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m Abstract The protein sequence and structure databases are now sufficiently repre-

sentative that strategies nature uses to evolve new catalytic functions can be identified.

Groups of divergently related enzymes whose members catalyze different reactions
but share a common partial reaction, intermediate, or transition state (mechanistically
diverse superfamilies) have been discovered, including the enolase, amidohydrolase
thiyl radical, crotonase, vicinal-oxygen-chelate, and Fe-dependent oxidase superfami-
lies. Other groups of divergently related enzymes whose members catalyze different
overall reactions that do not share acommon mechanistic strategy (functionally distinct

suprdamilies) have also been identified) functionally distinct suprafamilies whose

members catalyze successive transformations in the tryptophan and histidine biosyn-

thetic pathways andbj functionally distinct suprafamilies whose members catalyze
different reactions in different metabolic pathways. An understanding of the structural
bases for the catalytic diversity observed in super- and suprafamilies may provide the
basis for discovering the functions of proteins and enzymes in new genomes as well

as provide guidance for in vitro evolution/engineering of new enzymes.
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INTRODUCTION

As the numbers of both genome sequences and high-resolution protein structures
increase, enzymologists can better decipher and understand nature’s strategies
for both @) achieving the remarkable catalytic proficiencies of enzymes land (
evolving new catalysts from the relatively small number of protein folds available.
Until the early 1990s, enzymologists had little choice but to focus their studies on
single examples of specific enzymes. Now, a much larger informational context
is available, allowing enzymologists to include the genomic context (sequence
families, structures, and functions) relevant to study of their favorite enzyme, rather
than describing single-enzyme phenomenology. We suggest thegemomic
enzymologyto describe this expansive strategy for understanding the structural
bases for catalysis as well as the design principles that can be used to develop
catalysts for new reactions. Unlike approaches that focus primarily on structural
comparisons without regard to function or on functional analysis independent of
the structural context, the practice of genomic enzymology requires understanding
the interplay of structure and function.

A seminal development in genomic enzymology was the realization that en-
zymes that are related by divergent evolution can catalyze different overall re-
actions. In 1990, the sequences and structures of muconate lactonizing enzyme
and mandelate racemase were discovered to be homologous despite their distinct
reactions in the degradation of mandelateHsgudomonadgl). This discovery
has focused attention on both elucidating the strategies for divergent evolution of
enzyme function and ascertaining the structural bases for functional plasticity, with
the expectation that a description of nature’s approaches might allow the directed
redesign/evolution of existing enzymes to catalyze different, and even unnatural,
reactions. In this review, we discuss several groups of functionally diverse/distinct
enzymes that are related by divergent evolution.
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GLOSSARY FOR DIVERGENT EVOLUTION
OF FUNCTION

We begin by examining some of the definitions that are used to describe relation-
ships in sequence, structure, and function.

Homologs, Orthologs, Paralogs, and Analogs

Homologousenzymestiomolog$ derive from a common ancestor and are there-
fore structurally related. Frequently, such enzymes show a high degree of sequence
similarity easily identifiable from simple database searches and sufficient for infer-
ence of function by analogy. Homologous enzymes can also be highly divergent,
requiring more sophisticated search strategies for reliable identification of highly
diverged sequences (2—4). In other cases, homologous enzymes cannot be identified
from sequence information alone but require comparisons of three-dimensional
structures. At high levels of divergence, homologous enzymes often do not cat-
alyze the same chemical reaction. Furthermore, conserved sequence elements neec
not be located in the active site but may be responsible for maintenance or sta-
bilization of common folds that support different reaction mechanisms, e.g. the
triose phosphate isomerase (TIM)-barrels. Some insights that can be obtained
from investigation of superfamilies of highly divergent homologous enzymes are
discussed in this review.

Other terms that are frequently used to described homologous enzymes include
orthologs which are homologs in different species that catalyze the same reaction
(5), andparalogs homologous enzymes in the same species that likely diverged
from one another by gene duplication after speciation.

Analogougnzymesdnalogg catalyze the same reaction but are not structurally
related. Recently, a systematic study of the Enzyme Commission (EC) nomencla-
ture has shown that many such structurally unrelated analogs are classified with
the same EC numbers, leading to substantial confusion in interpreting structure-
function relationships in these cases (6). Analogous enzymes are not relevant to
genomic enzymology and are not discussed in this review.

Structure-Based Definition of Superfamily

The termsuperfamilyis commonly used in both structural and functional contexts;
unfortunately, it can have a different meaning in each. These distinctions must be
clarified, and we suggest that the correlated structure-function-based definition we
describe here be used in both contexts, or that the term be explicitly described as
based on structure-only or on function-only information.

Several strategies have been devised for structure-only-based classification of
protein structures, notably Structural Classification of Proteins (SCOP; http://
scop.mrc-Imb.cam.ac.uk/scop/) (7) and Class-Architecture-Topology-Homolo-
gous superfamily (CATH; http://www.biochem.ucl.ac.uk/bsm/cath/) (8, 9). These
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provide tools for clustering protein structures that have evolved from a common
progenitor, with that evolutionary process retaining discernible structural similari-
ties even if the sequence identity/similarity is insignificant. Although efforts have
been described for explicitly incorporating functional properties into these schemes
by identifying, for example, consensus residues from sequence alignments as well
as structural properties, these semiautomatic methods do not always organize the
protein universe into groups of proteins that define the scope of divergent evolution
or that describe a structural strategy explicitly associated with defined functional
outcomes. The problem is that algorithms for comparing function are difficult to
devise and implement, in part because no structurally contextual definitions of
enzyme function exist. The only large-scale computationally accessible defini-
tion scheme for enzyme function that is available, the EC system, is not reliable,
because divergently related enzymes can catalyze different overall reactions (the
subject of this review). Functional relationships based on consensus sequences or
even motifs are also unreliable, in the absence of structure-function correlations
that describe their functional roles.

The definition of superfamily used in SCOP is “proteins [that] have [the same
fold and] low sequence identities but whose structures and, in many cases, func-
tional features suggest that a common evolutionary origin is probable.” With this
definition, enzymes often are grouped according to substrate specificity but without
regard to conservation of active site functional groups that mediate the chemical
transformation; as a result, this definition of superfamily may partition groups of
divergently related enzymes into separate superfamilies. Classifications that fail to
include such chemistry-based relationships obscure nature’s capabilities and pre-
vent us from fully exploiting divergent evolution for discerning nature’s strategies
for evolving new catalysts.

Structurally Contextual Function-Based Definitions

We propose and use the following definitions to describe the divergent evolution
of enzyme function:

Family: Group of homologous (frequently orthologous) enzymes that catalyze
the same reaction (mechanism and substrate specificity). Often, the members
of families share greater than 30% sequence identity; however, orthologs may
show sequence identities well below 30% and therefore can be difficult to dis-
cern in the absence of structural information for at least one member of the
family.

SuperfamilyGroups of homologous enzymes that catalyze eitiethg same
chemical reaction with differing substrate specificities by different overall
reactions that share a common mechanistic attribute (partial reaction, interme-
diate, or transition state) enabled by conserved active site residues that perform
the same functions in all members of the superfamily. Typically, the members
of superfamilies share less than 50% sequence identity and often share less than
20% sequence identity (randomized sequences of a typical protein share 6—-10%
sequence identity). For the first type of superfamily listed here, the adjective
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“specificity diverse” should be used to describe the nature of the reactions cat-
alyzed by the members; for the second type of superfamily, the adjective “mech-
anistically diverse” should be used. Examples of the first type include the serine
proteases; examples of the second are the subject of much of this review.

Suprafamily Groups of homologous enzymes that catalyze different overall
reactions but whose reactions do not share any common mechanistic attribute.
Although active site residues may be conserved, these perform different functions
in the members of the superfamily.

Membership in families, superfamilies, or suprafamilies may not be assigned
from sequence data alone but often requires correlated functional and structural
characterization. A consequence is that annotations of function for members of
mechanistically diverse superfamilies and functionally distinct suprafamilies iden-
tified in genome sequencing projects are not possible from sequence data alone.

NATURE’S STRATEGIES FOR DIVERGENT EVOLUTION
OF ENZYME FUNCTION

The number of unique protein folds is estimated at no more than a few thousand,
many less than the number of proteins encoded by the human genome (10-12).
As a result, folds must be reused by divergent evolution or independently invented
multiple times (convergent evolution) to provide the functional range represented
across the entire protein universe.

Based on the available evidence, three distinct strategies, listed below, can be
envisaged for the divergent evolution of enzyme function. Each involves initial
duplication of the gene encoding the protein to be evolved so that the original
enzyme can be retained in cellular metabolism. The functional bases of the sub-
sequent evolutionary process differ in significant details.

