Biochemistry

© Copyright 2003 by the American Chemical Society Volume 42, Number 28 July 22, 2003

Accelerated Publications

Evolutionary Potential off/a)s-Barrels: Functional Promiscuity Produced by
Single Substitutions in the Enolase Superfarnily

Dawn M. Z. Schmidt, Emily C. Mundorff§ Michael Dojkaé Ericka Bermudez,Jon E. Nes§!
Sridhar Govindaraja®! Patricia C. Babbitt) Jeremy Minshulf! and John A. Gerlt*

Departments of Biochemistry and Chemistry, 419 Roger Adams Laboratoryerdity of Illinois at Urbana-Champaign,
600 South Mathews&nue, Urbana, Illinois 61801, Maxygen, Inc., 515 @=dton Drve, Redwood City, California 94063, and
Departments of Biopharmaceutical Sciences and Pharmaceutical Chemisteerklty of California,
San Francisco, California 94143

Receied May 12, 2003; Raésed Manuscript Receéd May 29, 2003

ABSTRACT. The members of the mechanistically diverg#o{s-barrel fold-containing enolase superfamily
evolved from a common progenitor but catalyze different reactions using a conserved partial reaction.
The molecular pathway for natural divergent evolution of function in the superfamily is unknown. We
have identified single-site mutants of th#{)s-barrel domains in both the Ala-b/L-Glu epimerase from
Escherichia coli(AEE) and the muconate lactonizing enzyme |l frétseudomonasp. P51 (MLE 1)

that catalyze th@-succinylbenzoate synthase (OSBS) reaction as well as the wild-type reaction. These
enzymes are members of the MLE subgroup of the superfamily, share conserved lysines on opposite
sides of their active sites, but catalyze acid- and base-mediated reactions with different mechanisms. A
comparison of the structures of AEE and the OSBS fi®ntoli was used to design the D297G mutant

of AEE; the E323G mutant of MLE Il was isolated from directed evolution experiments. Although neither
wild-type enzyme catalyzes the OSBS reaction, both mutants compleméntaoii OSBS auxotroph

and have measurable levels of OSBS activity. The analogous mutations in the D297G mutant of AEE
and the E323G mutant of MLE Il are each located at the end of the efybttand of the g/a)s-barrel

and alter the ability of AEE and MLE Il to bind the substrate of the OSBS reactiba.substitutions

relax the substrate specificity, thereby allowing catalysis of the mechanisticatlyseéi OSBS reaction

with the assistance of the aati site lysinesThe generation of functionally promiscuous and mechanistically
diverse enzymes via single-amino acid substitutions likely mimics the natural divergent evolution of
enzymatic activities and also highlights the utility of th#d)s-barrel as a scaffold for new function.

The number of enzymes far exceeds the number of proteinapproximately 10001). The (5/a)s-barrel, or TIM barrel,
folds, with estimates of the number of protein folds at fold is the most common structure in the Protein Data Bank

. (2), accounting for at least 10% of all enzymes of known
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Divergent evolution of enzyme function is commonly Substrate Intermediate Product
explained by gene duplication followed by mutational events
that allow the protein encoded by the copy to acquire a new COy COy €Oy
function 6). In one variation of this process, the gene  agg )\7/_/ o >_4_/0
duplication event is preceded by a period of “gene sharing” 07 H ﬁuj o’ N_( o’ nNH ,Z
during which the enzyme is functionally promiscuous, i.e., Ala Ala la
catalyzes multiple reactiong){ the additional reaction(s) o]

X ; . 0 o)

may or may not be physiologically importai®) (After gene J
duplication, the promiscuous reaction catalyzed by the copy MLE o o)
can provide a selective advantage if improved activity can _
be accessed by one or two additional mutati@)slt agree- o7 W ™ 0 ‘0

ment with this view, naturally promiscuous enzymes that
catalyze different chemical reactions have been discovered
(8—10). In addition, enzymes catalyzing the same chemical
reaction but with promiscuous substrate specificities occur

V4 -
%/
o]
: . R . ) 0
as intermediates in directed evolution experimeffs {2).
In another variation, the progenitor catalyzes a single "0C 0L

reaction, but an alternate chemical reaction is achieved by aFicure 1: Reactions catalyzed by members of the MLE subgroup
limited number of mutations following gene duplication. of the enolase superfamily: 1,1-proton transfer (AEE), cyclo-
Functional interconversion of homologous enzymes that isomerization (MLE II), ang3-elimination/dehydration (OSBS).

