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ABSTRACT. We have discovered a superfamily of enzymes related by their ability to catalyze the abstraction
of the a-proton of a carboxylic acid to form an enolic intermediate. Although each reaction catalyzed by
these enzymes is initiated by this common step, their overall reactions (including racemgaliarination

of water,-elimination of ammonia, and cycloisomerization) as well as the stereochemical consequences
(synws ant) of the 5-elimination reactions are diverse. Analysis of sequence and structural similarities
among these proteins suggests that all of their chemical reactions are mediated by a common active site
architecture modified through evolution to allow the enolic intermediates to partition to different products

in their respective active sitega different overall mechanisms. All of these enzymes retain the ability

to catalyze the thermodynamically difficult step of proton abstraction. These homologous proteins,
designated the “enolase superfamily”, include enolase as well as more metabolically specialized
enzymes: mandelate racemase, galactonate dehydratase, glucarate dehydratase, muconate-lactonizing
enzymesN-acylamino acid racemasg;methylaspartate ammonia-lyase, anrsliccinylbenzoate synthase.
Comparative analysis of structuréunction relationships within the superfamily suggests that carboxy-
phosphonoenolpyruvate synthase, another member of the superfamily, does not catalyze the reaction
proposed in the literature but catalyzes an enolase-like reaction instead. The established and deduced
structure-function relationships in the superfamily allow the prediction that other apparent members of
the family for which no catalytic functions have yet been assigned will also perform chemistry involving
abstraction of thex-protons of carboxylic acids.

Understanding the role of active site structure in determin- enzyme family and may allow identification of active site
ing both the mechanisms and rates of enzyme-catalyzedresidues. The availability of increasing numbers of three-
reactions is an important problem in enzymology. Until dimensional structures now provides an opportunity to
recently, the interdependence of structure, mechanism, ancexpand families defined on the basis of conserved catalytic
rates has been deduced primarily by examining the structuralproperties to include enzymes that catalgiéerentoverall
and catalytic properties of a single enzyme of interest, reactions yet share the same structural framework. Com-
typically with the combined approaches of X-ray crystal- parison of structures in the context of sequence information
lography, site-directed mutagenesis, and both kinetic andallows the requirements for catalysis to be identified in a
mechanistic analyses. An alternative approach is now way that cannot be obtained by the focused study of a single
possible due to the rapidly expanding structural and sequencenzyme alone. In particular, those features that are important
data bases for proteins. for shared chemical steps can be distinguished from those

The presence of conserved amino acid residues in enzymeshat relate to the specific chemistry of an individual enzyme.
that catalyze thesamereaction permits recognition of an  This information can then be used to predict the functions
of homologs of unknown function from their sequences
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members of the larges(a)s f-barrel structural class (Farber

& Petsko, 1990%. While the overall reactions catalyzed by
these enzymes differ markedly, each is initiated by abstrac-
His 297 tion of the a-proton of a carboxylic acid. Mandelate
3o racemase (MR) catalyzes the interconversion of B)egdnd
(9-enantiomers of mandelate (eq 1); muconate-lactonizing

A Glu 317
MR

S-Atrolactate

Asp 270 ! N X N
L enzyme | (MLE ) catalyzes the reversible cycloisomerization
g of cis,cismuconate to muconolactone (eq 2), and enolase
Asp 195 Glu 247 catalyzes theg-elimination reaction of water from 2-phos-
phoglycerate (2-PGA) to form PEP in the glycolytic pathway
Glu 221 (eq 3)
B Glu327 0 MR €0,
MLEI TSN — (
"m"QH ~~————— \ @/ _\m™ "y
H OH
W (R)-Mandelate (S)-Mandelate o
Lys 273
Lys 169 o M2
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Asp 198 0=C\_>=< _MLEL,_ o=c\’_>‘——<
— COy — COoy
Glu 224 Asp 249 cis,cis-Muconate Muconolactone @
C Glu 211 2-PGA
Enolase o HQ H H
M: 3,
® £ H ) Enolase H N .
e Lysads LN — €0,
O;P0 H +H,0 OPO;*
PEP 3)

Asp 320 These enzymes possess a similar active site architecture
(Figure 1) (Lebioda& Stec, 1988; Neidharet al., 1990;
Wedekindet al, 1995) that mediates the enolization of a
carboxylic acid (Figure 2) despite broad differences in their
o NNG, Lantroct Bl 1900 MR o A : substrates and the overall reactions they catalyze. The
entr , Landroet al., , ) . Rasson, |I. Vi i i
Schl)i/chting, ). Moulai, D. Ringe. and G. Petsko, unpublished activity of each enzyme is dependent upon a divalent metal

observations), and enolase with bound 2-PGA (C; PDB entry 10NE: ion._ This feature provides a critical link for under_standing
Larsenet al, 1996). the interdependence of their structures and functions.

In this paper, we describe the discoveryapfieast seen
and perhaps as many as eén additional members of the

- e

Asp 246

Glu 295
Ficure 1: Active site of MR with bound §-atrolactate (A; PDB

to correct misassigned functions of enzymes, and to predict

add_itional cata]ytic functions for enzymes .Of prev_iou;l_y enolase superfamily (Table 1) that are homologous to MR,
assigned function. Conversely, the increasing availability MLE I, and enolase. Each enzyme catalyzes a distinct

of complete sequences of mult|ple genomes h(_alps deflne theoverall reaction initiated by a common step, abstraction of
range of chemical functions compatible with a given

structural template. In this larger framework, this approach the a-proton of a carboxylic acid. The new enzymes were
promises to provide insights into how nature has both
optimized catalysis and evolved new enzymatic activities. * Abbreviations: CPEP, carboxyphosphonoenolpyruvate; CPEPS,

We report here the application of this comparative ap- carboxyphosphonoenolpyruvate synthase; GalD, galactonate dehy-

“ - dratase; GlucD, glucarate dehydratageMAL, [-methylaspartate
proach to the “enolase superfamily” of enzymes, structurally gmmonia Ilyase; MBP1, c-Myc promoter binding protein; MLE,

related proteins sharing the common ability to catalyze muconate-lactonizing enzyme; MR, mandelate racemase; NAAAR,
abstraction of theo-protons of carboxylic acids. This N-acylamino acid racemase; NCBI, National Center for Biotechnology

e . . Information; orf, open reading frame; OSBS®;succinylbenzoate
superfamily I_S dg5|gnated by the na_m_e of the fam”y member synthase; PDB, Protein Data Bank; PEP, phosphoenolpyruvate; 2-PGA,
whose function is most central to living organisms. 2-phosphoglycerate; SynORF, unidentified orf fr@ynechocystisp.;

