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ABSTRACT. Glutamate racemase, Murl, catalyzes the interconversion of glutamate enantiomers in a cofactor-
independent fashion and provides bacteria with a source@iu for use in peptidoglycan biosynthesis.

The enzyme uses a “two-base” mechanism involving a deprotonation of the substrate-giositon to

form an anionic intermediate, followed by a reprotonation in the opposite stereochemical sense. In the
Lactobacillus fermentenzyme, Cys73 is responsible for the deprotonation-glutamate, and Cys184 is
responsible for the deprotonation oglutamate; however, very little is known about the roles of other
active site residues. This work describes the preparation of four mutants in which strictly conserved residues
containing ionizable side chains were modified (D10N, D36N, E152Q, and H186N). During the course
of this research, the structural analysis of a crystallized glutamate racemase indicated that three of these
residues (D10, E152, and H186) are in the active site of the enzyme [Hwang, K. Y., Cho, C.-S., Kim, S.
S., Sung, H.-C., Yu, Y. G., and Cho, Y. (1998at. Struct. Biol. 6 422-426]. Two of the mutants,

D10N and H186N, displayed a marked decrease in the valueg, cfut notky, and are therefore implicated

as important catalytic residues. Further analysis of the primary kinetic isotope effects observed with
o-deuterated substrates showed that a significant asymmetry was introduced into the free energy profile
by these two mutations. This is interpreted as evidence that the mutated residues normally assist the
catalytic thiols in acting as bases (D10 with C73 and H186 with C184). An alternate possibility is that the
residues may serve to stabilize the carbanionic intermediate in the racemization reaction.

The enzyme glutamate racemase (Murl, EC 5.1.1.3) cata-
lyzes the interconversion af- and L-glutamic acid and is !

g ' ) - _C £ ~o
the source ob-glutamate in most bacterial strairly.(o-Glu- o
NH:\
H

[}

o} :) carbanionic
| intermediate

tamic acid is an important biosynthetic building block since
it is required in the formation of peptidoglycan that protects

bacteria from osmotic lysi€j. It is clear that the disruption L

of peptidoglycan biosynthesis is lethal to bacteria and there- ENZYME

fore an understanding of the mechanism of glutamate race- / \
mase could be useful in the design of new antibiot&;s.

Glutamate racemase is a member of a small group of o LGlu o DG 4
amino acid racemases and epimeradshat operate ina 3\ - - Ll\ -
cofactor-independent fashion and include proline racemase o’ \/\< ° o’ \/\< °
(5—8), aspartate racemas®),(and diaminopimelate epime- u NH, N N
rase (0—14). These enzymes share a common mechanism _C o o <
that employs two active site cysteine residues in catalysis.

In a given reaction direction, one cysteine serves to depro- %zf Im—'

tonate the substrate at theposition and the other reproto- _ _ _

nates the resulting carbanionic intermediate on the opposite"'GURE 1. Proposed mechanism for the reaction catalyzed by
. . . . glutamate racemase.

face, generating the enantiomeric product (Figure 1). These

reactions are of mechanistic interest since it is unusual for pase residues. It has been shown that racemization is

enzymes to utilize thiol(ates) as acid/base residues and sinceiccompanied by solvent-derived deuterium incorporation into

these relatively weak bases must abstract a relativelythe product enantiomer, but not into recovered starting

nonacidic proton. . material, in both reaction directiond¥, 1. Furthermore,

‘Mechanistic studies on glutamate racemase are consisteninactivation with the substrate analogue “aziridino-glutamate”
with a “two-base” mechanism involving monoprotic acid/ was shown to proceed with covalent labeling of an active
site thiol (7).

T This work was supported by the British Columbia Health Research  Mutagenesis studies have further supported the notion that
Foundation and the Natural Sciences and Engineering Research Councif,, o cysteines provide the acid/base residues required for
of Canada (NSERC). - - . . .