catalyze different chemical reactions has been accomplished , . .
in vitro with as few as four to eight substitutions3 14). our understanding of these structufanction paradigms to

However, the natural acquisition of a new reaction with this @SSign function to unknown members discovered in genomes

number of substitutions is unlikely; during random ac- (17, 18). .
cumulation of the required mutations, deleterious mutations 1€ members of the MLE subgroup catalyze three different

are also expected to occur. In other words, the probability cheémical reactions: 1,1-proton transferAla-o/L-Glu epi-

of evolving a new enzymatic function that requires specific Merase (AEE)], cycloisomerization (MLE), afielimination

multiple mutations is low. [o—suqcmylber!zoate s_yntha;e (OSBS)] (F|ggre 1). For our
To explore divergent evolution of{a)s-barrels, we have experiments aimed at investigating the evolutlonary potential

investigated whether single-site mutants of enzymes pos-©f the (/o)e-barrel, we selected the OSBS reaction as our

sessing the/o)e-barrel fold are sufficient for generation t@rget. OSBS is part of the pathway for menaquinone
of a new chemical reaction. Such mutants would confirm Piosynthesis and is required for anaerobic growthHsy

the evolutionary potential of thefla)s-barrel fold and  cherichia coli and other microbes, thereby providing a
support the divergent evolution of mechanistically diverse Metabolic selection for evolved OSBS activity by comple-
superfamilies, including the enolase superfamily. mentation of a strain oE. coli Iapkmg a fuchonaI gene
The enolase superfamily is a mechanistically diverse €ncoding OSBSmenC As progenitors fom witro evolution
enzyme superfamily whose homologous members catalyzewe selected the AEE froi&. coli (18) and the MLE 1l from

different overall reactions but retain a common catalytic FSéudomonasp P51 that catalyzes the cycloisomerization
strategy 15): abstraction of a proton from the carbon of 2-chloro€is,cismuconate and, with decreased kinetic

adjacent to the carboxylate group-proton) of the substrate ~ cOnstants, the cycloisomerization oi,cismuconate (the
to form a dianionic enediolate intermediate stabilized by an MLE | reaction shown in Figure 1119). Neither progenitor

essential Mg (16). The conserved location for the active Ccatalyzes the OSBS reactiomlthough the substrates,
site is at the interface between the C-terminal end of the products, and overall reactions for these three enzymes are

(Bla)g-barrel domain where the catalytic residues are located Markedly different, their active sites share conserved geom-
and an overlying “capping domain’ formed by segments etries (Figure 2). We .ha\'/e identifiezingle substitutionsf
from the N- and C-termini that influences substrate specific- e (/@)s-barrel domains in both AEE and MLE Il that allow
ity. cat_aly5|s of the OSBS reaction as yvell as th_e starting reaction.
Although levels of pairwise sequence identity relating Thls generation of functional promiscuitya single substitu-
heterofunctional members are usually less than 30%, keytlons demonstrates a remarkably simple pathway for evolu-

active site residues are conserved, allowing the superfamilyion Of new enzymatic reactions and confirms the inherent
to be divided into three subgroupséj. The isofunctional functional capability of thef/a)s-barrel fold for both natural

enolase subgroup is characterized by a conserved generafd “Unnatural” protein engineering.

basic Lys at the e_nd of the sixfhstrand of the §/a)s-barrel. MATERIALS AND METHODS

The functionally diverse members of the mandelate racemase

subgroup share a general basic His-Asp dyad in which the Construction of Insertional Deletions in E. coli and Site-
His at the end of the sevenfhstrand is spatially homologous Directed Mutagenesi§.he method of Datsenko and Wanner
to the conserved Lys of the enolase subgroup. The function-
ally diverse members of the muconate lactonizing enzyme 1 Abbreviations: AEE L-Ala-p/L-Glu epimerase; MLE, muconate
(MLE)* subgroup share acidic/basic Lys residues at the endslactonizing enzyme; OSB)-succinylbenzoate; OSB®;succinylben-