Although the reactions catalyzed by the members of the TIM, triose phosphate isomerase.
enolase superfamily are ubiquitous in biochemistry, an _ “The f-barrel in enolase has an unusygki(5/a)s structure;

derstandi fh th Kl idi t f th however, the overall superposition of the structures of MR, MLE |1,
understanding of how the weakly acldic protons of the 5, enolase from yeast provides persuasive evidence that these are

substrates can be abstracted by weakly basic active siteelated by divergent evolution (see Figure 2). Enolase from yeast is a
functional groups has been incomplete (Gerlt & Gassman, dimer (Lebioda & Stec, 1988); both MR (Neidhat al, 1990) and
1992, 1993a,b). The three proteins of this superfamily that MLE | (Helin, 1995) are tetramers of dimers. However, the enolases
. from Bacillus megaterium(Singh & Setlow, 1978),Thermatoga
have been examined structurally, mandelate racemas&MR  mayitima (Schuriget al, 1995), andzZymomonas mobili@awluk et

muconate-lactonizing enzyme | (MLE I), and enolase, are al., 1986) are octamers (presumably tetramers of dimers).
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Ficure 2: Involvement of active site general bases in the reactions catalyzed by the MR, MLE |, and enolase subgroups of the enolase
superfamily. The general bases designated A are on the same relative face of the active site, and those designated B are on the opposite
face. In MR, Hig is H297 and Lyg is K166; in MLE |, Lyss is K273 and Lys is K169, and in enolase, Lyss K345.

Table 1: Members of the Enolase Superfamily

protein species accession fo. ref
mandelate racemase (MR) Pseudomonas putida SP, P1144% Ransonet al, 1988
galactonate dehydratase (GalD) Escherichia coli SP, P31458 Burlandet al, 1993
glucarate dehydratase (GlucD) P. putida SP, P42206 unpublished
Bacillus subtilis SP, P42238 Ogawet al., 1995
E. colf GB, U29581 unpublished
RspA E. coli SP, P3810%4 Huisman & Kolter, 1994
Spa2 Streptomyces ambofaciens SP, P3242% Schneideet al, 1993
TS Homo sapiens GB, X67098 Dolnick, 1993
IS4 H. sapiens GB, X89602 unpublished
muconate-lactonizing enzyme | (MLE I) P. putida GB, U1255P4 Houghtonet al,, 1995
Acinetobacter calcoaceticus  GB, M76991 Shanlegt al, 1994
muconate-lactonizing enzyme Il (MLE II) P. putida SP, P11452 Ghosal & You, 1989
Alcaligenes eutrophus PIR, JQ0175 Ghosal & You, 1989
Pseudomonasp. P51 SP P27099 van der Me¢ial, 1991
N-acylamino acid racemase (NAAAR) Amycolatopsisp. GB, D30738 Tokuyama & Hatano, 1995b
p-methylaspartate ammonia lyageMAL) Clostridium tetanomorphum  SP, Q05512 Godaet al, 1992
o-succinylbenzoate synthase (OSBS) E. coli SP, P29208 Sharnet al, 1993
Haemophilus influenzae SP, P44961 Fleischmanret al, 1995
SynORF Synechocystisp. GB, D640041 Kanekoet al, 1995
enolase Haloarcula marismortui SP, P29201 Kroemer & Arndt, 1991
Saccharomyces cerisiae SP, P0092% Hollandet al,, 1981

carboxyphosphonoenolpyruvate synthase (CPEPS) Streptomyces hygroscopicus GB, D37878 Leeet al, 1995
cMyc promoter binding protein (MBPI) H. sapiens SP, P22712 Ray & Miller, 1991

aGB, GenBank; SP, Swiss-Protein; PIR, Protein Identification Resoli@equences used to construct the sequence alignment in Figure 4.
¢ Two orfs: one full length and one fragme#fThe sequence used in the alignment in Figure 4 differs slightly from GB U12557 (W. A. Barrett,
M. Tomaska, and J. A. Gerlt, unpublished observations).

initially recognized as members of this superfamily from MATERIALS AND METHODS

sequence similaritiess.g, by the presence of carboxylate Superposition of the N-Terminal arfiBarrel Domains.
groups homologous to the ligands for the essential divalent tne coordinates used to superimposectiearbon backbones
metal ions required by all three structurally characterized of MR (PDB entry 2MNR), MLE | (M. Hasson, I. Schlich-
enzymes (Table 2A). Once the metal ion ligands were ting, J. Moulai, D. Ringe, and G. Petsko, unpublished
aligned, the candidate general bases responsibte fwoton observations), and enolase (PDB entry 1EBH) are from the
abstraction could be identified. With this information, authors’ laboratories. These refined structures each contain
detailed mechanisms for the reactions catalyzed by the newlya single bound divalent cation in the active site with no other
discovered members of the family can be proposed, therebybound ligands.

demonstrating the power of our comparative approach for These enzymes contain two major domains: an N-terminal
understanding enzyme mechanisms in the context of activedomain and g3-barrel domain. The N-terminal domains
site architecture. include residues 5128 of MR, residues 5129 of MLE |,
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Table 2: Active Site Residues of the Members of the Enolase

Babbitt et al.

cisco) were used to identify superfamily members. FASTA

Superfamily was also used to search for homologs of selected superfamily
A members (Pearson & Lipman, 1988). Up to 499 scores were
enzyme ligand 1 ligand 2 ligand 3 recorded fc_)r each search_ and manuaII_y screened for structural
MR Subfamily and chemical characteristics that might allow them to be
MR D195* E221* E247* included in the superfamily. Homology was determined
GalD D183 E209 E235 from conservation of functionally important residues (Table
g'sli)ff Bgﬁ Eggg 2264 2) as given in the multiple alignment shown in Figure 4.
Spa2 D210 £236 £262 The homologs found by this procedure are listed in Table 1.
TS D168 E194 E223 The sequence alignment of all members of the superfamily
MLE Subfamily was prepared as a composite of alignments of various
MLE D198+ E224* D249+ subgroups generated by the PILEUP function of the GCG
NAAAR D189 E214 D240 software package (Genetic Computer Group, Inc., Madison,
B-MAL D250 E273 D307 X
OSBS D186 E215 D239 WI). The p-barrel domains for MR, MLE |, and enolase
SynORF D172 E204 D229 were determined from their structures; the boundaries of the
Y|
Enolase Subfamily putative 5-barrel domains of the remaining superfamily
enolase D246* E295* D320* members were assigned from comparisons to those structures.
CPEPS D166 E208 7D235 Where gaps had to be introduced to resolve conflicts among
MBP1 D147 E195 i different PILEUP alignments, they were introduced system-
B _ atically at the same positions within the sequences of all
enzyme electrophile generalbasel  generalbase2 mempers of a subgroup. Positions of gaps introduced
. MRSubfamily . without precedent from any of the initial PILEUP alignments
MR K164 K166 H297 were chosen to occur at secondary-structure boundaries as
GalD K144 (N146) H285 .
GlucD K211 K213 H345 determlned'from the knqwn structures of MR, MLE I, or
RspA ? ? H314 enolase. Finally, the main elements of the resulting align-
Spa2 ? ? H312 ment were corrected with the structural superposition. This
(s K138 K140_ H273 was performed through an interactive interface designed for
. MLE Subfamily . facile comparison of multiple sequence alignments and
M,I&E AR ﬁgz ﬁ%% (:2226733) superimposed tertiary structures (M. M. Young, P. C. Babbitt,
B-MAL ? [R219/K224] ? [R221/R226] K331 and T. E. Ferrin, Unpl:lb“Shed ObISGI’VB..tIOHS). .Except for one
OSBS K156 K158 K260 small element resulting from visual inspection alone, the
SynORF K141 K143 K253 introduction of a small gap in th&-MAL sequence to align
Enolase Subfamily the homolog for the metal binding ligand D195 in MR, the
enolase  — - K345* alignment was generated entirely from the PILEUP solutions.
CPEPS - - K256
MBP1 - - K244

