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ABSTRACT
It is widely agreed that new enzymes evolve from existing ones
through the duplication of genes encoding existing enzymes
followed by sequence divergence. While evolution is an inherently
random process, studies of divergently related enzymes have shown
that the evolution of new enzymes follows one of three general
routes in which the substrate specificity, reaction mechanism, or
active site architecture of the progenitor enzyme is reused in the
new enzyme. Recent developments in structural biology relating
to divergently related (β/R)8 enzymes have brought new insight
into these processes and have revealed that conserved structural
elements play an important role in divergent evolution. These
studies have shown that, although evolution occurs as a series of
random mutations, stable folds such as the (β/R)8 barrel and
structural features of the active sites of enzymes are frequently
reused in evolution and adapted for new catalytic purposes.

Introduction
The existence of proteins in Nature with sequence and
structural similarity suggests that new enzyme functions
arise from existing ones through divergent evolution.1 This
process is thought to require the duplication of the gene
encoding the progenitor enzyme in order to produce a
second copy of the progenitor enzyme so that the original
metabolic function is not lost.2,3 Through random mutations and genetic drift, the new enzyme evolves so that it
is capable of catalyzing a reaction that is distinct from that
catalyzed by the progenitor enzyme. While evolution is
an entirely random process and the exact mechanisms by
which it occurs in Nature are likely a product of the unique
evolutionary demands of the environment, divergent
enzyme evolution has been shown to follow one of three
general routes in which the substrate specificity, reaction
mechanism, or active site architecture of the progenitor
enzyme is conserved and serves as a template for the
evolution of new enzyme function.1

Eric Wise received a B.S. in chemistry from the University of Michigan in 1997,
and is currently a graduate student in Dr. Rayment’s group at the University of
Wisconsin. His research focuses on using structural biology as a tool to better
understand divergent enzyme evolution.
Ivan Rayment is currently a professor in the Biochemistry Department at the
University of Wisconsin-Madison. He received his B.Sc and Ph.D. from the
University of Durham, England, in 1972 and 1975, respectively. After postdoctoral
study at Purdue University with Michael Rossmann and at Brandeis University
with Don Caspar, he joined the faculty at the University of Arizona in 1984. He
moved to the University of Wisconsin in 1988.
10.1021/ar030250v CCC: $27.50
Published on Web 02/20/2004

 2004 American Chemical Society

In the first of these three evolutionary routes, substrate
specificity serves as the template for divergent evolution
so that the progenitor enzyme and the newly evolved
enzyme catalyze different reactions using chemically
unrelated mechanisms but bind a common substrate.
Evidence for this evolutionary route is provided by studies
of homologous enzymes that bind a common substrate
but catalyze unrelated reactions, such as the homologous
enzymes that catalyze successive steps in the tryptophan
and histidine biosynthetic pathways described in this
Account.4
In the second route for divergent enzyme evolution, a
conserved reaction mechanism serves as the template for
divergent evolution. Evidence for this evolutionary route
comes from studies of groups of homologous enzymes,
known as enzyme superfamilies, which share a conserved
reaction mechanism but catalyze different reactions on
different substrates.5 Over 20 enzyme superfamilies, including the enolase superfamily described herein, have
been identified and are each comprised of homologous
enzymes that share a common reaction mechanism.6
In the third route for divergent enzyme evolution,
neither substrate specificity nor reaction mechanism is
conserved. Instead, a conserved active site architecture
is reused and serves as the template for divergent evolution. A group of enzymes that are homologous to orotidine
monophosphate decarboxylase (OMPDC) form the only
definite example of enzymes related in this way.7 Although
these enzymes share a conserved active site structure,
each uses it to catalyze a reaction that is distinct in terms
of substrate specificity and reaction mechanism.
Because evolution is a slow and irregular process, the
mechanisms of divergent evolution are difficult to study
directly. From the study of divergently related enzymes,
however, the routes through which enzymes have evolved
in Nature may be inferred on the basis of common
features that have been conserved in evolution. Structural
studies, in particular, have been important for understanding enzyme evolution because structural similarity
is often found in divergently related enzymes where there
is little similarity in primary sequence. In highly divergent
enzymes, this structural similarity may amount to only a
few structurally conserved catalytic residues.8 Nevertheless, these conserved structural elements may be critical
for enzyme function, and understanding their roles in
divergently related enzymes may reveal their evolutionary
importance.
Recent crystallographic studies of divergently related
(β/R)8 barrel enzymes that will be described in this
Account have revealed the evolutionary importance of
conserved structural elements to each of the three strategies for divergent evolution. These studies have focused
on enzymes that adopt the (β/R)8 barrel fold because it
appears to have been reused repeatedly in divergent
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Scheme 1. Reactions Catalyzed by PRAI, IGPD, and TrpS