R zoate synthase; ProFARY'-[(5'-phosphoribosyl)formimino]-5-ami-
of the second and sixtfi-strands. Members of all three noimidazole-4-carboxamide ribonucleotide; PRA, phosphoribosylan-

subgroups possess Conserve_dZMt.;inding ligands at the  thranilate; SHCHC, 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-car-
ends of the third, fourth, and fiftfi-strands. We have used boxylate.
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Ficure 2: Superposition of the active sites of MLE RY) (gray),
OSBS fromE. coli (21) (yellow), and AEE fronE. coli (22) (cyan).
The numbering is that of OSBS frof. coli. Lys131 and Lys133
are at the end of the secofestrand. Asp161 is at the end of the
third g-strand. Glu190 is at the end of the fouftfstrand. Asp213

is at the end of the fiftiB-strand. Lys235 is at the end of the sixth
pB-strand. The superpositions were generated with the MINRMS
algorithm and visualized with the CHIMERA visualization package
provided by the Computer Graphics Laboratory, University of
California, San Franicisco, CA.
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E. coli; proteins assayed for AEE activity were purified from
theycjG::camstrain. This was done to prevent contamination
of OSBS-assayed enzymes by the chromosomally encoded
OSBS or AEE-assayed enzymes by the chromosomally
encoded AEE. In either case, all genes encoding wild-type
and mutant proteins were cloned into tNdd and BarrHl|

sites of pDMS-1a (a derivative of pKK223-3 with a modified
multiple cloning site), and the recombinant plasmids were
transformed into thenenC::kanor ycjG::cam strain of E.

coli as appropriate. Cultures for expression were grown in 2
L of LB at 37 °C and induced with 0.5 mM IPTG. Cells
were harvested by centrifugation, resuspended in resuspen-
sion buffer [L0 mM Tris-HCI (pH 7.5 for MLE Il variants
and pH 8.5 for AEE variants) and 5 mM Mggland lysed

by sonication; after centrifugation, the lysate was applied to
a DEAE-Sepharose FF column. The column was washed
with 2.5 column volumes of resuspension buffer, and the
protein was eluted with a 1600 mL linear gradient (from O
to 50%) d 1 M NaCl in resuspension buffer and collected
in 20 mL fractions. Fractions containing the desired MLE Il
or AEE variant were pooled, concentrated, and dialyzed
against fresh resuspension buffer. The dialyzed protein was
then purified further over a Source 15Q column, eluted with
a 240 mL linear gradient (from 0 to 50%j & M NacCl in
resuspension buffer, and collected in 8 mL fractions. Frac-
tions containing pure protein were pooled, concentrated, and
dialyzed against resuspension buffer containing 50 mM NacCl

(20) was used to construct insertional deletions of genes pefore use in activity assays.

menC(encoding OSBS) angkcjG (encoding AEE) irE. coli
strain BW25113. A 500 bp region in the middle of the
approximately 1100 bpnenCgene was replaced with a
fragment encoding kanamycin resistantefC::kan) A 400
bp region in the middle of the approximately 1000 yapG

gene was replaced with a fragment encoding chloramphenicol

resistancey(cjG::cam). The location of the antibiotic resis-
tance cassette in each knockout was verified by DNA

sequencing of the junctions between the cassette and th

flanking regions of thenenCandycjG genes. Site-directed

mutants were created using the overlap extension PCR

method.
Random Mutagenesis and Selection of MLE Mutarte.
wild-type gene for MLE Il fromPseudomonasp. P51 was

amplified by PCR, fragmented, reassembled, and rescued a

previously described2(). The resulting shufflants were
cloned into theEcaRl andPst sites of the broad host range
vector pMMB66EH (ATCC 37620)22) and transformed
into electrocompetenkE. coli DH10B (Stratagene). The

Circular Dichroism Experiments he secondary structures
of lysine mutants of the D297G mutant of AEE and of the
E323G mutant of MLE Il were compared with those of the
progenitors using circular dichroism (CD) spectra recorded
with a Jasco J720 spectropolarimeter at the Laboratory of
Fluorescence Dynamics at the University of Illinois at
Urbana-Champaign. The protein concentrations were ad-

é'usted to give a final absorbance of 0.4 at 280 nm [in a 1

cm path length cuvette in a Perkin-Elmer Lambda 2S
spectrophotometer in 50 mM Tris (pH 8.5)]. CD measure-
ments were taken at room temperature using a 0.1 cm path
length cuvette. Spectra were acquired from 250 to 200 nm
at a rate of 50 nm/min, with a step resolution of 0.5 nm, a

Lesponse time of 4.0 s, and a bandwidth of 1.0 nm. For each

protein, a baseline scan (of buffer) was subtracted from the
average of four scans to give the final averaged scan.

