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Stereospecificities are reported for seven dehydro- 
genases from Acholeplaama laidlawii, an organism 
from an evolutionarily distinct branch of life which 
has not previously been studied from a stereochemical 
point of view. Three of the activities examined (alcohol 
dehydrogenase, lactate dehydrogenase, and alanine de- 
hydrogenase) catalyze the transfer of the pro-R (A) 
hydrogen from NADH. Four other activities (3-hy- 
droxy-3-methylglutaryl-CoA reductase, glyceralde- 
hyde-3-phosphate dehydrogenase, glucose-6-phos- 
phate dehydrogenase, and NADH oxidase) catalyze the 
transfer of the pro-S (B) hydrogen from NAD(P)H. The 
stereospecificity of hydroxymethylglutaryl-CoA re- 
ductase is notable because it is the opposite of that of 
hydroxymethylglutaryl-CoA reductases from yeast 
and rat. These data are used to derive the simplest 
historical model capable of explaining available exper- 
imental facts. 

Although stereospecificity in dehydrogenases has been 
studied for nearly 40 years, only recently have logically formal 
functional and historical models been offered to interpret this 
behavior (l-4). Distinguishing between these models involves 
a question central to biochemistry: what is the relative im- 
portance of natural selection, conservation, and neutral drift 
in the evolution of behavior in proteins (5-ll)? 

Stereospecificity in dehydrogenases is not random. For 
example, regardless of their sources, enzymes accepting the 
same substrates generally have the same stereospecificities 
(12-14). This generalization (“Bentley’s first rule”) (14) has 
proven to be remarkably broad. For example, malate dehydro- 
genases from archaebacteria, eubacteria, and eukaryotes all 
transfer the pro-R hydrogen of NADH (15, 16). 

Traditionally, stereospecificity in dehydrogenases has been 
viewed as a nonselected trait (17). The “nonrandomness” in 
the experimental data has been explained with two assump- 
tions: (a) enzymes from all organisms catalyzing the same 
reaction are (nearly always) homologous and (b) stereospeci- 
ficity is (nearly always) conserved during divergent evolution. 
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These assumptions remain widely accepted today (17-21), 
even though they have never been formally incorporated into 
a logically coherent historical model. For this to be done, the 
significance of the parenthetical “nearly always” must be 
estimated. If nearly always means “except in one or two 
isolated cases,” a historical model incorporating these as- 
sumptions remains a serviceable paradigm capable of guiding 
experimental work. However, if these assumptions have many 
exceptions, the historical model must incorporate many ad 
hoc assumptions to account for them. If the ad hoc assump- 
tions are mechanistically based and general, they are testable 
and potentially valuable. If, however, they are introduced only 
to explain single results and apply arbitrarily only to single 
enzymes, they destroy the explanatory and experimental value 
of a model. An example of how the need for arbitrary ad hoc 
assumptions led to the rejection of a functional model in 
enzyme stereochemistry has been published recently (22). 

To ascertain the generality of assumptions a and b, stereo- 
chemical data must be obtained for enzymes from organisms 
that are widely divergent in evolution (23). The mycoplasma 
Acholeplasmu laidluwii is one such organism (24). Achole- 
plasma is evolutionarily quite distant from better-studied 
organisms (although it is still classified as a eubacteria). In 
some mycoplasma, the genetic code has diverged (25), sug- 
gesting that certain members of the order are quite distant 
evolutionarily from better studied microorganisms. Based on 
ribosomal sequence data, Woese (27) has placed the order as 
a separate branch with an ancient divergence from the clos- 
tridial lineage (26,27). No enzymes from this order have been 
examined previously stereochemically. Thus, the stereospe- 
cificities of enzymes from Acholeplasmu might contain some 
surprises that will help develop and better understand histor- 
ical models for stereospecificity in dehydrogenases. 

We report here the stereospecificities of seven dehydrogen- 
ases from A. luidluwii. These data are then combined with 
data from the literature to modify assumptions u and b (above) 
to yield the simplest historical formalism that is consistent 
with available facts. 