evolution.9 These investigations, however, may serve as
models that further our understanding of the functional
and structural requirements for the evolution of new
enzymes throughout Nature.

The Tryptophan Biosynthetic Pathway:
Divergent Evolution with a Conserved
Substrate Specificity
One of the earliest attempts to identify the origins of new
enzymes was made by Nathaniel Horowitz, who in 1945
proposed that biosynthetic pathways evolve in a backwards fashion such that each enzyme in a pathway evolves
from a progenitor enzyme that catalyzes the next step in
the pathway.10 Accordingly, substrate specificity is conserved and has been proposed to serve as a template for
divergent evolution because consecutive steps in a biosynthetic pathway must bind a common substrate, even
if they catalyze mechanistically unrelated reactions.11
While Horowitz’s initial model has since been amended
by many others, including Horowitz himself in 1965,
examples of homologous enzymes that share a conserved
substrate specificity have been identified in several biosynthetic pathways.3,12-15
One of the clearest examples of divergently related
enzymes that share conserved substrate specificity involves three enzymes in the tryptophan biosynthetic
pathway: phosphoribosyl anthrilate isomerase (PRAI),
indole glycerol phosphate synthase (IGPS), and the R-subunit of the bifunctional tryptophan synthase (R-TrpS),
Scheme 1. These enzymes, which catalyze subsequent
reactions that constitute three of the last four steps in
tryptophan biosynthesis, are homologous and share between 15% and 20% sequence identity.16 Because they
catalyze subsequent biosynthetic steps, each enzyme
shares a common substrate specificity with the previous
and subsequent enzymes in the pathway, although they
catalyze mechanistically unrelated reactions, Scheme 1.
Recent structural investigations of PRAI, IGPS, and R-TrpS
have shed light on the role that conserved substrate
specificity has played in the evolution of these three
enzymes.4,17,18 The X-ray crystal structures of PRAI and
R-TrpS were each determined with their respective substrates, while the crystal structure of IGPS, which catalyzes
150 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 37, NO. 3, 2004