* Address correspondence to this author. Phone: 604-822-9453. Cata_'YS'S- With thdhaCt.ObaC'”!JS fermenmn;yme,_mgtatmn
FAX: 604-822-2847. E-mail: mtanner@chem.ubc.ca. of either of the cysteine residues to alanine eliminated the

10.1021/bi002703z CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/04/2001




6200 Biochemistry, Vol. 40, No. 21, 2001 Glavas and Tanner

racemase activityl®), and similar results were obtained with  Section of this referen¢®& M NaOH is used in the acylation,
Cys-to-Thr/Ala mutants of thEscherichia colenzyme (9, not 6 M HCI). The following oligonucleotides were synthe-
20). Further studies on the inactiie. fermenti mutants sized on a PE Applied Biosystems model 380B DNA
indicated that they were each capable of catalyzing the synthesizer: (1) CGACGAGCGTGACACCACGATGCC,
elimination of HCI from opposite enantiomers tifreo-3- (2) GCAGAGCGAGGTATGTAGGCGGTGC, (3) GGAGT-
chloroglutamateX8). This reaction presumably requires only GATGAATTCTGGCTTGG, (4) CCAAGCCAGAATTCAT-
one catalytic acid/base residue and demonstrates that th&€CACTCC, (5) CTTCGTGGGCAACCAAGGTCAC, (6) GT-
active sites were not dramatically perturbed by the mutations. GACCTTGGTTGCCCACGAAG,(7)CGAAATCGTTCAGCACGGCC,
It also suggested that Cys73 is responsible for the deproto-(8) GGCCGTGCTGAACGATTTCG, (9) GGGCTGCAC-
nation of b-glutamate and Cys184 is responsible for the CAACTTCCCG, (10) CGGGAAGTTGGTGCAGCCC. Prim-
deprotonation of -glutamate. ers 1 and 2 are complementary to the pUC18 vector. Primers
Recent work on thé. fermentienzyme involved studies 3 and 4 encode for the D10ON mutation, primers 5 and 6
on mutants in which either of the active site cysteine residuesencode for the D36N mutation, primers 7 and 8 encode for
had been replaced with serine (C73S or C18£3).(t was the E152Q mutation. and primers 9 and 10 encode for the
somewhat surprising to see that these mutants retainedH186N mutation. Underlined regions encode the amino acid
significant racemase activity and displayeg values within substitutions.
0.3-3.0% of those observed with the wild-type enzyme. This ~ Sequence Alignmer§equence alignments were performed
residual activity allowed, however, for an assessment of the using the CLUSTAL W 1.81 algorithm courtesy of EMBL-
asymmetry introduced into the active site as a result of the European Bioinformatics Institute (http://www.ebi.ac.uk/
mutations. In the wild-type reaction, primary kinetic isotope clustalw).
effects were observed with EH]glutamate in both reaction Plasmid Construction and Mutant PurificatioRlasmids
directions, indicating that both steps of the reaction were coding for the mutant enzymes were prepared by the
partially rate-limiting and the reaction energy profile is recombinant circle PCRechnique 23). Four plasmids, each
somewhat symmetric. The replacement of one of the catalytic coding for a single mutant of glutamate racemase (D10N,
cysteine residues with serine resulted in a perturbation of D36N, E152Q, and H186N), were obtained and fully
this symmetry such that the deprotonation or reprotonation sequenced. The mutant enzymes were purified in an identical
step involving the alkoxide or alcohol became more cleanly fashion to the wild-type enzyme24). ESI-MS of the pure
rate-determining. Since the primary kinetic isotope effect enzymes confirmed the predicted molecular mass.
measurements using fB¥glutamate probe the deprotonation ~ Assay for Glutamate Racemase Aitfi. The kinetic
step, it was possible to assign a given base to a givenconstants for each mutant enzyme were determined using a
enantiomer of glutamate. In the case of C73S,\thg/Kwm circular dichroism (CD) assag4) in both thep-Glu— L-Glu
isotope effect omp-glutamate increased whereas that on andr-Glu — p-Glu reaction directions. The reactions were
L-glutamate decreased. The opposite trend was observed witiperformed at 30C in 10 mM potassium phosphate buffer,
C184S, indicating that Cys73 is responsible for the depro- pH 8, with 0.2 mM DTT and glutamate concentrations
tonation ofp-glutamate and Cys184 is responsible for the varying from 1 mM (the lower sensitivity limit of the CD
deprotonation of -glutamate. spectrophotometer) up tos K. The change in ellipticity
Despite a good understanding of the residues directly at 210 nm was monitored with a JASCO 710 CD spectro-

involved in the deprotonation/reprotonation steps, little is Photometer following enzyme addition.

