224 Biochemistry2004,43, 224—229

Evolution of Enzymatic Activity in the Enolase Superfamily: Functional Studies of
the Promiscuous-Succinylbenzoate Synthase frohmycolatopsis

Erika A. Taylor Ringiat James B. GarrettJames B. ThodehHazel M. Holderg Ivan Raymeng and
John A. Gerlt¥

Departments of Biochemistry and Chemistry, &¢msity of Illinois, Urbana, lllinois 61801, and Department of Biochemistry,
University of Wisconsin, Madison, Wisconsin 53705

Receied October 7, 2003; Résed Manuscript Receéd Naember 12, 2003

ABSTRACT. 0-Succinylbenzoate synthase (OSBS) frAmycolatopsisa member of the enolase superfamily,
catalyzes the Mtt-dependent exergonic dehydration of 2-succirigié/droxy-2,4-cyclohexadieneRt
carboxylate (SHCHC) to 4-(zarboxylphenyl)-4-oxobutyrateo{succinylbenzoate or OSB) in the
menaquinone biosynthetic pathway. This enzyme first was identified &auylamino acid racemase
(NAAAR), with the optimal substrates being the enantiomerdNeaicetyl methionine. This laboratory
subsequently discovered that this protein is a much better catalyst of the OSBS reaction, with the value
of keafKw, for dehydration, 2.5< 10° M~! s71, greatly exceeding that for 1,1-proton transfer using the
enantiomers oN-acetylmethionine as substrate, %X 11.0? M1 s~ [Palmer, D. R., Garrett, J. B., Sharma,

V., Meganathan, R., Babbitt, P. C., and Gerlt, J. A. (19B@chemistry 384252-8]. The efficiency of

the promiscuous NAAAR reaction is enhanced with alternate substrates whose structures mimic that of
the SHCHC substrate for the OSBS reaction, for example, the vallg /&y for the enantiomers of
N-succinyl phenylglycine, 2.& 1®° M~1s™1, is comparable to that for the OSBS reaction. The mechanisms

of the NAAAR and OSBS reactions have been explored using mutants of Lys 163 and Lys 263 (K163A/
R/S and K263A/R/S), the putative acid/base catalysts identified by sequence alignments with other OSBSs,
including the structurally characterized OSBS frEscherichia coli Although none of the mutants display
detectable OSBS or NAAAR activities, K163R and K163S catalyze stereospecific exchange of the
o-hydrogen ofN-succinyl-§)-phenylglycine with solvent hydrogen, and K263R and K263 catalyze the
stereospecific exchange thehydrogen ofN-succinyl-R)-phenylglycine, consistent with formation of a
Mn2?*-stabilized enolate anion intermediate. The rates of the exchange reactions catalyzed by the wild-
type enzyme exceed those for racemization. That this enzyme can catalyze two different reactions, each
involving a stabilized enediolate anion intermediate, supports the hypothesis that evolution of function in
the enolase superfamily proceeds by pathways involving functional promiscuity.

The reactions catalyzed by members of the mechanistically Scheme 1
diverse enolase superfamily are initiated by abstraction of oy
the a-proton of a carboxylate anion substrate to yield an

enediolate intermediate stabilized by coordiantion to a OSBS €0,
divalent cation (usually M&Y); this intermediate is directed T co-
to product by an active site acidl,(2). The muconate €Oy - HO 2
lactonizing enzyme (MLE)subgroup of the superfamily is o o
characterized by a highly conserved Lys-X-Lys motif at the SHCHC SB

end of the seconfl-strand and a Lys at the end of the sixth

f-strand in the f/a)s-barrel domain of the bidomain structure. These Lys residues are located on opposite faces

of the active site, thereby allowing proton-transfer reactions
' This research was supported by GM-52594 from the National to/from either face of the substrate/enediolate anion inter-

Institutes of Health. : . .
* Address correspondence to this author. Phone: (217) 244-7414. mediate. To date, three different reactions are known to be

Fax: (217) 265-0385. E-mail: j-gerlt@uiuc.edu. catalyzed by members of the MLE subgroup: an intra-
# University of lllinois. molecular cycloisomerization reaction catalyzed by MLE, a
$ University of Wisconsin. 1,1-proton-transfer reaction catalyzedibjla-pb/L-Glu epi-