Enzymatic Actiity AssaysOSBS activity was measured
as previously describe®)in 50 mM Tris (pH 8.0) and 0.1

plasmid was prepared from 10 000 independent colonies; 0.2mM MnCl; for the E323G mutant of MLE Il and 50 mM

ug of this DNA mixture was used to transfof coli menC::

Tris (pH 7.0) and 0.1 mM MnGlfor the D297G mutant of

kan and transformed cells were spread onto minimal agar AEE because of differences in their pH optima. MLE activity

media with trimethylamind-oxide as the terminal electron
acceptor and glycerol as the carbon souz®,(as well as

1 mM IPTG and 50ug/mL carbenicillin, and incubated
anaerobically at 37C. Plasmid DNA prepared from trans-

was measured by following the decrease in absorbance at
260 nm due to the consumption @if,cismuconate €2¢0 =

16 900 Mt cm™) in 50 mM Tris (pH 7.5) and 0.1 mM
MnCl,. AEE activity was measured as described previously

formants that grew anaerobically was retransformed into the at pH 8.5 (L8). Values forKy andkg, were determined by

menC::karstrain, and the growth phenotype was confirmed.
To rule out spontaneous mutationkn coli as the source of
complementation, plasmid pMMB66EH expressing unmu-
tagenized MLEII was similarly pooled, transformed into the
menC::kanstrain, and tested for complementation.

Protein Expression and PurificatiofProteins assayed for
OSBS activity were purified from thenenC::kanstrain of

varying the concentration of substrate at a constant enzyme
concentration. Assays for OSBS activity using-FH]-
SHCHC @4) as a substrate to determine substrate kinetic
isotope effects were performed in a fashion identical to that
for assays using a protiated substrate. The values of the
kinetic constants were determined with the program CLE-
LAND (25).
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Ficure 3: (A) Superposition of the structures of the AEE frén
coli (blue) and the OSBS frork. coli, the latter with the OSB
product bound in the active site. (B) Superposition showing the
overlap of Asp297 in the active site of AEE (blue) with the OSB
product in the active site of OSBS (red). (C) Predicted effect of
the D297G mutant of AEE (blue) on removal of the structural
overlap.

RESULTS

Rational Design of AEE D297GNe superimposed the
structures of the unliganded AEE®) and the OSB-liganded
OSBS @7) from E. coli, whose sequences are 30% identical
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Ficure 4: Anaerobic growth of various strains &f coli: wild-
type BW25113 #), the menC::kanmutant of BW25113@®), the
menC::karmutant transformed with a plasmid encoding the D297G
mutant of AEE A), and themenC::kanmutant transformed with

a plasmid encoding the E323G mutant of MLE M)( The data
for themenC::karmutant transformed with plasmids encoding wild-
type AEE and wild-type MLE Il can be superimposed with those
shown for themenC::kanmutant and are omitted for clarity.

Il from Pseudomonasp. P54 that complements the OSBS
auxotroph. The sequences of OSBS fremcoli and MLE
Il are 24% identical. The gene encoding MLE Il was
mutagenized by fragmentation and PCR reassembly. The
progenitor did not complement the auxotroph (Figure 4); of
three mutants that complemented it, one contained only a
single mutation, E323G (the other two were multiple mutants
that contained E323G as well as additional mutations). In
this case, the E323G44 mutant of MLE Il rapidly comple-
mented the knockout (Figure 4), with a growth curve more
similar to that of wild-typeE. coli. Glu323 is located at the
end of the eighth-strand, so the E323G substitution is
analogous to the D297G substitution designed in AEE.
Quantitation of Enzymatic Actities. The progenitor
enzymes and mutants were expressed imteaC::kanstrain
of E. coli, purified, and assayed for both OSBS activity and
progenitor activity (Table 1). The wild-type AEE and MLE
Il have no detectable OSBS activity, but both mutants
showed significant activity relative to that of the uncatalyzed
reaction 24). The differences in the rates of anaerobic growth