known about other active site residues that are important for Vmax Isotope Effects.The Vmax isotope effects were
catalysis. Toward this end, we performed a sequencedetermined in both reaction directions by comparing the
alignment of 13 isozymes of glutamate racemase to look for initial velocity of a reaction containing 20 mM of an
strictly conserved residues that may play a role in catalysis. €nantiomer of [2H]glutamate to one containing 20 mM of
We focused on Lys, His, Glu, and Asp residues that may the same enantiomer of fM]glutamate. The ellipticity of
participate in either acid/base or electrostatic catalysis (the@ sample (25@L) equilibrated to 30°C containing glutamate
only conserved cysteines were the two known active site @hd 0.2 mM DTT in 10 mM potassium phosphate buffer,
residues). Four such residues were completely conserved irPH 8, was monitored at 210 nm following the addition of
all strains and were Asp10, Asp36, Glu152, and His186 in the appropriate enzyme. The rate was determined from the
the L. fermentienzyme. In this paper, we report the effects Slope over the first 10% of the reaction.

of conservative mutations on these residues and on the USRESULTS

of primary kinetic isotope effect measurements to probe the
extent to which these mutations induce an asymmetry on
the reaction profile. During the course of this research, the
structure of glutamate racemase frémuifex pyrophilusvas
solved by X-ray crystallography and strongly indicates that
Aspl0, Glul52, and His186 are located in the active site of
the L. fermentienzyme 22).

Sequence Alignmenk. primary sequence alignment of the
13 distinct isozymes of glutamate racemase was performed
using the CLUSTAL W (1.81) alignment algorithm, and the
results are shown in Figure 2. Regions of relatively high
homology were found near the N-termini of the enzymes as
well as in the sequences surrounding the active site cysteine
residues (C73 and C184 iIn ferment). Inspection of the

EXPERIMENTAL PROCEDURES alignment for strictly conserved Asp, Glu, Lys, and His
Materials Ultrapure potassium phosphate and ultrapure ) — - —
potassium hydroxide were purchased from Aldrichand Abbreviations: PCR, polymerase chain reaction; ESI-MS, elec-

