition states 
often reflect functional adaptation, while distinctions between 
enantiomeric transition states do not.23 

However, for @-decarboxylases, three explanations must be 
considered for these results: (a) Several independent pedigrees 
of decarboxylases descendent from several ancestral de- 
carboxylases, where stereospecificity is nonfunctional but highly 
conserved; (b) stereospecificity as a nonfunctional trait capable 
of facile neutral "drift" as homologous enzymes diverge; or (c) 
stereospecificity as a functional trait, where a mechanistic im- 
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perative is hidden in the details of the individual reactions or 
environments of the organism. 
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The oxygenation of organic sulfur compounds with molecular 
oxygen continues to yield fascinating results.]-* Much attention 
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