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Glossary

Adaptive trait: A behavior in a protein that arises in response to natural -
selection searching for behaviors that contribute optimally to the survival of a
host organism
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130 STEREOSPECIFICITY IN ENZYMOLOGY

can (in principle) be structurally coupled to another (adaptive) trait. If this
coupling is tight, the non-adaptive trait cannot drift without altering the
adaptive trait at the same time. Such non-adaptive traits will not drift, but
rather will be conserved over significant evolutionary time.

It is impossible to interpret enzymatic behavior without knowing whether
it is adaptive, non-adaptive/conserved, or drifting. As natural selection is the
only mechanism for obtaining functional behavior in enzymes, only adaptive
traits can reflect biological function and underlying chemical principles (9,
13-15). Non-adaptive/conserved traits reflect ancient historical accidents.
While not interpretable in terrus of chemical principles, they may be useful in
reconstructing the biochemical details of ancient organisms and interrelating
the pedigrees of modern organisms (15). Drifting traits reflect recent histori-
cal accidents. They are the random blots of painting on Picasso’s canvas, the
trivia of biochemistry, and reflect neither history, pedigree, nor chemistry.

Surprisingly little concern has been given to these issues in enzyme stereo-
chemistry, and little tolerance is displayed by the biochemical community
when these issues are raised. In enzyme stereochemistry, discussions focus
almost exclusively on the technology needed to determine the stereochemical
course of enzymatic reactions, and stereochemical results are generally inter-
preted only at the level of chemical mechanism. For example, if 2 methyl
group is enzymatically transferred with inversion of configuration, this is
viewed only as evidence for a one step mechanism. In contrast, transfer with
retention is viewed as evidence for a reaction proceeding via an enzyme-
methyl intermediate; in the two-step mechanism, inversion at each step pro-
duces overall net retention (16).

While such views are sound, they cannot ‘“‘explain” stereospecificity in any
fundamental sense and do not permit conclusions to be drawn regarding the
chemical or biological significance of cryptic stereospecificity. Nor can they
answer the underlying question: *‘So what?” Even if stereochemical diversity
(for example, inversion versus retention in the example above) is correlated
with mechanistic diversity (for example, one- or two-step mechanism), we still
cannot say whether the choice of a particular mechanism is adaptive or not, or
whether the mechanistic choices displayed by natural enzymes reveal some-
thing fundamental about biochemical behavior, reflect ancient historical ac-
cident, or are simply random.

Unfortunately, similar statements can be made about most bio-organic
data. However, evolutionary interpretations that can be found in the litera-
ture remain, with only a few notable exceptions, casual. Most referees accept
only the most cautious statements of the evolutionary significance of the data
collected. Only rarely is evolutionary understanding the goal of the research.

Thus, as a result of intensive experimental effort we now know that a par-
ticular alkaline phosphatase from E. coli operates via a two-step mechanism
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(17), a particular chorismate mutase catalyzes a reaction via a chair transition
state (18), and that the elimination of water from fumarate catalyzed by a
particular fumarase is not concerted (19). However, we cannot say whether
such behaviors are adaptive, conserved, or drifting; thus, we cannot say
whether they have any chemical or biological significance.

This review seeks to fill this gap for cryptic stereospecificity. Other types of
enzymatic behavior are discussed eisewhere (9, 13-15). The discussion of
cryptic stereochemical distinctions made by enzymes will be directed towards
developing competing ‘‘functional” and “historical” models as explanations
for the stereochemical results observed for each case (9).

. INTERPRETATIONS

Like any biological trait, enzymatic stereospecificity is a product of two com-
peting evolutionary processes, natural selection and neutral drift. To be se-
lected, the trait must influence the ability of the host organism to survive and
reproduce.

In principle, adaptive and non-adaptive stereospecificity might be distin-
guished by examining the stereospecificities of enzymes that are homologous
(related by a common ancestor) and analogous (performing similar functions
in different organisms). In homologous enzymes, non-adaptive stereospecific-
ity is expected to drift during divergent evolution (11). In contrast, stereospe-
cificity that performs a selected function should be conserved during diver-
gent evolution.

In non-homologous enzymes, non-adaptive stereospecificity is expected to
be similar only to the extent anticipated by random statistics. Conversely, if a
set of non-homologous enzymes catalyzing the same reaction have all conver-
gently evolved to have the same stereospecificity, this is a strong argument
that the stereochemical distinction is functionally adaptive.

In practice, several factors complicate this analysis. First, enzymes cata-
lyzing analogous reactions from different organisms are far more likely to be
homologous than non-homologous. Thus, the number of non-homologous
enzymes catalyzing analogous chemical processes is often insufficient to per-
mit a statistically significant comparison for a variable (such as stereospecific-
ity) that can adopt only two values.

Second, methods for determining homology may fail to detect distant ho-
mology that might be relevant to an understanding of the stereochemical be-
havior of a class of enzymes. Homology between two proteins is generally
identified by sequence comparisons or immunological cross-reactivities; other
approaches are demonstrably inadequate. However, the similarity between
two highly divergent sequences may be insufficient to provide a statistically
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convincing case for homology. This creates problems, especially since tertiary
structure is more highly conserved than either sequence or immunological
cross-reactivity in proteins (20). To the extent that cryptic stereospecificity
depends on tertiary structure, similar stereospecificities in distantly homolo-
gous proteins would properly be explained as a result of homology (not adap-
tation). Because sequence similarities are inadequate to prove homology,
however, the identical stereospecificities would be misinterpreted as conver-
gent evolution, leading to the opposite conclusion that they are adaptive.

Third, non-functional traits can be constrained from drifting simply by
being coupled structurally to selected traits (vide supra) (9). Thus, a cryptic
stereochemical distinction might be highly conserved in divergent evolution,
even though it itself is not adaptive, simply because it is tightly coupled to
another adaptive trait. Thus, not all conserved traits need be directly
functional.

Fourth, when enzymes catalyzing analogous reactions in two different or-
ganisms have opposite stereospecificities, it is possible that this divergence
does not mean that the stereospecificity is neutral but rather may reflect func-
tional adaptation in the two proteins for two different environments.

These reservations make single items of stereochemical data difficult
enough to interpret. However, another obstacle to the development of an un-
derstanding of the evolutionary significance of cryptic stereospecificity is the
attitude of biological chemists themselves. To some, cryptic stereochemical
distinctions appear to be too “‘subtle” to influence the survival of a host or-
ganism. To others, the fact that stereochemical diversity correlates with
mechanistic diversity, and the presumption that mechanistic diversity must
be important are sufficient to conclude that such stereochemical diversity
must be adaptive.

For example, cryptic stereospecificity is often the same in homologous en-
zymes. Its subtlety prompts the belief that it is not adaptive. Thus, the dogma
in some quarters is that cryptic stereospecificity is more highly conserved than
almost any other enzymatic behavior because it is tightly coupled to tertiary
structure in a protein (21). Stereospecificity presumably cannot be reversed
without altering tertiary structure and, presumably, destroying catalytic ac-
tivity or some other selected behavior.

There is remarkably little basis in fact for this opinion. First, as a special
example of substrate specificity, stereospecificity is expected to diverge at a
rate similar to that for the divergence of substrate specificity in general (9).
This rate is rapid, although some of the rate can undoubtedly be ascribed to
positive selection for new functions.

Further, there are several examples where a modest change in substrate
structure or enzyme structure changes the stereospecificity of an enzymatic
reaction. For example, the cryptic stereospecificity of citrate synthase from
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Clostridium acidi-urici is reportedly reversed upon exposure of the enzyme to
oxidizing conditions (Figure 2) (22). Data are inadequate to rule out other
explanations for the observation; in particular, it is possible that this organ-
ism has two isozymes of the enzyme with opposite stereospecificity, and that
the more abundant enzyme is more sensitive to destruction by oxygen. The
clear implication, however, is that enzymatic stereospecificity can be reversed
with only small changes in the structure of the protein.

Stereospecificity in an enzymatic reaction can certainly be altered by small
changes in substrate structure. The stereochemical orientation of substrate
and cofactor in dihydrofolate reductase is reversed upon binding of metho-
trexate, a close structural analog of dihydrofolate (Figure 3) (23). Likewise,
acetoacetate decarboxylase from Clostridium acetobutylicum decarboxylates
2-methylacetoacetate with 98% retention of configuration (Figure 4, top)
(24). In contrast, decarboxylation of acetoacetate proceeds essentially with
racemization (25). The stereospecificity of chymotrypsin with respect to the
chirality of the substrate is largely reversed by the substitution of an oxygen
for a nitrogen (Figure 4, bottom) (26). Orcinol hydroxylase transfers the
4’-pro-R hydrogen of NADH with “natural” substrates. With substrate ana-
logs, the 4'-pro-S hydrogen is reportedly removed in several cases (27).

1f small changes in the structure of substrates can reverse stereospecificity
in an enzyme, it seems possible that a small number of amino acid replace-
ments in the protein will also reverse stereochemistry. However, there are
few pertinent data. Although several examples are now known where dis-
tantly homologous proteins have opposite stereospecificity, there are no cases
where proteins with greater than 50% sequence identity have opposite
stereospecificity.
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Figure 2. Alteration of stereospecificity in citrate synthase.
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Figure 3. Alteration of stereospecificity in dihydrofolate reductase.

A. Historical and Functional Medels

It is a theme of this review that conclusions about adaptation and molecular
evolution based on intuition or casual analysis are largely suspect. Further, it
is clear that in practice, models are never either proven or disproven. In the
face of contradicting experimental data, models generally are modified in an
ad hoc fashion to accommodate the new experimental result. While multiple
ad hoc modification of a model at some point makes it unacceptable, taste,
more than logic, determines when that point arrives.

Thus, to assess the likelihood that cryptic stereospecificity is adaptive or
non-adaptive, an intellectual method is needed for systematically collecting
and analyzing biochemical data. The approach that we have developed in-
volves constructing contrasting historical and functional models (9). Experi-
ments that are relevant to the models are then done and the models modified
to accommodate the new results as they appear. The predictive and experi-
mental value of each of the modified models becomes increasingly limited
with further modification. After successive rounds of experiment and modifi-
cation, the contrasting models are compared and evaluated relative to each
other.
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The cryptic stereochemical outcome of an enzymatic reaction cannot in
itself be a selectable trait. Thus, functional models begin with the assumption
that the stereochemical distinction reflects an evolutionarily selectable mech-
anistic distinction in the enzymatic reaction. Identifying this distinction and
explaining the basis for its selection then become the foci of the model. In
many cases, functional models predict the convergence of stereospecificity in
analogous, non-homologous enzymes. In cases where different stereospecifi-
cities are found in analogous enzymes from different organisms, a functional
model must provide and defend arguments that explain how this behavioral
difference reflects adaptation to different environments.

Historical models deny a selectable role for the stereochemical distinction.
Rather, historical models explain the distribution of stereospecificities in
terms of the pedigree of the enzymes involved. Historical models generally
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make no predictions about the relative behaviors of non-homologous en-
zymes. They generally predict, however, that closely homologous enzymes
display the same behavior. For more distantly related enzymes displaying
similar stereospecificity, historical models must provide and defend argu-
ments that explain why this non-functional behavior has been conserved dur-
ing divergent evolution. These *‘conservation principles” generally must refer
to functional traits that are coupled to stereospecificity, or they argue that
reversal of stereospecificity requires complicated alteration of the active site.

Each model supports its own type of experimental test. The chemical basis
of functional models can be examined experimentally in non-enzymatic sys-
tems. Historical models rely on assumptions regarding pedigree in modern
enzymes. As the enzymes from extinct organisms generally cannot be re-
trieved (but see reference 28 for an exception), such assumptions are difficult
to test in the laboratory. However, these assumptions can often be examined
by sequencing enzymes.

In contrast with kinetic behavior in enzymes (13), where functional models
are most appropriate, and the structures of cofactors, where historical models
are strongest (15), neither functional nor historical models for cryptic stereo-
specificity enjoy a dominant position. Indeed, they both can be quite contro-
versial. Thus, cryptic stereospecificity in enzymology is an excellent topic to
illustrate the development and testing of functional and historical models in
enzymology, and is proving to be valuable for defining the boundary between
selected and non-selected behaviors in biological macromolecules.

B. Classes of Enzymes

Enzymes can be divided into classes based on the reaction type that they for-
mally catalyze. In some classes, cryptic stereospecificity is different in differ-
ent enzymes in the class (8). Some oxidoreductases transfer the 4’ -pro-R hy-
drogen from NADH, while others transfer the 4’-pro-§ hydrogen. Some
decarboxylases, replacing a carboxylate group on their substrate with a hy-
drogen, retain stereochemistry at the reacting center; others invert stereo-
chemistry at that center. Some phosphotransferases produce inversion of ste-
reochemistry at the transferred phosphorus, while others produce retention.

In other classes, cryptic stereochemical distinctions are the same for each
enzyme in the class. As far as is known, all microscopic steps in which methyl
groups are transferred proceed with inversion (16). All transaminases so far
studied abstract the pro-S hydrogen of pyridoxamine (8). All enzymatic con-
densations of acetyl CoA with electrophilic substrates proceed with inversion
at the carbanionic center (8).

The process of model building is different for these two classes, and we
discuss them separately below.
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HI. CLASSES SHOWING STEREQOCHEMICAL HOMOGENEITY

In many cases, classes of enzymes catalyzing similar reactions have the same
stereospecificities. As discussed nearly 15 years ago by Rose and Hanson (8,
29), this generalization is consistent with two alternative models.

A historical model explains stereochemical uniformity within a class of en-
zymes by assuming that ali of the enzymes are descendants of a common an-
cestor with an arbitrary stereoselectivity, with stereoselectivity highly con-
served in the divergent evolution of these proteins. Functional models expiain
the uniformity by arguing that a particular stereospecificity is needed for opti-
mal catalysis of the reaction in question. Therefore, either by convergent
evolution or by functional conservation during divergent evolution, enzymes
catalyzing the mechanistically similar reactions should have the same
stereospecificity.

It is extremely difficult to distinguish experimentally between these two
models. Naively, the historical and the functional models make the same pre-
dictions: both predict that the “next”” enzyme of the class to be studied will
have the same stereospecificity as those already examined. For enzymes out-
side this class, historical models cannot make predictions unless pedigrees
and conservation principles are clearly defined. Further, functional models
are predictive only to the extent that the functional model can be applied to
different reaction types.

Of course, certain experimental results might contradict either model. For
example, if a functional model is constructed to be “universal” (i.e., applying
to all enzymes in the class), one might examine many different enzymes in the
hope of encountering one that does not conform in stereospecificity. This is
conceptually simple. Most scientists (and most funding agencies), however,
would find quite uninteresting a research proposal to examine 100 pyridoxal-
dependent enzymes in the hope of finding one with an “‘aberrant”
stereospecificity.

Further, a non-conforming enzyme weakens historical models as well. The
historical model that accommodates a non-conforming stereospecificity must
be modified ad hoc to include postulates that there existed more than one
ancestral enzyme for the reaction, or must weaken its conservation principles
to allow stereospecificity to drift during divergent evolution. Either ad hoc
modification weakens the predictive power and testability of the model.

A. Amine Acid Decarboxylases
Models explaining the stereospecificity of enzymes catalyzing the decarboxy-

lation of amino acids illustrate these points. These decarboxylases are known
in two mechanistic classes (Figure 5). In one class, the amino acid forms a
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Figure 5. Cryptic stereospecificity of decarboxylases dependent on pyridoxal cofactors.

Schiff’s base with a pyridoxal phosphate cofactor in the active site. In the
other, the amino acid forms a Schiff’s base with a pyruvyl residue covalently
embedded in the enzyme’s polypeptide chain. In both cases, electrons move
from the carboxylate to an electron withdrawing group, and the carboxylate is
replaced by a proton that ultimately comes from the solvent.

By 1979, several decarboxylases from both mechanistic classes wma. gm:.
examined. All were reported to catalyze decarboxylation with retention of
configuration (Figure 6) (29); the proton replacing the carboxyl group was
added to the same side of the molecule as the carbon dioxide departed. En-
zymes from the first mechanistic class included tyrosine decarboxylase G.ov,
glutamate decarboxylase (31), and the analogous mwmaox&.mawmammmﬁ serine
hydroxymethylase (32). Enzymes from the second mechanistic class included
the histidine decarboxylases from Lactobacillus, Clostridium, and mammals

(33, 34).
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Figure 6. Decarboxylation of an L-amino acid with retention.
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This uniformity was widely noted (8, 29), and discussed in terms of the
stereoelectronic hypotheses of Dunathan (35). Dunathan argued that break-
ing of a carbon-carbon bond can occur only when the substrate is in a confor-
mation where the bond overlaps with the pi orbitals of the Schiff’s base. This
argument is a functional one. It assumes that organisms containing decar-
boxylases that do not obey this stereoelectronic principle are less fit to survive
(14).

Stereoelectronic considerations are not, however, directly relevant to the
problem of explaining the choice between retention or inversion. The removal
of carbon dioxide and the addition of a proton occur in separate reaction
steps. The stereoelectronic argument addresses only the geometric require-
ments for these individual steps. In contrast, “‘retention” or ‘‘inversion” are
overall stereochemical outcomes that depend on the relative geometries of the
two steps. Reaction paths that produce either retention or inversion can be
constructed so as to be equally satisfactory from a stereoelectronic point of
view. Thus, whether Dunathan’s hypothesis is affirmed or denied has no im-
pact on any conclusion as to whether decarboxylation is “retentive’ or “‘inver-
tive” for functional or historical reasons.