FIGURE 1. Structural alignments of (a) PRAI (green) and IGPS
(purple) and (b) IGPS (purple) and R-TrpS (yellow). The ligand for
the PRAI reaction is shown in yellow, the ligand for the IGPS reaction
is shown in orange, and the ligand for the R-TrpS reaction is shown
in blue.
the conversion of the PRAI reaction product into the
substrate for R-TrpS, was determined with both a substrate analogue and the product bound.18 These studies
have revealed that all three enzymes share a similar (β/
R)8-barrel fold, and the structures of each can be overlaid
on top of one another with a root-mean-square deviation
between 2.2 and 2.8 Å for approximately 140 paired CR
atoms, supporting the belief that all three enzymes share
a common ancestor.16
The active sites of PRAI, IGPS, and R-TrpS are equally
similar and are found, as in most (β/R)8 barrel enzymes,
near the C-terminal ends of the barrel.16 When cocrystal
structures of PRAI and IGPS with their common substrate, 1-(o-carboxyphenylamino)-1-deoxyribulose-5-phosphate, are aligned, the substrate binds in essentially an
identical manner in each active site (Figure 1). The
phosphoribosyl group in particular is found in an almost
identical position, and conserved interactions are formed
between the phosphoribosyl group and backbone amide
nitrogen atoms from structurally conserved loop regions
of PRAI and IGPS that create a conserved substratebinding site (Figure 2A). Similarly, when cocrystal structures of IGPS and R-TrpS with their common substrate,
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FIGURE 2. Stereo closeup views of the active sites of (a) PRAI (green) and IGPS (purple) overlayed and (b) IGPS (purple) and R-TrpS
(yellow) overlayed. A conserved substrate binding site allows each enzyme to bind as a substrate the product of the previous reaction in the
pathway. The catalytic residues, which are labeled for each enzyme, are not conserved, so each enzyme may catalyze different reactions.
indole glycerol 3-phosphate, are aligned, this substrate
binds in an almost identical manner in the structurally
conserved substrate-binding site (Figure 2B). In all three
enzymes, carbons C3 through C5 and the phosphate group
of each substrate, which are not involved in catalysis,
interact with structurally conserved loops in the active
sites of each enzyme. These conserved interactions allow
each enzyme to bind the substrate of the next enzyme in
the pathway and serves as the structural basis for the
conserved substrate specificity.
Although PRAI, IGPS, and R-TrpS share common
substrate specificities, the reaction mechanisms and the
identities of catalytic active site residues are unique to
each enzyme. PRAI catalyzes an Amadori rearrangement
that results in the opening of the ribose sugar ring.19 The
mechanism of this reaction involves either the formation
of a Schiff base or simple acid-base catalysis. While this
ambiguity has yet to be resolved, Asp126 and Cys7 have
been identified as likely candidates for general acid and
general base.4
The IGPS-catalyzed reaction, which results in indole
formation, proceeds via an entirely different mechanism

from those of PRAI or R-TrpS and makes use of a
completely different set of catalytic residues. The most
plausible mechanism for the IGPS reaction involves a
condensation reaction between carbon C1 of the phenyl
ring and carbon C2′ of the ribulose moiety, followed by
successive decarboxylation and dehydration reactions to
yield the aromatic product. All available structural and
biochemical evidence suggests that Glu159 acts as the
general base and Lys110 acts as the general acid to
catalyze the dehydration reaction.18,20
The R-TrpS-catalyzed reaction results in the cleavage
of IGP to yield D-glyceraldehyde 3-phosphate and indole.
Indole is channeled to the β subunit of TrpS for the final
step in tryptophan biosynthesis. The reaction mechanism
for the R-TrpS reaction is unrelated to those of the PRAIand IGPS-catalyzed reactions and is thought to involve
tautomerization to form an indolenine, followed by carbon-carbon bond cleavage in which Glu49 and Asp60 are
thought to be involved in acid-base catalysis.21
The variability in the identities and functions of the
catalytic residues in PRAI, IGPS, and R-TrpS exemplifies
the flexibility of the (β/R)8 fold for enzyme evolution. While
VOL. 37, NO. 3, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 151
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these enzymes share common structural features that
confer substrate specificity, each has evolved to use a
unique set of catalytic residues to catalyze completely
different reactions. Other examples of divergently related
enzymes that share substrate specificity include, most
notably, two enzymes in the histidine biosynthetic pathway, HisA and HisF.22 While the lack of structural information for either of these enzymes has made it difficult
to understand their evolutionary relationships, it is known
that, like PRAI, IGPS, and R-TrpS, these two enzymes share
sequence identity, structural similarity, and a common
substrate.22,23 In addition, HisA and HisF also share
internal sequence identity and structural similarity between the N- and C-terminal halves of the protein, which
has led to speculation that the (β/R)8 barrel fold initially
evolved from the fusion of two (β/R)4 units.23,24 Further
investigations will be required to decipher the evolutionary
relationships between these two enzymes.