Substrate Specificity Is Dominant

Horowitz proposed that metabolic pathways evolve backwards (13, 14): When the
substrate for an enzyme in a biosynthetic pathway is depleted, a new enzyme
evolves to supply that substrate from an available precursor by evolution of the

enzyme that uses the substrate. Accordingly, evolution is constrained to retain
binding specificity, because the original enzyme and the newly evolved enzyme

must share the ability to bind the same substrate/product molecule. The mecha-
nisms of the reactions catalyzed by the original and evolved enzymes need not
be related, so the old and new enzymes likely would be members of functionally

distinct suprafamilies.

Chemical Mechanism Is Dominant

The conceptually opposed hypothesis is that nature selects the protein for divergent
evolution from a pool of enzymes whose mechanisms provide the needed partial
reaction or strategy for stabilization of energetically unfavorable intermediates or
transition states (15, 16). Evolution then alters the other mechanistic characteristics
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and/or substrate specificity so that the new reaction is catalyzed with enhanced
proficiency; presumably, this process decreases the proficiency of the reaction
catalyzed by the progenitor. The old and new enzymes would be members of
mechanistically diverse superfamilies.

Perhaps nature selects a progenitor that has the adventitious capability of cat-
alyzing the desired new reaction, albeit at a very low rate but sufficient to provide a
selective advantage to the organism. Subsequent evolution then provides enhanced
proficiency as the new metabolic pathway is optimized. Thus, experimental sup-
port for this strategy is provided by enzymes that are catalytically promiscuous;
that is, in addition to their normal reaction, they catalyze a low level of another
reaction that involves a shared partial reaction (17).

Active Site Architecture Is Dominant

A third hypothesis does not require that either substrate specificity or chemical
mechanism dominates; instead, an active site is able to support an alternate reaction
that may use shared functional groups of the active site in different mechanistic and
metabolic contexts. The old and new enzymes would be members of functionally
distinct suprafamilies.

MECHANISTICALLY DIVERSE SUPERFAMILIES

Enolase Superfamily

The discovery of mechanistically diverse superfamilies occurred in 1990 with
the recognition that mandelate racemase (MR) and muconate lactonizing enzyme
(MLE) have homologous structures that includegéx)g (TIM) barrel domain,
share conserved functional groups at the active site, and catalyze different overall
reactions that are initiated by abstraction of theroton of a carboxylate anion
substrate (1). In 1995, (D)-galactonate dehydratase fEscherichia coliwas
recognized as another member of the superfamily, with the assignment of this
function to an unknown open reading frame (ORF) in Ehecoli genome (18).

This functional prediction and verification was based on the expectation that the
reaction catalyzed by the protein encoded by the ORF would be initiated by ab-
straction of thex-proton of its substrate. Finally in 1996, after the recognition that
the structure of enolase, including the positions of three carboxylate ligands for
an essential Mg(ll) in the TIM-barrel domain, could be superimposed on those
of MR and MLE, the scope of the diversity of the enolase superfamily was fully
appreciated (19). Now, we recognize that at least 12 different overall reactions
are catalyzed by members of the superfamily, with the reaction types including
1,1-proton transfer (racemization/epimerizatiggelimination of OH or NHj,

and cycloisomerization (intramolecular addition/elimination). The stereochemical
courses of thgg-elimination reactions are eitheynor anti and without conser-
vation of the absolute configurations of thecarbon from which the proton is



DIVERGENT EVOLUTION OF ENZYME FUNCTION 215

MR Subgroup
oy oy,
O~ = O~ . M a0
o—H HO—H
(R)-Mandelate (S)y-Mandelate  ; H——OH H—~OH
i ¢mon TR0 CH,OH
i D-Galactonate
C 602' (‘602- E
GlucD :
HO—H uc H—OH i
HO——H -— HO—H | Co, Coy
H—-OH 50, H—-OH H——OH =0
HO——H s HO--H H—=—OH RhamD  p—r4
o1 P Clo, H
€0 yo BTH HO ? gg::HH gg::HH
D-Glucarate B—-OH L-Idarate ¢H H0 H
HO——H b 3
clo, L-Rhamnonate
MLE Subgroup
-H MLEI H I : "NAAAR"
—_— &O I L H E )—C 2 R\ 02
) | -—— —_ . H
0, 0y | ?—N
cis, cis-Muconate Muconolactone ; ’ H
’ (S)-N- Acylanuno (R)-N-Acylamino
: acid
HQH B :
Z __HOz OSBS 0, f 0r AEE
. pim
) ; 0y —
Bo H3N)/ﬁNH>\CO2 "Hy NH 0y
2 . : HCH,
SHCHC o-Succinyl- &g Ala-D Glu L-Ala-L-Glu

benzoate

Figure 1 Reactions catalyzed by members of the enolase superfamily.

abstracted or of thg-carbon from which the leaving groups depart. Reactions
catalyzed by members of the superfamily are shown in Figure 1, and the members
are discussed in more detail below. The known reactions require a divalent metal
ion, usually Mg(ll), but Mn(ll), Co(ll), and Ni(Il) will frequently support catalysis.
Excluding the ubiquitous enolases, we have identified more than 60 members of
the enolase superfamily in sequence databases. Including the enolases, alignments
of the sequences reveal the presence of three conserved ligands for the required
divalent metal ion, usually Asp.Glu...Asp or Asp..Glu...Glu, although the
ligands are Asp .Glu...Asn in (D)-glucarate dehydratases. So, our operational
definition of the enolase superfamily includes the required conservation of three
metal ion ligands. The conservation of ligands for a divalent metal ion reveals that
the underlying catalytic strategy in the superfamily is divalent metal ion—assisted
enolization of an enolic intermediate generated by abstraction ofheton:
In the absence of such stabilization, the gkf the a-protons range from 29
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to 32, values that otherwise preclude kinetically competent formation of enolic
intermediates (20, 21).

Considering what is known about structure-function relationships for the reac-
tions catalyzed by enolase, MR, and MLE, we further expect that members of the
superfamily possess at least one general acid/base catalyst that mediates abstrac-
tion of the-proton of the substrate: In enolase, Lys 345 is the general base; in
MR, Lys 166 in a Lys 164-X-Lys 166 motif is the (S)-specific base and His 297
hydrogen-bonded to Asp 270 is the (R)-specific base; and in MLE, Lys 169 in
a Lys 167-X-Lys 169 motif and Lys 273 are positioned on opposite faces of the
active site, although which of these is the expected general base has not been
unequivocally assigned. Using these criteria, we partition the members of the su-
perfamily into three subgroups, MR, MLE, and enolase, based on the identities of
the putative general acid/base catalysts. Most of the members of the MR and MLE
subgroups are distantly related, sharing 25% sequence identity, and we expect that
most if not all of these divergent proteins catalyze different reactions. Thus, diver-
gence of enzymatic function is accompanied by significant changes in sequence,
although three metal ion ligands and at least one general acid/base catalyst are
always conserved.

The structures of MR (22), MLE (23, 24), and enolase (25) reveal that each
is organized into two domainsa) a catalytic TIM-barrel domain that contains
the metal ion ligands and acid/base catalysts at the C-terminal ends of separate
B-sheets andb) a substrate specificity—determining capping domain composed
of a large N-terminal segment and usually a shorter C-terminal segment of the
polypeptide. The barrel domains in enolase, MR, and MLE are shown in Figure 2.
The ligands for the required divalent metal ions are located at the ends of the
third, fourth, and fifthg-sheets; the functional groups involved in proton ab-
straction are located at the ends of the second, sixth, and segesfitbets. We
expect that this active site design, with the various functional groups located sepa-
rately at the ends of thg-sheets in a barrel domain, is particularly well suited
for divergent evolution of function (15)aj Owing to the pseudo-eight-fold sym-
metry of the barrel, functional groups can be placed in virtually any position rel-
ative to the bound substrates and enolic intermediates;@rtti€ placement of
the functional groups at the ends of distiicsheets allows them to evolve inde-
pendently, thereby permitting new catalytic activities to be generated that retain
metal ion binding and the ability to abstract tagoroton of a carboxylate anion
substrate.