a(A) Metal ion ligands and (B) electrophilic and general basic

residues. Residues whose roles have been confirmed or characterized

RESULTS AND DISCUSSION

We have assigned the members of the enolase superfamily

experimentally are designated by asterisks (*). All of the other active . . .. . .
site residues are predicted from this analysis and the alignment shownt© three subgroups on the basis of the identities of their active

in Figure 4. Residues in parentheses designate residues that aréite general base(s): (1) the MR subgroup (one Lys and/or
predicted to be structurally homologous but not functionally involved one His residue), (2) the MLE | subgroup (two Lys residues),

in proton abstraction. Residues that could not be clearly predicted are gng (3) the enolase subgroup (one Lys residue). The
shown in brackets. following analysis and discussion supports this classification
and describes the relationships of the structural and functional
properties of the proteins both within and among the three
subgroups.

and residues 1134 of enolase. Thée-barrel domains
include residues 135318 of MR, residues 131320 of MLE
I, and residues 143398 of enolase.

The a-carbon coordinates of the N-terminal gfidarrel
domains of MR and enolase were positioned onto MLE |
with the interactive graphics program O (Joreesl., 1991)

Structural Superposition and Acé Site Geometries

The structural superposition of MR, MLE I, and enolase
and the algorithm (LSQKAB) of Kabsch (1978; CCP4, (Figure 3) confirms the results of earlier pairwise superposi-
1994); 71 atoms of thg-barrel domains and 76 atoms of tions (Lebioda & Stec, 1988; Neidhat al, 1990; Wedekind
the N-terminal domains were chosen for the comparison. Theet al, 1995) and reveals the striking global homology among
N- and C-terminal domains were superimposed indepen-these enzymes. Combination of this information with the
dently (Figure 3). The average rms displacements for identity of the catalytic residues derived from the high-
superpositions with MLE | are as follows: 1.53 A for MR  resolution structures of MR, MLE I, and enolase with bound
and 1.26 A for enolase (N-terminal domains) and 1.04 A substrates and/or substrate analogs described below formed
for MR and 1.35 A for enolase3¢barrel domains). the basis for alignment of the superfamily. The structure of
Sequence Alignment§he BLAST server (Altschutt al., MR complexed with the competitive inhibitoB)-atrolactate
1990) at the National Center for Biotechnology Information (Landroet al, 1994) was the foundation for proposing a
(accessedvia the Internet) and utilities provided by the general aciergeneral base-catalyzed mechanism for this
Sequence Analysis and Consulting Service of the Computerenzyme that involves the formation of a stabilized enolic
Graphics Laboratory (University of California, San Fran- intermediate (Figure 2) (Ger#t al, 1992; Kenyonet al,
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\ 2

Ficure 3: Superposition of the-carbon backbones of MR (gray), MLE | (cyan), and enolase (yellow).Fbarrel domains are on the
left and the N-terminal domains on the right.

1995). In this mechanism, K164 was identified as the substrate to form enolic intermediates, the fates of these
electrophilic catalyst that neutralizes the anionic charge of intermediates differ. Protonation occurs in the active site
the carboxylate group of the substrate, and K166 was of MR, while vinylogous elimination occurs in the active
identified as the $)-specific general base that abstracts the site of MLE | (Avigad & Englard, 1969; Chagt al,, 1987).
a-proton from §)-mandelate (Figure 1A and Table 2). K164 This difference can be partially associated with the absence
and K166 form a KXK motif that is easily recognized in of a His in MLE | that is homologous to H297 in the active
sequence alignments. This motif appears to be diagnosticsite of MR.

of the presence of functional groups that are involved as Comparison of the structure and chemical mechanism of
electrophilic and general basic catalysts, respectivatje( enolase with those of MR and MLE | further supports a claim
infra). H297 is the R)-specific general base that abstracts for the common ancestry of all three proteins. The high-
the a-proton from R)-mandelate (associated with D270 in resolution structure of enolase froBaccharomyces cerie

a His-Asp dyad). E317 is the general acid catalyst that siae complexed with the substrate 2-PGA (Larsenal.,
evidently donates a proton to the carboxyl group of the 1996) reveals the presence of homologs for the metal ion
substrate as the-proton is abstracted (not given in Table ligands found in the active sites of MR and MLE | (Figure
2). These functions have been verified by site-directed 1C and Table 2A). Mutagenesis studies of enolase suggest
mutagenesis, X-ray crystallography, and mechanistic analysegshat K345 is the general base that abstractstpeoton from

of mutant proteins (Landret al, 1991; Mitraet al., 1995; (R)-2-PGA (Table 2B) and that E211 is likely to be the
Kallarakalet al, 1995; Schafeet al, 1996). The required  general acid that facilitates the departure oftHeydroxide
Mg?* is coordinated to the carboxylate groups of D195, leaving group (Poyneet al., 1996). The functional group
E221, and E247 as well as to one carboxylate oxygen andof K345 is spatially homologous to the functional groups of
the a-hydroxyl group of the bound inhibitor. The-am- K273 in the active site of MLE | and H297 in the active site
monium group of K164 (electrophile in Table 2B) is of MR (Figure 1). Thex-carbon of K345 can be structurally
hydrogen-bonded to the same carboxylate oxygen of thesuperimposed on the-carbons of K273 in MLE | and of

inhibitor that is coordinated to the Mg D270 in MR. As might be expected from the differences
Both structural (Neidhamtt al., 1990; Petsket al., 1993; among their overall chemical mechanisms, E211 has no

Wedekindet al,, 1995) and primary sequence comparisons homolog in the active site of either MR or MLE |. The