EXPERIMENTAL PROCEDURES’ 

RESULTS 

The stereospecificities of seven dehydrogenases from A. 
laidlawii are shown in Table I. The alcohol dehydrogenase, 

* Portions of this paper (including detailed “Experimental Proce- 
dures” for isolating the dehydrogenases examined here and determin- 
ing their stereospecificities and Refs. 51-66) are presented in mini- 
print at the end of this paper. Miniprint is easily read with the aid of 
a standard magnifying glass. Full size photocopies are included in the 
microfilm edition of the Journal that is available from Waverly Press. 
Archival material describes the detailed kinetic behavior of the HMG- 
CoA reductase. This material can be obtained directly from the 
author. 
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TABLE I 

Results of stereospecificity determinations of dehydrogenases isolated 

Enzyme 

from Acholeplasma 

EC No. pr0-S pro-R 

% 

Alcohol dehydrogenase 
Lactate dehydrogenase 
Glucose-g-phosphate dehydro- 

genase 
HMG-CoA reductase 
Glyceraldehyde-3-phosphate de- 

hydrogenase 

1.1.1.1 2” 94” 
1.1.1.27 19* 9gb 
1.1.1.49 95’ 3d 

1.1.1.36 100b 4b 
1.2.1.12 97’ 1’ 

Alanine dehydrogenase 1.4.1.1 3b 97b 
NADH oxidase 1.6.99.3 89” 1” 

a Percent activity in volatile fraction after reaction of 4s or 4R 
[3H]NADH with enzyme and substrate. 

b Percent activity that elutes away from origin by chromatography 
after reaction of 4s or 4R [rH]NADH with enzyme and substrate. 

‘Percent activity that elutes after reaction of [4-3H]NADPH 
(formed by enzyme and substrate and labeled NADP’) with glutamate 
dehydrogenase and 2-oxoglutarate. 

dPercent activity that elutes after reaction of [4-3H]NADPH 
(formed by enzyme and labeled substrate and NADP’) with glutamate 
dehydrogenase and P-oxoglutarate. 

’ Percent activity in volatile fraction after reaction of [4-3H]NADH 
(formed by GAPDH and substrate and labeled NAD’) with NADH 
oxidase. 

‘Same as for footnote e except that [4-3H]NADH is reacted with 
HLADH. 

lactate dehydrogenase, and alanine dehydrogenase activities 
catalyze the transfer of the pro-R (A) hydrogen from NADH. 
The hydroxymethylglutaryl (HMG)-CoA* reductase, glycer- 
aldehyde-3-phosphate dehydrogenase, glucoseB-phosphate 
dehydrogenase, and NADH oxidase activities all catalyze the 
transfer of the pro-S (B) hydrogen from NAD(P)H. 

The stereospecifmity of HMG-CoA reductase is notable 
because it is the opposite of the stereospecificities of HMG- 
CoA reductases from yeast and rat (28,29). However, lactate 
dehydrogenase, alanine dehydrogenase, glyceraldehyde-3- 
phosphate dehydrogenase, and glucoseS-phosphate dehydro- 
genase from Achokplasma all have the same stereospecificities 
as the corresponding dehydrogenases from yeast, rat, and 
related organisms. Thus, HMG-CoA reductase is the only 
enzyme in Acholeplasma that violates Bentley’s first rule; the 
others obey it ( 13).3 

DISCUSSION 

Like any model in science, a historical model is a logical 
formalism consisting of assumptions that are deductive pre- 
cursors of experimental facts. The experimental data reported 
here are logically incompatible either with assumption a (en- 
zymes from all organisms catalyzing the same reaction are 
homologous) or with assumption b (stereospecificity is con- 
served during divergent evolution) (uide supra). Therefore, 
for a historical model to be consistent with fact, at least one 
of these assumptions must be modified. Because no rigorously 

* The abbreviation used is: HMG-CoA 3-hydroxy+methylglutaryl 
coenzyme A. 

3 There seems to be no consensus regarding the classification of 
NADH oxidases, making the comparison of the NADH oxidase from 
Achokplasma to other NADH oxidases problematic. The alcohol 
dehydrogenase was found to prefer short chain aldehydes (acetalde- 
hyde, propionaldehyde) as substrates, suggesting (but certainly not 
proving) that its physiological role is the interconversion of ethanol 
and acetaldehyde. As both pro-R- and pro-S-specific alcohol dehydro- 
genases with this physiological role are known, the stereospecificity 
of the alcohol dehydrogenase from Acholeplasma certainly must be 
the same as that of at least one previously studied alcohol dehydro- 
genases of this type. 

formulated historical model has been published to date, it is 
worthwhile here to briefly outline one such model given these 
facts. 