Mandelate Racemase SubgroupOur continuing studies of the enolase super-
family are focused on understanding how the active site structure can be modified
to catalyze different reactions. For example, members of the MR subgroup cat-
alyze dehydration of acid sugars, including (D)-glucarate dehydratase (GlucD),
(D)-galactonate dehydratase (GalD), and (L)-rhamnonate dehydratase (RhamD)
fromE. coli(paralogous enzymestkn coli). Given the sophistication of our knowl-
edge about structure-function relationships in the MR-catalyzed reaction (26), we
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Enolase

Figure 2 The (B/a)g (TIM) barrel domains of enolase, MR, and MLE, showing the positions of
the functional groups in the active site; the identities of the acid/base catalysts aresgieeets
are colored bluey-helices are red.

would like to understand how the vinylogous elimination of fideaving group
is additionally catalyzed, because we expect that it will require the participation
of a general acid catalyst.

In the case of (D)-glucarate dehydratase, the sequence alignment with MR
revealed homologs of both sets of functional groups involved in proton abstraction
(19). Given that GlucD was known to catalyze the formation of 4-keto-5-deoxy-
(D)-glucarate, a reaction that would require only a single general base to initiate
the reaction by abstraction of the 5S-proton, the presence of both (S)- and (R)-
specific bases was unexpected. We reasoned that GlucD might be promiscuous and
catalyze the dehydration of (L)-idarate, the 5-epimer of (D)-glucarate, because it
might present its 5R-proton to the base on the opposite face of the active site, and
that it might catalyze the epimerization of (D)-glucarate and (L)-idarate (a 1,1-
proton transfer reaction analogous to that catalyzed by MR). The kinetic constants
(kearandk.,{K,y,) for dehydration of (L)-idarate were found to be similar to those for
(D)-glucarate, thereby establishing a new function for GlucD (27). As expected,
GlucD catalyzes the epimerization of (D)-glucarate and (L)-idarate in competition
with their dehydration (28).
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Structural studies of GlucD in the presence of the reaction product and substrate
analogs revealed not only the expected placement of the active site residues shared
with MR but also a surprise with respect to the details of how the substrate likely
binds in the active site (29, 30). In the MR-catalyzed reaction, the substrate is
a bidentate ligand of the essential Mg(ll), with one carboxylate oxygen and the
a-hydroxyl group ligands of the metal ion. Theproton of (S)-mandelate is
presented to Lys 166; theproton of (R)-mandelate is presented to His 297. In the
GlucD-catalyzed reaction, the substrate is also a bidentate ligand of the Mg(ll), but
in this case both carboxylate oxygens are the ligands. Furthermore, the geometry
of the 4-keto-5-deoxy-(D)-glucarate product and the inert 4-deoxy-(D)-glucarate
substrate analog revealed that the 5S-proton of (D)-glucarate likely is presented
to His 339 instead of Lys 207. Thus, despite the considerable insights available
for structure-function relationships in MR, those were insufficient to predict the
details of the GlucD-catalyzed reaction.

In the case of GalD, the sequence alignment with MR revealed a homolog of
the His 297-Asp 270 dyad (His 285-Asp 258) but no homolog for Lys 166 (18).
The absolute configuration of carbon-2 of (D)-galactonate is R, so His 285 was ex-
pected to participate by abstraction of th@roton. The structure of GalD has been
determined in the presence of lyxonohydroxamate, an analog of the enolic interme-
diate; this structure confirms the expected metal ion ligands and placement of His
285 adjacent to carbon-2 (31). Interestingly, this structure also suggests the close
spatial proximity of the 3-OH leaving group of (D)-galactonate with His 185 that
is located at the end of the thigdsheet in the barrel domain. Both the H285N and
H185N substitutions significantly decredsg, as expected for their roles as gen-
eral basic and general acidic catalysts, respectively, in the dehydration reaction. We
reasoned that if His 185 is the general acid, 3-fluoro-(D)-galactonate might serve
as a substrate for the H185N mutant, since fluoride anion (F-) departure does not
require the assistance of a general acid. This expectation was realized, confirming
the identity of His 185 as an evolutionarily new general acid in the enolase super-
family. This suggests that the active sites of other acid sugar dehydratases might
have such new general acids located at the ends of this or®#tezets in the barrel
domain.

Muconate Lactonizing Enzyme SubgroupWe are also studying the rea-
ctions catalyzed by members of the MLE subgroup so that we might both un-
derstand and exploit the structural bases for another example of catalytic pro-
miscuity.

The identification of amN-acylamino acid racemase (NAAAR) from a species
of Amycolaptosisas a member of the MLE subgroup (32, 33) attracted our at-
tention because it is predicted to catalyze a 1,1-proton transfer reaction using
two Lys acid/base catalysts instead of the Lys and His acid/base catalysts in
the MR-catalyzed reaction. A protein with this activity was sought for use in
a commercial process in which racenhkeacylamino acids would be convert-
ed to L-amino acids in high yield using the coupled actions of Laamino
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acylase and NAAAR. Surprisingly, NAAAR is not a remarkable catalyst: Using
N-acetyl-methionines, the best substrates, the valkg (i, is 400 M1 s™1.

Insight into this “problem” was provided by the identification of a homolog,
YtfD in the Bacillus subtilisgenome, that shares 43% sequence identity with the
NAAAR (34). The gene encoding YtfD is the sixth and last in an operon that en-
codes five enzymes in the menaquinone biosynthetic pathwalf; i genome
also has a six-gene operon encoding the first six enzymes in this pathway. Pair-
wise matching based on sequence identity/similarity suggested that the function of
YtfD was catalysis of the-succinylbenzoate synthase (OSBS) reaction, a highly
exergonic dehydration reaction. We verified that both YtfD and the NAAAR were
efficient catalysts of the OSBS reaction, with the valukgfK,, for the NAAAR
being 2.5x 10° M~1 s, Thus, we conclude that the metabolic function of the
MLE homolog fromAmycolaptosiss catalysis of the OSBS reaction rather than
apparently metabolically silent racemizationNicylamino acids.

The fact that YtfD was not assigned the OSBS function wherBthsubtilis
genome was annotated can be attributed to the low (15%) sequence identity that
relates these proteins. We subsequently identified 20 eubacterial OSBSs and found
that these are also characterized by low sequence identities, although all contain
homologs of the metal ion ligands and the three active site lysines in MLE. Our
hypothesis is that the extreme divergence of sequences may be related to the fact
thatthe substrate for the OSBS reaction is chemically unstable at modestly elevated
temperatures or pHs that deviate from neutrality (EA Taylor, DR Palmer & JA
Gerlt, unpublished information). Perhaps the reactivity of the substrate does not
demand precise placement of the acid/base catalysts that are expected to catalyze
the dehydration reaction.

A high-resolution structure is available for the OSBS frBurcoliin the pres-
ence of theo-succinylbenzoate (OSB) product (36). This structure reveals the
expected placement of functional groups shared with MLE: Lys 235 and Lys 133
are appropriately positioned to catalyze #mi dehydration reaction.

That one OSBS can catalyze a slow 1,1-proton transfer reaction suggested that
other (unidentified) members of the MLE subgroup might catalyze racemization
or epimerization reactions as their metabolic functions. In fact, we have discovered
that YkfB in theB. subtilisgenome and YcjG in thE. coligenome catalyze the
epimerization of certain dipeptides (DZ Schmidt, BK Hubbard & JA Gerlt, un-
published data): YkfB appears to be specific for the epimerizatiar/da-L-Glu
andL-Ala-L-Asp; YcjG catalyzes the epimerization of allAla- L-X dipeptides
except when X= Arg, Lys, or Pro. Although our studies are still in progress,
our working hypothesis is that both YkfB and YcjG are involved in pathways for
recycling and/or catabolism of murein peptides.

Amidohydrolase/Phosphotriesterase Superfamily

Given its frequent occurrence in structurally characterized enzymes, it is not sur-
prising that the TIM-barrel fold provides the conserved architecture of the ac-
tive site in other mechanistically diverse superfamilies and functionally distinct



220

GERLT = BABBITT

suprafamilies; in fact, the frequent occurrence of the TIM-barrel fold suggests and
illustrates its versatility in the divergence of enzyme function. Of these families, the
amidohydrolase/phosphotriesterase superfamily is among the best characterized:
Structures are available for the phosphotriesterase ffseudomonas diminuta
(38—40), the urease frolebsiella aerogene@1-44), and the murine adenosine
deaminase (45-48). Each of the functionally characterized members for which
structures are available (and many for which structures are not available) requires
divalent metal ions for catalysis: two Ni(ll) ions in the case of urease, two Zn(ll)
ions in the case of phosphotriesterase, and one Zn(ll) ion in the case of adenosine
deaminase.

Each enzyme catalyzes a hydrolysis reaction, although the chemical nature of
the scissile bond is variable: a P-O bond in the phosphotriesterase and C-N bonds
in differing molecular environments in urease and the deaminase. Representative
reactions catalyzed by members of the superfamily (discussed below) are shown
in Figure 3. Other members of the superfamily, identified by sequence alignments
and for which detailed structural and mechanistic data are missing, extend this
repertoire of scissile bonds.