In enzymes that catalyze the decarboxylation of beta-ketoacids, both *‘re-
tentive’” and “invertive” modes are known. Rose argued that this fact makes
functional explanations of the stereochemical homogeneity observed in
amino acid decarboxylases less satisfactory (29). The argument assumes that
both classes of decarboxylases (those acting on beta ketoacids and those act-
ing on amino acids) are subject to the same functional constraints, and that
stereochemical heterogeneity among beta-ketoacid decarboxylases indicates
that there are no functional constraints governing stereochemistry in this
class of decarboxylases.

Arguments for either premise are not compelling. It is not clear why en-
zymes decarboxylating beta-ketoacids should be subject to the same func-
tional constraints as enzymes decarboxylating amino acids, as the reactions
proceed via rather different mechanisms. Nor is it certain that the mechanis-
tic heterogeneity observed in beta-ketoacid decarboxylases is not itself
functional.

Most authors choose not to distinguish among these possibilities, even
though this choice precludes a biological interpretation of the data. For ex-
ample, in their discussion of the apparent uniform stereospecificities in
amino acid decarboxylases, Allen and Klinman simply listed possible inter-
pretations without adopting one preferentially (36).

“The possibility exists that the observed conservation is mechanism based. Al-
ternatively, both classes of amino acid decarboxylases may have risen from a
common progenitor. The final possibility is that the choice of retention versus
inversion occurred once, in a random manner, for each class of enzymes.”
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Given stereochemical uniformity in a class of enzymes, none of the alterna-
tives is obviously preferred. However, depending on which is correct, the sig-
nificance of the data is considerably different. If the uniformity is *‘mecha-
nism based,” this means that the survival of the host organism is influenced
by this rather subtle stereochemical distinction. If both classes of enzymes
arose from a common ancestor, then drift in stereospecificity must be ex-
tremely difficult, as it has been conserved during the same divergent evolution
that has seen pyridoxal replaced by pyruvyl as a cofactor. Finally, if the choice
is truly random, stereoselectivity cannot be informative about either function
or history, suggesting that the trait is not particularly interesting to study.

Without explicit functional or historical models, the only experimental op-
tion is to examine more enzymes. This was done in many laboratories. For
example, Orr and Gould (37) examined decarboxylases for ornithine, lysine,
and arginine from E. coli, and for lysine from Bacillus cadaveris. All enzymes
produced retention. Allen and Klinman (36) examined the stereochemical
fate of substrates in S-adenosylmethionine decarboxylase, an enzyme depen-
dent on an active-site pyruvyl residue. The enzyme catalyzed decarboxylation
with retention.

Unfortunately, enzymes were not selected for study with the goal of resolv-
ing contrasting functional and historical explanations for the uniform stereo-
chemical behavior of these decarboxylases. First, the enzymes examined all
came from eubacteria (from the genera Escherichia, Bacillus, Streptococcus,
Lactobacillus, and Clostridium). Though many examples of divergent behav-
ior in proteins can be found within eubacteria, eubacteria are only one of the
three kingdoms of life (archaebacteria, eubacteria, and eukaryotes) available
for bio-organic study (38). If the goal is to find examples of non-uniform ste-
reospecificity within a class of enzymes, one is advised to examine organisms
from different kingdoms and, if possible, from all three kingdoms.

Further, all of the decarboxylases studied act on the L-enantiomer of the
amino acid. Several simple functional models would predict that the pre-
ferred stereochemical mode (retention or inversion) should be the same for
both D- and L-amino acid. Yet enzymes acting on opposite enantiomers of a
substrate are more likely to be non-homologous, or if homologous, likely to
have diverged more, and therefore are more likely to have altered stereoselec-
tivities than enzymes acting on the same enantiomers.

In this light, studies of D-amino acid decarboxylases became interesting.
Soda and his coworkers examined an enzyme that decarboxylates a D-amino
acid, a diaminopimelate decarboxylase from Bacillus sphaericus. The en-
zyme produces decarboxylation with inversion of configuration (Figure 7)
(39).

We must pause for 2 moment to consider how this result constrains the
logical form of historical or functional models that might be used to explain
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Figure 7. Decarboxylation of a D-amino acid with inversion.

it. These constraints in turn have an impact on the predictions that the
models can make, and the experiments that one might do to test the models.
We begin with a discussion of functional models.

The products of the enzymatic decarboxylation are the same whether the
reaction proceeds with inversion or retention. Thus, the cryptic stereochemi-
cal outcome of the reaction cannot in itself be a selectable trait. Further, in-
termediates in the two reactions, the Schiff’s base of a D-amino acid and the
Schiff’s base of an L-amino acid, are formally enantiomeric, if we ignore the
chirality of the enzyme. (Although perhaps offensive to a stereochemical pur-
ist, we use the term “locally enantiomeric™ to describe two enantiomeric spe-
cies in a chiral environment where, for convenience in discussion, we overlook
the surrounding chirality and the possibility of conformational diaste-
reomerism). Thus, a functional explanation must identify a behavioral differ-
ence between the two locally enantiomeric transition states, and then corre-
late this with an explanation as to why retention is better for one, and
inversion is better for the other. As enantiomeric species are energetically
identical in an achiral environment, such a model must identify another
chiral center in the envircnment and explain how this chiral center creates a
functional difference.

First, and most obviously, the enzymic active site is “globally” chiral; this
chirality might certainly be the basis of distinguishing between the two enan-




§
/,
i

142 STEREOSPECIFICITY IN ENZYMOLOGY

tiomeric transition states. But the fact that a chiral active site can make this
distinction is not (by itself) a satisfactory functional explanation for the oppo-
site stereospecificities. The global chirality of an active site is a variable over
evolutionary time. It could have been different, and it could evolve.

Of course, the amino acid components of the proteins themselves are “in-
trinsically” chiral, meaning that their chirality is not an evolutionary vari-
able. (Indeed, the use of L- instead of D-amino acids might be a prominent
example of a non-adaptive trait that is nevertheless highly conserved). It is
possible that inversion is functionally optimal for the decarboxylation of D-
amino acids because L-amino acids are the building blocks of the polypeptide
catalyst. Conversely, retention might be functionally optimal for L-amino ac-
ids because of the intrinsic chirality the L-amino acids used in the catalyst.
This explanation would be the first to invoke the chirality of the amino acids
building blocks of a protein to explain functionally a stereochemical course of
enzymatic reactions.

Further, diaminopimelate itself has a second chiral center, and interaction
with this center may (at least in principle) be the basis for a distinction be-
tween the two transition states. Possibly relevant to this notion is the fact that
LL- and DD-diaminopimelates are neither substrates nor inhibitors of the
enzyme, implying that the second center has some interaction with the en-
zyme (40).

Finally, a functional explanation might be constructed that incorporates
some historical assumptions. One mode of decarboxylation (let us say, reten-
tion) might in fact be optimal for both D- and L-amino acids. However, for
historical reasons, one set of amino acid decarboxylases (let us say the
D-amino acid decarboxylases) may not have had the opportuaity yet to evoive
to produce the catalytically optimal retention. Perhaps D-amino acid decar-
boxylases arose only recently from L-amino acid decarboxylases and have not
had time to accumulate the mutations required to become a superior retentive
enzyme.

Thus, the stereochemical data from diaminopimelate decarboxylase logi-
cally constrain functional models. They must either:

a. Assume that the second chiral center in diaminopimelate is responsible
for the stereochemical distinction; this center is more remote than any
center so far suggested to be important in determining stereospecificity
in an enzymatic reaction;

b. Assume that the chirality of the amino acids in an enzyme (the fact
that, in the modern world, proteins must be made from L-amino acids)
provides a functional basis for different stereospecificities in decar-
boxylases acting on D- and L-centers (this explanation is
unprecedented);
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¢. Assume that a stereochemical imperative exists (for either retention or
inversion), but that one of the sets of enzymes (either the D- or the
L-amino acid decarboxylases) has not evolved to attain it (perhaps be-
cause not enough evolutionary time has passed); or

d. Be abandoned.

None of these options is especially attractive. Several examples are known
where pairs of enzymes catalyze identical reactions via enantiomeric transi-
tion states. For example, citrate synthases are known that have opposite ste-
reospecificities, a Re-citrate synthase from Clostridium acidi-urici (41, 42),
and Si-citrate synthases from other organisms (43). The transition states in
these two enzymes are locally enantiomeric (ignoring possible conformational
differences in the transition states). Likewise, ethanol dehydrogenases from
yeast and Drosophila have been recently shown to catalyze reactions via tran-
sition states that, except for the chirality of the NADH cofactor, appear to be
locally enantiomeric (44). Thus, assumption (b) is known not to apply univer-
sally, making it less likely that it applies here.

Thus, at least in some cases, it is not obvious that the chirality intrinsic in
proteins by virtue of the fact that their constituent amino acids are chiral se-
lects for one enantiomeric transition state over another. One must note, how-
ever, that the citrate synthases mentioned above have different mechanisms,
and different properties. The Re-specific enzyme requires Mn?* and has a
Vmay 0F 5.5 LU./mg, in contrast with the Si-enzyme, with a Vi of 150 and
no metal requirement. Likewise, ethanol dehydrogenase from yeast requires a
metal and is much faster than ethanol dehydrogenase from Drosophila,
which requires no metal ion for catalysis. One cannot absolutely rule out the
possibility that these behavioral differences are the result of a sub-optimal
selection of a transition state with the incorrect chirality.

Assumption (2) might be evaluated if crystallographic data were available
for the enzyme-substrate complex. Such data are almost certainly not imme-
diately forthcoming. However, one might find support for such a hypothesis
in the stereospecificities of other decarboxylases that act on substrates with
two chiral centers (for example, threonine or isoleucine decarboxylases).

Assumption (c) appears to us to be the most plausible. However, a func-
tional model that is modified to incorporate the possibility that some enzymes
have not yet evolved to meet the functional “imperative” is not predictive un-
less an independent measure of optimality is available.

Such independent measures of optimality are conceivable. For example,
one might argue that optimal enzymes have high ke./Ku values (13), and that
D-amino acid decarboxylases are sub-optimal, both stereochemically and ki-
netically. Indeed, diaminopimelate decarboxylases appear to be kinetically
rather slow. Kinetic parameters are shown in Table 1 for a number of amino
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Table 1
Kinetic Parameters of Amino Acid Decarboxylases from Microorganisms
Ko mM-~! sec™!
Substrate Source Kew (s€c™) Ky (mM) Ku Ref.

L-AMINO ACID DECARBOXYLASES USING PYRIDOXAL

Lysine B. cadaveris 86 37 250 a
Arginine E. coli 400 .65 600 b
Glutamate E. coli 118 5 230 c

D-AMINO ACID DECARBOXYLASES USING PYRIDOXAL
Diaminopimelate E. coli 7.5 1.7 4 d
Diaminopimelate B. sphaericus 28 1.7 17 38

L-AMINO ACID DECARBOXYLASES USING PYRUVYL RESIDUES

E. coli 40 0.1 400 e
Lactobacillus 69 0.9 75 f

S-Aden.Met
Histidine

«Soda, K.; Moriguchi, M. Method. Enzymol. 1971, 17B, 677. *®Boeker, E. A.; Snell, E. E.
Meth. Enzymol. 1971, 17B, 657. <Hager, L. P. Method. Enzymol. 1971, 17A, 857. ¢White,
P. 1. Method. Enzymol. 1971, 17B, 142. <Wickner, R. B.; Tabor, C. W.; Tabor, H. Method.
Enzymol. 1971, 178, 647. /Rosenthaler, J.; Guirard, B. M.; Chang, G. E.; Sneli, E. E.; Proc.
Nat, Acad. Sci. 1965, 54, 152.

acid decarboxylases; the D-amino acid decarboxylases producing inversion
have considerably lower k./Ky values than L-amino acid decarboxylases
producing retention, for enzymes involving both pyridoxal and pyruvyl
groups. This is consistent with the notion that amino acid decarboxylases that
produce inversion have not yet evolved enough to have the catalytically fa-
vored stereospecificity.

Again, the caveat must be stated that specific activities are preferable to
turnover numbers ot ke as a measure of optimality in an enzyme, as the
former number reflects the size of the enzyme and, presumably, its biosyn-
thetic “cost” to the organism (13). Further, one must remain aware of the fact
that differences in kinetic parameters measured in vitro need not reflect dif-
ferences in vivo (13).

Thus, a single result can greatly constrain the form of a model, in this case
a functional one. New experiments are suggested by these constraints. How-
ever, the same result also constrains historical models with the same produc-
tive result. In historical models, a functional role for stereospecificity is de-
nied. The historical model must consider two possibilities: The first is that
D- and L-decarboxylases are homologous, the second is that they are not.
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If the enzymes are not homologous, the historical model postulates that
stereospecificity arose randomly in several unrelated ancestral decarboxy-
lases. The model builder may argue that there were three ancestral enzymes,
one using pyridoxal acting on L-amino acids, the second using pyridoxal act-
ing on D-amino acids, and the third using pyruvyl acting on L-amino acids.
The first and third randomly evolved to decarboxylate with retention, the sec-
ond with inversion. Again, there must be a conservation principle; once the
stereochemical mode is chosen in the ancestral enzyme, it must be conserved
during subsequent divergent evolution.

Alternatively, the historical model might postulate that the pyridoxal en-
zymes producing retention are homologous with the pyruvyl enzymes. Here,
stereospecificity is presumed to diverge less rapidly than mechanism. This
presumption seems implausible if the stereospecificity is assumed to serve no
functional tole, as replacing a pyruvyl residue by a pyridoxal residue (or vice
versa) would seem to require more than enough rearrangement in the active
site to permit stereospecificity to drift. Thus, the similar stereospecificities of
the two mechanistic classes of decarboxylases probably must again be viewed
as the result of accident.

Historical models that assume that “‘retentive” and “invertive” enzymes
are homologous also deny function. The strongest conservation hypotheses
then is that stereoselectivity is conserved within a class and that the kinetically
most accessible path for evolving a D-decarboxylase from an L-decarboxylase
will convert a “‘retentive” enzyme” into an ‘“invertive”” enzyme. A less restric-
tive conservation hypothesis argues that stereoselectivity is randomized in a
divergence that leads to enzymes accepting enantiomeric substrates.

Evaluations of both historical and “historically modified” functional
models (for example, models that presume that evolution towards function-
ally optimal stereospecificity is currently in progress) must ultimately be
based on comparisons of sequence data. For example, aspartate aminotrans-
ferases from mitochondria and cytoplasm from several organisms are cleatly
homologous. Other enzymes dependent on pyridoxal, including trans-
aminases, D-serine dehydratase, and the B subunit of tryptophan synthetase,
may also share this pedigree (45). The similarities in sequence that support
such models are few, so homology must be distant and remains somewhat
speculative. Nevertheless, homology among all retentive decarboxylases sup-
ports historical arguments explaining the common stereospecificity in terms
of a shared pedigree.

However, even the amino acid sequence of diaminopimelate decarboxylase
from E. coli (46) shows limited similarities with those of other pyridoxal en-
zymes (47). This suggests (again weakly) that these enzymes with opposite
stereospecificities are also homologous, a suggestion that supports the “his-
torically modified” functional model (where retention is assumed to be opti-




146 STEREOSPECIFICITY IN ENZYMOLOGY

mal, but that D-amino acid decarboxylases have not yet evolved to this opti-
mum), and weakens the conservation principle (stereospecificity in
pyridoxal-dependent enzymes is highly conserved) needed by historical
models.

Conversely, more recent studies have shown that the diaminopimelate de-
carboxylase from wheat germ also produces inversion (48). This result proba-
bly argues against the historically modified functional model, as it implies
that D- and L-amino acid decarboxylases diverged before the divergence of
bacteria and plant enzymes. This implies that the D-amino acid decarboxyl-
ases should have had enough time to be optimized. The alternative interpre-
tation, that the diaminopimelate decarboxylase evolved independently in
plants and bacteria, seems less likely, although the notion could be tested
with sequence data.

More data relevant to this discussion were collected in 1979 by Gerdes and
Leistner (49). These authors investigated the stereochemical course of lysine
decarboxylation in Bacillus cadaveris and in Sedum plants. They demon-
strated that decarboxylation of L-lysine by B. cadaveris proceeded with reten-
tion, but that the decarboxylation of L-lysine by Sedum proceeded with
inversion.

Regrettably, the lysine decarboxylase was not purified, and it is not known
whether this enzyme contains pyridoxal phosphate, a pyruvyl residue, or
neither. Nor are kinetic parameters available. However, if a bona fide L-ly-
sine decarboxylase from Sedum proceeds with inversion, historical and func-
tional models must be further constrained.

We consider the functional model! first and assume that the new enzyme
uses pyridoxal as a cofactor. A functional model that explains inversion in
L-lysine decarboxylase must identify some functionally relevant difference be-
tween the environments of this enzyme and the analogous enzyme from ani-
mals and bacteria. This must then form the basis of an argument that inver-
sion is the optimal mode of catalysis in some environments and retention in
others. The enzymes might operate in opposite directions physiologically (not
likely in this case, but possible in others). Different stereochemical modes
might be preferred at different ambient temperatures or pH optima.

Alternatively, a historically modified functional model might be con-
structed. The enzyme from Sedum may be presumed to have evolved from
optimized retentive decarboxylases, but itself is not optimized. The predic-
tion would be that the lysine decarboxylase from Sedum has a poor ke,/ Ky
value in contrast to the analogous enzyme from other sources. Alternatively,
historical models must propose yet another ancestral decarboxylase, perhaps
one unique to plants. The amino acid sequence of the decarboxylase from
Sedum is then needed as a test of the theory. There should be no homology.
Further, L-amino acid decarboxylases from plants should all produce
inversion.
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A historical mode! so modified becomes unpredictive except in uninterest-
ing cases, those where high (>50%) sequence similarity is already known.
Not only can stereospecificity not make any statement about biological func-
tion and chemistry in this case, but it also cannot make statements about very
ancient history. It may, however, serve as a tool for understanding evolution
within biological kingdoms.