(Tsouet al, 1990; Babbittet al., 1995) of MR with MLE | structure of enolase also reveals the presence of a second

from Pseudomonas putid&veal the presence of homologs Mg?* that is required for catalysis (Fallet al, 1977; Poyner

for the metal ion ligands found in the active site of MR & Reed, 1992; Wedekindt al,, 1994). The first M§" (that
(Figure 1B and Table 2A) as well as the presence of conserved in all of the superfamily members) coordinates
functional homologs of K164, K166 (Table 2B), and E317. to both carboxylate oxygens of 2-PGA; one of these oxygens
By analogy to the mechanism established for the MR- is also coordinated to a second Mg However, the
catalyzed reaction, a general acigeneral base-catalyzed interactions of the substrate carboxylate group with the
mechanism can be written for the equilibration of mucono- electrophilic groups in the active site of enolase (two?Mg
lactone withcis,cismuconate catalyzed by MLE | (Figure ions) differ in significant detail from those of MR and MLE
2). K167 is an electrophilic catalyst, K169 the general basic | (one M¢g?* ion and one electrophilic Glu residue). The
catalyst, and E327 the general acidic catalyst. While both proposed mechanism for enolase involves initial abstraction
enzymes catalyze the abstraction of theproton of a of the a-proton by K345 to generate an enolic intermediate
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active site residues (Table 2) are boxed and labeled with respect to residue numbering for MR (above) and enolase (below) at each block in the alignment. The positions of the metal bimgling |

FiIGURE 4: Sequence alignment of tifiebarrel domains of the members of the enolase superfamily. Division into subgroups is indicated by horizontal lines. The proteins for which tertiary s
are labeled by residue number, boxed, and marked with asterisks. Accession numbers for the sequences used in the alignment are given in Table 1.

information is available are marked by horizontal arrows: MR, MLE |, and enolase. Sequence similarity is indicated by shading as provided by the SeqVu progreinal(G298) Important
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that is stabilized by the two Mg ions followed by catalysid and is consistent with the degree of similarity
vinylogousg-elimination of the hydroxide in a reaction that among each pair of sequences in the alignment as evaluated
may be general acid-catalyzed by E211 [Figure 2 (Poyner by their percent identities (data not shown). More sequence

et al, 1996; Larseret al, 1996)]. and structural information is necessary to assign phylogenetic
_ _ relationships with greater confidence. However, assignment
Primary Sequence Alignment of the ligands for the divalent metal ion necessary for

catalysis appears to be secure (with the exception of one
ligand in GlucD; Table 2A). The conservation of these
functional groups allows the prediction that a divalent metal
ion is essential for the function of all of the proteins in this
proposed superfamily. As discussed below, the alignment
is also sufficient to identify or predict the general bases in
the various active sites (Table 2B). However, the alignment
is not sufficient to identify the homologs, if any, of the
general acid catalyst (E317 in MR) in many of the other

embers of the superfamily (not included in Table 2B).

ccordingly, this article focuses on the identities and
properties of the putative general bases in the active sites of
the newly identified members of the superfamily.

Alignment of the sequences of enolases with those of MR
and MLE | has been difficult because of limited sequence
similarity. This problem now has been overcome using the
enolase sequence from the archaebacteridaboarcula
marismortui(Kroemer & Arndt, 1991). The archaebacterial
sequence is slightly more similar to those of other members
of the superfamily, allowing us to “bootstrap” the sequence
alignment to the yeast (and other eukaryotic) enolases.

The sequences of the putatigebarrel domains of both
the established enzymes and predicted open reading frame
(orfs) of the enolase superfamily (summarized in Table 1)
are aligned in Figure 4. All of the superfamily members
were initially identified with at least two different superfamily
members in data base searches, usually by the presence qf
the conserved metal ion ligands (starred in Figure 4).%IR Subgroup

Inspection of the alignment reveals that these proteins are Those superfamily members with a conserved His presum-
globally homologous despite their great structural and aply acting as an active site base at the position of H297 of
functional divergence. MR were assigned to the MR subgroup. These include the
In addition to the sequence for MR, one representative enzymes galactonate dehydratase (GalD) and glucarate
sequence each for MLE | and MLE Il, and two enolase dehydratase (GlucD) and three reading frames of unknown
sequences, the alignment presented in Figure 4 includesfunction: RspA, Spa2, and rTS (Table 1 and Figure 5).
representative sequences for each of the five other homologsaithough the members of the enolase subgroup also exhibit
whose catalytic functions have been assigned definiti¥ely: a functionally important conserved His that aligns with H297,
galactonate dehydratase (GalD), glucarate dehydratase (GlucDhese residues apparently do not have direct roles in a proton
B-methylaspartate ammonia-lyasg-NIAL), N-acylamino  apstraction step itselfide infra).
acid racemase (NAAAR), anadtsuccinylbenzoate synthase Galactonate Dehydratase.The function of GalD, a
(OSBS). Four orfs having unassigned catalytic functions previously unassigned orf in tHescherichia colichromo-
were also discovered to be members of the superfamily (thesome, was recently proposed on the basis of its homology
first three were reported previously; Babbétt al., 1995): with MR and MLE | (Babbittet al, 1995). The sequence
RspA, Spaz, ITS, and SynORF (Figure 4; see Table 1 for agjignment of GalD with MR reveals the presence of
key for abbreviations). An additional homolog, carboxy- omglogs for the metal ion ligands found in the active site
phosphonoenolpyruvate synthase (CPEPS), having an unys \R as well as a homolog for H297 (Table 2). Although
certain catalytic function was also identified. Finally, & nq sirycture is yet available for GalD, the sequence alignment
DNA-binding protein fromHomo sapienslesignated MBP1 nequivocally demonstrates that a homolog of K166 in the
[cMyc promoter-binding protein (Ray & Miller, 1991)] was  ctive site of MR is not present in the active site of GalD

identified as a homolog of enolase, although no catalytic gjnce 5 diagnostic KXK sequence motif cannot be located.
funcpon has be_en asspmated with this protelr_l. (K164 and K166 in the active site of MR and K167 and
Since three-dimensional structures are available only for k169 in the active site of MLE | are located on the same
MR, MLE |, and enolase, the alignments of the structurally girands of8-sheet and, therefore, are separated by one amino
uncharacterized sequences with these proteins are provisionajq residue.) In GalD, this motif appears to be replaced
but are sufficient to deduce (1) the common strategies thatyith a KXN motif in which the N146 may be inferred to be
are used to catalyze the multiple reactions that are found ing onfunctional replacement for K166 in the active site of
thg superfamily and (2) rut_jimentary phyloggnetiq relation- pMR. By extension, K144 may be the homolog of the K166
ships among these proteins. These relationships can bgp, the active site of MR that interacts with the carboxylate
inferred from the clustering of the sequences into the oxygen of the substrate that is also coordinated to the
subgroups shown in Figure 4. The ordering of the various gssential Mg". The presence of H285, the assigned homolog
sequences within each subgroup is based upon the knowrys 1297, the R)-specific base in the active site of MR, is in
or predicted importance of the active site residues in accord with the stereochemistry at carbon-2 of the substrate
[also R)] and supports the proposal that this residue initiates
% In addition to the sequences shown in the alignment, the data basesthe 3-elimination of water by abstraction of the-proton.
were found to contain one additional sequence for an MLE | (MLE | The sybsequent vinylogogselimination reaction is expected
utilizes unsubstitutedis,cismuconate as a substrat&cinetobacter s - . .
calcoaceticup and two additional sequences for MLE lIs (MLE I to be facilitated by a general acidic catalyst, but the identity