A detailed analysis of sequence/structure relationships in this superfamily was
performed by Holm & Sander (49). Their analysis of superpositions of the struc-
tures for the three characterized members of the superfamily revealed that the active
sites are located at the C-terminal ends of homologous TIM-barrel domains, with
the ligands for the essential divalent metal ions located at the ergisioéets in
these domains; the TIM-barrel domains of urease, phosphotriesterase, and adeno-
sine deaminase are shown in Figure 4. In adenosine deaminase, the single Zn(ll)
is coordinated by the His-X-His motif at the end of the fifssheet, a His at the
end of the fifthg-sheet, and an Asp at the end of the eightBheet; a His at
the end of the sixttB-sheet is thought to activate the nucleophilic water that is
coordinated to the Zn(ll). In both urease and phosphotriesterase, the homologous
His-X-His motif at the end of the firgt-sheet and the homologous Asp at the end
of the eighthg-sheet coordinate one metal ion, and the homologous His residues
at the end of the fifth and sixtB-sheets coordinate the second divalent metal ion.

In both enzymes, a carbamylated Lys at the end of the fo8isheet provides
bridging oxygen ligands for the metal. The conservation of the unusual carbamyl
group in urease and phosphotriesterase but notin adenosine deaminase is a striking
statement of the nature and extent of divergent evolution in this superfamily. Yet
the unrelated ribulose bisphosphate carboxylase also uses a carbamylated Lys as
a metal ion ligand to an essential Mg(ll) (50).

The divalent metal ion(s) play essential roles in catalysis. In the case of the
deaminase, the Zn(ll) is thought to decrease thg @fithe directly coordinated
water, thereby enhancingits nucleophilicity at neutral pH (48). Inthe case of urease,
the C=0 bond of the urea substrate is thought to be polarized by the binding of
its oxygen to one Ni(ll) while the second Ni(ll), as in the case of the deaminase,
enhances the nucleophilicity of the directly coordinated water (51). In the case
of phosphotriesterase, the available structural information suggests that in the
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Figure 3 Reactions catalyzed by members of the amidohydrolase superfamily.
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substrate-free enzyme, a hydroxide group is bridged between the two Zn(ll); upon
substrate binding, the nonesterified phosphoryl oxygen displaces the hydroxide
ligand from one metal ion, thereby simultaneously generating the nucleophilic
water and polarizing thePO bond for nucleophilic attack (52). Thus, divergent
evolution of function retained the involvement of one metal ion to enhance the
acidity/nucleophilicity of a directly coordinated water molecule but elaborated the
ability to activate a variety of substrates for hydrolysis.

Holm & Sander extended membership in this family by database searches
and sequence alignments that revealed the presence of homologs for the ligands
that bind metal ions in the structurally characterized members (49). Interestingly,
for such functionally identified members, virtually all catalyze the hydrolyses
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Urease

Adenosine
Deaminase

Figure 4 The (Blx)g (TIM) barrel domains of urease, phosphotriesterase, and adenosine
deaminase.

of C-N bonds of either nucleic acid bases (adenine, cytosine, and AMP deam-
inases) or amides (dihydroorotases, hydantoinases, imidazolonepropionase, and
D-aminoacylases), suggesting that the structure-function relationships established
for the deaminase, urease, and phosphotriesterase can be expected to apply to the
mechanism of these reactions. Holm & Sander further pointed out that several
members of this superfamily occur in nucleotide catabolism and anabolism, sup-
porting the idea that pathways can evolve by the recruitment of progenitor enzymes
that catalyze mechanistically related reactions.

An interesting extension of the scissile bond specificity is found in atrazine
hydrolase (or AtzA) that catalyzes the hydrolysis of the C-Cl bond in atrazine to
generate hydroxyatrazine (Figure 3). The further degradation of hydroxyatrazine
involves sequential hydrolysis reactions catalyzed by two other members of this
superfamily (AtzB and AtzC) that catalyze hydrolyses of C-N bonds. This sug-
gests that the pathway for atrazine degradation was assembled by two separate
gene duplication and divergent evolution processes; of course, the mechanisms of
the reactions catalyzed by AtzA, AtzB, and AtzC can be expected to be similar
(53-55).

Finally, a member of this superfamily of unknown function (56) and with clos-
est sequence similarity to phosphotriesterase has been structurally characterized
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(57). Structural superpositions and the presence of conserved sequence motifs
clearly places it within the superfamily. Although the substrate specificity of this
protein has not yet been determined (a particularly difficult task in mechanistically
divergent superfamilies because of the inability to distinguish specificity from
among the broad range of possibilities that could be associated with each), the
structure-function paradigm described for this superfamily leads to a prediction
that catalysis by this enzyme will also require a divalent metal ion(s) to enhance
the acidity/nucleophilicity of coordinated water molecules. The structural inves-
tigation of this protein shows that it binds two zinc ions per monomer and has a
binuclear zinc center in the presumptive active site.

Thiyl Radical Superfamily

Barrel structures are notrestricted to théx)g barrel fold: Recent structural studies

have produced the initially surprising result that several enzymes that use thiyl radi-
cals share gf/«),obarrel fold (58). The structurally characterized members of this
superfamily include the aerobic Fe(ll)-dependent (class 1) ribonucleotide reduc-
tase (RNRase), the aerobic adenosylcobalamin-dependent (class II) RNRase, the
anaerobic formate-dependent (class Ill) RNRase, and the anaerobic pyruvate for-
mate lyase (PFL). Reactions catalyzed by members of this superfamily are shown
in Figure 5; the g/a),o barrel folds of members of the superfamily are shown in
Figure 6. The members of this superfamily have been well characterized mechanis-
tically, so the findings that they use a conserved fold with a conserved thiyl radical
can be placed in a correlated structure-function context. Not only are the overall re-
actions and mechanisms catalyzed by these enzymes diverse, but the strategies thal
nature has used to generate the catalytically essential thiyl radicals are also diverse.

ase ase
PP)P—O RNRase P(PP—O
2H"+2¢
HO H

HO OH -H,0

PEL cj\ _
CoASH + H3cj\coz' ~  H Sscoa Tt OHCO:

H; Benzylsuccinate

+ —_ —_—
H COZ- H COZ-

Figure 5 Reactions catalyzed by members of the thiyl radical superfamily.
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Class | RNR

Figure 6 The (B/x),g barrel domains of the class | and class lll ribonucleotide reductases and
PFL. Theg-sheets of the two halves of the barrel are colored red and green; the active site cysteines
are blue.

The first structure for a member of this superfamily was that for the thiyl radical
containing polypeptide of the class | RNRase fr&ncoli (59, 60). Biochemical
studies performed by Stubbe and her coworkers have established the catalytic
importance of a thiyl radical derived from Cys 439 (61, 62). In this RNRase, the
thiyl radical is generated by long-range electron transfer to a tyrosyl radical located
and stabilized on the R2 polypeptide. The structure of fie), barrel revealed
that Cys 439 is located on a long loop that is sandwiched between and joins two
half-barrels containing five parallel strands that are joined in an antiparallel fashion.

Pyruvate formate lyase catalyzes an unusual reaction in anaerobic metabolism
in E. coli: the dismutation of pyruvate into acetyl CoA and formate. Mechanistic
studies by Knappe (63—-65) and Kozarich (66—68) and their coworkers had im-
plicated Cys 418 and Cys 419 in catalysis, with both likely participating as thiyl
radicals during the catalytic cycle. In the PFL-catalyzed reaction, the thiyl radi-
cal(s) is (are) generated by a strategy distinct from that used by the class | RNRase:
An activating enzyme containing an iron-sulfur center sagdenosylmethionine
(SAM) as a cosubstrate to generate a radical derived from Gly 734 (69, 70), which
biochemical experiments suggest then generates the thiyl radical. The structure
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of PFL revealed that Cys 418 and Cys 419 are located on a loop sandwiched in
the interior of a B/a),o barrel structure that is homologous to the structure of the
class | RNRase (58, 71). The sulfur of Cys 419 is located spatially proximal to the
a-carbon of Gly 734, providing a structural confirmation of a previously proposed
pathway for generation of the thiyl radical.