B. Conclusions

Stereospecificity in amino acid decarboxylases appears not to be a selected
trait. However, sequence data currently available are insufficient to estimate
whether the stereochemical diversity in this class of enzymes arises from drift
or multiple ancestry.

While this discussion may seem hopelessly pedantic, it is important. The
exercise of constructing formally precise models and the experimental pursuit
of their logical implications illustrate the methods that must be applied to
elucidate the biological significance of any enzymatic behavior. At the very
least, the process forces the experimenter to examine his prejudices concern-
ing the validity of historical and functional pictures of enzymatic behavior. At
best, the process suggests new experiments.

Those studying cryptic stereospecificity in enzymes should chose systems
with these issues in mind. In pyridoxal enzymes, further studies of enzymes
from eubacteria seem to be of little value. However, fungi might contain ho-
mologous amino acid decarboxylases that have different stereospecificities.
Further, it is interesting to determine whether enzymes catalyzing reactions
other than decarboxylations, but dependent on pyridoxal cofactors, act dif-
ferently on D-amino acids and on L-amino acids. For example, all amino acid
transaminases so far studied abstract the pro-S hydrogen from pyridox-
amine. It is important to determine whether this is true as well in trans-
aminases acting on D-amino acids.

IV. CLASSES SHOWING STEREOCHEMICAL HETEROGENEITY

If members of a class of enzymes catalyzing similar reactions have different
stereospecificities, functional models that ascribe a selectable function to ste-
reospecificity must provide a chemical basis for the heterogeneity. Contrast-
ing historical models must either argue that the trait is drifting, or that
members of the class arose from two (or more) non-homologous ancestors.
Four important classes of enzymes display stereochemical heterogeneity:
phosphoryl transferases, beta-ketoacid decarboxylases, dehydrogenases de-
pendent on nicotinamide cofactors, and enzymes catalyzing additions to
olefins.
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A. Phosphoryl Transfers

Methods for determining the absolute chirality of phosphates substituted
with isotopes of oxygen (50) have been used to examine the stereospecificities
of many phosphoryl transferases (51-57). Transfer is found in all cases to
occur either with retention or with inversion of configuration at the phosphate
center, and these results are generally interpreted in terms of two mechanistic
alternatives. Inversion of configuration is interpreted as evidence for direct
transfer of phosphorus from donor to acceptor in a single-step sequence in-
volving no intermediate. Retention of configuration is interpreted as evidence
for a two-step reaction with a phosphoryl-enzyme intermediate. While overall
inversion is also consistent with more complicated mechanisms involving an
odd number of displacement reactions at phosphorus, and retention is consis-
tent as well with mechanisms postulating an even number of displacements,
little evidence supports these more complicated mechanisms. Thus, discus-
sion of the stereospecificity of phosphoryl transferases can move directly to a
discussion of why intermediates are functionally better for some phosphoryl
transfer reactions than for others.

Table 2 comprises the stereospecificities of a variety of phosphotrans-
ferases. It reveals an interesting distribution. Enzymes formally transferring
phosphorus within a single molecule produce retention of configuration. En-
zymes transferring phosphate from ATP to an alcohol or amine produce in-
version. Enzymes transferring phosphorus from an alcohol to water,
ATPases, and enzymes transferring phosphorus from phosphate to phos-
phate show stereochemical heterogeneity.

Table 2
Stereospecificity of Phosphotransferases

TRANSFERING PHOSPHORUS WITHIN A SINGLE MOLECULE

Phosphoglucomutase retention
Phosphoglycerate mutase (rabbit) retention
retention

Phosphoglycerate mutase (wheat)

TRANSFERRING PHOSPHORUS FROM DONOR TO ACCEPTOR MOLECULES OF EQUAL SIZE

retention
retention

Nucleoside diphosphate kinase
Nucleoside phosphotransferase

TRANSFERING PHOSPHORUS FROM DONOR TO ACCEPTORS OF DIFFERENT SIZE

Acetate kinase inversion
Acetyl CoA synthetase inversion
Adenosine kinase inversion
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Adenylate kinase

Adenylosuccinate synthetase

Aminoacyl tRNA synthetases

Creatine kinase

DNA-dependent RNA polymerase (initiation)

(elongation)

Galactose-1-phosphate uridylyltransferase

Giycero! kinase

Hexokinase

Phosphofructokinase

Phosphoglycerate kinase

Polynucleotide kinase

Polynucleotide phosphorylase (exchange)
(elongation)

Pyruvate kinase
tRNA nucleotidyl! transferase
UDP-glucose pyrophosphorylase

TRANSFERING PHOSPHORUS TO WATER

Acid phosphatase (bovine)
Alkaline phosphatase (coli)
Cyclic AMP phosphodiesterase
Exonuclease (bovine spleen)
Non-specific phosphohydrolase
5’-Nucleotidase

Nucleotide pyrophosphatase
Phosphodiesterase (snake venom)
Phosphodiesterase (bovine intestine)
Phosphohydrolase (Enterobacter)
Phospholipase D (cabbage)
Ribonuclease (pancreatic)
Ribonuclease T}

Ribonuclease T,

Staph nuclease

ATPasEs
Mitochondrial ATPase

Myosin ATPase

Ribosome-dependent GTPase

Sarcoplasma reticulum ATPase

Elongation factor G GTPase

. Elongation factor T GTPase

TRANSFERING PHOSPHORUS FROM DONOR TO ACCEPTORS OF DIFFERENT SIZE

inversion
inversion
inversion
inversion
inversion
inversion
retention
inversion
inversion
inversion
inversion
inversion
retention
inversion
inversion
inversion
inversion

retention
retention
inversion
retention
inversion
inversion
retention
retention
retention
inversion
retention
inversion, inversion
inversion
inversion
inversion

inversion
inversion
inversion
retention
inversion
inversion
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Only in the first case is there a simple explanation. On geometric grounds,
transfer of a phosphate group in a 1,2-diol can occur only via either an en-
zyme~phosphoryl (or cofactor-phosphoryl) intermediate, or via a cyclic inter- Acceptor and Donor groups the same size
mediate that must undergo pseudorotation (Figure 8). In both cases, the ste-
reochemical outcome is retentive (58).

In the other cases, more discussion is necessary. Frey has proposed a fasci- mc__aw group |
nating functional explanation for the last subctass of phosphoryl transferases, NH;
those that transfer phosphory! groups between nucleotides. The transfer of “
phosphate from a nucleoside triphosphate (NTP) to a nucleoside diphosphate %50 0.0 O o \2 Y
(NDP) proceeds via an enzyme-phosphory! intermediate, but transfer from e Nu- A //n\ o _ M
NTP to a nucleoside monophosphate (NMP) is direct. Frey noted that in the nzymeRu: \va(nv\ o7 "O-CHy o N N
first case the phosphoryl donor and acceptor are approximately the same size e
(Figure 9) (59). Therefore, a single binding site can accommodate each, the
enzyme holding the phosphoryl group while the donor (minus the phosphate) INVERSION HO  OH
leaves the active site and the acceptor enters. In contrast, with donor and |
acceptor molecules of different size, the same binding site would not accom- Acceptor group

M, [ 1
V o}
[ 7 8 N
/_\/ M n..u\.w ! n_u_ m 4 ~ o
o) WP \./ . ST \m/
:\/;\o«\ T ma~<_.=mlz:|lv/ o...__ulolm_vlo o N N NH,
o ) [} o
k HO  OH
R o INVERSION
| I Acceplor group
° p—1"%0 | ]
i o
Pseudorotation _ ; e N
16 o o NH
a ; 04/@. N P AR A\ _ L
Enzyme—Nu: _w\o\_u/o\@/O.O_._N N N
18 [ o
° o]
7 HO  OH
R
oH
J\/ NET RETENTION
o/_up.mww Figure 9. Retention of configuration in enzymes transferring phosphate between molecules
w... with similar structure.
]

Figure 8. Phosphate transfer involving pseudorotation.
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modate both (Figure 10). Two binding sites must be built into the enzyme,
and the transfer is direct from phosphoryl donor in one site to acceptor in the
second.

Frey’s model has several implications. First, it implies that there is a
*“‘cost” associated with evolving an enzyme with an extra binding site. This
cost could be either “‘thermodynamic” (two identical organisms, one with an
“inexpensive” NTP-NDP transferase having a single binding site, the other
with an ‘‘expensive” enzyme with two binding sites, have different survival
abilities) or “‘kinetic” (proteins with one binding site evolve more rapidly).

considerations are discussed at fength elsewhere (9, 13-15). Finally, it implies
that the large size of some enzymes confers selective advantage.

Isolated examples from other classes of enzymes suggest that Frey’s hy-
pothesis is not general. For example, two classes of enzymes catalyze the
transfer of hydrogen from NAD* and NADP*. One class catalyzes direct
transfer in an active site with rwo binding sites, the other proceeds via an
“enzyme-hydride” intermediate where the reducing equivalent is bound to
flavin (60). The existence of these two classes suggests that the cost of con-
structing additional binding sites may not in fact have a significant impact on

Further, it implies that there is a smaller *‘cost” for enzymes using two bind- survival.

ing sites for donor and acceptor with different sizes than for enzymes using Functional theories can be constructed for the other classes of phosphoryl-
one site (where, for example, a conformational change occurs to accommo- transferases. Frey’s model would predict that transfer from ATP to an alcohol
date two substrates with different steric requirements). Finally, it suggests or amine should proceed with inversion. The donor and acceptor are suffi-
that once an enzyme has two binding sites, direct transfer is preferable over a ciently different as to require two binding sites and, once two binding sites are
phosphoryl-enzyme intermediate. needed, direct transfer is presumed to be optimal. Inversion is observed in

These implications have broader impact. If the expense of synthesizing these enzymes.

large proteins is sufficiently great to influence the survival of a host organism Given this theoretical context, the phosphotransferases that appear to
in phosphory! transferases, minimizing the size of proteins should be a goal of have functionally anomalous stereospecificities are those that transfer phos-
natural selection with other proteins as well. It is conceivable that such selec- phoryl groups to water. A functional model based on principles of chemical
tive pressures might create trade-offs between size and other behaviors. These reactivity can be constructed that suggests that these enzymes should proceed

via enzyme-phosphoryl intermediates (and hence with retention) when the

enzyme has evolved to have low substrate specificity. The argument is based
Acceptor and Donor groups of different size on the fact that for catalysis to occur an enzyme must bind to the transition
state of a reaction more tightly than it binds to the ground state (61).

fAcceptor group Bonor group
I ! I | There are several ways of stating this argument. Drawing on the language
N2 NH, of Jencks (62) (which, although theoretically problematical (63), might be the
N N " 7o N iy most familiar to the reader), it is difficult for an enzyme to bind and activate
F w /v A_u_. ; o/m .m m A\ “ L small nucleophiles such as water. Thus, in phosphoryl transfers to water, ca-
/z N CH,0-p—0 ™ ° m.io\mlol_u.o.n:N N z\ talysis must be achieved by interactions between the enzyme and the phos-

é s o\ f/\m_v . o. © phory! donor.

: ; ) ) If the phosphatase has evolved to be non-specific, the enzyme does not
HO O"oH HO  OH have many strong interactions with the phosphoryl donor; thus, the enzyme
INUERSION has few opportunities to ‘“‘activate” the phosphate donor to achieve catalysis.
NH. NH, In these cases, nucleophilic catalysis by a residue in the active site is the only
& N 7 " 18 N Y mechanism remaining for catalyzing the transfer of the phosphoryl group.
N _ /v m m.v\o ) n_w w A\ | L _Hence, transfers to water are likely to involve an enzyme-phosphoryl interme-
fz N CH Noi_uio. _u/ ol.?o.m_u o o N z\ , Q.mno, .mm@mn_m_g if the enzyme :mm fow substrate specificity. For an enzyme
@ 0. Bo- o0 07 . with high substrate specificity, direct transfer to water from an activated
. ; __ phosphate donor is preferred for the reasons outlined above. In this case, the
1O O"oH HO  OH . “binding energy utilized” for catalysis is obtained by interactions between the

enzyme and the phosphoryl donor.

Fij 10. 1 st f i ion i transferri hosphate bet lecul . . . A . g
gure aversion of configuration in enzymes transferring phosphate between molecules This notion is consistent with the fact that many nonspecific phosphatases

with different structure.
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produce retention (Table 2). For example, glucose-6-phosphatase, an enzyme
with broad substrate specificity, produces retention, consistent with an en-
zyme-phosphoryl intermediate and the notion that neither the nucleophilic
substrate nor the phosphate donor can be activated in an enzyme where water
is the nucleophile and the enzyme must accept phosphate donors with a range
of structures. In contrast, phosphatases that have narrow substrate specificity
(for instance, staphylococcal nuclease and cyclic phosphodiesterases, the sec-
ond acting on a substrate that is already somewhat reactive), produce inver-
sion. This model is predictive, although the scale that describes the “narrow-
ness”’ of substrate specificity is only semi-quantitative.

The divergent stereospecificities of ATPases remain a significant problem.
These enzymes ali catalyze (apparently) chemically identical reactions. While
inversion occurs most often when phosphate is transferred from nucleoside
triphosphates to water (as expected by the functional model), the ATPase
from sarcoplasmic reticulum operates with retention (54). Though one might
dismiss this stereochemical difference as the result of random origin or neu-
tral drift, functional models can be constructed.

Most ATPases participate in specific physiological processes (64-69). Nor-
mally, the hydrolysis of ATP is coupled to muscle contraction, Ca?* trans-
port, or other metabolic processes. In other cases, ‘‘ATPases’ are, in fact,
ATP synthetases under physiological conditions. Only rarely is the destruc-
tion of ATP likely to be the physiological role for an ATPase.

Enzyme-phosphoryl intermediates have different values depending on
how the energy of ATP hydrolysis is used. Clearly, enzyme phosphoryl inter-
mediates are kinetically more stable than intermediates where this energy is
stored in a high-energy conformation of the enzyme or in a tightly bound en-
zyme-ADP complex. The increased kinetic stability is advantageous if the
high-energy intermediate must undergo conformational contortions, or must
survive for periods of time (for example, to permit an ion to diffuse to or from
it). It is presumably disadvantageous in other cases, as the need for a second
step (the hydrolysis of the covalent enzyme-phosphorus bond) slows down the
turnover rate.

These considerations offer a rationalization for the fact that enzyme-phos-
phoryl intermediates are used uniformly for ion transport, where consider-
able conformational change must take place in the activated intermediate. It
also suggests an explanation for the lack of such a covalent intermediate in
myosin ATPases, where the conformational change is presumably itself the
work that is physiologically intended, occurs immediately upon the hydrolysis
of ATP, and where slowing turnover numbers would be distinctly disadvanta-
geous in muscle tissue, because power per unit volume is extremely impor-
tant. Finally, ATPases that act physiologically as phosphoryl donors to water
should produce inversion unless they are relatively nonspecific for substrate,
following the rationale outlined above.
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These hypotheses are generated post hoc, given the information that
ATPases involved in ion transport do indeed catalyze reactions via an en-
zyme-phosphory! intermediate, though other ATPases do not. Their value
comes, again, in their predictive utility.

Sequence data are rapidly becoming available that make interesting com-
ments on historical views of the stereospecificity of ATPases. Sequences sug-
gest that major classes of phosphoryl transferases with the same stereospecifi-
cities are homologous (69, 70). However, there also appear to be sequence
similarities in the active site of ATPases that produce retention and those that
produce inversion (69), especially around the aspartate that is phosphoryla-
ted in the first class (Figure 11). Remarkably, the aspartate that is phosphory-
lated in the first class is found as a threonine in the second class. Further, the
conserved sequence is found between the two nucleotide binding domains
predicted in the second class based on structural homologies with adenylate
kinase and near Tyr 311, believed to interact with certain inhibitors of
ATPase. Thus, the short sequence similarities appear to be significant and
suggest that some invertive and retentive ATPases are homologous.

If this suggestion is correct, it again indicates that reaction mechanisms
(and therefore stereospecificity) are remarkably adaptable in the face of dif-
ferent functional demands. Aside from suggesting that stereospecificity is a
poor indicator of homology in this case, such an indication raises doubts
about historical explanations for stereospecificity in general in the presence of
alternative functional models.

A final stereochemical point should be noted. Cleland and his coworkers
have pioneered the use of chiral complexes between ATP and chromium as
stereochemical probes of the active sites of phosphatases (71). Two stereo-
chemical classes of enzymes have been identified; certain members of both
classes produce inversion. This may indicate independent origin of two inver-

fiTPases producing
inversion

Thr Thr Lys Lys Gly Ser lle Thr
Ser Thr

Ser Asp Lys Thr Gly Thr lle Thr
Leu Leu

»

site of
phosphorylation

fAiTPases producing
retention

Figure 11, ATPases producing retention and inversion, respectively.
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tive classes of enzymes. Alternatively, it may indicate that specificity for the
chirality of the conformation in which ATP binds may drift.