The Enolase Superfamily: Divergent Evolution
with a Conserved Chemical Mechanism
The examples of the homologous (β/R)8 barrel enzymes
in the tryptophan and histidine biosynthetic pathways
demonstrate how substrate specificity may serve as a
template for divergent evolution and be reused in the
evolution of new enzyme functions. A second route for
divergent enzyme evolution, evidence for which is found
in several enzyme superfamilies, sharply contrasts this
route in that the progenitor enzyme and the newly evolved
enzyme do not necessarily share any common substrate
specificity. Instead, the progenitor enzyme and the newly
evolved enzyme share a conserved mechanistic feature
that is used in each reaction mechanism, even though the
overall reactions may be unrelated.25 Examples of enzyme
superfamilies that are formed from enzymes that share a
conserved mechanistic feature include the amidohydrolase/phosphotriesterase superfamily, the vicinal-oxygenchelate superfamily, the crotonase superfamily, and the
enolase superfamily.5,26-28
The enolase superfamily is of particular interest because its members have been extensively characterized
both structurally and functionally and because it was the
first example of an enzyme superfamily to be described.29
Like other enzyme superfamilies, the overall reactions
catalyzed by members of the enolase superfamily vary
greatly, but each involves the abstraction of a proton R to
a carboxylate group of the substrate to generate a Mg2+
ion-stabilized enolate anion intermediate.5 The enolase
superfamily was initially identified when it was discovered
that mandelate racemase (MR) and muconate lactonizing
enzyme (MLE) were homologous and used this common
reaction step, even though they catalyzed unrelated reactions on different substrates, Scheme 2.29 Both MR and
MLE, which share approximately 25% sequence identity,
adopt similar two-domain folds that consist of a central
(β/R)8 barrel domain and an R + β domain that is formed
from the N- and C-termini of the protein (Figure 3).5 MR
catalyzes the racemization of (R)-mandelate to (S)-man152 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 37, NO. 3, 2004

FIGURE 3. Structures of MLE, MR, and enolase. The enolase
superfamily fold, which is found in all known members, consists of
a central (β/R)8 domain (green and blue) and a separate R + β
domain (yellow) that is constructed from both N- and C-teminal
regions of the protein.
Scheme 2. Reactions Catalyzed by Mandelate Racemase (MR),
Muconate Lactonizing Enzyme (MLE), and Enolase

delate; MLE catalyzes the cycloisomerization of cis,cismuconate.29,30 This common mechanistic step was conserved through divergent evolution and served as the template for the evolution of new enzyme functions within
the enolase superfamily.5 Other members of the enolase
superfamily that catalyze reactions that involve an enolate
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FIGURE 4. Overlay of the active sites of MLE (yellow), MR (blue), and enolase (magenta). Three conserved carboxylate side chains function
as ligands for the catalytic Mg2+ ion. The identities of the catalytic acids/bases as well as other important active site residues vary within
each subgroup.
intermediate have since been identified and shown to
possess structural and sequence similarity to MR and
MLE, including enolase, from which the enolase superfamily derives its name.31,32 Structural alignments of the
active sites of enolase superfamily members have revealed
that a trio of conserved aspartate and glutamate residues
is found in a structurally conserved arrangement (Figure
4).30,32,33 These residues, located on the C-terminal ends
of the third, fourth, and fifth β strands of the (β/R)8 barrel
domain, function as ligands for a catalytic metal ion.5 This
metal ion, which is typically a Mg2+ ion, is critical for
enzyme function and acts to stabilize the negatively
charged enolate intermediate through electrostatic interactions. The three-dimensional arrangement of the carboxylate groups of these conserved residues is highly
conserved so as to place the metal ion in a position that
allows it to interact with the oxygen atoms of the carboxylate group of the enolate intermediate in each reaction.
Conserved residues that function as the acid/base
catalysts are also found in the active sites of members of
the enolase superfamily.5 The identities of these residues
are not strictly conserved, however, but rather fall into
one of three groups. As a result, the enolase superfamily
has been subdivided into three subgroups on the basis of
similarity to MR, MLE, or enolase, depending on which
residues function as the catalytic acids/bases.34 In the MR
subgroup, conserved lysine and histidine residues, homologous to Lys166 and His297 in MR, assume this
function. In the MLE subgroup, two lysine residues,
homologous to Lys167 and Lys273 in MLE, function as
the general base(s). In the enolase subgroup, a single
conserved lysine, homologous to Lys345 in enolase, functions as the general base.5 While there are considerable
variations in the identities of the acid/base catalysts, their
locations in the active site are roughly conserved so that
acid/base catalysis may occur from either face of the
planar enolate intermediate formed in the active site of
each enzyme.