! Abbreviations: MLE, muconate lactonizing enzyme; MR, man- . : .
delate racemase; NAAARN-acylamino acid racemase; NARM, meraseJ), and a dehydration reaction catalyzeddbsuccinyl-

N-acetyl-R)-methionine; NASM, N-acetyl-&)-methionine; NSRM, benzoate synthase (OSBS). OSBS catalyzes the very exer-
N-succinyl-R)-methionine; NSSMN-succinyl-§)-methionine; NSRPG, gonic syn dehydration of 2-succinyRenydroxy-2,4-cyclo-
N-succinyl-R)-phenylglycine; NSSPQ\-succinyl-§-phenylglycine; — hayadiene-R-carboxylate (SHCHC) to yield 4-{Zarboxy-

OSB, 4-(2-carboxyphenyl)-4-oxobutyrate{succinylbenzoate); OSBS, h .

o-succinylbenzoate synthase; SHCHC, 2-succirigdh§droxy-2,4- phenyl)-4-oxobutyratetsuccinylbenzoate or OSB) (Scheme
cyclohexadiene-carboxylate. 1).
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The OSBS-catalyzed reaction occurs in the biosynthesisthe prediction that Lys 163 in the promiscuous OSBS is the

of menaquinone, which is required for anaerobic growth by
many eubacteria and some archede As a result, genes

acid/base catalyst that mediates the syn dehydration reaction,
and Lys 263 stabilizes the enolate intermediate viecation

encoding OSBSs have been identified in the genomes ofinteraction.

more than 70 microorganism$)( Curiously, the pairwise
sequence identities of the encoded OSBSs are cfts90,

In this paper, we describe characterization of the mech-
anisms of the NAAAR and OSBS reactions catalyzed by

perhaps as a result of the highly exergonic nature of the the protein fromAmycolatopsisnd report that the promiscu-

reaction 6). The rate acceleration for the OSBS-catalyzed
reaction is only 1.8< 10 (7) versus values of 1.% 10
for the fumarase-catalyzed reactions and %.710'® for
mandelate racemase-catalyzed reactid)s9), two other
reactions initiated by abstraction of am-proton of a

ous NAAAR reaction can be enhanced by changing the
structure of theN-acylamino acid substrate so that it more
closely resembles that of the SHCHC substrate for the OSBS
reaction. Furthermore, although the syn dehydration catalyzed
by this OSBS evidently utilizes Lys 163 at the end of the

carboxylate anion substrate. The unusual divergence ofsecongs-strand as the sole acid/base catalyst, the mechanism
sequence among isofunctional homologues may reflect theof the NAAAR (1,1-proton transfer) reaction also requires
requirement for only a modest rate acceleration, which may | ys 263 at the end of the sixtfi-strand, with Lys 163
relax geometric requirements for the placement of the active functioning as theR)-specific base and Lys 263 functioning
site acid/base catalyst(s) vis a vis the substrate and enediolatgs the §)-specific base. These studies provide additional

intermediate.
That the OSBS reaction is efficiently catalyzed by active

support for our earlier suggestion that the identities of the
acid/base reaction catalyzed by the members of the enolase

sites in highly divergent sequence contexts suggests that someuperfamily are determined by the residues that direct

OSBSs may be functionally promiscuous, that is, they
catalyze another reaction as well as the OSBS reactign (

substrate specificityl).

Perhaps the extreme sequence divergence results froMATERIALS AND METHODS

convergent evolution from multiple progenitors within the

enolase superfamily, so the potential functional promiscuity

E. colistrains XL1-Blue and BL-21 (DE3) were obtained

may provide a clue as to the identities of the various from StratageneTaq DNA polymerase and restriction
progenitors. In this context, the discovery that the OSBS from €nzymes were purchased from Invitrogen. Oligonucleotide