utilizes halogenatectis,cismuconates as a substrat8|caligenes of this group cannot now be specified in the absence of
eutrophusand pseudomonad strain P51). Enolase sequences from a

large range of organisms are available in the NCBI data bases. Two
other proteins of identified function (GlucD and OSBS) are represented  “ The ordering of sequences given in Figure 4 differs slightly from
by sequences from several species (Table 1). that obtained with the PileUp algorithm in the GCG software package.
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CO, COy configuration of carbon-5 ob-glucarate is §. However,
MR ;
@—6,,,01{ e —— ©—<,H the structural model that can be inferred from the sequence
alignment suggests a more complex situation. The alignment

" o reveals that GlucD contains homologs footh the (-

(R)-Mandelate (5)-Mandelate specific (K213, the homolog of K166) and thR){specific
Ho HQ H (H345, the homolog of H297) bases in MR. A homolog for
the K164 in the active site of MR (K211) is also present as

GalD shown by a KLK sequence in the appropriate portion of the
; COy primary sequence (Table 2B). Given the substantial diver-
H0 gence among the members of this superfamily, conservation
of bothactive site bases in GlucD suggested that both would
be likely to play a functional role. Contrary to our initial
chemical model, the presence of a H297 homolog suggested
that this enzyme might be competent to abstract a proton
GlucD from an R)-substrate as well (Figure 5).
We have tested this prediction and determined that GlucD
1,0 can catalyze dehydration of bothglucarate and-idarate
as well as their interconversion (Palmer & Gerlt, 1996; Figure
(D)-Glucarate 5);5 b-glucarate and-idarate are epimers at carbon-5,%-(
g ;OH and 5-R), respectively. The dehydration product obtained
0,0—X K ou GlucD from p-glucarate results frori-elimination of water across
SN ) the 5-4 bond. The dehydration product obtained from
HO m €0z _ L-idarate also results from theelimination of water across
HO H ? the 5-4 bond [-idarate has an axis of symmetry so the “top”
(L)-Idarate (carbon-2 and -3) and “bottom” (carbon-4 and -5) halves of
HO W the molecule are stereochemically equivalent]. Thus, the
§ GlucD-catalyzed dehydration products derived from both
GlucD 0L p-glucarate and-idarate are identical. Thiess for dehydra-

tion of p-glucarate [reaction initiated by abstraction of the
5-(S proton] and fon-idarate [reaction initiated by abstrac-
tion of the 5-R) proton] are also approximately equat4

(D)-Glucarate (L)-Idarate s, demonstrating_ that this enzyme is ste_reorandom With
Ficure 5: Reactions of the MR subgroup. The dehydration respect to abStraqt'on of ,thl}pmtor_],from diastereomeric
reactions catalyzed by GalD and GIuD are shown as irreversible Substrates. Consistent with the ability of GlucD to catalyze
because the keto tautomer of the product is greatly favored relativedehydration of botip-glucarate and-idarate, the enzyme
to the enol tautomer. is also able to catalyze their epimerization in competition

) ) with dehydration.

structural information. Thus, by analogy to MR, we propose  From these observations, we can propose a mechanism
_by abstractlon of thex—proton to form a stabilized enolic proposed for GalD except for the additional ability to utilize
intermediate ina general acigjeneral base-catalyzed reac- poth diastereomeric substrates (Figure 5). A likely conse-
tion (Figure 2; Babbitet al, 1995). If the substrate binds  gyence of the stereorandom nature of the reactions catalyzed
in the active site in the extended conformation shown in by GlucD is that it catalyzes botsyn (with p-glucarate as
Figure 5, the stereochemical course of fhelimination  the substrate) andnti (with L-idarate as the substrate)

&

HdH

reaction is expected to benti. _ _ B-elimination reactions, assuming that each substrate binds
Glucarate DehydrataseWe have confirmed the tentative  in an extended conformation. This lack of stereospecificity
functional identification of the GlucD fror®. putida(K. C. s an unusual feature since the stereochemical courses of

Backman, personal communication) by expressing the geneenzyme-catalyzegs-elimination reactions of carboxylate
in E. coli, purifying the protein to homogeneity, and verifying  substrates are almost alwaysti (Chari et al, 1987;
that it does, in fact, have GlucD activity (Palmer & Gerlt, Creighton & Murthy, 1990).
1996). GlucD contains homologs for two of the three metal Reading Frames with Unassigned Function: RspA, Spa2,
ion ligands found in the active site of MR (Table 2A, Figure 5nd rTS Three orfs of unassigned function (Table 1) were
4). The identity of the third putative metal ion ligand cannot jgentified as members of the MR subgroup of the enolase
be unequivocally assigned on the basis of the sequencesyperfamily on the basis of the presence of metal ion ligands
alignment. homologous to those found in MR as well as a His
The mechanism of GlucD-catalyzed reaction was more homologous to H297 in MR (Figure 4). RspA is encoded
difficult to rationalize on the basis of the deduced active site by a gene irE. coli (rspA) that is involved in the onset of
structure than that of the presumably similar GalD-catalyzed the stationary phase when metabolite depletion occurs

reaction. The dehydration reaction catalyzed by GlucD is (Huisman & Kolter, 1994). Spa2 is encoded by an orf in a
initiated by abstraction of the proton from carbon-5 (Jeffcoat

et al, 1969). We expected that the active site of GlucD 5 A partially purified GlucD fromE. colihas been reported to utilize

would contain a single general basic catalyst, the homolog  _jgarate as a substrate at a rateof that observed fob-glucarate
of K166 in the active site of MR, since the absolute (Blumenthal, 1966).
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region of theStreptomyces ambofacienBromosome that 0O-H H MLET g