Like the homologous enzymes in the tryptophan biosynthetic pathway, the enolase superfamily has made use
of the versatility of the (β/R)8 barrel fold to catalyze a wide
variety of reactions. Eleven reactions have been identified
in the enolase superfamily, including the cycloisomerization reaction catalyzed by MLE, the 1,1-proton transfer
reactions catalyzed by MR, OSBS, and L-Ala-D/L-Glu
epimerases, and dehydration and deamination reactions
catalyzed by RhamD and MAL.1 Unlike the homologous
enzymes in the tryptophan biosynthetic pathway, there
is no common mode of substrate binding or conserved
residues involved in substrate specificity, which is not
surprising since substrate specificity is not conserved
within the enolase superfamily. Substrate specificity is
thought to be conferred upon individual members of the
enolase superfamily by residues in the R + β domain, in
which few conserved residues are found, that “caps” the
C-terminal end of the barrel.1 Thus, new reactions have
evolved that do not share any common substrate specificity but make use of the enolase active site to catalyze
reactions that make use of an enolate intermediate.

The OMPDC Suprafamily: Divergent Evolution
with a Conserved Active Site Architecture
In the examples of the homologous tryptophan biosynthetic enzymes and the enolase superfamily, a common
feature of the reaction catalyzed by divergently related
enzymesseither substrate specificity or reaction mechanismsis reused as a template for divergent evolution. In
both cases, structural elements in the active site that
confer one of these features upon divergently related
enzymes are conserved. Recent investigations into a group
of enzymes with sequence similarity to orotidine monophosphate decarboxylase (OMPDC) have provided evidence for a third route for the evolution of new enzymes
in Nature in which, unlike the previous two examples,
neither substrate specificity nor reaction mechanism is
conserved.7 Instead, the overall structure of the active site
itself is conserved, which suggests that this overall strucVOL. 37, NO. 3, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 153
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Scheme 3. Reactions Catalyzed by OMPDC, KGPDC, HPS, and RPEa

a

The proposed transition state for OMPDC and the proposed intermediates for KGPDC, HPS, and RPE are shown.

FIGURE 5. Overlay of the active sites of KGPDC (purple) and OMPDC (green). The active sites of KGPDC and OMPDC are highly similar,
despite the fact that they catalyze unrelated reactions and bind different substrates. Conserved active site residues found in each enzyme are
used for different functions.
ture, rather than a particular reaction feature, was reused
as a template for divergent evolution in these enzymes.1
Structural and biochemical investigations into OMPDC
and 3-keto-L-gulonate 6-phosphate decarboxylase (KGPDC) have revealed that OMPDC and KGPDC are homologous enzymes that arose from a common ancestral
enzyme through divergent evolution but share neither a
common substrate specificity nor a common reaction
mechanism. OMPDC catalyzes the metal ion-independent
decarboxylation of orotidine 5′-monophosphate (OMP) to
uridine 5′-monophosphate (UMP); KGPDC catalyzes the
metal ion-dependent decarboxylation of 3-keto-L-gulonate
154 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 37, NO. 3, 2004