(Figure 3A). Focusing on residues at the C-terminal ends of during complementation (Figure 4) qualitatively correlate

the p-strands in the f/a)s-barrel domain, we observed
residue differences at three of the eighstrands. Most
notable is the substitution of a Gly at the end of the eighth
p-strand in OSBS (Gly288) with an Asp in AEE (Asp297).
In our superposition, Asp297 in AEE overlaps the succinyl
moiety of the OSB product in the active site of OSBS (Figure
3B). We constructed the D297G mutant of AEE with the
expectation that this change would allow the SHCHC

with the values ok, for the OSBS activities of the mutants,
suggesting that the intracellular concentrations of the SHCHC
substrate are equivalent so menaquinone synthesis is limited
by the values ok., (29). The rate acceleration (ratio &fx

t0 Kunca) is 1C° for the D297G mutant of AEE and 1@or

the E323G mutant of MLE Il. The rate acceleration i$%10
for the natural OSBS fror&. coli (24). The proficiency [ratio

of keafKm to the uncatalyzed rate2®)] is 13 kcal/mol for

substrate to bind and undergo dehydration (Figure 3C). Thethe D297G mutant of AEE, 16 kcal/mol for the E323G
gene encoding the wild-type AEE does not complement the mutant of MLE 1l, and 20 kcal/mol for the natural OSBS

menC::kan OSBS auxotroph (Figure 4), but the gene

(Figure 5). Both mutants are functionally promiscuof} (

encoding the D297G mutant of AEE does, albeit at a growth with the ability to catalyze the OSBS reaction accompanied

rate slower than that of wild-typE. coli.

Directed Evolution of OSBS Actity in MLE Il. Indepen-
dently and in parallel with our design of OSBS activity in
AEE, we used directed evolution to identify a mutant of MLE

by a reduction in the level of the progenitor reaction. In

addition, because the members of the MLE subgroup catalyze
three different reactions (1,1-proton transfer, dehydration, and
cycloisomerization, Figure 1), we also assessed the ability
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Table 1: Kinetic Parameters for OSBS, MLE, and AEE Activities

enzyme Keat (571 K (M) KealKm (M~1s7Y)
OSBS Activity
E. coli OSBS 244 0.8 (8+1.7)x 10°¢ 3.1x 108
wild-type MLE II - - <1.5x 10°3d
E323G MLE Il 1.5+ 0.1¢ (8.1+0.4)x 104 1.9x 1¢°
E323G/K165A MLE Il - - <1.5x 10°3d
E323G/K269A MLE I - - 6.0 x 10°2¢
wild-type AEE - - <5.2x 107384
D297G AEE (2.5+ 0.3) x 1073¢ (2.0+£0.1)x 10 12,5
D297G/K151A AEE - - 0.1
D297G/K247A AEE - - 5.5x 10°2f
MLE Activity
wild-type MLE Il 10.8+ 0.5 (5.4+0.5)x 104 2.0x 10¢
E323G MLE Il 2.3+0.2 (1.7£0.2) x 10739 1.3x 1¢°
K165A MLE II - - 7.7
K269A MLE II - - 0.25
E323G/K165A MLE Il - - 2.5x 1072f
E323G/K269A MLE I - - 0.12
wild-type AEE - - <5.0x 1073d
D297G AEE - - <6.7 x 1073¢
AEE Activity
wild-type E. coli AEE® 10+ 0.4 (1.3+£0.3) x 104 7.7 % 10
D297G AEE 0.043t 0.005 (4.4 0.3)x 10°3 9.8
K151A AEE - - <0.019¢
K247A AEE (2.1+0.1) x 102 (5.1+1.0)x 10°5 42
D297G/K151A AEE (8.5 1.0)x 10 (1.8+£0.4)x 108 0.47
D297G/K247A AEE (1.::0.1)x 10°3 (2.7+£0.8) x 10 0.41
wild-type MLE Il - - <0.03¥
E323G MLE Il - - <0.03H

2 Assay conditions described in Materials and Methdds. Taylor Ringia, unpublished resultsFor comparisonknon= 1.6 x 10-1°s%, 4 Lower
limit of detection for activity. From ref8. f Insufficient activity to determine values kf,:andKy. 9 MLE assay limited to substrate concentrations
of <1 mM.