Amycolatopsislso catalyzes a 1,1-proton transfer reaction
is not surprising. This enzyme first was identified by its
ability to catalyze the racemization of a variety bF
acylamino acids, so it was designatBdacylamino acid
racemase (NAAAR) 11); the enantiomers ofN-acetyl
methionine were reported as the best substraie. (
Subsequently, this laboratory discovered that NAAAR is a
much better catalyst of the OSBS reaction: the valule gf
Kwm for the OSBS-catalyzed dehydration of SHCHC, 2.5
10° M~1s%, greatly exceeds that for racemizatioriNsficetyl
methionine, 3.1x 10? M~1s71 (6). Accordingly, this OSBS
is an example of a naturally promiscuous enzyme.
Several structures are available for the OSBS from
Escherichia coli including those determined for the wild-

primers were synthesized by Operon (Alameda, CA) or by
Biosynthesis (Lewisville, TX). Deuterated reagents were
obtained from Cambridge Isotopes Ltd. All other reagents
were of the highest quality grade commercially available.

NMR spectra were recorded using Varian Unity Inova 500
and 600 MHz NMR spectrometers. Spectrophotometric
assays for OSBS activity were performed with a Perkin-
Elmer Lambda-14 spectrophotometer. Assays for racemiza-
tion activity were performed with a Jasco DIP-370 digital
polarimeter. PCR reactions were performed using a MJ
Research PTC-200 Peltier Thermal Cycler.

Synthesis of Muccinylamino AcidsN-Succinylamino
acids were synthesized by combining the enantiopure amino
acid (66 mmol) with succinic anhydride (73 mmol, 1.1 equiv)

type enzyme both in the presence and in the absence of then 50 mL of glacial acetic acid and heating the solution to

OSB product 13). These structures confirm the identities

110 °C with stirring for 10 min. The solution was cooled,

of the potential acid/base Lys residues, Lys 133 and Lys 235,and the solvent was evaporated to give a viscous syrup. The
that had been identified in sequence alignments; these aresyrup was dissolved in 50 mL of &, and the pH was
located on opposite faces of the active site at the ends of theadjusted to 7. The solution was filtered through an Amicon

second and sixttg-strands in the f/o)s-barrel domain.

10 000 MWCO PES membrane and purified by anion-

Subsequent structural studies of the catalytically inactive exchange chromatography on a column of Dowex AG-1

K133R mutant {4) revealed the absolute configuration of

8-400, eluted with a gradient of-@.5 M LiCl; the bislithium

the SHCHC substrate and lead to the conclusion that thesalt of theN-succinylated amino acid was detected by optical
dehydration reaction to form the OSB product necessarily rotation and precipitated by the addition of 10:1 acetone/

proceeds via a syn elimination reaction in which Lys 133 at
the end of the secongtstrand is the only acid/base catalyst,

first abstracting the:-proton and then, as the conjugate acid,
facilitating departure of the hydroxide leaving group. That
Lys 235 at the end of the sixifi-strand is also essential

methanolN-succinyl-R)-methionine: {]*°\asgo= —1.69;
1H NMR (500 MHz,2H,0) 6 1.84 (m, 2H),0 1.94 (s, 3H),
0 2.34 (m, 6H),6 4.12 (dd,J = 4.4, 4.5 1H).N-succinyl-
(9-methionine: {]?°%vasso= +1.21°; 'H NMR (500 MHz,
2H,0) 6 1.84 (m, 2H),6 1.94 (s, 3H),0 2.34 (m, 6H),0

suggests that it may stabilize the enolate intermediate via4.12 (dd,J = 4.4, 4.5 1H).N-succinyl-R)-phenylglycine:

mr-cation electrostatic interactions.
Although the OSBS fronE. coli and the promiscuous
OSBS fromAmycolatopsishare only 19% sequence identity,

[0]?%\asse= —77.6; 'H NMR (500 MHz,2H,0) & 2.28 (m,
2H), 6 2.38 (m, 2H),6 5.02 (s, 1H),0 7.23 (m, 5H).
N-succinyl-§-phenylglycine: §]*°Nasso= +49.C°; 'TH NMR

alignment of their sequences, along with those of the other (500 MHz,?H,0) 6 2.28 (m, 2H),0 2.38 (m, 2H),0 5.02