6-phosphate to L-xylulose 5-phosphate (Scheme 3).35,36
Structural alignments of recently reported X-ray crystal
structures of four OMPDCs and the KGPDC encoded by
the UlaD gene in Escherichia coli have revealed that the
active sites of KGPDC and OMPDC are remarkably similar,
even though KGPDC and OMPDC share only around 20%
sequence identity and lack any similarity in substrate
identity or reaction mechanism (Figure 5).7,37-40 In both
enzymes, two identical active sites are created at a
conserved interface of two (β/R)8 barrels in a homo-dimer,
which are related to one another by a conserved two-fold
rotational axis (Figure 6). Despite the relatively low
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FIGURE 6. Structural alignment of KGPDC (purple) with bound L-gulonate 6-phosphate (yellow) and OMPDC (green) with bound UMP (orange).
Although they share limited sequence identity, both enzymes adopt a conserved (β/R)8 barrel fold. The quaternary relationship between the
two individual subunits in the dimer is highly conserved as well.
sequence similarity shared between KGPDC and OMPDC,
the relative three-dimensional positions of conserved
active site residues, particularly those in an Asp-X-Lys-XX-Asp motif, are nearly identical in each enzyme. This
motif spans both active sites in the homo-dimer so that
the first aspartate and the lysine are found in one active
site in the dimer and the second aspartate is found in the
other active site in the dimer.7 In addition, while the
substrates for each enzyme are chemically unrelated
except for a common phosphate group, they also are
found in nearly identical positions in each active site.
Much controversy still exists about the roles of these
conserved residues in the OMPDC-catalyzed reaction, due
in part to the incredible rate enhancement achieved by
the enzyme so that the ratio of kcat/kuncat exceeds 1017.41
Although the exact mechanism for the enzyme-catalyzed
reaction is unclear, the reaction has been shown to
proceed without the use of a metal ion or cofactor.42
Several competing mechanisms for the OMPDC reaction
have been proposed, for which there is little consensus
on the details of the reaction. A common but not
universally held belief is that the driving force behind the
reaction is ground-state destabilization created by repulsive interactions between the negatively charged carboxyl
leaving group of OMP and the negatively charged side
chain of Asp60.40,43 The high energy of binding created by
these energetically unfavorable interactions has been
proposed to be offset by a large number of energetically
favorable interactions between the polar functional groups
of the substrate and a subset of polar functional groups
in the enzyme active site.44 It is generally agreed that the
side chain of the conserved Lys64 functions as the proton
source and transfers a proton to carbon C5 of OMP.37 The
mechanism of the KGPDC-catalyzed reaction is better
understood and is completely unrelated to the mechanism
of the OMPDC-catalyzed reaction. The KGPDC-catalyzed
reaction almost certainly proceeds through an enediolate
intermediate and, unlike the OMPDC reaction, requires
a metal ion, which acts to stabilize a 1,2-enediolate

intermediate through electrostatic interactions with the
negatively charged oxygen on carbon C2.45
The same conserved active site residues in KGPDC and
OMPDC are used by each enzyme to catalyze their
respective reactions, although the two reactions bear no
resemblance in terms of substrate identity or mechanism
and the roles of these residues in each reaction are
completely different.1,7 In OMPDC, the side chain Asp60
functions to provide ground-state destabilization through
interactions with OMP.41 In KGPDC this residue instead
functions as a ligand for the catalytic Mg2+ ion. In OMPDC,
Asp67 contributes to the extensive network of hydrogen
bonds between the enzyme and the substrate and interacts with the ribose ring, away from the site of catalysis.44
The side chain of Lys64 acts as the proton source in the
OMPDC-catalyzed reaction to add a proton to the C5
position of OMP following decarboxylation.37 In the KGPDC reaction, Lys64 and Asp67 act to orient and stabilize
the intermediate through interactions with the oxygen on
carbon C1. The proton source the KGPDC-catalyzed
reaction appears to be unrelated to that of the OMPDC
reaction and likely falls upon two activated water molecules in the active site. These two water molecules are
located on the re and si faces of the enediolate intermediate, so either could act as the general acid and act as
proton shuttles to transfer protons from the side chains
of an arginine and a histidine in the active site.46-47
Given the vast differences in reaction mechanism and
substrate specificity between KGPDC and OMPDC, the
conservation of structural features between these two
enzymes, in particular those of the enzyme active sites, is
quite remarkable. Rather than a conserved substrate
specificity or reaction mechanism, OMPDC and KGPDC
share a conserved overall active site architecture that has
been reused by Nature to perform unrelated functions.
Enzymes related in this way are said to form a mechanistically diverse enzyme suprafamily. The OMPDC suprafamily is the first and only definite example to date of
an enzyme suprafamily.1
VOL. 37, NO. 3, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 155
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bership in an enzyme superfamily and membership in an
enzyme suprafamily are not mutually exclusive.1
Further blurring the definition of an enzyme suprafamily is another, more distantly related homologue of
OMPDC and KGPDC, D-ribulose 5-phosphate 3-epimerase
(RPE). RPE catalyzes the interconversion of D-xylulose
5-phosphate and D-ribulose 5-phosphate and may also be
a member of the OMPDC suprfamily.50 RPE has slight
sequence and structural similarity to KGPDC and OMPDC,
although the identities of most active site residues, including those in the Asp-X-Lys-X-X-Asp motif, are not conserved.1,50 While X-ray crystal structures of two RPEs have
been reported, neither was solved with a bound ligand,
and the exact mechanism of the RPE reaction, as well as
the relationship between RPE and other members of the
OMPDC suprafamily, is not clear.51,52