E. coli OSBS AE Epim D297G MLE I1 E323G
30 E+ St E + S¥ E+ st
-13
204 i
20 -16
v 29 29 Ees?
! Es8* 29
kealVmol 10 ; S
.." E+S+ : '.'
; 21¢ 17 §
0 . 16 ; . H . H
| f s Vol
E+S EsS E+S E«S E+S E-S

Ficure 5: Reaction coordinates for the reactions catalyzed by the OSBS Erocoli (left panel), the D297G mutant of AEE (center

panel), and the E323G mutant of MLE Il (right panel). The activation free energy associated with the uncatalyzed OSBS reaction is shown
in red; the activation free energies associated with the catalyzed OSBS reactions are shown in blue, and the free energies associated with
the proficiencies are shown in green.

of both promiscuous mutants to catalyze the third reaction. promiscuous D297G mutant of AEE and the E323G mutant
The D297G mutant of AEE had no detectable MLE activity, of MLE Il, and the purified proteins were assayed for the
and the E323G mutant of MLE Il had no detectable AEE progenitor and promiscuous activities (Table 1). Circular
activity (Table 1). dichroism spectra for all mutants were identical to those of
Mutation of Catalytic Residue#s members of the MLE  the progenitors (data not shown). Consistent with the results
subgroup, the active sites of OSBS, AEE, and MLE Il contain obtained for the natural functions, each Ala substitution
Lys residues on opposite faces at the ends of the second andompromises both the natural and promiscuous activities.
sixth g-strands (Lys133 and Lys235 in OSBS, Lys151 and Substrate Kinetic Isotope Effect®oth promiscuous
Lys247 in AEE, and Lys165 and Lys269 in MLE 1l); mutants were assayed with-PH]SHCHC as a substrate for
separate substitution of these with Ala in the wild-type the OSBS reaction. The kinetic isotope effects kg
proteins significantly impairs the natural reaction, consistent (5.3 + 1.1 for the D297G mutant of AEE and 444 0.7 for
with their participation as acid/base catalysts (Table 1 and the E323G mutant of MLE II) are similar to that measured
E. A. Taylor Ringia and J. A. Gerlt, unpublished results). for the natural OSBS (6.1 0.4) 24). Taken together, these
The analogous Ala substitutions were introduced into the results and those for the active site lysine mutants suggest
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that the mechanisms of the promiscuous evolved OSBS In both of these, as well as in othe82), experiments, a
mutants are similar to that of the natural OSBS-catalyzed change in function is the result of a change in substrate

reaction, despite the reduced kinetic constants. specificity, with the mechanism of the reaction remaining
the same. The vitro evolution experiments presented here
DISCUSSION are distinct and noteworthy because the single substitutions

) i in MLE Il and AEE modified both the substrate specificity
In an effort to elucidate the pathway for divergent 5nqthe mechanism of the catalyzed reaction.
evolution of enzymatic function, particularly of3fg)e- The active sites of MLE, AEE, and OSBS are remarkably

barrels, we have isolated functionally promiscuous, single- ¢nserved with respect to the positions of the (1) the ligands
amino acid mutants of two members of the enolase super-; ihe ends of the third, fourth, and fiffstrands for the

fa;mily. The D?Q?Ghmutant of A_EE and the E323G mutant essential Mg" that stabilizes the enediolate intermediate and
of MLE Il catalyze the dehydration of SHCHC to OSB (the 5y the | ys catalysts on opposite faces of the active site at
reaction catalyzed by a third enolase superfamily member, 1o ends of the second and siythstrands (Figure 2). The

0SBS), as well as the_ir p_rogenitor rgactions, 1,1_—proto_n homologous active sites appear to be “hard-wired” for acid/
transfer and cycloisomerization, respectively. The amino acid ﬁ,l

; ase-catalyzed reactions on both faces of the substrates and
changes for each mutant are analogous in sequence ang,, Mg+ -stabilized enediolate intermediates.
structure; an acidic residue at the end of the eightistrand The residue at the end of the eighfhstrand in the
of the (B/a)s-barrel is changed to a glycine, presumably B

. ; ) _ /a)s-barrel domain varies across the functionally diverse,
accommodating the succinyl side chain of the substrate andstructurally characterized members of the superfangy (
product of the OSBS reaction.