H
is associated with “chromosomal instability” (Schneiger o=c/\_>=< —— o= <i>—<H
al., 1993). The primary sequence of Spa2 is 65% identical — €Oy — COy
to that of RspA, suggesting that these two proteins may cis, cis-Muconate Muconolactone
catalyze the same reaction. rTS is a putative protein encoded
by an mRNA fromH. sapiensthat accumulates in tumor R R
cells and has been associated with methotrexate resistance }_Coﬁ NAAAR \TCO,
in those cells (Dolnick, 1993). While thé&R)-specific His R, Yy S — RO & ?
base appears to be conserved in all three of these orfs, the O>' N\H H O>_ N\HH
sequence alignment is equivocal regarding the presence of
homologs for K164 and K166 (Table 2B) for both RspA ($)-N-Acylamino acid (R)-N-Acylamino acid
and Spa2. rTS, however, does contain a KXK motif
representing homologs for K164 and K166 in the active site "HN H H
of MR. From the conservation of functionally important 0,C B-MAL ozc4§\'
residues, we propose that all three of these proteins are —COy = COy
enzymes and that they catalyze the abstraction of the md % £ NH; HC
a-proton of anu-hydroxy acid to form an enolic intermediate
that is stabilized by hydrogen-bonding interactions with an @5 35-B-Methylaspartate Mesaconate
electrophilic catalyst. Neither their specific chemical reac- HN H H
tions nor their substrates are known at this time. 0,0—X B-MAL .02C4§\7
MLE | Subgroup ¥ F;'%CEOZ +NH, HiC -
3

Members of the MLE | subgroup include MLE II, (25, 3R)-p-Methylaspartate Mesaconate
N-acylamino acid racemase (NAAARJB-methylaspartate
ammonia-lyase A-MAL), o-succinylbenzoate synthase
(OSBS), and a sequence of unknown function, SynORF Q& H
(Table 1 and Figure 6). All MLE | subgroup members 0SBS €02
contain a KX(K/R) motif. In contrast to the members of coy N coy
the MR subgroup, however, no member of the MLE | H,0
subgroup contains a His-Asp dyad pair homologous to H297 o 0
and D270 in the active site of MR that function together to  , g, cinyi-6-hydroxy-2.4- o-Succinylbenzoate
abstract the proton from arR)f-substrate (Schafeet al., cyclohexadiene-1-carboxylate

1996). Instead, as shown in Figure 4, these proteins containFicure 6: Reactions of the MLE subgroup. The dehydration

Gly/Ser in place of the H297 and exclusively Lys in place reaction catalyzed by OSBS is shown as irreversible because the
of D270. reaction results in aromatization of the carbocyclic ring.

~ N-Acylamino Acid RacemaséOn the basis of the identi-  pservation that the functional group of K273 in MLE | can
ties of the active site basic functional group&dg infra), be superimposed on the functional group of H297 in MR,
NAAAR belongs to the MLE | subgroup rather than to the  gyen though thea-carbons of these residues reside on
MR subgroug®. Thus, from these considerations, one might yifferent B-sheets and thus do not align in the primary
expect NAAAR to catalyzer-proton abstraction of only the  g4rctures.
(S-substrate using a homolog of K169, in analogy to the g Methylaspartate Ammonia-Lyasen contrast to the
mechanism of MLE I-catalyzed reaction. But NAAAR s @ qtherg-elimination reactions catalyzed by members of this
racemase and, like MR, catalyzes a 1,1-proton ”a”Sfersuperfamin that involve oxygen leaving grougg&MAL
reaction that is necessarily stereorandom with respect tO(Godaet al, 1992) catalyzes thé-elimination of ammonia.
abstraction of thei-proton of the substrate; the reportegs This enzyme utilizes either of the diastereomers of 3-methyl-
for the R)- tol(S)— and 6) to (R)-directions are comparable (29-aspartate, although they for the (35)-diastereomer
(100us 65 s, respectively; Tokuyama & Hatano, _1995"’_‘)- exceeds that of the §-diastereomer by a factor of 38 (490
“We propose that NAAAR contains two bases in its active ;513 s, respectively; Archeet al, 1993). In each reaction,
site positioned for proton abstraction from either tR-Or  the geometry of the unsaturated product (mesaconate) is the
(9-enantiomers of the substrate. TH8-gpecific base is  same, indicating that the $psubstrate is converted to
likely K163 that aligns with K166 of MR and K169 of MLE  productvia ananti 8-elimination mechanism while the i3
I. The (R)-specific base is likely K263 that aligns with K273 substrate is converted to produga a syn -elimination
in MLE I, even though K273 is not thought to be involved mechanism. ThusB-MAL is a stereoselective, not a
directly in o-proton abstraction/delivery in MLE I (W. C.  stereospecific, catalyst and, like GlucD, is capable of
Barrett and J. A. Gerlt, unpublished results). Thus, in catalyzing eithesynor anti -elimination reactions depend-
NAAAR, the (R)-specific base (Table 2B) could be consid- ing upon the structure of the substrate.
ered to be dunctionalhomolog of the H297 in the active Although 8-MAL contains a homolog of K273 in MLE |
site of MR but astructuralhomolog of the K273 in the active  (K331; Figure 4), the sequence alignment is equivocal with
site of MLE |. This proposal is consistent with the respect to the identity of the homolog of the active site base,
K169, in MLE I; the sequence does not contain the diagnostic

s Overall, NAAAR is also slightly more similar to MLE | than to ~ KXK motif. 'We assume that anJ-specific base is
MR: 30% identicalvs 26% identical, respectively. necessarily present to accommodate the stereoselective nature
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of the reaction. We note that both an RDR and a KLR HQ H H
sequence are present nearby in the primary sequence and H— Enolase  H™\
might provide candidates for this functional role (Table 2B). N — €Oy
The possibility that one of these Arg residues could function *0;p0 H +H,0 OPO5*
in this regard is supported by mutagenesis experiments with 2-PGA PEP
MR in which the ke,: of the K166R mutant is reduced HO H
approximately 18fold relative to wild type MR (Kallarakal H PEPS " /S‘
et al, 1995). Thus, the guanidino functional group of an NC0y N—co,
Arg residue could participate as a general basic catalyst in IOl +H,0 o)
B-MAL as well. We expect that thes-elimination of o=b—0" o=}|>—0'
ammonia is initiated by abstraction of tleproton by an ('302- éoj
active site base to form a stabilized enolic intermediate in a

carboxy 2-PGA CPEP

general aciergeneral base-catalyzed reaction analogous to _
S-elimination reactions catalyzed by other superfamily FIGURE 7: Reactions of the enolase subgroup.
members (Figure 2).