FIGURE 7. Structural alignment of KGPDC (blue) and RPE (gold).
Although they share only limited sequence identity, both enzymes
adopt similar (β/R)8 barrel folds.
Two additional potential members of the OMPDC
suprafamily have been identified on the basis of sequence
similarity to KGPDC and OMPDC. Hexulose phosphate
synthase (HPS), which shares several conserved active site
residues with OMPDC and KGPDC, including the conserved Asp-X-Lys-X-X-Asp motif, appears to be homologous to OMPDC and KGPDC.48 HPS catalyzes the metal
ion-dependent aldol condensation of D-ribulose 5-phosphate and formaldehyde to form D-arabino-3-hexulose
6-phosphate. The mechanism of HPS reaction is unrelated
to that of OMPDC but is similar to that of KGPDC in that
it likely involves the formation of an enediolate intermediate.49 This similarity to the KGPDC reaction suggests that
HPS and KGPDC may form an enzyme superfamily within
the OMPDC suprafamily, which would imply that mem-

An overlay of the structures of RPE from rice and
KGPDC, however, still clearly demonstrates that structural
features are conserved between the two enzymes (Figure
7). The locations of the proposed active sites of both
enzymes overlay almost exactly, and a bound sulfate ion
in the RPE active site, which is proposed to occupy the
same location as the phosphate group of the substrate, is
found in nearly the exact same position as the phosphate
group of L-gulonate 6-phosphate in KGPDC. The identities
of several active site residues are conserved among RPE,
OMPDC, and KGPDC, although the side chains in the RPE
active site are not conserved. Even so, the overall active
site geometry is largely conserved from RPE to other
members of the OMPDC suprafamily (Figure 8).
The example of the OMPDC suprafamily, like the
tryptophan biosynthetic enzymes and the enolase superfamily, highlights the versatility of the (β/R)8 barrel fold
for the evolution of new enzyme functions. Clearly a
deeper knowledge of the mechanisms of the HPS- and
RPE-catalyzed reactions will be required to better understand the relationships among enzymes in the OMPDC
suprafamily and to fully appreciate the role that active site
architecture may play in divergent enzyme evolution.

FIGURE 8. Overlay of the active sites of KGPDC (blue) and RPE (yellow). Although the side chains of catalytic residues are not conserved,
their positions in the active site are.
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Conclusions
The presence of structural similarity in the overall folds
and active sites of divergently related enzymes suggests
that new enzymes evolve by reusing structural features
of enzymes and adapting them for new purposes. The
examples of the homologous tryptophan biosynthetic
enzymes, the enolase superfamily enzymes, and the
OMPDC suprafamily enzymes demonstrate the versatility
of conserved protein structural features in divergent
evolution. These and other examples of divergently related
enzymes may serve as paradigms for understanding the
structural and functional requirements for the evolution
of new enzymes, and may ultimately lead to a greater
comprehension of the extensive diversity in protein
structure and function in Nature.
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