OSBSs that can be identified in the databa€gs dllows

(s, 1H),6 7.23 (m, 5H).
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Site-Directed Mutagenesi$he template for mutagenesis protein solution was again concentrated to 2 mL. This process
was the 1.11 kb gene encoding NAAAR frohmycolatopsis ~ was repeated three times. SamplesfbNMR analysis (800
sp. T-1-60 chromosomal DNA subcloned into the pET17b uL) contained 20 mMR)- or (S-N-succinylphenylglycine,
vector. The QuikChange site-directed mutagenesis method0.5 mg of protein, 50 mM?Hy;]-Tris-2HCI, pD 8.0, and 0.1
was utilized to introduce the desired mutations. The muta- mM MnCl, in 2H,O. Samples were monitored for incorpora-
tions were confirmed by sequencing performed at the W. tion of ?H into the substrate at the-hydrogen position after
M. Keck Biotechnology Center (Urbana, IL). overnight incubation at 28C. In subsequent experiments,

Protein Expression and Purificatiohe extinction coef-  the rates of exchangks.cn Were quantiated using saturating
ficients and predicted masses of proteins were calculatedconcentrations of the enantiomerd\sbuccinylphenylglycine
based on the amino acid sequence (http://expasy.cbr.nrc.ca(20 mM) by monitoring the change in intensity of the
tools/protparam.html). Mutant OSBSs were expressdel in - o-proton as a function of time.
coli strain BL-21 (DE3) at 30C without induction by IPTG.

The cells were lysed by sonication, and the mutant proteins RESULTS AND DISCUSSION

were purified to electrophoretic homogeneity by consecutive
chromatographies on DEAE-Sephacel and Resource-Q col-
umns @). Fractions containing protein were identified by
OD,g0and SDS-PAGE. Electrospray ionization mass spec-
trometry (ESI-MS) was used to confirm the expected masses
(within a 0.1% error).

Circular Dichroism. Wild-type and the mutant versions
of OSBSAmycolatopsisvere subjected to circular dichroism
(CD) studies at the Laboratory of Fluorescence Dynamics
at the University of lllinois. The various proteins were
dialyzed against 50 mM Tris-HCI, pH 8.0, containing 0.1
mM MnCl,; the samples were adjusted to protein concentra- llow insiahts into h idental functional cuit
tions of ~0.3 mg/mL. The CD spectra were obtained with a E owinsights INto how accidental functional promiscuity can
Jasco 720 spectropolarimeter using 0.1 cm quartz (QS) e explmt_ed by nature_to evolve new natural functions.
cuvettes. The samples were scanned five times at room Enhancing the Promiscuous NAAAR Reactifhen an
temperature over the 19@50 nm wavelength range (0.5 e_nolase superfamily member frodmycolatopsisvas |der_1t|- .
nm increments), and the scans were averaged. The cpfied as NAAAR, the best substrates fo.r the racemization
spectra were recorded in the absence of any ligands. reaction were reported to be the enantiomerd\afcetyl-

Spectrophotometric Assay for OSBS Ati OSBS activ-  and N-propylmethionine 11, 12). With the discovery that
ity was measured at 25 using varying concentrations of the phy5|ologlcal function of this protein is catalysis of the
SHCHC, 50 mM Tris-HCl, pH 8.0, and 0.1 mM Mngby OSBS rea(_:tlond), we thought that th_e unnatural NAAAR
quantitating the decrease in absorbance at 310 &= reaction n_"nght bfe enhanced by altering the structure of the
—2400 ML cm™1). The kinetic isotope effect for the OSBS N-acylamino acid substrates to more cI_oser resemble
reaction was measured using the same assay, substituting'CHC, the substrate for the OSBS reaction (Scheme 2).
a-2H-SHCHC and comparing the resulting rates. Converting the acetyl group dfl-acetyl-R)-methionine

Polarimetric Assay for NAAAR Actty. NAAAR activity (NARM), and its enantiomeX-acetyl-§-methionine (NASM),
was measured at 25C using varying concentrations of to a succinyl group irN-succinyl-®)-methionine (NSRM),
substrate (0.25100 mM), 50 mM Tris-HCI, pH 8.0,0.1 mM  and its enantiomeN-succinyl-§)-methionine (NSSM), to
MnCly, and 0.1 mg of wild-type or 1.0 mg of mutant enzyme Mimic the succinyl side chain of SHCHC increases the value
by quantitating the decrease in optical rotation at 405 nm, Of kea/Kw of a factor of ~300 (Table 1). Replacing
with a 10 s integration time and a 10 cm cell length. methionine with the more hydrophobic phenylglycine in