The disclosure of the structure of the G580A mutant of the anaerobic (class
II) RNRase from bacteriophage T4 (NrdD) showed it to belong to the same fold
class as that observed in the class | RNRases and PFL (72). The active site is
located within a /), barrel domain, and the active site Cys 290 is located at the
tip of the loop sandwiched in the interior of the 10-stranded barrel. Biochemical
experiments had identified Gly 580 as the progenitor of the thiyl radical derived
from Cys 290; the structure was determined for the G580A mutant to avoig-an O
dependent cleavage of the polypeptide. In analogy with the structure of the active
site of PFL, G, of Ala 580 is located within 5.2 of S, of Cys 290, consistent
with a short-range transfer of the hydrogen of Cys 290 to the radical derived from
Gly 580. Again, in analogy with PFL, the glycyl radical is generated by the action
of a specific activating enzyme (NrdG) that uses SAM as a cosubstrate (73, 74).

Interestingly, the reductive cosubstrate for the class Il RNRase is formate
anion, the product of the PFL-catalyzed reaction (75). Thus, a possible mechanism
involves abstraction of the' Bydrogen from the nucleotide substrate by the thiyl
radical derived from Cys 290 in analogy with the class | RNRase. Perhaps a second
cysteine in the active site of this RNRase quenches the substrate-derived radical,
and this thiylradical, inturn, abstracts the hydrogen from formate anion, generating
formate radical anion that is the actual strong reductant.

Both Fontecave (76) and Benner (77) and their coworkers independently iso-
lated RNRases from archaeal sources that upon functional characterization were
determined to be class Il RNRases that require adenosylcobalamin. The sequences
of both of these enzymes, one fr@rhermoplasma acidophiknd the second from
Pyrococcus furiosyshow similarities to both class | and class Il RNRases; previ-
ous attempts to detect sequence homology between the class | and class Il enzymes
failed as a result of their distant evolutionary relationship. As described previously,
the class | and class Ill enzymes are structurally homologous. Thus, when the
structure of a class Il RNRase, the adenosylcobalamin-dependent enzyme from
Lactobacillus leichmanjiwas solved by Drennan & Stubbe (unpublished infor-
mation), it came as no surprise that the class Il RNRase shared the fold previously
found for other members of this superfamily:#d),q barrel in which the active
site cysteine (identified by Stubbe and coworkers in the biochemical experiments)
was located on a loop anchored by the halves of the 10-stranded barrel.

Although not yet structurally characterized, recent experiments have shown
that benzylsuccinate synthase frdinauera aromaticawhich catalyzes the con-
densation of toluene and fumarate, shows significant sequence conservation with
the active site cysteines (Cys 489) and glycines (Gly 825) in PFL and the class
[l RNRases (79). The mechanism of this condensation reaction likely involves
initial abstraction of a hydrogen from the methyl group of toluene to form a radical
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that adds to the double bond in fumarate; the radical so formed is likely quenched
by Cys 489 to regenerate the starting form of the enzyme. There is little doubt
that the structure of this enzyme will reveal @d),, barrel in which Cys 489 is
located on aloop thatis restrained by the barrel structure to be spatially proximal to
Gly 825.

Thus, despite the diverse reactions described in this section, structural and
sequence analyses as well as biochemical studies clearly confirm the existence of
a mechanistically diverse superfamily in which various mechanisms are used to
generate a thiyl radical positioned in an active site contained in a ung{u,
barrel; depending upon the reaction that is catalyzed, the thiyl radical initiates a
diverse range of reactions.

Crotonase Superfamily

In analogy to the functional flexibility of diverse barrel folds described in the
previous sections, other folds provide active site architectures that can be modified
to support different overall reactions related by a common mechanistic feature. One
such structure is found in a superfamily that has been biochemically and structurally
characterized, the crotonase (or enoyl CoA hydratase) superfamily: The members
catalyze reactions that use an oxyanion hole to stabilize enolate anions derived
from thioesters or tetrahedral intermediates formed in the hydrolyses of peptide
bonds (15, 16, 80). Other than the oxyanion hole, no active site functional groups
are conserved in members of the superfamily. Reactions catalyzed by members of
the crotonase superfamily are shown in Figure 7.

The fold that provides the oxyanion hole is formed by two layegs-sheets that
are perpendicular to one another and surroundedhglices. In those members of
the superfamily that use CoA esters as substrates, the oxyanion hole is at the mouth
of the active site, with the acyl group of the substrate embedded in a cavity that
contains the determinants for substrate specificity as well as the catalytic groups
that generate the enolate anions that occur on the reaction pathways in a variety
of different reactions. At present, four structures are available for members of the
superfamily that use CoA esters as substrates: 4-chlorobenzoyl CoA dehaloge-
nase (81, 82), the prototypic rat mitochondrial crotonase (enoyl CoA hydratase)
(83, 84),A%5 AZ“dienoyl CoA isomerase (85), and methylmalonyl CoA decar-
boxylase (86). The structures of the polypeptides in these enzymes are shown in
Figure 8.

In addition, the structural studies of the ClpP protease fEbrooli (the ser-
ine protease of the bacterial analog of the eukaryotic proteasome) unexpectedly
revealed that it shares the same fold as the CoA ester—utilizing members of
the superfamily (87, 88). Although the mechanism of the reaction catalyzed by
ClpP protease has not been investigated in detail, the oxyanion holes for ClpP
and the CoA ester—utilizing members are structurally homologous, providing per-
suasive evidence that the underlying mechanistic feature that unites the mem-
bers of this superfamily is stabilization of oxyanion intermediates, albeit enolate
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Isomerase
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Decarboxylase
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ClpP

Figure 8 Structures of crotonase, dehalogenaaé:®, AZ“dienoyl CoA isomerase,
methylmalonyl CoA decarboxylase, and CIpP protease.

anions derived from CoOA thioesters or tetrahedral intermediates derived from
peptides.

The mechanism of the reaction catalyzed by rat mitochondrial crotonase is the
best studied in the superfamily (89-91): Glu 144 and Glu 164 catalyzsytine
addition of water to enoyl CoA esters to yield 3S-OH acyl CoA esters, with Glu
144 the general base that assists the attack of water ga¢hebon and Glu 164 the
general acid that delivers a proton to thearbon. Although kinetic isotope effect
investigations of the mechanism suggest that the reaction is concerted (89), the fact
thatthe members of this superfamily are united by the existence of an oxyanion hole
argues that the addition and protonation reactions are either stepwise or decidedly
asynchronous (21).

Although not structurally characterized, 3rans-enoyl CoA isomerase that
catalyzes 1,3-proton transfer reaction contains a homolog of Glu 164 but not Glu
144 in crotonase that is thought to mediate suprafacial proton transfer reaction
(92). The structurally characterize&®>, A2*dienoyl CoA isomerase that cat-
alyzes a 1,5-proton transfer reaction also contains a homolog of Glu 164 (Glu
196) but not Glu 144 (85); in this case, the active site geometry reveals the pres-
ence of Asp 204 that may be appropriately located to mediate proton transfers
to/from carbon-6 while Glu 196 mediates proton transfers to/from carbon-2 of
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the substrate. Unfortunately, neither of these reactions has been characterized in
sufficient (structural or mechanistic) detail to allow an unequivocal description of
how these reactions are catalyzed.

The structurally characterized 4-chlorobenzoyl CoA dehalogenase catalyzes a
nucleophilic aromatic substitution reaction in which an attack by Asp 145 (the ho-
molog of Asp 204 in dienoyl CoA isomerase) on the 4-carbon of the substrate leads
to formation of a Meisenheimer complex (a structural analog of an enolate anion)
that is stabilized by the oxyanion hole (93-97). Subsequent decomposition of this
intermediate by expulsion of the 4-chlorine yields an arylated enzyme intermediate;
this intermediate is hydrolyzed with the assistance of a His. Dunaway-Mariano and
colleagues have used insights into the architectural design principles represented
by this superfamily to rationally engineer the 4-chlorobenzoyl CoA dehalogenase
template to catalyze a low level of enoyl CoA hydratase activity (98).

The conclusion that stabilization of enolate anion intermediates derived from
CoA esters is the underlying mechanistic principle provides restrictions on the re-
actions catalyzed by unknown members of the superfamily discovered in genome
sequencing projects. We used this clue in our identification of an ORF i it
genome as a novel biotin-independent methylmalonyl CoA decarboxylase (99).
The E. coli genome encodes seven paralogs of the crotonase superfamily. One
of these is located in an operon that includes Sbm, a homolog of methylmalonyl
CoA mutase, and a CoA transferase. Although Sbm was not known to catalyze
the methylmalonyl CoA mutase reaction, we were able to demonstrate this acti-
vity. Using this reaction as an additional clue, we hypothesized that the crotonase
homolog would catalyze a reaction requiring stabilization of an enolate anion de-
rived from methylmalonyl CoA, e.g. epimerization or decarboxylation. The latter
activity was demonstrated and found to have a value gK,,, consistent with this
being the biological function. Although the operon that contains methylmalonyl
CoA mutase, methylmalonyl CoA decarboxylase, and a propionyl CoA:succinate
CoA transferase is sufficient to encode a pathway for the decarboxylation of suc-
cinate to propionate, the physiological context of this ability is unknown. The
structure of methylmalonyl CoA decarboxylase with an inert thioether analog of
methylmalonyl CoA was solved (86): The active site includes Tyr 140, which likely
orients the carboxylate group of methylmalonyl CoA orthogonal to the plane for
the thioester carbonyl group and His 66; Glu 113 is hydrogen bonded to Arg 87,
suggesting that Glu 113 is not directly involved in the decarboxylation reaction,
although it is a structural and sequence homolog of Glu 144 in crotonase.