B. Beta-Ketoacid Decarboxylases

Decarboxylases acting on beta-ketoacids constitute another class of enzymes
that displays stereochemically heterogeneity. In 1973, Rose and Hanson
noted that of five decarboxylases studied, three decarboxylated substrate with
retention of configuration and two with inversion (29). Rose interpreted this
as evidence that stereospecificity is selectively “neutral” in these enzymes, ar-
guing that it makes no ditference to the survival of the host organism which
stereochemical mode was followed. Thus, the stereospecificity of each indi-
vidual enzyme evolved randomly. A sixth enzyme, acetolactate decarboxy-
lase, has subsequently been examined; it produces inversion (72).

As with pyridoxal-dependent decarboxylases, stereospecificity in decar-
boxylases acting on beta-ketoacids does not reflect a stereochemical choice in
a single transition state but rather the relative stereochemical choices in two
separate transition states. The first involves the removal of a carbon dioxide
to give an intermediate enol or enol equivalent. The second leads to the pro-
tonation of the intermediate to yield the product ketone.

Two mechanisms for catalyzing beta-decarboxylations are well docu-
mented by model studies (Figure 12). In the first, metal ions chelated to an
alpha ketoacid unit act as an “electron sink,” facilitating decarboxylation
(73). The decarboxylation of oxaloacetate catalyzed by divalent manganese
apparently proceeds via such a mechanism. Alternatively, decarboxylation
can be catalyzed by amines. Here, the amine reacts with the keto group to
form a Schiff’s base. Presumably, the protonated Schiff’s base acts as an
“electron sink” (24).

Both forms of catalysis are apparently exploited by enzymes, depending on
the structure of the substrate (Table 3). For the six enzymes listed in the
table, enzymes acting on substrates that possesses an alpha-ketoacid moiety

o

e
_b,,.. cd o// _ou ) _n_u/\oj‘

Figure 12, Schiff's base and metal-dependent decarboxylation of beta-ketoacids.
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Table 3
Substrates, Stereospecificities, and Requirements for Metal lons
in Beta-ketoacid Decarboxylases

alpha-Keto
acid as Stereo- Metal
Enzyme substrate? selectivity ion?
Isocitrate dehydrogenase (NAD™) yes retention yes
Isocitrate dehydrogenase (NADP™) yes retention yes
Malic enzyme yes retention yes
Phosphogluconate dehydrogenase no inversion no
UDP-glucuronate decarboxylase no inversion no
Acetolactate decarboxylase no inversion no

capable of coordinating a metal ion require a metal ion catalytic activity.
Those that act on substrates lacking this moiety do not require a metal ion.

This observation permits a correlation to be drawn connecting substrate
structure, mechanism, and stereospecificity (25, 74). Whenever a metal ion is
required for catalysis, the decarboxylation proceeds with retention of configu-
ration; whenever a metal ion is not required, decarboxylation proceeds with
inversion of configuration. The two stereochemical modes observed in beta
decarboxylases appear to reflect the existence of two mechanisms for enzyme-
catalyzed decarboxylations. As a working hypothesis, this correlation pre-
dicts the stereochemical preference of any beta decarboxylase whose sub-
strate is known.

The mode!l makes predictions. For example, the biosynthesis of 5-amino-
levulinate involves two stereochemically significant steps, the condensation of
glycine with succinyl-CoA to yield 2-amino-3-ketoadipate and the decarboxy-
lation of this intermediate to yield S5-aminolevulinate (Figure 13) (75). The
functional model predicts that the condensation step proceeds with retention,
and the decarboxylation with inversion. Consistent with this, the reaction of
succinyl CoA and glycine to form aminolevulinic acid was found to proceed
via overall inversion (75), requiring that one of the steps is invertive and the
other retentive. Further work is necessary to determine whether the model has
correctly predicted which step is which.

The functional model was recently scrutinized by a study of the stereo-
chemical course of decarboxylations catalyzed by acetoacetate decarboxylase
(25). This enzyme, predicted to produce inversion, surprisingly was found to
produce retention and inversion with roughly equal frequencies. This ap-
peared to reflect stereo-nonspecific protonation of an intermediate enamine,
not racemization of starting material or equilibration of label in product or
Schiff’s base between product and enzyme (Figure 14). This interpretation

_ was confirmed by a series of control experiments.
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Figure 13. Cryptic stereospecificity in aminolevulinate synthase. Figure 14. Reactive intermediate proposed to explain racemization in the decarboxylation of
acetoacetate.

The functional model predicted that acetoacetate decarboxylase would

, produce inversion; retention would have been considered a contradictory plausibly would proceed with lower stereoselectivity than protonation by a
result. The observed result neither confirmed or contradicted the model _ general acid provided from the active site. Thus, when the intermediate is
I cleanly. To explain this resuit functionally, an ad hoc hypothesis was intro- _ extremely reactive, one might expect low cryptic stereospecificity. "
W duced. Noting that the rate or protonation of the enamine of acetone in solu- - While the introduction of ad koc arguments might be excused for a theory ﬁ
| tion at the physiological pH (pH 6) was on the same order of magnitude asthe = | atanearlystage of development, the ad hoc modification could be tested, as a

steady state turnover rate of the enzyme, the argument was made that pro- - similar argument should apply to other unsubstituted enamines that are in-

tonation from the solvent would be kinetically competent to carry the flux termediates in enzymatic reactions. For example, a similar enamine (here, of

through the active site. Thus, there appears to be little need for enzymatic - | pyruvate) is an intermediate in the conversion of aspartate to alanine cata-

catalysis of the protonation of the enamine. Protonation directly from solvent _ lyzed by aspartate beta-decarboxylase (Figure 15). As the enamine of pyru-




160 STEREOSPECIFICITY IN ENZYMOLOGY
0T
) /ﬂ%m
Q S4COOH
[o}

.
AN
- = oH
= oH =
04P0 7 043P0 & —
/
/z N CHj
|+

CH3 |+
H H
T(D)
. ~COOH
HDTC, COOH o{T)
i H — NH
partially racemized - OH
040 =
= cH
Ve
H

Reactive enamine

Figure 15. Reactive intermediate proposed to explain partial racemization in the decarboxy-
lation of aspartate.

vate with pyridoxamine should have a chemical reactivity similar to that of the
intermediate in the reaction catalyzed by acetoacetate decarboxylase, the
enamine might also be protonated directly from solvent with incomplete
stereospecificity.

Indeed, alanine formed as a product of aspartate beta-decarboxylase was
found to be substantially racemized (76). This is consistent with the modified
hypothesis. Unfortunately, control experiments have not yet been done to dis-
tinguish between racemization as a result of partial stereospecificity in the
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decarboxylation step (consistent with the ad hoc explanation) and racemiza-
tion resulting from subsequent enzyme-catalyzed exchange of the protons on
the product.

Recently, the stereospecificity of oxaloacetate decarboxylase (OAD) from
Pseudomonas putida was examined as a further test of the model. The OAD
requires a divalent metal cation; the metal presumably chelates the alpha-
ketoacid moiety of the substrate providing an electron sink for decarboxyla-
tion (Figure 12) (25). The natural substrate is presumably oxaloacetate.
Thus, on mechanistic considerations, OAD from Pseudomonas is expected to
catalyze the decarboxylation of oxalpacetate with retention, as do other
metal-dependent OAD's.

In fact, OAD from Pseudomonas produces inversion (77). This stereo-
chemical result violates the correlation in Table 3. Indeed, the result is incon-
sistent with any simple functional explanation for stereospecificity in decar-
boxylases based on a property intrinsic in the substrate, as OAD from
Klebsiella aerogenes (biotin dependent) (78, 79), pyruvate carboxylase (biotin
dependent) (80), and malic enzyme all produce retention (81). In the last
case, the enzyme producing retention appears to operate via the same mecha-
nism as the OAD from Pseudomonas. The inescapable conclusion is that
mechanistic diversity in beta-decarboxylases does not always correlate with
stereochemical diversity. However, the result is also inconsistent with ‘‘histor-
jcal” explanations that presume common ancestry for beta-decarboxylases,
with stereospecificity highly conserved during divergent evolution.

Thus, beta-ketoacid decarboxylases display a full range of stereochemical
diversity: retention, inversion, and racemization. Three explanations must be
considered for these results: (a) there exist several independent pedigrees of
decarboxylases descendent from several ancestral decarboxylases, where ste-
reospecificity is non-functional but highly conserved; (b) stereospecificity is a
non-functional trait capable of facile neutral “‘drift” as homologous enzymes
diverge; or (c) stereospecificity is a functional trait, where a mechanistic im-
perative is different in different decarboxylases because the enzymes perform
subtly different roles in subtly different environments.

Data are insufficient to distinguish between these three alternatives, al-
though possibilities (a) and (b) seem to be the most likely. It is important to
collect sequence data to distinguish between these two possibilities, as the
outcome here will influence our view of functional and historical models for
stereospecificity in general. In particular, if stereospecificity in decarboxy-
lases can easily drift, this would suggest that other stereochemical behaviors

_of enzymes can drift as well.




162

STEREOSPECIFICITY IN ENZYMOLOGY

C. Dehydrogenases Dependent on Nicotinamide Cofactors

Of the dehydrogenases dependent on
studied, about half transfer the pro
transfer the pro-S hydrogen (Table 4,
choice does not obviously correspond to a me!
reospecificity appears to be determined only by the refati
substrate and the cofactor in the active site, an orientation that in turn is
the relative positions of active site residues. These positions
erefore, historical explanations for stereospecificity
in dehydrogenases have been predominant in the literature.

determined by
seem to be arbitrary. Th

nicotinamide cofactors that have been
-R hydrogen of NAD(P)H, while half
Figure 16) (21). This stereochemical
chanistic choice. Rather, ste-
ve orientation of the

Table 4a
Stereospecificity of Dehydrogenases Arranged by E.C. Number
E.C. Name Stereochemistry
1.1.1.1 Alcohol dehydrogenase (yeast) pro-R
1.1.1.3 Homoserine dehydrogenase pro-R
1.1.1.6 Glycerol 2-dehydrogenase pro-R
1.1.1.8 Glycerol-3-phosphate dehydrogenase pro-§
1.1.1.26 Glyoxylate reductase pro-R
1.1.1.27 L-Lactate dehydrogenase pro-R
1.1.1.28 D-Lactate dehydrogenase pro-R
1.1.1.29 Glycerate dehydrogenase pro-R
1.1.1.30 3-Hydroxybutyrate dehydrogenase pro-S
1.1.1.35 3-Hydroxyacyl CoA dehydrogenase pro-S
1.1.1.37 Malate dehydrogenase pro-R
1.1.1.38 Malic enzyme pro-R
1.1.1.40 Malic enzyme (NADP) pro-R
1.1.1.50 3-Hydroxysteroid dehydrogenase (P test.) pro-§
1.1.1.51 beta-Hydroxysteroid dehydrogenase pro-S
1.1.1.60 Tartronate semialdehyde reductase pro-R
1.1.1.62 Estradiol 17-beta-dehydrogenase pro-S
1.1.1.64 Testosterone beta-dehydrogenase pro-S
1.1.1.72 Glycerol dehydrogenase (NADP) pro-R
1.1.1.79 Glyoxylate reductase (NADP) pro-R
1.1.1.81 Hydroxypyruvate reductase pro-R
1.1.1.82 Malate dehydrogenase (NADP) pro-R
1.1.1.100 3-Oxoacyl ACP reductase pro-S
1.1.1.108 Carnitine dehydrogenase pro-S
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Table 4b
Stereospecificity of Dehydrogenases Arranged by the K,
for their Physiological Reaction
E.C. Name K Stereochemistry
1.1.1.26 Glyoxylate reductase 17.5 pro-R
1.1.1.79 Glyoxylate reductase (NADP) 17.5 pro-R
1.1.1.60 Tartronate semialdehyde reductase 13.3 pro-R
1.1.1.29 Glycerate dehydrogenase 13.3 pro-R
1.1.1.72 Giycerol dehydrogenase (NADP) 12.8 pro-R
1.1.1.81 Hydroxypyruvate reductase 12.4 pro-R
1.1.1.82 Malate dehydrogenase (NADP) 12.1 pro-R
1.1.1.37 Malate dehydrogenase 12.1 pro-R
1.1.1.38 Malic enzyme 12.1 pro-R
1.1.1.40 Malic enzyme (NADP) 12.1 pro-R
1.1.1.27 L-Lactate dehydrogenase 11.6 pro-R
1.1.1.28 D-Lactate dehydrogenase i1.6 pro-R
1.1.1.1 Alcohol dehydrogenase (yeast) 11.4 pro-R
1.1.1.6 Glycerol 2-dehydrogenase 11.3 pro-R
1.1.1.8 Glycerol-3-phosphate dehydrogenase 111 pro-S
1.1.1.3 Homoserine dehydrogenase 10.9 pro-R
1.1.1.108 Carnitine dehydrogenase 10.9 pro-S
1.1.1.35 3-Hydroxyacyl CoA dehydrogenase 10.5 pro-S
1.1.1.30 3-Hydroxybutyrate dehydrogenase 8.9 pro-S
1.1.1.50 3-Hydroxysteroid dehydrogenase 8.0 pro-S
L1162 Estradiol 17-beta-dehydrogenase 7.7 pro-S
1.1.1.64 Testosterone beta-dehydrogenase 7.6 pro-§
1.1.1.100 3-Oxoacyl ACP reductase 7.6 pro-S§
1:1.1.51 beta-Hydroxysteroid dehydrogenase 7.6 pro-8
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HO OH

Figure 16.

Cryptic stereospecificity at colactor in dehydrogenases.
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1. Correlations

With stereospecificities known for nearly 200 dehydrogenases, empirical cor-
relations with satisfactory statistics are possible. These serve as the starting
point for constructing testable models, both historical and functional. Here
as above, exceptions to such correlations, and how they are treated, deter-
mine the development of the models. Failure to discard a correlation in the
face of a significant exception runs the risk of destroying the rigor and pre-
dictability of a model. Yet, discarding a poorly understood correlation be-
cause of a single exception runs the risk that a valuable model will be over-
looked; this risk is especially high in the early stage of model-building, where
the significance of the exception may not be understood or where the reported
data themselves may be incorrect.

Conservatism is the rule in literature interpreting these correlations. Inter-
esting and experimentally testable correlations have been discarded in the
face of a single (and often poorly understood) counterexample. For example,
Davies and coworkers suggested that dehydrogenases involved in consecutive
steps in a biochemical pathway should have the same stereospecificity at the
nicotinamide cofactor (82). Though originally an empirical generalization,
the model has clear “historical” basis. If enzymes catalyzing consecutive
steps in a metabolic pathway are homologous, and if stereospecificity is highly
conserved, this rule follows deductively. These assumptions have received
some independent experimental support from work by Ornston and his co-
workers (83). Further, Davies’ model makes the general statement that reac-
tion type, mechanism, and substrate specificity all diverge faster than ste-
reoselectivity. This may be true or false, but it is interesting, and deserves
exploration.

However, exceptions exist to the empirical rule. Nitrate reductase (forming
pitrite) and nitrite reductase (forming ammonia) from Canadida utilis have
opposite stereospecificities at NADH (84). Further, enzymes presumed to act

consecutively in the metabolism of cinnamyl alcohol in plants have opposite

stereospecificities (85). In light of these two exceptions, the correlation has
been dismissed (21), and it appears as if no further investigations of this gen-
eralization have been undertaken. This is unfortunate. It is certainly conceiv-
able that some pairs of enzymes catalyzing consecutive steps in a metabolic
pathway are not homologous. Further, there are independent ways of assess-
ing homology in these cases, sequence comparisons being the most direct.
Thus, if sequence data suggest that these pairs of consecutive enzymes with

the assumptions underlying the historical model. Indeed, it would be interest-
ing to know how often enzymes catalyzing consecutive steps in metabolism
are homologous. Conversely, if the consecutive enzymes with opposite ste-

opposite stereospecificities are not homologous, no serious damage is done to.
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reoselectivities prove to be homologous, the result strongly contradicts a con-
servation principle that assumes that stereospecificity is highly conserved,
and casts doubt on historical models that depend on it. Thus, the model stim-
ulates experimental work that is useful regardless of the results.

What constitutes an unacceptable level of exception to a rule is often a
matter of taste. For example, a recent review criticized fourteen generaliza-
mow._m concerning the stereospecificities of enzymes dependent on ni-
cotinamide cofactors (21). Generalizations that had “‘too many” exceptions
were discarded. However, a rule correlating stereospecificity in dehydro-
genases with the mode of cofactor binding (where pro-S and pro-R stereospe-
cificities correlate with a syn or anti orientation of the nicotinamide ring
around the glycosidic bond, Figure 17) with 6 confirming instances and 1 ex-
ception (14%) was regarded as “‘the only mechanistic explanation” for ste-
reospecificity that was “‘receiving growing acceptance.” A rule with some 50
confirming instances and 6 exceptions (12%) was dismissed as having “‘un-
tenability”” that is “‘overwhelmingly evident.”

Here, as above, we believe that a more productive approach evaluates gen-
eralizations by their ability to suggest testable functional or historical models.
Exceptions are treated as logical constraints on the form of the historical or
functional model. Further, exceptions must be critically evaluated with re-
spect to the model they are intended to disprove. If an exception is presumed
to challenge a functional model, its evolutionarily relevant function must be
known. If an exception is presumed to challenge a historical model, informa-
tion about its pedigree is relevant.

An important set of empirical generalizations for dehydrogenases was in-
troduced in slightly different forms by Vennesland, Colwick, and Bentley.
Often referred to as “‘Bentley’s rules,”” these generalizations are (86, 87):

1. The stereospecificity of a particular enzyme does not depend on the
source of the enzyme.
The stereospecificity of a particular reaction is the same in those cases
where both NAD* and NADP™ can be used as coenzymes.
If a single enzyme uses a range of substrates, the stereospecificity with
respect to cofactor will be the same with all substrates.