Kinetic Qvershoot ExperimentRacemization in either ~ N-succinyl-R)-phenylglycine (NSRPG), and its enantiomer
H,0 or2H,0 was monitored by the polarimetric assay using N-succinyl-§)-phenylglycine (NSSPG), increases the value
20 mM (R)- or (9-N-succinylphenylglycine, 50 mM Tris-  0f kea/lKw by another factor of 10, resulting in a 3000-fold
[d4]-Tris-2HCI, pD 8.0, 0.1 mM MnCJ, and 1.0 mg of wild- increase in efficiency for the NAAAR reaction so that it
type enzyme. approaches that of the OSBS reaction.

Kinetic Studies UsingH NMR SpectroscopyWild-type That the efficiency of the nonphysiological 1,1-proton
and mutant proteins were exchanged iftbO using an transfer reaction can approach that of the OSBS reaction is
Amicon stirred cell. A 10 mL aliquot of protein was striking. The OSBS reaction is a syn dehydration involving
concentrated to 2 mL; 8 mL oiH,O was added, and the the direct participation of only a single acid/base catalyst

These experiments described in this manuscript were
performed to elucidate the mechanisms of the OSBS and
NAAAR reactions catalyzed by the promiscuous OSBS from
Amycolatopsisin particular, we sought to elucidate the roles
of the putative acid/base catalysts, Lys 163 and Lys 263, in
the observed functional promiscuity. These catalysts are
predicted to be located on opposite faces of the active site
at the ends of the second and sigdstrands in thef/a)s-
barrel domain. Additionally, enhancement of the NAAAR
reaction by altering the structure of the substrate to mimic
that of the SHCHC substrate for the OSBS reaction might
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Table 1: Values of the Kinetic Constants for the NAAAR and
OSBS Reactioris

Table 2: Values of the Rates of the OSBS, NAAAR, and Substrate
Exchange Reactions for Wild-Type and Mutant Enzyimes

substrate Keat (S71) Km (M) KealKm(M~1s71)
NARM 4.8 9.8x 10°3 49x 1
NASM 6.4 1.1x 1072 5.9x 1
NSRM 110 6.5x 1073 1.7 x 10
NSSM 110 5.9x 1073 1.8x 10
NSRPG 190 9.4 104 2.0x 10°
NSSPG 190 9.5 104 19x 10
SHCHC 120 4.8< 104 25x 10°

a Assay conditions are described in the text.

(initially as a base and then as an aciti4)j whereas the
NAAAR reaction, a 1,1-transfer reaction, is necessarily

OSBS NAAAR exchange
activity activity activity
kcat kcat NSSPG(cat NSRPchat
s (s G (s
WT 120 178 490 380
K163A <3x10°% <2x10*
K163R <3x10°% <2x10% 430
K163S <3x 105 <2x10* 0.29
K263R <3x10°% <2x10* 190
K263S <3x 105 <2x10* 100
K163R/K263R <3 x 10° <2 x 10

a Assay conditions are described in the text.

catalyzed by acid/base catalysts on opposite faces of the

substrate (vide supra).
The quantitative ability of this protein to catalyze pro-

miscuous racemization reactions is perhaps even more,
impressive when the rate accelerations for the various

reactions are compared. The rate constépd, for the
nonenzymatic OSBS reaction, 161071°s™1 (7), exceeds
those for the nonenzymatic dehydration reaction catalyze
by fumarase, 1.1x 10* s! (9), and the nonenzymatic
racemization reaction catalyzed by mandelate racemase,
x 10713571 (8). In the following, we assume that the values
of kqon for the fumarase and mandelate racemase reaction
are reliable estimates for the valueskaf, for racemization

of N-acylalkylamino acids andN-acylarylamino acids, re-
spectively. Using these values k., the rate acceleration
(Keafknor) for the OSBS reaction is 7.5 10, and those for
the racemization reactions are 4410 (NARM), 1.1 x

10 (NSRM), and 6.3x 10 (NSRPG). Thus, because the
values ofkno, for the promiscuous racemization reactions are
significantly less than that for the OSBS reaction, the rate
accelerations for the promiscuous reactions significantly
exceed that for the natural reaction.