A number of other reactions are known to be catalyzed by members of the cro-
tonase superfamily, including the Dieckman and retro-Dieckman reactions cataly-
zed by 1,4-dihydroxynapthoyl CoA synthase (100) and 2-ketocyclohexylcarboxyl
CoA hydrolase (101), respectively, feruloyl CoA hydratase/lyase (102), and car-
nitinyl CoA epimerase (103). Although we and others have initiated biochemical
studies of these enzymes, no correlations between structure and function are yet
possible, so the identities of the functional groups and their mechanistic roles are
unknown.
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An interesting member of the superfamily is 3-OH isobutyryl CoA hydrolase,
which hydrolyzes a CoA thioester bond (104). At least two mechanisms can be
envisaged for this reactiona) hydrolysis involving the transient formation of a
tetrahedral intermediate arg) @bstraction of the-proton toyield an enolate anion
intermediate that decomposes to a ketene and CoA, with the former captured by
water to generate the carboxylate product. Both mechanisms involve the formation
of an oxyanion intermediate that would be stabilized by the conserved oxyanion
hole. At present, insufficient information is available to distinguish between these
possible mechanisms.

If the tetrahedral intermediate mechanism is demonstrated for the hydrolase,
this enzyme will provide a transition between the members of the superfamily
that use CoA esters as substrates and the ClpP protease. Murzin first recognized
that the fold of ClpP is homologous to that of crotonase (87); Flanagan and his
coworkers had solved the structure of ClpP (88) and noted that this was the fifth
family of serine proteases in which a catalytic triad (Ser 97, His 122, and Asp 171)
had evolved by convergent evolution. As noted previously, the oxyanion hole that
is required to stabilize the tetrahedral intermediate is structurally conserved with
the oxyanion hole in the enzymes that use CoA esters as substrates. The residues of
the catalytic triad are located in a cleft that is distinct from the cavity that binds the
acyl moieties of CoA esters, emphasizing that divergent evolution retained only
the underlying structural feature that is essential for stabilizing intermediates that
otherwise would not be kinetically competent.

Murzin further noted that position-sensitive iterative basic local alignment se-
quence tool (PSI-BLAST) analyses suggest that the protease IV superfamily and
the carboxyltransferase subunits of acetyl CoA carboxylase appear to be related
to ClpP and crotonase by conservation of residues involved in formation of the
oxyanion hole (87). Confirmation of this prediction by structural and functional
studies would define the most amazing mechanistically diverse superfamily.

Vicinal-Oxygen-Chelate Superfamily

The BaBBp fold is found in the vicinal-oxygen-chelate (VOC) (15, 105) super-
family. The members of this superfamily catalyze a remarkable range of divalent
metal ion—dependent reactions that appear to require stabilization of oxyanion in-
termediates (106): various extradiol dioxygenases that require Fe(ll), glyoxalases |
thatrequire Zn(ll), a glutathione S-transferase that inactivates fosfomycin by open-
ing of the epoxide ring (FosA) and requires Mn(ll), and methylmalonyl CoA
epimerases that require Co(ll). These reactions are shown in Figure 9. A fifth mem-
ber of the superfamily, the bleomycin resistance protein, has no known enzymatic
function and does not bind divalent metal ions (107, 108). Sequence alignments
reveal the presence of three or four conserved ligands for the required divalent
metal ion in all members of the superfamily.

High-resolution structures are available for two dioxygenases (109, 110) as well
as glyoxalase | from botk. coli (111) and humans (112, 113). The structures of
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Figure 9 Reactions catalyzed by members of the VOC superfamily.

glyoxalase | and 2,3-dihydroxybiphenyl 1,2-dioxygenase are shown in Figure 10.
These, together with the sequence alignments, reveal a remarkable structural
strategy for binding the divalent metal ions and delivering the catalytic groups
(106, 114). The various polypeptides are formed from either two or four copies
of the BaS BB motif, with two copies of theBaSB8 motif forming a metal-
binding/active site, so the evolution of these proteins involved a series of gene
duplication events. The pair @iz 888 motifs are arranged with pseudo—C2 sym-
metry to form a U-shaped cavity, with each having the potential to supply two
metal ion ligands. In the case of the structurally characterized glyoxalases |, each
Ba BB motif provides two ligands for the Fe(ll) in the substrate-free enzyme; in
the structurally characterized dioxygenases and by homology in Fos&ogh&8

motif provides two ligands and the other provides a single ligand.

The observed metal ligation in the ligand-free glyoxalase | was mechanisti-
cally enigmatic (112): Biochemical experiments suggested the presence of two
general acid/base catalysts in the active site because diastereomeric thiohemi-
acetal adducts of methylglyoxal with glutathione could be converted to the single
(S)-lactoylglutathione product (115), but the structure of the ligand-free enzyme
revealed no candidates for these catalysts in the vicinity of the metal ion—binding
site. A solution to this functional problem was suggested by the structure of a
complex of human glyoxalase with a mimic of the enediolate intermediate analog
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2,3-Dihydroxybiphenyl-
Glyoxalase | 1,2-Dioxygenase

Figure 10 Structures of glyoxalase | and 2,3-dihydroxybiphenyl 1,2-dioxygenase.

(113): One of the metal ligands, Glu 172, was displaced, thereby allowing it to
abstract a proton from the thiohemiacetal carbon of the (S)-diastereomer. Given the
pseudosymmetry of the active site, the second acid/base catalyst required to pro-
cess the (R)-diastereomer could be the symmetrically related Glu 99 provided by
the secong@a 888 motif; Glu 99 might be released from metal ion ligation when

the (R)-diastereomer of the thiohemiacetal binds (106). An analogous metal ion
ligation and proton transfer mechanism could be operative in the methylmalonyl
CoA epimerase—catalyzed reaction, for which biochemical evidence also suggests
the participation of two acid/base catalysts (116, 117).

The tridentate coordination observed for Fe(ll) in the dioxygenases provides
sites for two substrate-derived ligands as well as diatomic oxygen; perhaps electron
transfer from the Fe(ll) to @provides a superoxide radical anion that can initiate
the oxygen insertion reaction that forms a lactone intermediate that ultimately is
hydrolyzed by the metal-coordinated hydroxide anion (106). Although the mech-
anism of the FosA-catalyzed reaction is distinct from those of the dioxygenases,
sequence alignments suggest tridentate coordination of the Mn(ll). Armstrong has
proposed a mechanism for this reaction in which the Mn(ll) coordinates geminal
phosphonate oxyanions, and a water in the third available coordination site par-
ticipates as a general acid catalyst to assist in opening of the epoxide ring by the
glutathione anion (106).

The pseudosymmetric structure provided by the patiagd 8 8 motifs has pro-
vided a versatile template for the evolution of diverse metalloenzymes. In contrast
to the barrel folds and others described here, the remarkable structural flexibility
offered by the varied domain architectures within this superfamily adds to the
opportunities for functional variation within the superfamily. A case in point is
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the recent functional identification and assignment of a 2,6-dichlorohydroquinone
dioxygenase, a ring cleavage enzyme required for pentachlorophenol degradation,
to the VOC superfamily (118). Although functionally a dioxygenase, the mech-
anism of catalysis for this enzyme must vary from that of the well-characterized
1,2-extradiol dioxygenases becauseiisa arrangement of the OH groups obvi-
ates metal ion chelation characteristic of all other extradiol dioxygenases assigned
to the superfamily (105, 119). The discovery of this new theme within the structure-
function paradigm represented by the VOC superfamily is supported by sequence
analysis that shows the proteins of the 2,6-dichlorohydroquinone dioxygenase sub-
group to be different in size than other known dioxygenases and likely to possess
alternative domain arrangements containing conserved active site motifs typical of
dioxygenases. Understanding how superfamily-consistent dioxygenase chemistry
is accommodated by these predicted structural variations will require structural
characterization of this enzyme.