Table II lists the assumptions that must be incorporated 
into the formalism of the simplest historical model consistent 
with available facts. It is immediately clear from the table 
that the model is not at all simple. Assumptions a and b are 
essential to explain the identical stereospecificities in the the 
first set classes of dehydrogenases listed in Table II. Yet they 
must be modified by no fewer than 16 ad hoc hypotheses to 
account for the stereochemical facts listed elsewhere in Table 
II. From these ad hoc hypotheses arise further paradoxes, 
which themselves must be resolved ad hoc. 

To show that the simplest historical model consistent with 
experimental fact is quite complicated, consider the fact that 
the stereospecificity of HMG-CoA reductase from Achole- 
plasma is different from that of HMG-CoA reductases from 
yeast and rat. Either there existed two ancestral HMG-CoA 
reductases (an exception to assumption a) or stereospecificity 
has diverged during the divergent evolution of a single pedi- 
gree of HMG-CoA reductases (an exception to assumption b). 
Clearly, a historical model must incorporate at least one ad 
hoc assumption to explain the stereochemical diversity in 
HMG-CoA reductases. 

Weakening assumption a or b by ad hoc modification need 
not profoundly damage a historical model. Acholeplusma may 
simply be so evolutionarily distant from “mainstream” orga- 
nisms that all of their enzymes have independent pedigrees 
or that sufficient time has passed since the divergence of 
Acholeplasma that the stereospeciticities of all of its enzymes 
from have drifted. However, the other data reported here rule 
out this as an easy solution. The stereospecificities of four 
other dehydrogenases from Acholeplasma are the same as in 
yeast, rat, and related organisms. Normally, the historical 
model would explain these stereospecificities by assuming that 
these other dehydrogenases shared a common ancestor with 
analogous dehydrogenases from other organisms and that 
stereospecificity cannot drift in the evolutionary time that has 
passed since the divergence of Achoieplasma. 

The historical model is therefore faced with a dilemma that 
arises from the fact that in the same organisms, the stereo- 
specificities of some dehydrogenases are conserved whereas 
others are not. To resolve this dilemma via a special assump- 
tion, the historical model must either assume that the HMG- 
CoA reductase is the only one of these dehydrogenases that 
arose independently in Acholeplasma or that the HMG-CoA 
reductase is the only one whose stereospecificity can drift. 

An assumption of multiple ancestry is generally more man- 
ageable than an assumption that stereospecificity in some 
dehydrogenases can drift more easily than in others. Stereo- 
specificity apparently can be reversed in all dehydrogenases 
simply by rotating the nicotinamide ring 180 o around the 
glycosidic bond to present the opposite face to the substrate 
(30-32). This rotation is permitted by alteration in amino 
acids that interact with the nicotinamide ring (32), and there 
is no obvious reason why the ease with which these mutations 
can be introduced into a dehydrogenase depends on the nature 
of its substrate. Thus, Table II incorporates the ad hoc as- 
sumption that the HMG-CoA reductases from Acholeplasma 
and yeast/rat have separate pedigrees. 

Although such an assumption might appear arbitrary, it 
would perhaps not be serious if it could be grounded in 
mechanism or physiology in a way that makes testable pre- 
dictions in other systems. For example, the HMG-CoA reduc- 
tase in rat catalyzes the first step in the biosynthesis of 
cholesterol; the enzyme from Acholeplasma is believed to 
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TABLE II 

Facts and explanations in the simplest historical model accounting for stereospecificity in dehydrogenases 
The Table does not include all possible mechanisms to account for individual stereospecificities; among the less 

likely is lateral transfer of genetic information, which assumes that the pedigree of enzymes is not parallel to the 
pedigree of organisms from which they are isolated. 