These generalizations have only a few exceptions, and some remarkable
onfirmations. Lactate dehydrogenases all transfer the pro-R hydrogen (21),
egardless of whether they are isolated from mammals (bovine, rabbit, and
ig), amphibians (frog), fish (halibut), birds (turkey), dogfish, plants (po-
&ov, arthropods (horseshoe crab), lower eukaryotes (sea worm, abalone), or
acteria (E. coli, Lactobacillus) (21). Malate dehydrogenases from many
urces also transfer the pro-R hydrogen, including those from mammals
mmwv, plants (potato, wheat germ), birds (chicken), arthropods (Drosophila),
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fungi (Neurospora), bacteria (B. subtilis), and archaebacteria (Sulfolobus
acidocaldarius, Thermplasma acidophilum, Halobacter halobium) (88, 89).
The 3-hydroxybutyryi-CoA and 3-hydroxybutyryl-acyl carrier protein dehy-
drogenases transfer the pro-S hydrogen, including those from mammal (bo-
vine, rat, pig), bacteria (Rhodopseudomonas, Escherichia, Brevibacter),
from birds (pigeon), and from yeast (21, 90). Together, these organisms in-
clude several representatives from every kingdom of life on the planet.

2. Historical Models

A historical model stating that stereoselectivity (a) is not functional, (b) is
“random,’” and (c) can drift randomly is inconsistent with the generalizations
above. For example, if stereospecificity can drift, the stereospecificities of lac-
tate and malate dehydrogenases would not be as uniform as they are. Thus, 2
constrained historical model must assume that when cofactor stereospecific-
ity originated in an enzyme, it was random. However, the model must assume

that once established, stereospecificity in the dehydrogenases was highly con-

served during subsequent divergent evolution. Further, the model must as:
sume that all modern dehydrogenases acting on a particular substrate are
homologous.

The range of organisms over which Bentley’s first rule applies suggests that
stereoselectivity was conserved in the time since the divergence of plants, ani-
mals, insects, eubacteria, and archaebacteria. This is the most ancient diver:
gence that can be jdentified in modern biology. Thus, 2 historical model seek-

ing to explain this rule must presume that stereoselectivity with respect to
cofactor is very rigorously conserved indeed. Not surprisingly, several argu-

ments can be found in the literature that it is impossible for a pro-R enzyme
to evolve to become a pro-§ enzyme 91, 92).

Such extreme conservation of stereospecificity is remarkable, as it appears
that stereospecificity in a dehydrogenase canl be reversed by simply reversing
the geometry in which the nicotinamide ring is bound in the active site (Figure
17). Rotating the nicotinamide ring 180° around the glycosidic bond (for ex-
ample, from a syn conformation to an anti conformation) would present the
opposite face of the cofactor to the substrate and therefore produce an en
zyme with opposite stereospecificity. Such a rotation leaves all other featuzes
of the enzyme-cofactor complex unchanged and appears to take place when
dihydrofolate is replaced with methotrexate in complexes with NAD™ a
dihydrofolate reductase (vide supra).

Extreme conservation of the mode of binding (syn versus anti) of the ni

cotinamide cofactor might be explained by an assumption that reversing t
mode of cofactor binding requires simultaneous replacement of a large num
ber of amino acids in the active site. Enzymes with only some of these replace
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penases. ereospecificity with conformation of bound cofactor in dehydro-

mwmim are .ﬁnwmzana to be inactive catalytically. Organisms containing these
intermediate” enzymes would die. In this view, mode of cofactor bindin
Amm.m.smznm. stereospecificity) is presumed to be tightly coupied to omﬁ_v&m
nﬁiﬁ,. 3&»@ structure, or some other functional trait. Therefore, stereo-
specificity is conserved, even though it itself serves no selectable ?n.nmos
Although this model cannot be ruled out a priori, it is @Hoc_maman.m_.

Rossman has argued from structural data that the dinucleotide binding do-

ains of various dehydrogenases are similar; this similarity presumably re-

flects a common pedigree (93, 94). However, by this argument, the dinucleo-

ide binding domains of glyceraldehyde-3-phosphate dehydrogenase and

alate dehydrogenase (dehydrogenases with opposite stereospecificity with

espect to nicotinamide cofactor) are homologous. If Rossmann’s argument is
orrect, m‘ﬂmnmom@mommo:w with respect to cofactor is not absolutely conserved
ndeed, it diverges faster than general tertiary structure in a domain usm
mmﬁmn than the divergence of primary sequence, at least of key residues in the

E:.o_m.ommo binding domain of these proteins.

Similarly, the stereospecificities of ethanol dehydrogenases from yeast and
rosophila are opposite (95). Yet the dinucleotide binding domains of the
0 enzymes appear to be homologous based on sequence analysis (96)

. A B.oa_mma historical model to explain these facts relies on the 537.5 of
domain .w_._cm:sm: in the evolution of proteins (97). In this model, only the
nucleotide binding domains of glyceraldehyde-3-phosphate amrwm,nommzmmm
d Bm_.ﬁo dehydrogenase are homologous. This homology indicates only 2

ry ancient common ancestry. The modern enzymes in each class arose fol-
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lowing the appending of two non-homologous catalytic domains to each of
the proteins, a process that is presumed to create random stereospecificities
in two new proteins with different substrate specificities. In subsequent di-
vergent evolution, both stereospecificity and substrate specificity was
conserved.

Such a model is consistent with the fact that the relative positions of the
catalytic and dinucleotide binding domains in the polypeptide chains of the
ethano! dehydrogenases from yeast and Drosophila are reversed. Indeed,
there is a possible (but imperfect) correlation between stereospecificity and
the relative positions of the two domains.

Simply assuming, however, that stereospecificity with respect to cofactor
(and hence, presumably, the mode of cofactor binding, Figure 18) is highly
conserved is insufficient to explain Bentley’s first rule. We must also presume
that enzymes catalyzing analogous reactions in different organisms generally
share a common ancestor. This requires the additional assumption that drift
in substrate specificity is also constrained. Strictly, the general substrate spe- |
cificity of one primordial enzyme cannot have evolved to encompass sub-
strates within the general substrate specificity of the other. This conservation
principle is necessary because divergence in substrate specificity can create
stereochemical diversity just as easily as divergence in the mode of cofactor
binding.

For example, if a gene for a dehydrogenase is lost by deletion, the lost
catalytic function can be replaced by the evolution of substrate specificity of 2
second dehydrogenase to assume the role of the deleted enzyme. This process
is facile in molecular evolution; indeed, it occurs on the laboratory time scale.
For example, a new chorismate mutase has evolved from a prephenate bind-
ing site in less than 40 years in a strain of Bacillus subtilis with the native
chorismate mutase deleted (98). In E. coli lacking beta-galactosidase, a new.
beta-galactosidase emerges after another protein (with unknown function)
undergoes two point mutations (99).

This process provides a mechanism for creating stereochemical diversity in
a class of dehydrogenases, even given the assumption that mode of cofactor
binding is rigorously conserved. For example, if the gene for malate dehydro-
genase (transferring the pro-R hydrogen) is lost, and the activity is replaced
by the evolution of a 3-hydroxybutyrate dehydrogenase (pro-S specific) with
conservation of cofactor stereospecificity, a pro-S specific malate dehydro-
genase is the result. Because this process is so facile, it is to be expected,
certainly over long periods of evolutionary time. The fact that malate dehy:
drogenase does not display the expected stereochemical diversity indicates, in
the historical view, that deletion-replacement events have not occurred in th
time separating archaebacteria, eubacteria, and eukaryotes.

The implications of this second conservation principle are quite interesting

7
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LDH 1 {pro-R)
LDH 2 {pro-R)
Ancestral “allowed" divergence LDH 3 (pro-R)
Dehydrogenase 1 in substrate specificity
(pro-R specific) MDH 1 (pro-R)
MDH 2 (pro -R)
“forbidden” divergence MDH 3 (pro-R)
in substrate specificity
RDH 1 (pro-S)
RDH 2 (pro-S)
W:nmm:‘m_ “allowed" n:<m1m|m7 RDH 3 (pro-S)
ehydrogenase 2 in substrate specificity
(pro-S specific) GDH 1 (pro-S)
GDH 2 (pro-5)
LDH = lactate dehydrogenase (alcohol to ketone) GDH 3 (pro-S)
MDH = malate dehydrogenase (alcohol to ketene)
RDH = ribitol dehydrogenase (alcohol to aldehyde)
GDH = glucose dehydrogenase (aldehyde to lactone)
BUT: glyceraldehyde-3-phosphate homology
: dehydrogenase (pro-S) suggested by
tertiary
matate dehydrogenase (pro-R) structure
alcohol dehydrogenase (pro-$) homology
\ (Drosophila) suggested by
/ sequence date
alcohol dehydregensse {yeast) (pro-R)
Figure 18. Evolutionary trees used for historical explanation of stereospecificity in dehydro-

and @.53 general, both in terms of how proteins evolve and how structure and
function are related in proteins. If all malate dehydrogenases (pro-R specific)
are related and had pedigrees independent of 3-hydroxybutyrate dehydro-
genases (all pro-S specific), the separation of the major subclasses of dehy-
drogenases must have been quite ancient (Figure 18). Further, if enzymes do
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not alter their general substrate specificities in the evolutionary time separat-
ing mammals, plants, and archaebacteria, with no malate dehydrogenases
becoming 3-hydroxybutyrate dehydrogenases, and vice versa, the constraint
on substrate specificity is quite remarkable.

This view is significant because it contradicts other data that suggest that
substrate specificity can diverge rather easily (9). For example, substrate
specificities are quite different in the E (ethanol) and S (steroid) isozymes of
horse liver alcohol dehydrogenase; yet amino acids sequences of these two
enzymes differ at only 6 positions. Further, rapid divergence of substrate spe-
cificity is known in nature. The sequences of dehydrogenases acting on ribitol
(from Klebsiella) glucose (B. megaterium), and ethanol (from Drosophila)
show that these enzymes are homologous. Further, pro-R specific dehydro-
genases acting on sorbitol (sheep) and ethanol (yeast) are also homologous
(100).

These caveats do not require abandoning the “consensus” historical
model. For example, in organisms having both lactate and 3-hydroxybutyrate
dehydrogenases, it might be easier (“kinetically”) to evolve a new lactate de-
hydrogenase from an old lactate dehydrogenase than from a 3-hydroxybu-
tyrate dehydrogenase (9). This assumption may then be used to explain an
absence of examples of homologous modern lactate and 3-hydroxybutyrate
dehydrogenases. Likewise, divergence of substrate specificity might be influ-
enced by positive selection pressures, while divergence in cryptic stereospeci-
ficity might occur only via neutral drift. The former might be expected to be
faster than the latter, although little evidence supports this expectation.

Further, lactate and malate have considerable structural similarity, and
the substrate conservation principle could be modified to allow substrate spe-
cificity to evolve within a general structural class. However, malate and
3-hydroxybutyrate also have similar structures (Figure 19). Whether lactate
(enzymatically formed by transfer of the pro-R hydrogen) is viewed as having
a structure more similar to 3-hydroxybutyrate (enzymatically formed by
transfer of the pro-S hydrogen) or to malate (enzymatically formed by trans-
fer of the pro-R hydrogen) is difficult to judge objectively. Further, glyoxylate
reductase and L-lactate dehydrogenase might be considered to act on the
same class of substrates; thus, their identical cofactor mSSOm@mnEQQ
(pro-R) could be interpreted as evidence that the two are related. However,
the stereospecificities of the two enzymes with respect to small molecule sub-
strate are opposite (101).

Thus, the minimal historical model consistent with the data presented so
far must presume: (a) a functionally constrained stereospecificity having ran-

dom origin and no selectable value, yet rigorously conserved since the diver-
gence of archaebacteria, eubacteria, and eukaryotes; (b) a comimon ancestor
with a defined stereospecificity for enzymes acting on the same substrate from

‘
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Figure 19. Historical models fo ificity i

. r stereospecificity in dehydrogenases must i
e I ¢ ass -
straints in the divergence of substrate specificity. ¢ e certain con

plants, animals, and eubacteria (generally), and archaebacteria in the case of
B.m_w.a dehydrogenase; and (c) a substrate specificity that is highly conserved
with enzymes acting on one general class of substrates unable to evolve mﬁoqw
Mro% acting on another. This model, although rarely stated in its complete
mM”“m?Mw.w@m up the modern consensus regarding dehydrogenase stereo-
This consensus historical model has recently been modified by Schneider-
wm—d_om:.n and her colleagues, who argued that dehydrogenases related to
Drosophila ADH (DADH) will transfer the pro-S hydrogen and those related
to yeast ADH (YADH) will transfer the pro-R hydrogen (102). Further the
correlate enzymes in the first class as having low molecular émwmim. Aomz
28,000 Daltons) and require no metal ion for catalysis, while those in the mmo“
wma class as having higher molecular weights (ca. 36,000 Daltons) and requir-
ing Zn** for catalysis. This correlation was similar to that suggested by MOE.

vall and his GOCO&WE@M AOOV It TNw. :O<<®<®H« ondi u a.
A I f ’ .
; . \ . . \ a corresp Enwuﬁm functional

The model loses some of its value in view of the homology between DADH

_ and YADH themselves. Given this fact, the model makes no absolute predic-

tions. Rather, it again reduces to the statement that dehydrogenases that are
ﬂm.mm closely refated to DADH are more likely to transfer the pro-S hydrogen
while those more closely related to YADH are more likely to transfer @E,
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pro-R hydrogen. This statement is never disputed, either by functional or by
historical advocates. ) )
Further, although molecular weight and metal ion requirements might be
interpreted as evidence for homology in the absence of .maaﬁ:om data, such
evidence is weak. Indeed, the predictive weakness of a historical model based
on such evidence is illustrated by a variety of dehydrogenases from Emm:zm:m,
These include (a) a “mevaldate reductase’” from rat liver, an enzyme with low
molecular weight (27-30,000), apparently requiring no metal, but smwwﬂrm.
fess transferring the pro-R hydrogen (103); (b) an “‘aldehyde noacﬁ.mmm‘ from
pig kidney, an enzyme with high molecular weight ?ﬁuooov, ﬁmnm»mnﬁ:m:%m |
pro-R hydrogen, but nevertheless containing no metal ion Co» g 105); (c) “al-
dehyde reductases” from human and rat brain, enzymes with high Bo»mncmﬁ
weight (40,000), transferring the pro-R hydrogen, but nevertheless no.ﬁmﬁw :
ing no metal ion (106); and (d) several enzymes known 1:&9 a <m2mn< o
names, including *“carbonyl reductase,” “‘ketoprostaglandin reductase, and
“xenobiotic ketone reductase,” with molecular weights reported to range
from 30,000 to 40,000, mostly transferring the pro-S hydrogen (107).

drogen is from the syn conformer. Thus, the stereoelectronic argument pro-
vides a chemical rationale for a correlation (vide supra) that was proposed
much earlier on empirical grounds (94, 115).

Recently, glutathione reductase has been suggested as an enzyme that vio-
lates this correlation (116). The enzyme transfers the pro-S hydrogen but has
been reported to bind NADH in an “anti” conformation (116). Although the
coordinates needed to evaluate this possibility have not yet been published,
private communication suggests that this “violation” is an interesting one
(117). The crystallographic definition of the “anti” conformation in this case
corresponds to a dihedral angle (C(2)-C(1)-N-C(2") of approximately 74°.
This is different from the stereoelectronic definition (where this angle is close
to 0°). Indeed, NADH bound in the active site of glutathione reductase ap-
pears to have a conformation where the orbital on nitrogen containing the
lone pair is orthogonal to the antibonding orbital of the carbon-oxygen bond.
This may be related to the fact that glutathione reductase catalyzes a reaction
involving flavin, thereby differing from other dehydrogenases that have been
crystallized.

The functional model next assumes that enzymes adjust the internal equi-
librium constant, defined as the ratio of enzyme-bound substrates to enzyme-
bound products at equilibrium, to catalytically optimal values (118). The anti
conformation of NADH is presumed to be a weaker reducing agent than the
syn conformation. Thus, within a class of analogous reactions (for instance,
the reduction of carbonyls to alcohols) enzymes evolved to reduce *‘easy-to-
reduce” carbonyls should have evolved to transfer the pro-R hydrogen, while
those evolved to reduce ‘‘hard-to-reduce” carbonyls should have evolved to
transfer the pro-S hydrogen (108).

The functional model explains the common stereospecificities of lactate
dehydrogenases, malate dehydrogenases, and 3-hydroxybutyryl CoA dehy-
drogenases as the products either of convergent evolution to, or of functional
constraint on drift away from, pro-R, pro-R, and pro-S stereospecificity, re-
_ spectively. The absolute stereospecificities are predictable based on the redox
potentials of lactate, malate, and 3-hydroxybutyrate. As in any functional
model, this argument requires no comment about the homology of any of
these enzymes.

This mode! unifies stereochemical data for dehydrogenases interconvert-
ing alcohols and carbonyls. A correlation (108) between stereoselectivity and
redox potential of natural substrate (Table 4b) divides dehydrogenases into
three groups. Those reducing thermodynamically unstable carbonyl groups
transfer the pro-R hydrogen; those reducing stable carbonyl groups transfer
the pro-S hydrogen. In regions in between, where the equilibrium constant
for the redox reaction is approximately 10! M, where the functional theory
rgues that stereoselectivity has little or no selective value, some enzymes
transfer the pro-R hydrogen, while others transfer the pro-S hydrogen.