We recently reported the introduction of functional
promiscuity in single mutants of both anAla-p/L-Glu

Lys 235 residues also yielded catalytically inactive proteins
(14).

Exchange of Substrate Hydrogen with &wit Hydrogen

in the NAAAR Reactiomandelate racemase (MR), a well-
characterized member of the enolase superfamily, was the
model for exploring the effects of the mutants on the

dNAAAR reaction. Although the H297N mutant of th&)¢

specific acid/base catalyst in MR has no detectable racemase
3activity, exchange of ther-protium of - but not R)-
mandelate with solvent deuterium is efficiently catalyzed
S(16). In an analogous set of experiments, we investigated
the ability of mutants of the OSBS frolamycolatopsigo
catalyzea-proton exchange in the promiscuous NAAAR
reaction.

Each mutant was incubated overnighglityO with either
NSRPG or NSSPG; exchange was monitoredthNMR,
and the reactive substrate-mutant pairs were identified. In
subsequent experiments, the values of the rate constants for
exchangekexch Were quantitated using a saturating concen-
tration of substrate (20 mM), thereby allowing comparison
with kea for the racemization reaction (Table 2). When either
Lys 163 or Lys 263 was replaced with Arg or Ser, solvent-
derived deuterium was incorporated into one of the enan-
tiomeric substrates: mutants of Lys 163 catalyzed exchange

epimerase and a muconate lactonizing enzyme I, with the 5 NSSPG, and mutants of Lys 263 catalyzed exchange of

promiscuity being the ability to catalyze the OSBS reaction

NSRPG. Thus, we conclude that Lys 163 is tBpgpecific

(15). Taken together, our previous observations and thosegng Lys 263 is theR)-specific acid/base catalyst.
reported in this manuscript support the conclusion that the Although we did not prepare-deuterated samples of

active sites in the enolase superfamily are predisposed fo
acid/base catalysis, with the identity of the reaction deter-
mined by the structure of the ligand that is able to bind in
the active site.

Kinetic Characterization of Mutant Enzym&3n the basis
of sequence alignments with other OSBSs, including the
structurally characterized protein froln coli, Lys 163 and

Teither NSRPG or NSSPG, we observed a significant solvent
deuterium isotope effect di, for the racemization of each
protiated enantiomer (NSRP®&,/kp = 2.6; NSSPGky/ko
= 2.2). If the reaction coordinate is symmetrical, comparable
substrate deuterium isotope effects are expected.

The values okeych for the wild-type enzyme using both
NSRPG and NSSPG exceed thoseKgrfor racemization.

Lys 263 located on opposite sides of the active site at the We performed kinetic overshoot experiments in which the

ends of the second and sixhstrands in thef/o)s-barrel

progress of racemization of protiated samples of both NSRPG

domain were considered to be appropriately located to and NSSPG were compared in botbHand?H,O. Assum-

function as acid/base catalysts and were targeted for mu-ing no exchange of the substrate enantiomer with solvent
tagenesis. Six mutants were constructed and purified todeuterium during the reaction, a transient excess of the
homogeneity: K163A, K163R, K163S, K263R, K263S, and product enantiomer is expected when the reaction is per-
K163R/K263R (the K263A mutant was constructed but was formed in2H,O (17, 18). However, in our experiments, no
insoluble). No OSBS or NAAAR activity could be detected overshoot was observed with either enantiomeric substrate
for any of the mutants using spectrophotometric and pola- in either HO or ?H,O (Figure 1), although the initial rates
rimeter assays, respectively (Table 2). In our previously of racemization were diminished fil,O, as expected. We
reported studies of the monofunctional OSBS fr&mcoli, attribute this observation to faster exchange of the substrate
the analogous substitutions for the homologous Lys 133 andenantiomer with solvent than racemization. Thus, the absence
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FicurRE 1: Kinetic overshoot experiments for NSRPG and NSSPG in Bapd and?H,0. The time-dependence of the optical rotation,
expressed relative to the initial value, is displayed. The experimental conditions are described in the text.

of overshoot is in agreement with our demonstration that A
Kexch €XCeed4 for both enantiomers (Table 2).