Fact Explanation 

(a) Enzymes displaying extreme conservation in stereo- 
specificity” 

Malate dehydrogenase* All mechanisms for creating stereochemical 
Glucose-B-phosphate dehydrogenase diversity (multiple ancestors, domain shuf- 
Lactate dehydrogenase fling, divergence of stereo- or substrate 
Alanine dehydrogenase specificity, deletion-replacement events) 
Glutamate dehydrogenase must be inaccessible for these enzymes 
Isocitrate dehydrogenase 
3-Hydroxybutyrate dehydrogenase* 

(b) Enzymes catalyzing similar reactions with opposite 
stereospecificity 

HMG-CoA reductase 
Enoyl-CoA reductase 
Ethanol dehydrogenase 

(c) Nonhomologous enzymes catalyzing similar reactions 
with identical stereospecificitf 

Dihydrofolate reductase+ 
D- and L-lactate dehydrogenaseh 
D- and L-aldose dehydrogenases 

(d) Allowed divergence in substrate specificitv’ 
Ethanol, gluc&e, polyols’ - - 
Ethanol, polyols, 3-hydroxysteroids’ 
Within alcohols with similar redox potentials’ 
Lactate to malate” 

Two ancestors’ 
Two ancestors” 
Domain shuffling’ 

Coincidence 
Coincidence 
Coincidence 

(4 Forbidden divergence in substrate specificity 
Malate to 3-hydroxybutyrate 
Between alcohols with dissimilar redox potentials’ 
Allowed divergence in substrate specificity that has not 

Structural similarity of substrates 
Structural similarity of substrates 
Structural similarity of substrates 
Structural similarity of substrates 

(f) 
happened” 

Pro-R-specific ethanol dehydrogenase to become an aldose 
dehydrogenase 

Pro-S-specific ethanol dehydrogenase to become an aldose 
reductase 

Structural dissimilarity of substrates” 
Mechanistic imperative (?) 

’ These are just some of the enzymes that conform to Bentley’s first rule; the historical model must assume that 
all of the mechanisms that create stereochemical diversity in enzymes listed elsewhere in this table are not 
operative in these enzymes. This assumption might be justified by an assumption that dehydrogenases whose 
stereochemical preferences are highly conserved are more “essential” to the survival of the host organism than 
dehydrogenases which display stereochemical diversity. 

* Enzymes that presumably play different metabolic roles in different organisms. 
‘A postulate of two independent pedigrees for these enzymes may be based on an assumption of different 

physiological roles for the two enzymes; this assumption raises questions about other pairs of dehydrogenases that 
also play different physiological roles but nevertheless have the same stereospecificities. 

d Some fatty acid synthetase complexes may have arisen by gene fusion (47-50), and it is conceivable that some 
components of the complexes of different organisms might be homologous, whereas others are not. 

’ Sequence data virtually require that the model assume that the dinucleotide binding domains at least of pro- 
R-specific alcohol dehydrogenase from yeast and the pro-S-specific alcohol dehydrogenase from Drosophila are 
homologous (40). However, alcohol dehydrogenase is the only enzyme from Drosophila known to have divergent 
stereospecificity (23). Thus, the model must propose either that the drift in stereospecificity is faster for enzymes 
acting on ethanol than for other enzymes or that ethanol dehydrogenases are more easily replaced by cross- 
evolution of other dehydrogenases than are other dehydrogenases. 

‘The probability of two randomly selected nonhomologous dehydrogenases having the same stereospecificity is 
50%. The model predicts that as more examples are discovered, the number of pairs of nonhomologous proteins 
acting on the same substrate and having the same stereoselectivity will approach 50% of the total number of such 
pairs examined. 

g Nonhomology suggested by crystal structure. 
’ It is not likely that stereospecificity with respect to substrate can drift in a dehydrogenase, whereas stereo- 

specificity with respect to cofactor is retained. Therefore, the historical model assumes that enzymes acting on 
enantiomeric substrates have independent pedigrees. 

’ Divergence of substrate specificity is indisputable in enzymes that obey Bentley’s first rule, contradicting the 
assumption in footnote g. Thus, the historical model must include a set of assumptions to govern allowed and 
disallowed patterns of substrate specificity to account for the fact that in these enzymes, dehydrogenases with 
opposite stereospecificities have not evolved to replace deleted dehydrogenases. 

j The polyol here is sorbitol. In general, polyol dehydrogenases that form aldoses transfer the pro-R hydrogen. 
’ The polyol here is ribitol. Polyol dehydrogenases that form ketoses sometimes transfer the pro-S hydrogen of 

NADH; polyol dehydrogenases that form ketose phosphates universally transfer the pro-S hydrogen. 
’ The correlation between the stereospecificity of a dehydrogenase and the redox potential of its natural substrate 

is discussed elsewhere (5). The assumption that this correlation is based on a restricted pattern of divergence in 
substrate specificity requires many additional assumptions not discussed here. 

m This transformation has recently been accomplished by site-directed mutagenesis by Holbrook and his co- 
workers (51). 