o-Succinylbenzoate Synthaséike GalD and GlucD, | and enolase
OSBS (Sharmat al, 1993) catalyzes #-elimination of i . .
water that is initiated by abstraction of anproton. OSBS Thatthe fupctlonal groups of H297 n MR, K2.73 in MLE
contains homologs for both K169 (K158; within a KVK I,_and l.(345 in enolase can be superlmpose_d In Fhe three-
motif) and K273 (K260) found in the activ,e site of MLE | dimensional structures suggests that the active sites of the
(Figure 4). Virtually nothing is known about either the members of the superfamily can be modified to retain overall
substrate .specificity or the mechanism for the OSBS- catalytic function but without retaining precise residue
catalyzed reaction (Weischet al, 1987), but our analysis identity, position,.and function. (Recall that both K273 in
would infer a catalytic mechanism that is likely to be similar MLE | and K345 in enolase are structurally homologous to

to those described for MLE |, GalD, and GlucD. Given the Ezml in MR blrj]t :cheir_fuml:tional g;O;JSSS)?areMSFEJatiwy
structure of the substrate for OSBS, the orientation of the omologous to the functional group o in ) e

substrate (and, therefore, the position ofdhproton) relative al§o note th"’.‘t H.297 in MR and H3.73 in enolase can be
to thee-amino groups of both active site lysines is unknown aligned in their primary sequences (Figure 4), although these
X 5Lesidues have different catalytic roles in the two enzymes.

given the differences in chemical mechanism between MLE

so the general basic catalyst that initiates the reaction canno . . ) o
g y n the active site of MR, H297 functions as tH§-§pecific

yet be specified. The presence of potential general base ; . ;
on both sides of the active site may suggest that either (1) ase, whereas in the active site of enolase, H373 apparently

OSBS could be either a stereoselective or a stereorandonfStoNs they-carboxyhc aC|d_ group Qf 521?' t_he putative
catalyst that utilizes both epimers at thecarbon of the ggneral gmd Cat‘f’"VS‘- H37.3 is contained W'Fhm an enolase
substrate or (2) in analogy with MLE | either a K169 or a “fingerprint” motif that is highly conserved in all known

L lases (P. C. Babbitt, unpublished observations).
K273 homolog stereospecifically abstracts thgroton of eno .
the substrate while the other Lys residue is a spectator to Carboxyphosphonoenolpyrate Syn_thase.The functl_on
catalysis. of CPEPS (Leet al, 1995) proposed in the literature is the

. . transesterification reaction in which carboxyphospho-
SynORFE The sequence of SynORF was determined in : !
the chromosomal-sequencing project&ynechocystistrain noenolpyruvate (CPEP) is generated from PEP and phospho

. ; noformate (Hidakaet al, 1990) as shown in eq 4. This
PCC6803 (Kaneket al,, 1995). No function was assigned L hanisticall istinct f h |
to SynORF. SynORF is most homologous to OSBS and reaction is mechanistically very distinct from those catalyzed

MLE Il from P. putidg however, at this time, there is by enolase, MR, MLE |, or any of the members of the

insufficient information to predict the chemistry catalyzed superfamily previously discussed.
by SynORF.

H H
- CPEPS
H PO,?
Enolase Subgroup /g—coz- c LY == H/%—cozv + HPOS
2
The sequence alignment in Figure 4 contains two se- ? , ?
quences for enolases, one fréinmarismortui(Kroemer & PO3 phosphono- 0=p—0
Arndt, 1991) and the other of the structurally characterized formate €Oy )

enzyme fromS. cereisiae (Holland et al, 1981). On the
basis of both high sequence similarity with many other  |f, as suggested by our comparative studies, the interde-
enolases and conservation of residues known to be associategendence of structure and function throughout the super-
with enolase function, we have also assigned CPEPS andamily arises from a common chemical step, then the reaction
cMyc to the enolase subgroup (Table 1 and Figure 7). proposed for CPEPS s likely incorrect. While we hypoth-
The active sites of enolases contain a single general baseesize that the CPEP product is correct, we propose that
K345 in the enzyme fron8. cereisiae that initiates the neither the proposed substrates nor the proposed mechanism
dehydration reaction by abstraction of theproton from is correct. Instead, we hypothesize that CPEP is generated
2-PGA (Figure 2). This Lys residue is homologous to K273 by thef-elimination of water from carboxy 2-PGA as shown
in MLE I. No (general basic) residue homologous to K169 in Figure 7. This hypothesis is based on our expectation
in MLE | (or K166 in MR) is present in enolase as deduced that all members of this superfamily will catalyze abstraction
from either the sequence alignment or three-dimensional of the a-proton of a carboxylic acid to form an enolic
structure (Table 2B); nor would such a homolog be expected, intermediate fide infra).
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Our proposal for an alternate chemistry for CPEPS more superfamily members, thereby providing a crucial test of the
consistent with its assignment to the enolase superfamily isusefulness of our comparative approach. One important
supported by the available sequence data. For examplehypothesis arising from our characterization of the relation-
CPEPS contains a homolog for the general basic catalystships between enolases and the MR and MLE | subgroups
K345 in yeast enolase as well as a homolog for H373 within concerns the number of metal ions involved in their catalytic
the signature sequence found in all enolases. In enolasemechanisms. Although only one metal ion binding site is
H373 is spatially proximal to the carboxylate group of E211, observed in MR and its mutants in the presence of ligands
the putative general acidic catalyst in enolase; CPEPS doegLandro et al, 1994) and in MLE | in the absence of a
not appear to contain a homolog for E2711. substrate or inhibitor (Heliret al, 1995; M. Hasson, I.

The alternate reaction we propose for CPEPS is also Schlichting, J. Moulai, D. Ringe, and G. A. Petsko, unpub-
consistent with reported biochemical characterization of this lished observations), the sequence and mechanistic homolo-
enzyme. Using a cell-free extractide infra), carboxy gies relating the MR and MLE | subgroups to the enolase
2-PGA could be generated from PEP and phosphonoformatesubgroup suggest that members of the MR and MLE |
after an initial enolase-catalyzed hydration of PEP to generatesubgroups may have a binding site for a second divalent
2-PGA. Further, 2-PGA is a more logical substrate for a metal ion. While no mechanistic role for a second metal
transesterification reaction than the previously suggested PEHon is obvious for the 1,1-proton transfer reactions catalyzed
since this strategy would avoid the requirement that CPEPSby MR and NAAAR, theS-elimination of hydroxyl leaving
stabilize the enol of pyruvate in the active site. This enzyme groups catalyzed by GalD, GlucD, and OSBS and of the
has not been purified to homogeneity and characterized;carboxylate group catalyzed by MLE | could reasonably be
instead, unfractionated cell-free preparations were observedassisted by a divalent metal iore(, a Lewis acid). Although
to synthesize CPEP from PEP and phosphonoformate in thethe second Mg in the active site of enolase functions as
original description of this enzyme. Our alternate proposal an electrostatic/electrophilic catalyst, divergent evolution of
is currently being investigated (M. A. Lies and J. A. Gerlt, the MR and MLE | subgroups from enolase could have
work in progress). allowed the second Mg to acquire a new catalytic role as