27, 33—41). The identity of this residue cannot be correlated
The quantitative comparison of the reaction coordinates with either the shared formation of the stabilized enediolate
for these reactions presented in Figure 5 succinctly illustratesintermediate or divergent partitioning of the intermediate to
the evolutionary potential for catalytic diversity in the enolase distinct products. Instead, this residue appears to direct
superfamily. The rate accelerations (ratioskef to kunca binding of the various carboxylate anion substrates in distinct

and proficiencies (ratios okca/Km t0 kinca) for both the  geometries appropriate for the different reactions catalyzed
D297G mutant of AEE and the E323G mutant of MLE Il by the acid/base catalysts. As a result, the identity of the

are remarkably similar to those that characterize the reactionreaction is determined bypoth the structure and the
catalyzed by the natural OSBS. If natural divergent evolution conformation of the carboxylate anion bound to the essential
of mechanistic diversity is to be accomplished [established mg2+. We conclude that a mutation that allows binding of
by the existence of the enolase and other mechanisticallyan alternative substrate in a productive geometry is sufficient
diverse superfamilies1f)], only a limited number of  for generation of a mechanistically distinct promiscuous
substitutions can be required for selective advantage; oth-reaction and, therefore, provides a pathway for the functional
erwise, the probability of accumulating the necessary muta- eyolution.
tions would be too low. Our results establish that Single The reactions Cata|yzed by members of the enolase
substitutions are sufficient to achieve levels of new activities superfamily share initial base-catalyzed abstraction of the
that allow grOWth advantage; with time, additional substitu- a-proton from a Carboxy|ate substrate but diverge in the
tions will “perfect” the energetics of the reaction coordinate nature of the subsequent (usually acid-catalyzed) reaction
of the evolving activity 29). However, without the remark-  that yields the reaction product. In contrast, the members of
able catalytic activity provided by the first substitution, the recently discoveredpio)s-barrel fold-containing, oro-
evolution of new enzymatic functions by divergent evolution tidine 5-monophosphate decarboxylase (OMPDC) suprafam-
would be improbable, if not impossible. ily utilize conserved active site residues in mechanistically
Single-amino acid substitutions in othef/d)s-barrel- distinctreactions; i.e., neither the structures of the substrates
containing enzymes that result in new activities have been nor the mechanisms of the reactions are consed®d\{\Ve
reported. HisA (ProFAR isomerase) and TrpF (PRA are investigating whether single substitutions in this su-
isomerase) whose sequences 0% identical catalyze  prafamily can direct a change from a metal-independent
Amadori rearrangements in the biosynthetic pathways for reaction that avoids a vinyl anion intermediate (the OMPDC-
histidine and tryptophan, respectively; the enzymes are catalyzed reaction) to a metal-dependent reaction in which
specific for their substrate and do not catalyze the other an enediolate anion is stabilized (e.g., 3-ketgulonate
reaction. Using directed evolution, a point mutant of HisA 6-phosphate decarboxylase). If so, the diversity of reactions
from Thermotoga maritimaD127V) was identified that  associated with SCOP’s 25 functionally distingtd()s-barrel
catalyzed the TrpF reaction but not the HisA reaction (a superfamilies may be explained by divergent evolution from
mutant with four substitutions was promiscuous for both a single progenitor.
reactions) 80). In more recent work, dihydrodipicolinate ConclusionsDivergent evolution of function within the
synthase (DHDPS) activity was rationally enhanced in the enolase superfamily and other superfamilies in which the
N-acetylneuraminate lyase (NAL) scaffold via a single active site structure “hard-wires” chemistr{5 43) likely
substitution, L142R 31). NAL and DHDPS belong to the  begins with single substitutions that relax substrate specificity
same superfamily off{o)s-barrels, share<24% sequence  and generate functional (mechanistic) promiscuity. A better
identity, and catalyze the aldol condensation of pyruvate with understanding of those structural features that determine
different aldehydes. NAL is naturally promiscuous and substrate specificity will not only facilitate prediction of the
catalyzes the DHDPS reaction at a low level; L142R functions of unknown members of mechanistically diverse
catalyzes the DHDPS reaction with a 19-fold increased value superfamilies discovered in genome projects but also facili-
of KealKu. tate the design of catalysts for “unnatural” reactions.
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