” The model must assume that the structure of malate is more dissimilar to the structure of 3-hydroxybutyrate 
than it is to the structure of lactate; see Fig. 2. 

’ The historical model predicts that examples of this type should eventually be found in future studies. 
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catalyze the first step in the biosynthesis of carotenoids (33). 
Furthermore, one enzyme uses NADH, the other NADPH. 
We might propose that the two pathways in the two organisms 
are not homologous and develop this proposal into a working 
hypothesis worth examining experimentally; enzymes catalyz- 
ing identical reactions in different pathways are exempt from 
Bentley’s first rule. 

Unfortunately, this hypothesis does not apply universally. 
Hydroxybutyrate dehydrogenases in eubacteria play different 
roles than hydroxyacyl-CoA dehydrogenases in eukaryotes, 
yet they have the same stereospecificities. Malate dehydro- 
genases in anaerobic archaebacteria have different metabolic 
roles than malate dehydrogenase in aerobic organisms, yet 
their stereospecificities are the same. Furthermore, enoyl-CoA 
reductases play the same role in fatty acid synthesis, yet their 
stereospecificities are different (5, 34-39). Finally, enzymes 
catalyzing analogous reactions, but using NADH instead of 
NADPH (generally indicating different catabolic and anabolic 
roles), have the same stereospecificity (13). Thus, any for- 
malism of this type must itself be modified by special as- 
sumptions concerning the enzymes to which it is intended to 
apply. 

Even without a mechanistic or physiological rationaliza- 
tion, such ad hoc assumptions would perhaps not be serious 
if they were needed only in this single case. However, HMG- 
CoA reductases are not the only dehydrogenases displaying 
stereochemical diversity. For example, the stereospecificity of 
ethanol dehydrogenase from Drosophila melanogaster is op- 
posite to that from mammals and yeast, yet five other dehy- 
drogenases from Drosophila have the same stereospecificities 
as dehydrogenases from these other organisms (23). Likewise, 
the stereospeciticity of enoyl-CoA reductases from a variety 
of organisms is widely diuergent both with respect to cofactor 
and to substrate (Fig. 1 and Refs. 34-39), yet 3-hydroxyacyl 
thioester dehydrogenases acting in the same pathway (and in 
the same multienzyme complex) in the same organisms all 
have the same stereospecificity, both with respect to cofactor 
and to substrate (5, 10). 

Thus, assumptions a and b must again be modified to 
explain these additional cases. A historical model must posit 
two separate pedigrees for ethanol dehydrogenases, HMG- 
CoA reductases, and enoyl-CoA reductases (set b, Table II), 
but only a single pedigree for malate dehydrogenases, lactate 
dehydrogenases, and 3-hydroxyacyl thioester dehydrogenases 
(set a, Table II); the last pair of assumptions are the most 
remarkable as enoyl-CoA reductases and 3-hydroxyacyl 
thioester dehydrogenases normally function in the same com- 
plex. In the historical model presented here, assumptions of 
this type are incorporated arbitrarily. The reader is challenged 
to devise mechanistic explanations that might make these ad 
hoc assumptions less arbitrary. 