3. Functional Models

The consensus model can be chalienged only by an alternative mczoﬁona
model that makes contrasting experimental predictions. Such a functional
model was proposed in 1982 by one of us (108). Another model was proposed
more recently by Srivastava and Bernhard (109). . .
The first functional model begins with a stereoelectronic msm_.%mm Aom
NADH. In the reduced cofactor, a lone pair of electrons on nitrogen is adja:
cent to an antibonding orbital associated with the ribose carbon-oxygen bond
(Figure 17). Two conformations, syn and anti, mmzw:ﬁ overlap ‘cmgman.ﬁ:m.mm
two orbitals. The overlap is expected to distort the nitrogen from ENEMEQU. in
the original model the dihydronicotinamide ring adopts a boat conformation
as a result (108, 110).
Boat conformations in cyclohexadiene systems have some precedent (111),
although the extent of the distortion is disputed A:Nv.. wmnm.ﬁ n.nwmﬁ_._o.
graphic data have provided definitive data in the case of m_:«aaosﬂnoﬁumﬁﬁm
(113). A boat conformation does not exist in simply substituted m&.vdnoar
cotinamide rings, at least not in the ground state. mﬁmnwo&moﬁcs_o interac-
tions do appear to distort the nitrogen from planarity, roé.@mﬁ E.:.H struc-
tural, spectroscopic, and computational data are consistent with ».?w
stereoelectronic model as applied to transition state structures and energies
114).
A:%,rn H@nvm&n:os from this stereoelectronic argument is nrm.; the pro-R i
drogen is transferred from the anti conformer of NADH, while the pro-S hy
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4. Controversy

A lively controversy has surrounded the functional model. The first nrm:n.ﬁmm
argued that three enzymes, 3-hydroxysteroid dehydrogenase from rat .:<9y
20-hydroxysteroid dehydrogenase from rat ovaries, and ﬁ.wxanomwmgnoa de-
hydrogenase from bovine adrenals, all violate the ooﬁm_.mcos in Table 4b
(119). The three “counterexamples” were assumed to “dispel” the correla-
tion, rendering the mechanistic analysis above “not pertinent.”

The discussion in the early sections of this review alerts the reader to three
issues that must be considered before accepting this critique. First, the func-
tional model makes experimentally testable predictions and has proven valu-
able in directing experimental work. Second, the three exceptions are ad-
vanced to dismiss a correlation that includes some 120 examples (95). hmmﬁ
the three exceptions are advanced to dismiss a functional model. ‘;ma.omoau it
is relevant to ask whether the selectable functions of the enzymes discussed
are correctly identified. As the functional model concerns properties .Qn ¢_.m
substrate that the enzyme has evolved to act upon, the question of physiologi-
cal substrate becomes central (9).

The literature almost certainly misassigns the physiological substrates of
two of the three enzymes discussed (21-hydroxysteroid dehydrogenase and
3-hydroxysteroid dehydrogenase). In the first case, the ke../ Ky for the alleged
substrate (dehydrocortisone) is four orders of magnitude smaller Emm ex-
pected based on the k.,/ Ky values of enzymes catalyzing m.:zzmq reactions.
Further, dehydrocortisone has never been detected in natural tissues va.
Likewise, the ““3-hydroxysteroid dehydrogenase” from liver almost certainly
has not evolved to act specifically on 3-hydroxysteroids. The enzyme converts
benzene dihydrodiol to catechol, reduces quinones to hydroquinones, and
catalyzes redox reactions on phenylglyoxal, a variety of EﬁovgNm.Eoanm
and acetophenones, and chioral hydrate (95), all with the same facility with
which it oxidizes 3-hydroxysteroids.

The natural substrate of 20-hydroxysteroid dehydrogenase from _,.wﬁ. ova-
ries is also disputed (95). Nevertheless, the third violation of the correlation is
the most likely of the three to be an actual challenge of the ?momonw_.ﬂo.ma_.

The functional model has been the subject of other less coherent criticism.
For example, it has been argued that lactate and malate dehydrogenases

should not be included in the correlation as two separate entries, as the two

enzymes are homologous (120). Though this may be true, the .nnEommB begs
the central question. Malate and lactate dehydrogenases are m;_._mn.roao_o.
gous or they are not. If they are homologous, the question remains as to
whether their common stereospecificity reflects conservation for .mcunnonm;
reasons. If they are not homologous, the question remains as to whether their
common stereospecificity reflects functional or accidental convergence.
Another criticism is based on the fact that some dehydrogenases act on 2
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range of carbonyl substrates with a range of redox potentials. For example,
lactate dehydrogenase and liver alcohol dehydrogenase act on substrates both
with redox potentials in the pro-R region of the plot, and with redox poten-
tials in the pro-S region (21). The criticism is confused. While the functional
model argues that stereospecificity of a dehydrogenase has evolved function-
ally to reflect the redox potential of a natural substrate, it does not argue that
the redox potential of a substrate per se determines stereospecificity. Stereo-
specificity is determined by the placement of amino acids in the active site.
This placement has evolved over millions of years; it does not change in the
laboratory when the enzyme is challenged with a new substrate with a differ-
ent redox potential. Only if the enzyme is forced to evolve to accept the new
substrate as a natural substrate does one expect stereospecificity to reverse so
as to reflect a mechanistic imperative.

Of course, enzymes (such as liver alcohol dehydrogenase) may act natu-
rally on a range of substrates. In these cases, functional theories based on a
property of a specific substrate cannot make predictions, and data from such
enzymes cannot be used to evaluate a functional theory.

Other criticisms are simply based on chemical misapprehensions. For ex-
ample, the equilibrium constant for the overall reaction catalyzed by isoci-
trate dehydrogenase is less than 107!}, and arguments have been made that
the enzyme should transfer the pro-$ hydrogen, not the pro-R hydrogen, to
be consistent with the correlation in Table 4b (120). Of course, the quoted
equilibrium constant for the overall reaction catalyzed by isocitrate dehydro-
genase includes a decarboxylation step; the microscopic equilibrium constant
for the redox reaction itself is much different. Indeed, based on an estimated
equilibrium constant for the redox reaction alone, isocitrate dehydrogenases
are expected to transfer the pro-R hydrogen. All examined (so far) do.

More extreme error is reflected by the recent direct comparison of the equi-
librium constants for the reactions catalyzed by glutamate dehydrogenase,
ethanol dehydrogenase, and glyceraldehyde-3-phosphate dehydrogenase.
The comparison was used to question the validity of the correlation in Table
4b (120). As the units of the three equilibrium constants are M2, M, and unit-
less, respectively, the significance of a direct comparison of their numerical
values is less than clear, and the relevance of such a comparison to an evalua-
tion of the correlation and the functional model is minimal.

A final criticism enjoying currency at the time of this writing is that the

functional model is too restricted in its scope, and that enzymes must meet

too many criteria to serve as critical tests of the model. For example, a recent

. paper from Kozarich’s laboratory argued that “the number of tests that a

dehydrogenase must pass in order for it to be inciuded in [the functional}
hypothesis suggests that the NAD-dependent dehydrogenases are a too inher-
ently complex class of enzyme to serve as a paradigm” (121).

The criteria that must be met for an enzyme presumed to serve as a critical
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test for the functional model were defined in 1983: the enzymes must have
well-defined physiological functions, act on unconjugated substrates (a crite-
rion introduced to avoid enzymes that might operate via radical intermedi-
ates), and act on substrates with redox potentials one log unit from the break
in the correlation in Table 4b. The first criterion is demanded by the logic of
functional models; one cannot evaluate functional models for enzymatic be-
havior using enzymes whose physiological function is unknown. The second
criterion is needed to evaluate any model based on assumptions regarding
mechanism. A correlation presumably rooted in mechanism would be most
remarkable if it is obeyed by enzymes employing different mechanisms.
Finally, a functional model can be critically challenged only if a property that
is presumed to be strongly favored by natural selection is not observed by
experiment.

Analogous criteria are essential for evaluating any functional model; ex-
periments that ignore them can draw no conclusions. They must be accepted,
regardless of their “complexity.” Nevertheless, in the case of alcohol dehydro-
genases, these criteria scarcely limit opportunities for experimental test. Over
100 alcohol dehydrogenases fulfill the first requirement; 70 fulfill all three.
Further, in the last five years, some 24 new enzymes have been examined as
tests of the model. While not all of these enzymes have provided critical tests
to distinguish between functional and historical models, several have (vide
infra).

Based on the criticisms reviewed above, one recent commentator con-
cluded that “the drawbacks [of the functional model] are overwhelming”
(21). That criticisms such as these are considered overwhelming might be re:
garded as an indication of the novelty of functional and historical analysis in
general. However, it is unfortunate that these criticisms have led in the litera-
ture to the conclusion that “the validity of this new postulate should await the
test of time”’ (21). Time does not test hypotheses. Given two opposing models;
a historical model complicated by constraints needed to explain available
data, and an untested functional model, experiments that distinguish be
tween the two are needed.

5. Distinguishing Functional and Historical Cases

Many data have now been collected for the purpose of evaluating the relatiy
merits of functional and historical explanations for the stereospecificity of de
hydrogenases. In some cases (for example, the stereospecificity of “lactalde
hyde reductase”), incorrect biochemical identification prevented meaningfu
interpretation of the data (110, 122-124). However, other data have substan:
tially narrowed the scope of historical models. Other experiments have teste!
the chemical and kinetic rationales underlying the functional model, inclu
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ing Hr.m stereoelectronic effects (vide supra), and the assumptions made by th
functional model regarding internal equilibrium constants (118) e
Some of the most interesting tests have examined the mcsna.ozm_ model
u:_.m_w asa logical formalism. The danger of a formalistic approach to model
testing is that the formalism can be mistaken for underlying reality by the not-
H.cc..nwna?_ scientist. For example (vide supra), the direct comparison of equi-
fibrium constants with different units, the confusion over the physiolo Mn&
mmwmwnmﬁmm of dehydrogenases, and the confusion over the mode of no?maﬁon
wEaEw by glutathione reductase all reflect problems in identifying formal-
ism. Eoé@.m? once the potential for such confusion is recognized and
avoided, logical formality is a most valuable property in a model. In particu-
lar, the ,mo:dm.:ma offers the opportunity for ‘“mechanical” tests of the model
and can be directly applied to new systems as a first step in explorat :
search to detect other selected traits. ’ v
For example, drift of stereospecificity is expected only in alcohol dehydro-
genases srwnm the functional model predicts that stereospecificity is a Swmw_
selected trait. The formalism of the correlation in Table 4b suggests that mcow
enzymes act on substrates near the “‘break” in the correlation. Stereochemi-
o‘m_ rmﬂ.mncmmnoxw is therefore expected in enzymes catalyzing the interconver-
sion of CH,-CH,~-OH and CH,~CHO groups, as the equilibrium constant for

this reaction is approximately 10~ M.

Clear examples of such stereochemical diversity were first discovered

through efforts to discover stereochemical heterogeneity in such enzymes
Ethanol dehydrogenase from Drosophila and sw&ongﬂrﬁmwimgwno%
Q.LH.ZO.Ooe reductase from Acholeplasma were found to have stereospecifi-
cities opposite to those of analogous enzymes from previously studied organ-

isms (95, 125). To rule out the possibility that the stereospecificities of dehy-

&omw:mmmw E .DEEE:.E and Acholeplasma are generally different from

mmm.na.ﬁmmme,?n;am of dehydrogenases found in other organisms, the stereospe-

M‘_M_nmw_omvomﬂ Mﬁsw dehydrogenases from the two organisms were determined
able 5). The only enzymes displaying stereochemical hete: i

two mentioned above (44, 125). rogeneity were the

6. The Simplest Historical Model

The new data collected from these studies require a re-evaluation of the con-

sensus historical model for dehydro ifici i
genase stereospecificity. T
facts are especially important: ? ¥ The following

Fact 1: Certain enzymes catalyzing analogous reactions appear to be non-

woﬂo_o.mosm but nevertheless have the same stereospecificities. Examples
include: m_:no%.m.mr.o%rﬁm dehydrogenase and glucose dehydrogenase
(non-homologous judging by sequence) (126); metal-dependent alcohol dehy-
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Table 5 ) R
Stereospecificities of Alcohol Dehydrogenases from a <m1.mﬁ.v. o.m mo:wnmm. muxaeH,W:
Stereospecificity is Designated ““A”, and pro-S Stereospecificity is Designate

Experimentally Determined Stereospecificity

Prediction of Dehydrogenase from:
i
oh ?:nmnw.m— eubac- myco- mnormw.
W%meag ) mammal insect plant fungus teria plasma bacteria
A , N
Malate A A A A W > N
Lactate A A A A
A/B R
Ethanol A B B A A A
Hydroxymethyl \ 5 \
glutaryl CoA A ? ? A
B , )
Glucose-6-P B ? ? B B
3-Hydroxybutyry! ) .
derivatives B ? ? B B

drogenase from Saccharomyces and N.S:S:w:& (127, .HNMMV Amc»:.ﬁwohﬂ%ﬁ__mu
gous judging by sequence and metal ion R@ESBQ.? dihydrofo vmmmoa e
tases (non-homologous judging by sequence and tertiary structure
i ids (129, 130). . .

dmnmwwwmww WMMM% Msuwgmm nwrﬁ appear homologous (at least in one ﬁ.w.w”wwm
nevertheless have the opposite stereospecificities. Examples En_camwA mo,m
nucleotide binding domains of the ethanol mmganommn.mmmm ?oa_%mwm .Mw X
specific) and Drosophila melanogaster ( .So:m mwmn&.& ?.QM.O ommv%nw &w ot
quence comparisons, Figure 20) (95, 96); the dinucleotide .‘c.E Emm oma s o
m_wonn&ao:wa?w.@rommrﬁm dehydrogenases (pro-S specific) an mm e
hydrogenases (pro-R specific) (homologous based on noBm»BmﬂMz i
crystal structures) (93, 94); mammalian aldehyde amganommnmmm .S._M. A ww.h
cific) and mmmmﬁmﬁn&ﬂu,monm_aaEdn a.mr.wanomonmmo m—.o.a : . .o%@mv M -
specific) (possibly homologous based on _:s;.o.m sequence similart o
enoyl CoA reductase from yeast (pro-S mm.vmo.m_nv and from EJ&B» mv,uﬁuw
specific) (possibly homologous based on limited sequence similaritie ,
memmsﬁ 3: Certain enzymes that are clearly homologous act on mcvmﬁwﬁ_ﬂm Mwwr
quite different structures. Examples include: ethanol and sorbitol dehy
genases (96); ribito! dehydrogenase,
hydrogenase from Drosophila (96, 126).

glucose dehydrogenases, and ethanol de-
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Drosophila Lys Asn Val lle Phe(Val|Ala [Gly|Leu Gly|Gly|lle Gly|Leu
Horse Gly|Ser Thr Cys |Ala|Val|Phe |G1y| Leu Gly|GlyVallGly|Leu
Yeast Gly[His Trp Val |Ala| lle| Ser |Gly Ala Ala;Gly Gly [Leu|Gly| Ser
Ribital Gly|lys Val Ala {Ala|lle|Thr [6ly| Ala Ala|Ser Glyjlle |Gly|Leu
dehydrogenase

Figure 20.  Sequence comparisons in alcohol dehydrogenases from four organisms.

Fact 4: Stereospecificity in alcohol dehydrogenases correlates with the re-
dox potential of the natural substrate (Table 4b) (108).

Fact 5: In one case, enzymes with unknown pedigree acting on the same
substrate have different stereospecificities: the hydroxymethylglutaryl-CoA
(HMG-CoA) reductases from rat and yeast have stereospecificities opposite to
that from Acholeplasma (134, 135).

Fact 6: Certain enzymes with unknown pedigree acting on analogous sub-
strates with opposite chiralities have the same stereospecificities. Examples
include: D- and L-lactate dehydrogenases, both transferring the pro-R hy-
drogen (21, 136); L-fucose dehydrogenase and D-glucose dehydrogenase (ste-
reochemistry at C-1 of the sugars has the opposite absolute sense), both
transferring the pro-$ hydrogen (21, 136).

Fact 7: In general, enzymes from widely divergent sources catalyzing a re-
dox reaction far from the break in the correlation (Table 4b) share a common
stereospecificity. These are now best exemplified by the malate dehydro-
genases mentioned above, including enzymes from eubacteria, archaebacte-
ria, and eukaryotes (88, 89, 136).

A difficult task faces a historical model builder. The enzymes in group 1
appear to be examples of convergent evolution, suggesting functional adapta-
tion. For the pair of dihydrofolate reductases, the argument for convergence
is quite strong. In the other cases, however, an advocate of a historical model
for dehydrogenase stereospecificity might argue that a lack of sequence simi-
larity is inadequate to rule out distant homology, implying that stereo-
specificity is more highly conserved than virtually every other trait in a
protein (21).