MBP1. An orf encoding a DNA-binding protein, the cMyc  a Lewis acid catalyst. For example, a Lewis acid catalyst is
promoter-binding protein (Ray & Miller, 1991), was identi- consistent with the ability of GlucD to catalyze baynand
fied on the basis of the presence of two metal ion ligands anti S-elimination reactions that are initiated by proton
homologous to two of those found throughout the enolase abstraction from carbon atoms having opposite configura-
superfamily. No homolog for the D247 in MR (D320 in tions;i.e.,no catalytically unproductive proton transfers are
enolase) could be located (Table 2A). While MBP1 contains possible between a divalent metal and the general basic
a homolog for K345 in enolase, no homolog for E211 could catalyst that abstracts theproton. This would allow the
be located (Table 2B). general basic catalyst and the metal ion to be positioned either

MBP1 is globally similar to a large number of enolases, on the same or on the opposite faces of the active site (Gerlt
although (1) it is truncated at the N terminus (data not shown) & Gassman, 1992).
and (2) both a metal ion ligand and a general acid that would We note that the available crystal forms of MR were
be expected to assist the departure of a hydroxide ion leavingobtained from concentrated solutions of (N$0,, condi-
group apparently are missing from the sequence (Figure 4).tions that interfered with the binding of the second¥tp
Perhaps these presumed differences in active site structuréhe active site of enolase (G. H. Reed, unpublished observa-
result from sequencing errors, and MBP1 does, in fact, havetions). For MLE I, no structure containing bound substrates
a catalytic activity in addition to its reported DNA-binding or substrate analogs is available, obviating the opportunity
activity. Alternatively, these alterations would be expected to observe binding of a second metal ion in MLE | structures.
to make MBP1 devoid of catalytic activity as a result of the We are currently investigating whether members of the MR
evolution of a DNA binding function. However, the and MLE | subgroups bind a second divalent metal ion that
conservation of “signature sequences” for enolase structuremay be directly involved in catalysis.
and function argues that MBP1 does, in fact, possess an . :
enolase-like catalytic function that is yet to be determined. Other Enzyme Superfamilies That Catalyze Abstraction of
Interestingly, yeast enolase has some ability to bind single- the a-Protons from Carboxylic Acids
stranded DNA (Al-Giery & Brewer, 1992). A number of other enzyme superfamilies catalyze abstrac-

tion of the a-protons from carboxylic acids. The members
Number of Metal lons in the MR and MLE | Subfamilies: of the fumarase Superfam“y (W||||anfm a|" 1992) Cata'yze
Predictions Based upon the Relationships to Enolase the 8-elimination of various leaving groups from carboxylic
acids: fumarase (OH, aspartase (N§J, arginosuccinate
lyase (the guanidino group of arginine), adenylosuccinate
lyase (the 6-amino group of adenine), and 3-carbaigitis-
muconate-lactonizing enzyme (intramoleciyfaglimination
of a carboxylate group). In each case, the product of the

" Analysis of the reported sequence of CPEPS suggests the existencgeaction is aro,S-unsaturated carboxylic acid (fumarate in
of multiple errors in the sequence, resulting in an apparent absence Ofthe biproduct reactions and a substituted fumarate in the
a homolog for E211. First, the GC content 4s75%. Second, the M ’

N-terminal region is about 70 amino acids shorter than that of enolase lactonizing enzyme) and the leaving group. The members
which eliminates the ligands for the second MgThird, the DNA of the 6-phosphogluconate dehydratase superfamily catalyze
sequence upstream of the putative initiation codon for CPEP_synthasethe B-elimination of OH from carboxylic acids: 6-phos-
encodes an out-of-frame peptide sequence that is highly similar to the . .

N-terminal sequence of enolase (P. C. Babbitt and J. A. Gerit, Phogluconate dehydratase and dihydroxy-acid dehydratase.
unpublished observations). The members of the aconitase superfamily also catalyze the

With the discovery of the salient structurfunction
relationships characteristic of the enolase superfamily, we
are now in a position to predict additional properties of the
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f-elimination of OH from carboxylic acids: aconitase and wvia abstraction of thex-proton of a carboxylic acid. The
3-isopropylmalate dehydratase. Thus, while a number of enolic intermediate then partitions to different produdts
superfamilies have evolved to accomplistproton abstrac-  different chemistries in the various active sites, establishing
tion from carboxylic acids, the enolase superfamily appears that a common active site architecture can be modified to
to be the most versatile in terms of the range of overall catalyze new reactions while retaining the ability to ac-
reactions that can be catalyzed. complish the facile abstraction of theproton of a carboxylic
acid. Our conclusions provide persuasive support for the
hypothesis that new enzyme activities evolve by recruitment
of an existing enzyme catalyzing the necessary chemistry

The active sites gf-barrel enzymes are found in cavities but differing in substrate specificity (Petslat al., 1993).
at their C-terminal ends (Bralen, 1980); the cavity is formed  Recognition of this principle coupled with our comparative
by the C-terminal ends of thg-strands and the loops that approach led to our earlier prediction of the function of an
connect thes-strands to the followingx-helices. In the  unknown reading frame as GalD (Bablettal.,1995). From
context of understanding the diverse reactions catalyzed bya comparative analysis of the sequences and only a few
members of the superfamily, this location for the active site ayailable structures of the superfamily members, important
undoubtedly is important. For example, in the active site aqgitional predictions about the chemical mechanisms of the
of MR, K166 is located at the C-terminal end of the second rections catalyzed by many of the members can be inferred.
f-strand, D195 is located at the end of the thifStrand, o analysis also suggests new possibilities in the chemistries
E221 is located at the end of the foufihstrand, E247 is ¢ some of these enzymes.g, lack of stereospecificity for
L%ﬁtsigl?xthgzlgg ?Stﬂji;fgggffﬁz t:r‘]a df'(’icﬁ;agsﬁﬁ'tg;ze GlucD, alternative function for CPEPS, and additional metal

’ ’ ligands in MR and MLE) that had not been imagined from

and H297 is located at the end of the sevefithtrand. . : o o
(K164 is located within the seconiéstrand, and E317, the previous, sometimes extensive, investigations focused on the
’ ' single enzymes alone.

putative electrophilic catalyst, is located within the eighth
f-strand; these residues lie on the “floor” of the active site
cavity.) In the active sites of MLE | and enolase, the
functional groups involved in catalysis are similarly located.
Thus, the available “hot spots” for evolution of new functions
in the enolase superfamily (M. S. Hasson, I. Schlichting, J.
Moulai, K. Taylor, W. Barrett, G. L. Kenyon, P. C. Babbitt,
J. A. Gerlt, G. A. Petsko, & D. Ringe, submitted for
ublication) are located in separate structural units that " ) . . .
gurround the substrates, theregy allowing chemistry to bedISCUSSIOHS. I_:|gure 3 was generated using the MldasPIus
redirected from a variety of geometric orientations. This Program (Ferrinet al, 1988) at the Computer Graphics
architectural “master plan” provides a structurally flexible L@oratory, University of California, San Francisco.
active _site capab_le of e\_/olving new fgnctiovia Iocalizgd REFERENCES
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