Even here the model is not complete, as assumption b of 
historical models must be further modified to accommodate 
the fact that homology does not appear to be an absolute 
determinant of stereospecificity in dehydrogenases. For ex- 
ample, the dinucleotide binding domains of glyceraldehyde-3- 
phosphate dehydrogenases and lactate dehydrogenases appear 
homologous (based on comparisons of their crystal structures, 
Ref. 31), yet these enzymes have opposite stereospecificities. 
Furthermore, sequence homology is detectable in ethanol 
dehydrogenase from Drosophila and yeast, enzymes with op- 
posite stereospecificities (40). Even closely homologous en- 
zymes may not have the same stereospecificities, as stereo- 
specificity can be reduced by point mutation without a cor- 
responding loss in catalytic activity (32), and small changes 
in substrate structure can apparently reverse the stereospec- 
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FIG. 1. Stereochemical details of fatty acid biosynthesis. 
The stereospecificities of the sequential steps in the biosynthesis of 
fatty acids present a special challenge to the historical model builder. 
In different organisms, fatty acid biosynthesis is catalyzed by either 
a multienzyme complex or by a multifunctional enzyme. The stereo- 
specificities of the first three steps appear to be absolutely identical 
in all organisms studied. However, in the reduction of the q/j’- 
unsaturated thioester (run here in D,O to show the stereochemistry 
of the addition of a proton at carbon 2), three of the four possible 
stereochemical outcomes have been documented. Particularly rele- 
vant to the problem discussed in the text are the following facts: (a) 
acetoacetyl thioesters (where known) are always reduced by the pro- 
S hydrogen of NADH (consistent with the correlation between redox 
potential and stereospecificity discussed in Ref. 5) and (b) enoyl 
thioesters are sometimes reduced with the pro-S hydrogen and some- 
times with the pro-R hydrogen of NADH (where the correlation does 
not apply). No simple historical model can explain these results. An 
assumption that the fatty acid synthetases are homologous explains 
fact a, but then fact b can only be explained by assuming that 
stereospecificity can diverge in a series of homologous enzymes, which 
undermines the assumption that stereospecificity cannot diverge 
needed to explain fact 4 by the assumption that the fatty acid 
synthetases are homologous. An assumption that fatty acid synthe- 
tases are not homologous might account for fact b, but then fact 4 
(and the general stereochemical similarities found throughout the 
pathway) must all be assumed to be accidental. Thus, a historical 
model must assume a more complex ancestry for fatty acid synthe- 
tases, one that assumes that only some subunits are homologous. 
Alternatively, the historical model must postulate that the stereo- 
specificity of dehydrogenases catalyzing some reactions can diverge 
more readily than those catalyzing others. 

ificity of dehydrogenases with respect to cofactor (41,42). 
Furthermore, nonhomology does not appear to be a good 

indicator of stereochemical diversity (set c, Table II). D- and 
L-lactate dehydrogenases are presumably not homologous 
(30), yet have the same stereospecificities with respect to 
cofactor (13). Two nonhomologous dihydrofolate reductases 
appear to bind cofactor in the same way to yield the same 
stereospecificities (43). 

Finally, the frequency of occurrence of stereochemical di- 
versity is not predictable based on evolutionary distance. In 
enoyl-CoA reductases and ethanol dehydrogenases, stereo- 
chemical diversity is observed within a kingdom. In HMG- 
CoA reductases, stereochemical diversity is observed between 
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kingdoms. Yet in lactate and 3-hydroxybutyrate dehydrogen- 
ases, stereochemical diversity is not seen between kingdoms. 
And in malate dehydrogenases, stereochemical diversity is not 
seen among enzymes drawn from all branches of all three 
kingdoms. Indeed, stereospecificity in malate dehydrogenase 
is apparently more highly conserved than ribosomal protein 
sequence, membrane composition, and the genetic code (44). 

Even here, the historical model is not complete. In those 
cases where stereospecificity is highly conserved, and in the 
absence of a directly selected functional role for the conserved 
stereospecificity, a historical model must assume that stereo- 
specificity is tightly coupled to another selectable function in 
the enzyme and that stereospecificity cannot drift without 
disrupting this function. 

However, this assumption removes only one possible mech- 
anism for the, divergence of stereospecificity. A deletion- 
replacement mechanism also exists for producing stereochem- 
ical diversity in a class of enzymes, whereby the gene for an 
enzyme transferring the pro-R hydrogen (e.g. a malate dehy- 
drogenase) is deleted and replaced by the evolution of the 
substrate specificity of an enzyme transferring the pro-S 
hydrogen (e.g. a 3-hydroxybutyrate dehydrogenase) with con- 
servation of cofactor stereospecificity (to create a malate 
dehydrogenase with pro-S stereospecificity). 