However, the enzymes in group 2 contradict this implication. Enzymes
with detectable (if small) sequence similarities have opposite stereospecifici-
ties, making it difficult to state the level of sequence divergence that is re-
quired before stereospecificity can be reversed or, conversely, the level of se-
quence identity that safely predicts that two enzymes will have identical
stereospecificity. In other words, the statement “‘cofactor stereospecificity is
highly conserved” is difficult to define objectively. It appears safe to assume,
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however, that a pair of natural mm:%anomm:mmm.m .,M\.xr sequence identities
% will have the same stereospecificities. )
mnmwﬁmmﬁwmmm_oﬂ%oaa_ must account for the fact that in some o_m.mmmm o.* aow.%.
drogenases, evolutionary processes have not Qmwﬂm.m stereochemical diversity
in the time separating archaebacteria, mﬁcmn»mﬁm_ msn.w m:wmnwo.ﬁmm.?ﬁ.:
though diversity is known in virtually every other G.SQEBE& behavior in this
range of organisms), while in other cases, evolutionary processes have pro-
duced stereochemical diversity in much less aEm.. Further, it must mx.m_m:w.
why divergence of substrate specificity appears facile (Fact 3), yet m<oﬁ:oﬁ.~ o_
substrate specificity following deletion m<m5.m has not created stereoc ,W:M_Mmﬁ
diversity in most dehydrogenases. Finally, it must account m.On Fact ,1. a
stereospecificity within one subclass of amrwanommnmmom,. those interconve :wm
alcohols and ketones, correlates with the redox potential of the natural sub-
strate. This requires a model with at least six Emo»&mmmm (125): N
Hypothesis 1: To explain the absolute conservation of mﬁmnmo%mebﬂq M
malate dehydrogenases (MDH) (compared to ﬂ.gﬁ.w.no»» mmmcﬂmwmm and et ,UT
anol dehydrogenases), the drift of stereospecificity in MDH is presumed 85 e
lower than in other dehydrogenases. Likewise, the model must @Hmmﬁn.wm.ﬁ mw
it is impossible to replace MDH by the evolution of the substrate specificity ov
a pro-S specific enzyme (for example, a u._émnox.v&ﬁﬁﬁo. mmianomm:mwm
via a deletion-replacement event (vide supraj. This prohibition applies also
to all other dehydrogenases (with a bit less rigor) except for ethanol dehydro-
genases and HMG-CoA reductases (137). o N
While this hypothesis is arbitrary, it might be justified by wmmsBE% m .m
most dehydrogenases (including malate dehydrogenases and E.Qﬁm de m» mc.
genases) are more “egsential’’ to the survival of the host organism "._”_mn.ﬂ e Am.
nol dehydrogenases and HMG-CoA reductases. Hrcm, structural <m:m_~uco= as
a prelude to drift in stereospecificity) and deletion are presumed ,8 e Ewwm
selectively disadvantageous in malate and lactate dehydrogenases than in eth-
anol dehydrogenases and HMG-CoA reductases Qw.m.v.. . .Coh re-
Hypothesis 2: To explain the divergent stereospecificities of HMG-CoA
ductase from Acholeplasma versus those from yeast and rat, these two %m.
zymes are presumed to be not woBowomncm. u.;wmm seems more nmmmwmwc_m t mw
proposing that HMG-CoA reductase is uniquely capable of drifting com
ith the other enzymes. .
mmﬂwm,”m:mmom 3:Itis &Mmoc: to argue that stereospecificity with respect to
substrate can drift while stereospecificity with respect to cofactor nwamoﬁ.
Therefore, D- and L-lactate dehydrogenases and D- mma. L-sugar oxidases
each are presumed to have arisen independently, mn.a their non.:aon mmM.nmo.
specificities are accidental (25% probability, assuming that stereospecificity
serves no selectable function).
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Hypothesis 4: The dinucleotide binding domains of the ethanol dehydro-
genases from Drosophila and yeast are almost certainly homologous. Fur-
ther, as ethanol dehydrogenase is the only enzyme from Drosophila that has
“abnormal” stereospecificity (11), ali dehydrogenases except ethanol dehy-
drogenase must be presumed to be homologous in Drosophila (44, 95). Either
the drift of stereospecificity is more rapid for enzymes acting on ethanol than
for other enzymes or ethanol dehydrogenases are more easily replaced by de-
letion/replacement events than are other dehydrogenases.

Hypothesis 5: To explain the correfation between redox potential and ste-
reospecificity observed in aicohol dehydrogenases (Fact 1) drift in substrate
specificity between enzymes must be allowed. To avoid a contradiction with
Hypothesis 1 {where crossover of substrate specificity is forbidden except for
ethanol dehydrogenases and HMG-CoA reductases), enzymes are allowed to
evolve to adopt other substrate specificities only if such crossover does not
create an enzyme that oxidizes an alcohol with a K, for the reaction of less
than 107! M from one oxidizing an alcohol with a K., greater than 10711 M,
and vice versa. Thus, a malate dehydrogenase can evolve to become a lactate
dehydrogenase but not a 3-hydroxybutyrate dehydrogenase. The structural
similarities of oxaloacetate, pyruvate, and acetoacetate (Figure 19) make it
difficult to provide a chemical rationale for this special constraint on the di-
vergence of substrate specificity.

Hypothesis 6: The convergent evolution of the stereospecificities of dihy-
drofolate reductases, glucose dehydrogenases, and metal-dependent alcohol
dehydrogenases (Fact 1) must now be viewed as accidental (12.5% probabil-
ity, assuming that stereospecificity serves no selectable function).

We develop this historical model not because we necessarily believe that it
is attractive in comparison with alternative models, but rather because none
of the many advocates of historical models have ever rigorously stated what
such models must entail to be consistent with fact. Nevertheless, many mem-
bers of the biochemical community remain strong advocates of historical
models as explanations of stereospecificity in alcoho! dehydrogenases and in
enzymatic stereospecificity in general.

The fact that a historical model must be so complex to be consistent with
known fact does not mean that it is wrong (nor that a contrasting functional
model is correct). However, the defenders of the consensus model can be

_ faulted for not constructing a formally clear statement of their position, dis-

missing without sufficient justification several correlations that suggest ex-
perimentally testable historical and functional models, and not examining
the logical consequences of these models in a rigorous way. Had these expedi-
ents been followed, we believe that the historical consensus would be less dog-
matically defended.
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7. Further Tests for the Model

ained by a historical model that m.mmE.:mm an arbi-
ymes interrelated by an arbitrary pedigree.
ereospecificity is so tightly coupled G mmﬁ.
sed without destroying catalytic mQ:SE. is
critical even to the highly moditied historical mode! outlined wc.o.ﬁw.. .Hs wmﬂww..
ular, it is necessary to explain the highly conserved .mwmnao%mn_‘vﬂswm%
late dehydrogenases. This assumption can be examined experimen mem. i
Inspection of the crystal structures of alcohol &mgaﬁomgmmw mem > et
the mode of cofactor binding (anti in this ms@ﬂmv % mmﬁm.za_:‘m ws éwaN o
actions (Figure 21) (139). On one side of the nicotinamide ting, e o%ﬁ:m
offers residues that form E@Bmmnacoﬂ%m :.V aﬁrm %MMGMMNMMMM WM%%?QS.
icoti i ing. On the other side, the side C
MmMoM%MMMM MMM»WN in yeast alcohol am:vdnomosmmmv sterically blocks the car-
boxamide group in the syn ooaoHBmScmr
Thus, a point mutation in the active site that
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Figure 21.  Structural determinants of stereospecificity in alcohol dehydrogenase.
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Replacing Leu 182 in yeast alcohol dehydrogenase by Ala leads to a
10,000-fold decrease in the stereospecificity of alcohol dehydrogenase (with
respect to cofactor). However, the kg, of the mutant was approximately 40%
and 70% (for the oxidation of ethanol and the reduction of acetaldehyde,
respectively) of the wild type. Essentially no loss in catalytic activity accompa-
nied the large loss in stereospecificity. Thus, stereospecificity in this dehydro-
genase is not tightly coupled to catalytic activity, as historical models nor-
mally assume to explain the patterns of stercospecificity observed in
dehydrogenases. This suggests that stereospecificity would diverge if it were
not directly subject to functional constraints. The fact that stereospecificity
has not drifted in many dehydrogenases then supports the argument that its
drift is directly constrained by function. It remains to be determined whether
a complete reversal of stereospecificity can be achieved in this enzyme by the
introduction of point mutations.

8. Extension of the Functional Model

The discussion above has focused almost exclusively on dehydrogenases inter-
converting alcohols and the corresponding carbonyl compounds. Enzymes in
this subclass of dehydrogenases should have some degree of mechanistic
homogeneity and therefore should be directly comparable. However, the for-
malism of the functional model, especially the relationship between stereo-
specificity and redox potential, might be extended to other classes of dehydro-
genases. For example, the pro-R hydrogen might be used to reduce reactive
substrates (and the pro-S hydrogen to reduce unreactive substrates) in other
subclasses of dehydrogenases acting with similar mechanisms on an analo-
gous series of substrates.

In such exploratory research, one recognizes that the formalism is being
stretched past the limits of the underlying chemical theory. This simply
means that one can neither be too excited if the extension is predictive nor too
disappointed if it is not. Conversely, if one is an aggressive critic of the model,
one cannot be too excited if the extension is not predictive nor too disap-

 pointed if it is.

For example, redox reactions interconverting hemiacetals and their corre-
sponding esters are analogous to redox reactions interconverting simpler al-
cohols and ketones. The equilibrium constant has the same units for both
reactions (permitting direct formal comparison). Further, if the formalism
developed for alcohol-ketone interconversions is applied to hemiacetal-lac-
tone interconversions, the prediction is that all enzymes catalyzing the latter
transformation will transfer the pro-$ hydrogen (141).

This happens to be the case (21, 136). At present, over a dozen such en-
zymes have been studied stereochemically. Some come from widely divergent
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organisms, and several are not obviously homologous; all transfer the pro-S
hydrogen. This is true for L-fucose dehydrogenase and D-glucose dehydro-
genase, enzymes that act on substrates of opposite chirality. Historical
models that postulate that these enzymes have the same stereospecificity be-
cause they are descendants of a common ancestor must explain why stereo-
specificity is highly conserved with respect to cofactor but not with respect to
substrate. In other cases, sequence data argue that homology within this class
of dehydrogenases, if it exists at all, must be very distant.

The formalism can also be applied to enzymes catalyzing redox reactions
between flavins and nicotinamide cofactors. Often, the redox potential of the
enzyme-bound flavin can be measured directly. This avoids the need to corre-
late stereospecificity with a thermodynamic property of the substrate mea-
sured outside the active site—problematical given the acknowledged fact that
enzyme-substrate binding interactions could significantly perturb this prop-
erty. Values for the reduction potential of enzyme-bound flavin range from
— 465 mV to +145 mV (10 pKq units) (142). The formalism again predicts
that flavoenzymes transfer the pro-S hydrogen to flavins with more negative

redox potentials and enzymes transfer the pro-R hydrogen to flavins with less
negative potentials.

Table 6 shows an apparent trend in this direct
cautioned that the reduction potentials reported for enzyme-bound flavins
are disappointingly variable from jaboratory to laboratory and method to
method. Solubilization of membrane-bound flavoenzymes can cause large
changes in measured redox potentials. Thus, a selection of the data must be
made. While the selection inevitably requires subjective decision and clearly
may prejudice conclusions, the data in Table 6 were chosen based on their
apparent reliability, consistency, and availability.

‘Another extension of the formalism explains the fact that all alcohol dehy-
drogenases that employ a metal ion display pro-R stereospecificity (128). The
presence of a metal jon as an electrophilic activator is expected to destabilize
all carbonyl compounds (with respect to the corresponding hydroxyl com-
pounds) when compared to electrophilic activation by a proton (128). Thus,
the break point in the correlation is expected to be shifted down in the corre:
lation (Table 4b); in other words, it should be possible to find enzymes reduc-
ing the same substrate where the enzyme employing a metal for electrophilic
activation transfers the pro-R hydrogen, while the enzyme employing a pro-
ton for the same purpose transfers the pro-S hydrogen. The recent demon-

stration that the iron-dependent alcoho! dehydrogenase from Zymomonds

mobilis transfers the pro-R hydrogen is consistent with this model (128).

In other areas, the formalism appears to be difficult to apply. For exa
ple, both pro-R and pro-$ stereospecificities are known in enzymes catalyz-

ing the oxidation of aldehydes to carboxylic acid derivatives (Table 7) (21
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136). Several mechanistic types of enzymes are involved, including enzymes
that presumably oxidize thiohemiacetals between the substrate and a cysteine
side chain to yield thioesters covalently bound to the enzyme, enzymes that
oxidize thiohemiacetals between two substrates to produce non-covalently
bound thioesters, and enzymes that produce mixed anhydrides with phos-

Source
Equine
, Yeast,
. Sturgeon, Bee,
, Pea

phoric acid.
Enzymes forming a carboxylic acid as a product generally belong to the

first mechanistic class. Five examples transfer the pro-R hydrogen, one trans-
fers the pro-S hydrogen (21). Enzymes forming acyl phosphates transfer the
pro-S hydrogen, however; these presumably also proceed via an acyl-enzyme
intermediate (although perhaps higher in energy). Chemical intuition sug-
gests that the thiochemiacetal-thioester equilibrium constant is smaller than
the hemiacetal-ester equilibrium constant. As all of the latter transfer the
pro-S hydrogen, the formalism makes no useful prediction regarding the ste-
reospecificities of members of the first class. The best that the functional
mode} at present can do is argue that the thiohemiacetal-thioester equilib-
rium constant is near the break in the correlation. This suggests possibility for
further experiments. Historical models fare little better. Limited sequence
similarities exist between the pro-S hydrogen and the pro-R hydrogen en-
zymes, suggesting that dehydrogenases with opposite stereospecificities are
more closely homologous than enzymes with similar stereospecificities where
homology is presumed to be an explanation for this similarity (131).

Amino acid dehydrogenases present another stereochemical problem.
Glutamate, leucine, diaminopimelate, and phenylalanine dehydrogenases all
transfer the pro-S hydrogen, while alanine dehydrogenase transfers the
pro-R hydrogen (21, 136). There is no obvious difference in redox potentials
that might explain this difference (Table 8). Nevertheless, limited data sug:
gest that the stereochemical difference between alanine and other amino acid
dehydrogenases is maintained in a range of organisms (21, 136). More data ;
(especially from enzymes that are evolutionarily distant) are necessary before
one can decide whether stereospecificity in amino acid dehydrogenases is
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removed; the pro-R hydrogen of NADH is removed (60). The distinction is
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is determined by the physiological direction of flux through this enzyme. In
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Table 8
Stereospecificities of Amino Acid Dehydrogenases

Enzyme E.C. no. pKey Spec.

13.2 A
Alanine dehydrogenase WMNW P a
Glutamate dehydrogenase . .».H.a o .
Glutamate dehydrogenase (NADP™) w.».y.@ Bﬂo :
Leucine dehydrogenase H.».».S 50
Glycine dehydrogenase .A.u.: o
3,5-diaminohexanoate dehydrogenase w.».w.ﬁm E.o
2,4-diaminopentanoate w.».w.po . 5
Diaminopimelate dehydrogenase 4.1 5

Phenylalanine dehydrogenase

PR . “A” and pro-S
Stereochemical data is from reference 136. Pro-R stereospecificity is mnwwmwﬁmm A" and pr
stereospecificity is designated “B”. The equilibrium constant has units M~
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(144). However, stereoelectronic principles make no explicit statement re-
garding the preferred stereochemical course of a stepwise addition/elimina-
tion reaction.

Many enzymes catalyze addition/elimination reactions, and both syn and
anti geometries are known. “Anti” stereoselectivity is found in the addition/
climination reaction catalyzed by fumarase, aspartate ammonia lyase (145~
148), arginosuccinase (149), aconitase (150), oleic acid dehydratase from
Pseudomonas (151), adenylosuccinase (152), malease (153), enolase (154),
phenylalanine ammonia lyase (155), and histidine ammonia lyase (156).
Other reactions that are analogous in the broadest sense also proceed via
“anti” transition states. For example, the decarboxylative elimination of 5-
pyrophosphomevalonate (3,5-dihydroxy-3-methylpentanoic acid, 5 pyro-
phosphate) proceeds with an overall “anti” stereoselectivity (157). The decar-
boxylation of cis-aconitate to give itaconate also proceeds with “‘anti”
stereochemistry (158).

Enzymes catalyzing “syn” addition/elimination reactions include cis-cis-
muconate cycloisomerase (159), enoyl-CoA hydratase (160), dehydroquinate
synthase (161), beta-hydroxydecanoyithioester dehydratase (162), yeast fatty
acid synthetase (163), methylglutaconyl-CoA hydratase (164), and dehydro-
quinate dehydratase (165). Methacrylate is converted to beta-hydroxyisobu-
tyrate, presumably via the intermediacy of methacrylyl-CoA, bya*“syn” addi-
tion (166). The 3-dehydroshikimate is converted to protocatechuate via a
“syn” elimination (167). Cyclization of carboxymuconic acid to give beta-car-
boxymuconolactone is also “syn” (168).

A simple proposal to account for the stereochemical diversity in these cases
assumes that the elimination reactions catalyzed by the first class of enzymes
are concerted, but that those catalyzed by the second class of enzymes are
stepwise. For stepwise reactions, one has a choice of several functional hy-
potheses that argue that “syn” elimination is the preferred stereochemical
course. The simplest is that active sites with a single base are “‘better” for a
stepwise elimination that those with multiple functional groups (8). In a
“syn” elimination, the base can act both to abstract a proton in the first step
and then, in the protonated form, to assist the departure of the nucleophilic
group in the second step.

Simple examination of the structure of the substrates lends support to the
hypotheses. In many cases where the elimination is “syn” (and presumably
stepwise), the departing proton leaves behind a relatively stable anion (e.g.,
alpha to a thioester or a ketone). In those cases where the elimination is
“anti” (and presumably concerted), however, the proton that is leaving is ad-
jacent to a group that is not chemically well suited to stabilize an adjacent
carbanion (for instance, a carboxylate group). In the first case, a hypothetical

11

“carbanion” intermediate is relatively stable; the hypothesis of a stepwise re-

.
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action is reasonable. In the second case, the hypothetical ““carbanion” is not
stable; the hypothesis of a concerted reaction is therefore again reasonable.