Fe-Dependent Oxidases and Oxygenases

Recent studies of enzymes involved in the biosynthesig-laictam antibiotics,
penicillins, and cephalosporins have revealed a remarkable superfamily of Fe(ll)-
dependent oxidases, some of which require 2-ketoglutarate (2KG) as a cosubstrate
and some of which do not. Three members of this superfamily have been struc-
turally characterized: the 2KG-independent isopenicNisynthase (IPNS) that
catalyzes the formation of both thglactam and thiazolidine rings from-s-
(¢-aminoadipoyl)t-cysteineb-valine (ACV; a four-electron oxidation) (120-
122); the 2KG-dependent deacetoxycephalosporin synthase (DAOCS) that cat-
alyzes expansion of the thiazolidine ring of penicillins to produce cephalosporins
(atwo-electron oxidation) (123); and the 2KG-dependent clavaminic acid synthase
(CAS) that catalyzes three separate steps (hydroxylation, cyclization, and desatu-
ration) in the biosynthesis of thglactam clavulanic acid (each two-electron oxi-
dations) (124). The reactions catalyzed by these enzymes are shown in Figure 11;
their structures are shown in Figure 12.

The structure determination of IPNS revealed a jelly-roll fold in which the
active site is buried within g-barrel formed by eighg-strands, substantially
different, again, from other folds described above. These strands provide four
ligands for the essential Fe(ll). The Fe(ll) binds dioxygen, and a ferryl intermediate
is produced by the oxidative closure of thdactam ring; the ferryl intermediate
then abstracts a hydrogen that leads to oxidative closure of the thiazolidine ring.
The IPNS-catalyzed biscyclization reaction is a four-electron oxidation, so the
diatomic oxygen substrate can be reduced by four electrons without the need for
an external reductant.

The structure of DAOCS reveals homologs of the ligands for Fe(ll) in
IPNS in an analogous jelly-roll fold. Additionally, a binding site for 2KG
was located, with an Arg that is conserved in other 2KG-dependent oxidases
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Figure 12 Structures of isopenicillilN synthase, deacetoxycephalosporin synthase, and
clavaminic acid synthase.

forming a salt bridge with the 5-carboxylate group of the cosubstrate. In this
case, the ferryl intermediate is formed by oxidative decarboxylation of 2KG; this
intermediate then initiates the ring expansion reaction by hydrogen abstraction.

The structure of CAS again revealed homologs of the residues required for
Fe(ll) coordination and the Arg required for 2KG binding. In each of the three
reactions catalyzed by CAS, the ferryl intermediate is formed by the oxidative
decarboxylation of 2KG, with the ferryl intermediate mediating three different
reactions in the biosynthetic pathway.

Sequence alignments suggest that the same jelly-roll fold and ligands for metal
ion binding are retained in other 2KG-dependent oxidases, including prolyl-4-
hydroxylase. Thus, divergent evolution has been used to generate a mechanistically
diverse superfamily in which reactive ferryl intermediates are generated and used
in a remarkable number of different oxidation and oxygenation reactions.

FUNCTIONALLY DISTINCT SUPRAFAMILIES

The existence of these and other mechanistically diverse engyperfamilies
provides ample evidence that retention of the chemical mechanism can direct the
divergent evolution of proteins. The existence of functionally dissoprafamilies
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would provide support for the other mechanisms that we outlined earlier, e.g. reten-
tion of substrate specificity and exploitation of active site architecture to catalyze
different reactions. Both of these mechanisms for the divergent evolution of en-
zymatic function are illustrated in the three functionally distinct suprafamilies we
describe in the following sections.

As described above, Horowitz’s proposal that metabolic pathways evolved
backwards requires that both an ancestral enzyme and those evolved from that scaf-
fold share the ability to bind the same substrate/product molecule (13, 14). This
proposal has been described both as retrograde evolution and substrate-driven
evolution. Although few examples of divergent members of such superfamilies
have been reliably identified thus far, pairs of enzymes in tryptophan and histidine
biosynthesis provide two examples of substrate-driven evolution.

Successive Enzymes in Tryptophan Biosynthesis: PRAI
and InGPS

Structures are available for the last three enzymes in the tryptophan biosyn-
thetic pathway: the bifunctional phosphoribosylanthranilate isomerase:indolegly-
cerol phosphate synthase (PRAL:INGPS) framcoli (125), the monofunctional
PRAI from Thermotoga maritim&126), and the bifunctional tryptophan synthase
(TS; thea-polypeptide releases indole from indoleglycerol phosphate, and the
B-polypeptide forms tryptophan from indole and serine) fr&amonella ty-
phimurium(127-130). PRAI, InGPS, and thepolypeptide of TS share thgfx)g

fold; although thex-polypeptide TS does not share significant sequence identity
with PRAI or INGPS, InGPS and PRAI share 22% sequence identity. The observa-
tion of the sharedf/«)g fold does not necessarily provide evidence for divergent
retrograde evolution of the tryptophan biosynthetic pathway, given the widespread
occurrence of this fold in many other enzymes; however, the sequence identity re-
lating PRAI and InGPS does provide persuasive evidence that these are related by
divergent evolution. The hypothesis that these diverged by retrograde evolution is
also supported by the finding that no other divergent members of this superfamily
are readily identified by sequence analysis. The reactions catalyzed by PRAI and
INGPS are shown in Figure 13.

Although the structures of PRAI and InGPS were determined in the absence
of active site ligands, the product of PRAI is the substrate for INGPS, so common
structural elements in thed{x)g barrel likely are responsible for the conserved
substrate/product binding. This implies that loops that connecpBthbeets in
the barrels with the following--helices contain the functional groups that direct
the differing mechanisms for the two reactions. Fersht and his coworkers used
this analysis as the basis for directed evolution experiments in which the barrel
of INGPS domain from th&. coli bifunctional enzyme was used as the starting
structure; combinatorial libraries of randomized sequences were introduced for
the loops at the end of thregsheets, and members of the libraries that could
catalyze the PRAI reaction were identified by complementing a mutdat abli
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InGPS
1 HO

Figure 13 Reactions catalyzed by PRAI and InGPS.

that lacks the gene encoding PRAI (131). New, in vitro—evolved proteins were
identified that could catalyze the PRAI reaction, with the best having a value for
k.of K Sixfold greater than that of the natural PRAI domain, although the value for
k.a:Was only 50% that of the natural PRAI; the evolved PRAI did not catalyze the
INGPS reaction. The sequence of the evolved PRAI is 90% identical to the starting
INGPS, in contrast to the 22% identity that describes the relationship between the
enzymes evolved by nature, and 28% identical to the natural PRAI.

Although this experiment does not prove that the natural PRAI evolved from
an InGPS progenitor by divergent evolution, it demonstrates that such evolution
is feasible and provides strong evidence for the mechanism of divergent evolution
in which substrate specificity is retained.

Successive Enzymes in Histidine Biosynthesis: PFACRI
and ImGPS

Another striking example of evidence for the applicability of Horowitz's proposal
is found in the histidine biosynthetic pathway with phosphoribosyl-formimino-
5-aminoimidazole carboxamide ribonucleotide isomerase (PFACRI; HisA) and
imidazole-3-glycerol phosphate synthase (IMGPS; HisF). Although PFACRI and
IMGPS share 25% sequence identity (132, 133), only recently has structural evi-
dence become available that convincingly argues for their relationship by divergent
evolution. Like PRAI, PFACRI catalyzes an Amadori rearrangement; unlike In-
GPS, ImGPS catalyzes a Gln-dependent reaction that results in formation of the
imidazole glycerol phosphate and AICAR, an intermediate in purine biosynthesis.
The reactions catalyzed by PFACRI and IMGPS are shown in Figure 14.

The structures of the monofunctional PFACRI and ImMGPS fiidrarmotoga
maritimareveal that they share thg/f)g fold (134). Although the structures were
determined in the absence of substrates or substrate analogs, the active sites can
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Figure 14 Reactions catalyzed by PFACRI and ImMGPS.

be assigned to the usual position at the C-terminal ends of the barrels based on
the locations of invariant residues as well as the positions of phosphate ions in the
structure of ImMGPS. The most striking features are two-fold repeated structural
patterns in each barrel in which the first and last four strands contain symmetrically
disposed loops of equal size and conformation. The substrates for both enzymes
contain two phosphate groups, and the phosphate ions in the structure of INGPS are
bound to the loops following-strands 3/4 and 7/8, emphasizing the utility of the
two-fold symmetry in the barrel. Furthermore, several amino acids are conserved in
all four half-barrels of PFACRI and IMGPS, an Asp in strands 1/5, a Val following
strands 1/5, and three Gly (one connectingdheelix 1 with g-strand 2, and two

in a GG motif that followss-strand 3 in each half-barrel), confirming the divergent
sequence and structural relationships that relate not only the half-barrels but also
PFACRI and ImGPS.