Such deletion-replacement processes are facile; they are 
known on the laboratory time scale (45, 46). Thus, assump- 
tions that they do not occur in dehydrogenases seem weak. A 
priori, it is not inconceivable that divergence of substrate 
specificity in dehydrogenases can interconvert only those 
enzymes acting on substrates with structures, perhaps ex- 
plaining the correlation between stereospecificity in alcohol 
dehydrogenases and the redox potential of the natural sub- 
strate (5). Unfortunately, this does not seem to be the case. 
For example, dehydrogenases acting on sorbitol and ethanol 
(from yeast, both transferring the pro-R hydrogen) are clearly 
homologous (40). Likewise, dehydrogenases acting on glucose, 
ribitol, and ethanol (from Drosophila, all transferring the pro- 
S hydrogen) are homologous (40). Casual inspection of Fig. 2 
reveals no simple structural rules that explain the allowed 
and disallowed patterns of substrate divergence. Therefore, 
the simplest historical model must incorporate ad hoc as- 
sumptions explaining the patterns observed. Here again, the 
reader is challenged to suggest mechanistic bases for these 
assumptions. 

Even with these considerations, paradoxes remain in the 
historical model. Aldose dehydrogenases from two kingdoms 
(acting on both D- and L-sugars) all transfer the pro-S hydro- 
gen. Most simply, a historical model must assume that all 
modern rr-aldose dehydrogenases are descendants of a single 
ancestral D-aldose dehydrogenase, all modern L-aldose dehy- 
drogenases are descendants of a single ancestral L-aldose 
dehydrogenase, both ancient enzymes happened by chance to 
have the same stereospecificity, and aldose reductase cannot 
be deleted and replaced by cross-evolution of a pro-R-specific 
dehydrogenase (for example, a pro-R-specific ethanol dehy- 
drogenase). Unfortunately, an ethanol dehydrogenase has 
evolved to oxidize an aldose (set d, Table II) (40). Thus, even 
these arbitrary assumptions cannot explain why deletion- 
replacement events have not disrupted the pattern of conser- 
vation in aldose dehydrogenases. The historical model must 
posit that such events simply have not occurred in these cases. 
Parallel paradoxes make explanations of the stereospecificity 
of aldose reductases difficult as well. 

We develop the historical model in Table II not because we 
necessarily believe that it is attractive in comparison with 
alternative models (l-5), but because none of the many ad- 

Pro-R Specific Pro-s specilic 

Hoqy3H i 
HOMCH, 

0 0 

ul 

i, 

Presumably forbidden evolution of substrate specificity 

B Presumably allowed divergence of substrate specificity 

I=> Documented examples of divergcncc of subsmle speciIiciW 

FIG. 2. Divergence of substrate specificity offers a mecha- 
nism for obtaining stereochemical heterogeneity in a class of 
enzymes acting on a single substrate, even if stereospecificity 
with respect to cofactor is presumed to be absolutely con- 
served during divergent evolution, as deletion-replacement 
events offer the opportunity for pro-R-specific enzymes to be 
“recruited” to perform a catalytic role performed by a deleted 
pro-S-specific dehydrogenase. The extremely highly conserved 
stereospecificities in some enzymes suggests that this has never 
happened in the time separating archaebacteria, eubacteria, and 
eukaryotes. In contradiction to this is the evident fact that divergence 
in substrate specificity is facile in enzymes generally (8-11) and is 
known in several dehyclrogenases (indicated by the completely en- 
closed white arrow). No simple structural rule explains the patterns 
of known, presumably allowed, and presumably forbidden divergence 
in substrate specificity. Indeed, compounds on the left and right side 
of the dotted line (separating stereospecificities) often have quite 
similar structures (e.g. fructose and ribulose, oxaloacetate, and 3- 
hydroxybutyrate), differences often smaller than structural differ- 
ences observed in the substrates of dehydrogenases known (by se- 
quence analysis) to be homologous (e.g. ethanol and sorbitol, ethanol 
and glucose). Thus, the patterns of allowed and forbidden divergence 
in substrate specificity must be explained individually and post hoc. 

vacates of historical models have ever rigorously described 
what such models must entail to be consistent with facts. The 
ad hoc assumptions in Table II offer many opportunities for 
a biochemist to construct mechanistic rationales to make 
them less arbitrary. Nevertheless, one should appreciate how 
complex a historical model must be to explain available data 
and how this complexity weakens its explanatory power and 
its value as a paradigm for directing experimental work. The 
reader is then invited to contrast the simplest historical model 
described here with alternative functional models discussed 
elsewhere (2, 3, 5), which address the same facts in terms of 
the assumption that in some cases, stereospecificity in dehy- 
drogenases is a selected trait, and draw his own conclusions 
as to which are more plausible. 
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