This sort of argument has some precedent in the literature. For example,
Schwab and Klassen proposed that the stereochemical course of allylic rear-
rangements likewise is stepwise or concerted, syn or anti, depending on the
intrinsic reactivity of the substrate molecule (169). While there are perhaps
some exceptions to this proposal (170-172), they are best treated in the man-
ner discussed above. The suggestion remains important as a working
hypothesis.

Recent experiments by Cleland and his coworkers, however, argue strongly
against this simple interpretation. For example, isotope effect studies argue
in several cases (phenylalanine ammonia lyase and fumarase) that the reac-
tion proceeds via a stepwise mechanism (19). Though certain caveats may
apply to this conclusion (173), the simplest explanation apparently cannot be
correct.

A remarkably simple formal rule can be proposed to explain the stereospe-
cificity of enzymatic elimination reactions. This rule is based on consideration
of both the stability of the carbanion and the carbocation that would be gen-
erated in a fully disassociative mechanism. The stability of the carbanion cor-
responds to the pKa value of its conjugate acid. The stability of the carboca-
tion corresponds to its pKg+ (174). Tabies of these values for a range of
compounds are now available, and values can be estimated for carbanions
and carbocations that have not been studied.

Figure 22 shows a selection of enzymes arranged according to these values.

Readily apparent is the fact that a syn transition state is found when either
the carbanion or carbocation is relatively stable. Anti transition states are
found in the “‘box’”” in the upper left hand side of Figure 22, where neither the
cation nor the anion is stable. Indeed, for predictive purposes, the rule can be
stated formally: If either the pK, of the carbanion is less than 20, or the pKg+
of the carbocation is greater than —10, the syn transition state will be pre-
ferred. This formalism makes mechanistic sense in terms of the lifetime of the
proposed intermediate in a stepwise mechanism (175). As a formalism, it can
be tested without recourse to assumptions about the detailed mechanism of
the reaction.

One might attempt to apply this rule to three enzymes that catalyze three
quite similar reactions. These reactions are: (a) the cyclization of cis-cis-mu-
conate to give muconolactone, a “‘syn” addition reaction; (b) the cyclization
of cis-cis-carboxymuconate to give beta-carboxymuconolactone, also a “syn”
addition reaction; and (c) cyclization of cis-cis-carboxymuconate to give
wE.aBm.nwnwoxwacnoso_mﬁosﬂ an “anti” addition (Figure 23) (176). The

stereospecificities of these enzymes were examined by Kozarich and his group
to test an intriguing hypothesis of Ornston that sequential enzymes in a path-

STEVEN A. BENNER ET AL.

191
N~ - ~ - -
o ~coon A cosr oo
K=
pK,= 51 43 a o8 (19 "
RCHy* :
enolase 1 “methacrylyl
(<-35) ! CoA synthase”
)
+ H
A~ phenylalanine Sfumarase H
cooH ammonia lyase aspartase H
(<-30) histidine aconitas :
amemonia lyase ¢ H
adenylo- H
succinase H
BN m
COOH m Dehydro-
: quinate
(-27) ' dehydratase
\
. i
oleate )
FE hydratase m Enoyl CoA protoca-
23 ; hydratase techuate
m synthase
BN |
:
] m methylglutaconyl
14.7 i CoA :w%mamo
=
+ 4-carboxymu
CoOH conolactonas:
¢12) .
N
chorismate 3-carboxymu-
. synthase conolactonase
-8)

Fi e
gure 22.  Stereospecificity in dehydratases correlates with substrate structure

way are related (83). The last enzym
apr e ) " € :
renifcity as the ot yme was expected to have the same stereo-
HmwMMM MNM“ MM.MM mwo M:Mw_a enzyme catalyzed an “anti” addition/elimination
e ese expectations. The investigat
only that perhaps the “anti” additi i B ouble ot e
ition to a dicarboxylated double bo

. . HHQ -

ceeded via a transition state or lower energy than a “syn” addition _uonMMMm




STEREOSPECIFICITY IN ENZYMOLOGY STEVEN A. BENNER ET AL. 193

- oocC —

OOO/\I\\I\./‘ - _UMO
. coo e ]

syn D

in the biosynthesis of valine involves the elimination of water. The formal

carbanion (alpha to a carboxylate) has a pK, value of 28; the formal carbo- -
nium ion (tertiary) has a pKg+ value of —14.7. Thus, the formalism (Figure

22) predicts that the stereospecificity of the elimination be anti.
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°© /l\I.V\/O 0o o”: o i Should the reader by now be convinced that the evolutionary analysis of ste-
syn w reochemical data in enzymology is too complicated to be worth the effort, we

must repeat the statement made at the beginning of this review: one cannot
interpret stereochemical data (or any other data) in enzymology without such
an analysis. This is the primary incentive to examine and test the models de-
. veloped above. However, a brief discussion of the stereochemical details of
| fatty acid biosynthesis may provide further encouragement, as it shows how
assembling a critical mass of data can provide valuable insight once the task

o is acknowledged and work begins.
Fatty acids are synthesized in a sequence of reactions catalyzed by a fatty
acid synthetase complex (Figure 24) (177). Following a Claisen condensation
A sing similar reactions. between a carbanion and a thioester, a 3-ketoacid group is reduced by a ni-
Figure 23. The different stereospecificities of dehydratases catalyzing S cotinamide-dependent dehydrogenase. The nmm:_anm m_nwro_ undergoes elim-
ination to produce an olefin, and the olefin is reduced (again by an enzyme
dependent on nicotinamide cofactors) to give a saturated fatty acid thioester.
Many of the cryptic stereospecificities discussed above are exemplified in
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. e nti?? i- one or more steps in this sequence, and an interesting pattern has emerged
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However, in the next step in the pathway, stereochemical uniformity is no
longer found. With different synthetases, the addition of hydrogen to the un-
saturated thioester occurs with three of the four possible stereochemical
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organisms; some enzymes transfer the pro-R hydrogen of NAD(P)H and
others transfer the pro-S hydrogen.

These stereochemical data provide one of the most controlled arguments
for and against specific functional and historical models in enzymology. The
uniform use of the pro-S hydrogen of NADH in the reduction of the 3-keto
thioester intermediate is simply explained by the functional model outlined
above, as the equilibrium constant for the redox reaction is in the pro-§ re-
gion of Table 4b. The universal use of a syn elimination to form the unsatu-
rated ester intermediate is similarly understood in functional terms. These

- o explanations apply whether the fatty acid synthetases are homologous (in
HaC 3 c.ux | which case stereospecificity has been functionally constrained from drifting)
or non-homologous (in which case, stereospecificity has converged). The di-
vergent stereospecificities for the reduction of the carbon-carbon double
bond, and the divergence in the choice of hydride of NADH to effect this
reduction, are consistent with the notion that stereospecificity in this type of
reaction is not a selected trait (or reflects mechanistic divergence), and the
diversity reflects either drift or independent pedigree.

Accounting for these data with a historical model is more difficult. Most
simply, either the fatty acid synthetase complexes are homologous or they are
not. If they are not homologous, a historical model must assume that the
common stereospecificities in the first steps arose by convergent evolution,
expected only if the stereospecificities are directly adaptive. If they are homol-
ogous, historical models must concede that stereospecificity can drift in en-
zymes catalyzing addition of the elements of molecular hydrogen to a double
bond. A concession that stereospecificities of this type can drift in the last
steps in fatty acid synthesis makes difficult the assumption that analogous
stereospecificities are highly conserved in the first steps.

The asymmetry between functional and historical models in addressing
stereochemical problems in fatty acid synthetases arises from the fact that
stereochemical imperatives can be different for reactions with different mech-
anisms, and stereochemical behaviors serving different functions can behave
differently during evolution. However, historical models treat stereospecific-
ity as consequences of an arbitrary placement of substrates and functional
groups in the active site. As these arrangements serve no selected role in the
historical view, the arrangements should behave the same during evolution in
_ different enzyme classes regardless of the function of the enzyme.

Thus, it is conceivable on mechanistic grounds that stereospecificity with
respect to cofactor for the reduction of 3-ketoesters is adaptive, while that for
_ the reduction of an enoyl-CoA derivative is not. Conceivably, one stereospeci-
_ ficity can be highly conserved while the other drifts. However, the historical
model regards stereospecificity in both cases as the result of an arbitrary ar-
rangement of functional groups in the active site, binding the NADH cofactor

Inversion, all enzymes

RS,

H, transfer, all enzymes

ast
Rat, chicken Ye

Figure 24. Stereospecificities of fatty acid biosynthesis.
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(arbitrarily) in either a syn or an anti conformation. As the orientation of
binding serves no functional role (in the historical view), there seems to be no
basis for explaining why the orientation drifts when the NADH is used to re-
duce a carbon-carbon double bond, but does not drift when the NADH is
used to reduce a carbonyl group.

Of course, a historical model can explain these data if it is sufficiently com-
plex. Gene fusions have apparently occurred during the evolution of fatty acid
synthetase complexes (184-187). One might argue that the enoyl reductase
subunits of the various synthetases are non-homologous, while the remaining
subunits are homologous. This suggestion might be coupled with the intrigu-
ing notion that fatty acid biosynthesis originated relatively recently in evolu-
tion (15). Although this historical model is weakly contradicted by sequence
data already available (132), specific hypotheses such as the ones proposed
here should encourage further investigation.

V1. ENZYMES DISPLAYING STEREGCHEMICAL INFIDELITY

Enzymes need not be completely stereospecific, although the discovery of en-
zymes with incomplete stereochemical fidelity is undoubtedly hindered by the
common prejudice that enzymes are necessarily absolutely stereospecific.
Given this prejudice, evidence for incomplete fidelity is in danger of being
dismissed as experimental error or artifact.

Careful studies of the intrinsic level of stereochemical error have now been
made for a few enzymes. Rétey and his coworkers have studied the stereo:
chemical infidelity of methylmalonyl CoA mutase from Propionobacterium
shermanii, an infidelity that is quite substantial (188). In contrast, dehydro-
genases display little if any stereochemical infidelity. Recent examinations of
stereochemical infidelity in lactate and yeast alcohol dehydrogenases suggests
that stereochemical error occurs only once in every billion turnovers (139,

189).

lases operating via an intermediate that is a Schiff's base of a 3-keto-acid

proceed with large amounts of racemization. This was explained as a resultof
the high reactivity of an enamine intermediate in the reaction. Enzymes pro-

tonating such reactive intermediates directly from solvent are presumably not
selectively disadvantageous compared with enzymes that maintain an active
site residue to protonate the intermediate.

A particularly interesting case arises in the biosynthesis of cytidine diphos
phate dideoxyhexoses in certain bacteria. In the reduction of the sugar deriv
ative, direct hydrogen transfer from NADH to the substrate can not be dem

Where substantial stereochemical infidelity is observed, it may have both
mechanistic and evolutionary implications. As discussed above, decarboxy-
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onstra e .
ot ﬁmmmﬁwwo.w.rm Mw.:ﬁﬁ it appears as if the enzyme catalyzes the release of
This nmEE.xm_wwm _Mmms and the pro-S hydrogen of NADH to solvent (191)

2 mochamistic basic Huo .Mm mﬁmgommmn_mﬁ&\ with respect to cofactor may wmﬁw
putative intermediat yridoxal phosphate is a cofactor for the reaction, and a
s Informetin ~.m e in the nma.cnﬁo: is shown in Figure 25. WQEM:HW»E%

tively charged :M hzoo%oﬂmﬁm m<.m conjugated double bonds and two @omm
dehydrogenases mmomﬂwm. While .MEm._o electron transfer is unlikely in most
Figure 25 is exc %m: ent on nicotinamide cofactors, the intermediate in
redox enzyme Ewmmosmm %: its ability fo accept an electron. Indeed, if any
chould. The :<mm. DH radical cations as intermediates, this enzyme

' S, on chemical grounds, the absence of stereochemical fidelity in

enzymes synthesizing CDP-dideox i
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of a radical intermediate in this section. 7 consisient vith the hypothesis

VII. CONCLUSIONS
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Figure 25.  Intermediate in the synthesis of dideoxyhexoses




STEREOSPECIFICITY IN ENZYMOLOGY
198

rve as the
A pattern emerges that suggests a set of hypotheses that could se
moosmmﬂ further experimentation and controversy:

i i istinction
Discrimination between two odwnsoﬁomﬂo groups where Mwmmﬂmém%w on
> aM"mnaimm the chirality of a (non-cryptically) chira] pro
flects selective pressures. .
b. Discrimination between ﬁ.zo wmwcco
does not determine the chirality of a
results in the formation of one of two
i ure.
enerally reflects selective press! : . N et are
L i .chwaoa between two enantiomeric %Bmm_:oﬂ_ mﬁwnmﬁm,_ hat ore
“ UGMM_ diastereomeric only by virtue of the chirality of the catalyzing
Bm . .
zyme, do not reflect selective pressure (Figure 26).

i | dehydro-

These rules can be illustrated by a simple example Miv.o Mwww%> Ummu.\ o,

genases must choose between the pro-R Ema bmﬂw M%OMMW s O scand

0-R and pro-S hydrogens a nwﬂ - 0 -

wm&wmﬂwwmhﬂ selection appears to accept either mﬁm.nwomrmawwﬂ_mmwcﬂ ome ot

Mrmo oo,mmo»oﬂ owing to the fortuitous value of the m@_.w_ﬁunE“ By, The
, i ation .

i osition of the break in the corre e
—.mwnﬁow %mw ﬁMMoMosmmm from Drosophila melanogaster transfers mmw mﬂw -
M&% " um@MB NADH, while the enzyme from Saccharomyces

roge; , !
Swmummmnm the pro-R hydrogen (Figure 27) (99).

topic groups where the &mmnﬁmon
product, but where the distinction W
diastereomeric transition states |
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transition states
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Figure 26. Locally enantiomeric transition states.
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Accepting that the distinction between diastereotopic hydrogens of NADH

is fortuitously neutral, one might ask whether the second choice, between the
pro-R and pro-S hydrogens at carbon-1 of ethanol, is adaptive or not. Etha-
nol dehydrogenase from yeast transfers the pro-R hydrogen from ethanol to
the 4-Re face of a nicotinamide ring. The “enantiomeric” transition state
(here, considering only atoms directly attached to the reacting centers and
ignoring conformation) is the transfer of the pro-S hydrogen from ethanol to
the 4-5i side of nicotinamide ring. A diastereomeric transition state is the
transfer of the pro-R hydrogen of ethanol to the 4-Si face of NAD™. If the
pro-R hydrogen of ethanol is preferred for transfer to the 4- Re face of NAD™,
the pro-§ hydrogen of ethanol should be preferred for transfer to the 4-.5i face
of NAD™. Thus, if this stereochemical distinction is adaptive, alcohol dehy-
drogenase from Drosophila should transfer the pro-§ hydrogen from ethanol.
In fact, they do (44).

This sort of test had been previously proposed by George et al. (191), who
attempted to rationalize cofactor stereoselectivity by a hypothesis that en-
zymes “choose” between diastereomeric transition states so as to minimize
steric interactions. Thus, enzymes “match” the face of the substrate to the
face of the cofactor so that the bulky groups of the cofactor abut the small
groups of the substrate, and vice versa. The authors attempted to test their
hypothesis by predicting the stereospecificity of two steroid dehydrogenases,
oxidizing respectively an « hydroxyl and a 8 hydroxyl group. They predicted
that the cofactor stereospecificities would be opposite.

Given the functional theory for dehydrogenase stereospecificity, and the
discussion above, it can be argued in retrospect that the systems available to
the authors were inadequate to test their conjecture. The two steroids had
different chiralities, and requirements for metabolic coupling (rule a) dic-
tated the stereospecificity of synthesis of the two compounds. Furthermore,

for compounds of this redox potential, the functional model for dehydro-
genase stereospecificity suggests that the stereospecificities at cofactor should
both be pro-S (rule b). In this view, the more subtle diastereomerism (rule ¢)
is expected to be obscured by this functional adaptation.

The general rules formulated here are intended to be the object of experi-

 mental test. They do not represent the final word in enzymatic stereospecific-

ity, and additional data could quite easily force their re-evaluation. They do
divide selected from non-selected behavior in cryptic stereospecificity and
therefore help divide enzymatic traits in general into those controlled by natu-

al selection and those reflecting neutral drift. This division is more than aca-

demic. It also marks the line dividing behaviors that are biologically func-

ional from those that are not, behaviors that reflect underlying chemistry

from those that do not, and behaviors that are interesting to study from those
that are not. To the extent that the division can be made here, it facilitates the

ivision throughout all of bio-organic chemistry.
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Note added in proof

With regard to functional models concerning stereospecificity in dehydro-
genases, the original papers presenting the functional model focusing on a
correlation between redox potential and stereospecificity (108, 110) excluded
enzymes acting on carbonyl groups that were conjugated to olefinic systems.
The exclusion was mechanism based: such carbonyls would be the most likely
to be reduced via radical anion intermediates instead of via hydride transfer,
and the correlation would not be expected to hold with enzymes acting with
different mechanisms. Quite recently, Rando and his coworkers (Law, W. C.,
Kim, S., Rando, R. R. J. Am. Chem. Soc. 1989, 111, 793) reported that the
reduction of the carbonyl groups in cis and trans retinal were with the pro-§
and pro-R hydrogens respectively. The first case formally violates the correla-
tion, as the pK, is ca. 9. As these carbonyl groups are highly conjugated (to a
pentaene), radical anion intermediates would be expected to be especially sta-
ble in these cases, and it will be interesting to learn the mechanisms of actions
of these dehydrogenases.
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