Surprisingly, INGPS catalyzes, albeit weakly, the PFACRI reaction, although
PFACRI does not catalyze the more chemically complex IMGPS reaction. Thus,
there is little doubt that these enzymes are related by divergent evolution; the
observed cross-reactivity is consistent with InGPS being the progenitor of PFACRI
by virtue of a catalytic promiscuity that has not been lost.

That both PRAI (TrpF) and PFACRI (HisA) catalyze Amadori rearrangements
on structurally similar substrates (substitutégbosphoribosyl amines) also raises
the possibility that these are related to one another by divergent evolution, with
the implication that divergent evolution is responsible for diverse chemistries in
different metabolic pathways. That this scenario likely is the case is suggested by
the observation that a single mutation at an active site allows PFACRI to catalyze
the PRAI reaction (135).
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OMPDC/R5PE/HUMPS Suprafamily: Different Enzymes
in Different Metabolic Pathways

The previous sections describe a number of examples of divergent evolution
of enzyme function in which retention of chemical mechanism (in mechanisti-
cally diverse superfamilies) and of substrate specificity (in retrograde evolution
of metabolic pathways to produce functionally distinct suprafamilies) dominate
the divergent evolution of new enzymatic activities. An important question that
remains is whether a new enzyme can naturally evolve from a progenitor using the
same active site functional group(s) in different mechanistic and metabolic con-
texts. An example of such divergent evolution would suggest that nature can make
sizable functional leaps as it explores the structure-function landscape and that
the number of progenitor enzymes can be more limited than previously imagined,;
for example, perhaps most, if not alf/¢)g barrels are the products of divergent
evolution rather than independent evolutionary processes.

In unpublished studies, we recently discovered an example of such divergent
evolution, although structural and functional studies are still at an early stage.
Orotidine 3-phosphate decarboxylase (OMPDC), the enzyme that catalyzes the
final step in the de novo biosynthesis of UMP, recently has attracted much attention
in the mechanistic enzymological community, given the realization that its reaction
is the most proficient of any enzyme studied to date (136). As aresult of this interest,
structural information now has been obtained for OMPDCs from four species:
Saccharomyces cerevisiélE37), Methanobacterium thermoautotrophic88),

B. subtilis(139), ancE. coli(140). All of these enzymes exhibit a dimeric structure

in which the active sites are located at the C-terminal endgfaf)§ domains.
Despite prior indications to the contrary, the active sites of the OMPDCs do not
contain a divalent metal ion, and the reactions do not require divalent metal ions
(141, 142). Although the sequences of these enzymes are highly diverged, each
active site contains two conserved Lys and two Asp residues. The likely mechanism
is an &2 reaction in which a destabilizing electrostatic interaction between one
active site Asp and the substrate carboxylate group initiates loss of carbon dioxide;
as the bond between the carboxylate group and carbon-6 is broken, a proton is
transferred to carbon-6 from an active site Lys, thereby avoiding the formation of
a vinyl anion intermediate that would be too unstable to be kinetically competent.
One active site Lysis located atthe end of the segbrbeetin thef/«)g barrel; the

other three functional groups are found in an Asp-X-Lys-X-X-Asp motif located

at the end of the thirg-sheet.

PSI-BLAST and Shotgun searches of the sequence databases using the se-
guences of OMPDCs disclose a number of homologs, some of which have been
functionally characterized. These include the biochemically characterized hex-3-
ulose monophosphate synthase (HUMPS) that contains a structurally conserved
homolog of the Asp-X-Lys-X-X-Asp in OMPDC, as noted by others (143), as well
as the more distantly related but structurally characterized ribulose 5-phosphate
epimerase (R5PE) (144). HUMPS is found in methylotropic organisms that use it



240 GERLT = BABBITT

Figure 15 Reactions catalyzed by 0 (0]
members of the OMPDC suprafa-
mily. Ij\ | OMPDC I'j\ |
07 N7 co; €O o] III H
Ribosl-5.p +H Ribosé-5-P
CH,0H
CH,O0H HO——H
=0 HUMPS =0
H——OH o a— H——OH
H——OH (o] H——OH
CH,0PO,> HJ\H CH,0P0,>
CH,0H CH,0OH
- R5PE -
H——OH o — HO—H
H——OH H——OH
CH,0P0;> CH,0PO;>

to fix formaldehyde generated from methylamine or methanol by specific dehy-
drogenases/oxidases; R5PE catalyzes a familiar reaction in the ubiquitous pentose
phosphate pathway. In contrast to OMPDC, HUMPS requires a divalent metal ion,
Mg(ll), for catalytic activity (145, 146); R5PE apparently does not require a diva-
lent metal ion for activity (147, 148). Reactions catalyzed by OMPDC, HUMPS,
and R5PE are shown in Figure 15.

The available biochemical and structural evidence suggests that even though the
reactions catalyzed by HUMPS and R5PE share a common substiétejose
5-phosphate, and can be envisaged to proceed via similar mechanisms, enoliza-
tion of a ketose, these are members of a functionally distinct suprafamily. Equally
surprising is the conclusion that although HUMPS and OMPDC share a sequen-
tially conserved Asp-X-Lys-X-X-Asp motif, the reactions they catalyze use dis-
tinct substrates and necessarily proceed via distinct mechanisms. Thus, OMPDC,
HUMPS, and R5PE are members of a functionally distinct suprafamily in which
neither mechanism nor substrate specificity is retained.

This suprafamily serves as a cogent reminder that nature is not restricted to
chemically and metabolically sensible strategies for divergent evolution; instead,
divergentevolution is opportunistic, selecting progenitors that possess an active site
architecture that can be used in mechanistically distinct catalytic functions. Given
that the paradigms described by either retrograde evolution or chemistry-based
evolution do not easily account for the functional diversity observed among the
known members of the protein universe, jumps in enzyme evolution such as those
suggested by the OMPDC suprafamily likely occurred multiple times. Members
of the OMPDC suprafamily are under study in our laboratories.
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The discovery of the OMPDC suprafamily further underscores the versatility
of the (B/a)g barrel fold in the divergent evolution of enzyme function: Active site
scaffolds in one metabolic context may be useful in another context. This provides
evidence in support of the hypothesis that enzymes that poghe3sifarrel folds
and catalyze different reactions may, in fact, be derived from a common or limited
number of progenitor enzymes.

The existence of mechanistically diverse superfamilies and functionally distinct
suprafamilies that share thg/¢)g barrel fold further suggests that modification
of this structure by directed evolution may allow the creation of new enzymes that
may have applications in the synthesis of compounds that are not found in nature,
including the construction of new metabolic pathways that will allow microorgan-
isms to catabolize otherwise inert compounds (e.g. environmental contaminants)
or synthesize compounds that have biomedical importance.

CONCLUSIONS

Although specificity-diverse superfamilies are familiar to biochemists, ample evi-
dence exists for mechanistically diverse superfamilies and functionally distinct
suprafamilies whose members do not catalyze the same chemical reactions. The
discovery of these groups of enzymes that are related by divergent evolution has
several important consequences:

1. Inthe case of mechanistically diverse superfamilies, the structural elements
that are common to all members of the superfamily allow a succinct
identification of the underlying structural strategy used to catalyze
reactions that share a common mechanistic attribute (partial reaction,
intermediate, or transition state). The synergistic study of several members
of a mechanistically diverse superfamily can be expected to provide a more
efficient solution to this goal than the more traditional approach of
studying a single enzyme at a time.

2. Functional diversity is more complex than sequence diversity. Functional
annotations of proteins identified in genome sequencing projects based on
sequence similarity without regard to the existence of mechanistically
diverse superfamilies or functionally distinct suprafamilies will lead to
many assignments that are either misleading or incorrect.

3. Functional diversity is more complex than structural diversity. As such,
knowledge of the three-dimensional structures of the complete repertoire
of protein folds will be insufficient to assign specific functions to homologs
that possess a given fold. This conclusion suggests that the ongoing
ambitious efforts in structural genomics may have a more limited impact
on determination and prediction of specific function than expected.

4. Genomic enzymology requires the interplay of both chemical (functional)
and structural (and/or sequence) analysis, as neither structure-only-based
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nor function-only-based investigations can provide an accurate picture of
how enzyme structures evolve and deliver new functions. Thus, only
through an explicit mapping between conserved elements of structure and
conserved characteristics of function can the underlying evolutionary
principles in enzyme superfamilies be discovered and verified.

Visit the Annual Reviews home page at www.AnnualReviews.org
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