Mechanisms of the OSBS- and NAAAR-Catalyzed Reac-
tions. Our data allow consistent mechanisms for both
reactions. The mechanism of the OSBS reaction is based on
the trans configuration of the SHCHC substrate that requires
that the dehydration is necessarily a g¢elimination (L4). JLysies
Accordingly, in analogy with the mechanism of the OSBS HN
from E. coli (14), we propose that this reaction proceeds via & onH/O .
an Elcb mechanism in whicle-proton abstraction of 5
SHCHC by Lys 163 forms a Mii-stabilized enediolate
anion intermediate that collapses to OSB with the assistance
of the conjugate acid of Lys 163 (Figure 2A). Lys 263 likely
forms az-cation interaction with the SHCHC substrate, with
this interaction enhanced as negative charge develops as the B i
intermediate is formed by abstraction of theproton. The _
phenotypes of our mutants are consistent with Lys 163 and g
Lys 263 both being required for catalysis, as outlined.

The promiscuous NAAAR reaction necessarily involves HN\"/\/COa
a two-base 1,1-proton transfer mechanism. Racemization <l 0
occurs via base-catalyzed abstraction ofdhgroton to form Sysies /Lys R \ J L¥sies
a Mre*-stabilized enediolate anion intermediate (Figure 2B). HN HN
The existence of this intermediate is supported by (1) our Q Oy-pan* o
observation that the values kf,., exceed those fok.,: for H%‘)I\O:': Q)(O_
racemization and (2) some mutants catalyze exchange in the HN con HHN co-
absence of racemization. The intermediate is diverted to \n/\/ ’ \n/\/ ’
product with the assistance of an active site acid. Our studies o © Aw
allow Lys 163 to be assigned as tH@){specific base and  Lys265 ° Lys 263
Lys 263 as the§-specific base (Figure 2B). Ficure 2: Panel A, the mechanism of the OSBS reaction. Panel

The mechanisms of the two reactions are similar but B, the mechanism of the NAAAR reaction. Although the normal
distinct. Both mechanisms require the participation of Lys divalent metal ion utilized by members of the enolase superfamily
163 and Lys 263. The OSBS reaction utilizes Lys 163 as > Mg?* (1), the assays performed in this study utilized #n

- . . ecause it provides a-3-fold enhancement in the rate of the
the single acid/base catalyst, whereas the NAAAR reaction yapAR reaction relative to Mg
uses both Lys residues as acid/base catalysts. The conscrip-
tion of Lys 263 from stabilization of the enediolate inter- Conclusions The OSBS fromAmycolatopsisoriginally
mediate in the OSBS reaction to direct participation in the identified because of its ability to catalyze the NAAAR
1,1-proton transfer reactions in the NAAAR reaction is a reaction (2), has been characterized for both reactions.
striking example of functional divergence induced by the Altering the structure of the substrate for the NAAAR
altered structures and reactivities of the substrates for thereaction to mimic that of the substrate for the OSBS reaction
natural and unnatural reactions, respectively. increases the efficiency of the promiscuous reaction by a
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factor of 1G. The phenotypes of mutants of both Lys 163
and Lys 263 are consistent with the results of previous studies
of the reactions catalyzed by the OSBS fr&mcoli (a syn
dehydration that uses a single acid/base catal§4)) énd

MR (a 1,1-proton transfer that uses two acid/base catalysts;
(19)). That the enzyme fro‘Amycolatopsigan catalyze two
different reactions, each involving a stabilized enediolate
anion intermediate, supports the hypothesis that evolution

of function in the enolase superfamily proceeds by pathways 10.

involving functional promiscuity. Our conclusion that this
enzyme catalyzes both a one-base syn dehydration reaction

(OSBS) and a two-base 1,1-proton transfer reaction (NAAAR) '

supports our earlier suggestion that active sites in the enolase
superfamily are hard-wired for acid/base chemistry, with the
identity of the reaction determined by the residues that
determine substrate specificity, and therefore, allow the
substrates for alternate reactions to fortuitously bind in the
active site 15).

The structures of complexes of the promiscuous OSBS
from Amycolatopsiavith the OSB product as well as with
the variousN-acylamino acid substrates described in this
paper are in progress and will be reported in due co@@e (
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