trospray ionization mass spectrometry; CD, circular dichroism; DTT,
L-[2-?H]Glutamate were prepared by the method of Tanner gitiothreitol; SDS-PAGE, sodium dodecy! sulfatgpolyacrylamide
et al. 8) (Note: an error was found in the Experimental gel electrophoresis.
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L. fermentum — =——===—mm=m——o——o MDN--RP IGVMDEGLGGLSVVRVIQQKLENE EVIFVADRGH FPYGT KDOAE VROLALSIGA FLLKHD-VKMMVVACNTATARAL 81
A. aeolicus =~ —mmmmmmmmmmmmmmmmmeo MKIGI FDFGAGGMTYV LKATREAYPN VDVVY LGDTARVPYG I RSKE TIVRY SKECANFLKDKG-V DLLVVACNTASAYAL 78
A. pyrophilus  =——=——=————m=—mmmeem oo MKI GIFPBGVGGLTVLKAIRNR YRKVD I VYLGDTARV PYGIRSKDTI IRYSLECAGF LKDKG-VDI IVVACNTASAYAL 78
H. pylori = ===memmmmmmmmmm oo MKIGVFDB GVGGF SVLKS LLKAQLFDEI I YYGD[SARVPYGTKD PTTIKQFGLEALDF FKPHO - IKLL IVACN TASALAL 78
L. brevis -——-——-—-~--~-- —MON- - DPI GLMPE GVGGL TVLKE VORLL PTENT VFLGDIQARLP Y GPRS VAEVTMFTKQ I AOF LRQOARTKALVIACN TATARAL 82
P. pentosaceus —------———-—=—=-"~ MDN- -RPIG FMDE GVGGL TVVKT AQKLL PNEEI I FIGDEARMP Y GPRP TAEVV EFSROMASFLMTKN - IKALVIACNTATNAAL 81
B. sphaericus  —-—-—-==m=-————— MN - -API GVIPBGVGG LTVAKETIKRLPNET I YYIGDITARC PYGPRTRQEV RNFTWQMAK- ALEKMNTKMLVIACNTATAVAL 80
S. haemolyticus ——-—---=—-====—==—n- MN--KPIGV IDSGVGGLT VAKEIMRQLPNETIY Y LGDIL ARCPY G PREG DEVKQ FTTQLAN-KLMOFDIKMLV IACNTATAVAL 80
B. subtilis = —=—==—mm——mmm o MLE--QPIGVIPSGVGGLTVAKEIMRQLPKENIIY VGDTKRCPYG PRPEEEVLQY THELTNYLLENHHI KMLVI ACNTATAIAL 82
M. leprae = —mmmmmmmem—mee o MSSPLLPVGVEDE GVGGLTVARA I IDQL PDEDI VYVGD[TGNGP YGPLS I PEIRAHALAICDDLVGRG -VKILVIACNTASAACL 83
M. tuberculosis ——--—=--—-=—===mc MNSPLAPVGY FDBGVGGLT VARAT I DQLP DEDIV YVED[ GNGPY GPLTI PETRAHALAT GDDLV GRG- VKALV IACNSASSACL 83
E. coli MATKLODGNTPCLAATPS EPRPTVLVEDEGVGGLSVY DEIRH LLPDL HYTYA FDNVA F PYGE KSEAF I VERVVAIVTAVOERYPLALAVVAICNTAS TVSL 100
H. influenzae  --—=-—==-————v MDKKEKRPTV LEFPBGVGG FSVYREAKKL LPNWH Y LYCE|DNAGF PYSERKEEST I HRTLAACQL INQRY PLDAMVIACNTASTVVL 86
. e % **::* : [t ‘k*. M . H ::**k:*: *
1. fermentum PALQRALP I PVIGVIEPGARAALAQDKKG--P IGVIATTATT TAGAY PATIERLAPG TPVIAKATQPMVEIViEHGOT GT-AKAQEVVSEQ- LMTFKEHPY 177
A. aeolicus EELKREF PFPVFGVIEPGVKEALRKSKTK--RIGVI GTQAT IKSGA YQEALKRAG- ~AEVY SKACP LFVPLVEEGM I EG-E I PKK VVEHY - LKDFKG-KV 171
A. pyrophilus  ERLKKEINVPVFGVIEPGVKEALKKSRNK--KIGVIGT PATVKSGAYQRKLEEGG--ADVFAKACPLEVPLAEEGLLEG-EI TRKVVEHY-LKEFKG-KI 171
H. pylori EEMQOKHSKIPVVGVIEPSILATKRQVKDKNAPILVLGTKATIQSNAYDNALKOQGY-LNVSHLATSLEV PLIEE SILEG-ELLETCMRYY-FT PLEI-LP 174
L. brevis TTMOQTLPIPVI GVIAPGAQRAVQTTRNH--RIGVIATAGT VKSDQ YRRDI LAAAPNSQI F SVACPEMVTLARONDLTT-T HAQS VVAAN - LASLMDKKI 178
P. pentosaceus AVLQAELPIPVIGVILPGAIAANRQTKNQ--KIGVIATLGTIKSEAYPKALAEINTKLRAYPVACQEFVEIAEKNELHT - TAAQKVMNEK-LAEFRODQI 177
B.sphaericus ESLQRNMP FPVLGV INRGARAAVKKTKRH--EVVVLATEGTI KSGAY EEALL SINTS THI I PLACPT FVPLVIE|SGEY KG-QFANNL I AEG- LKPLKNEQF 176
S. haemolyticus EHLQOQMLPIPVIGVIEPGSRTAIMTTKNQ-~-NVLILGTEGTIKSEAYRHH IKHIN PNVHV LWCGL PGFVP LYEDMRYDDPTITS IVIHQT-LKQWRNTDA 177
B. subtilis DDIQRSVGIPVVGVIQPGARAAIKVTDNQ--HIGVIGTENT IKSNAYEEAL LALNP DLKVENLACP LLVPFYESGK FLD-QTADE IVKTS -LYPLKDTSI 178
M. leprae RDARERYDVPVVEVI LPAVRRAVAATRNG - -RIGVIGTRATIASHAYQDAFAAAR-DTE I TAVACPRFV DFVELGVTS G-RQV LGLAEGY-LE PLORSGY 178
M. tuberculosis RDBRERYQVPVVEVILPAVRRAVAATRNG--RIGVIGTRATITSHAYQDAFAAAR~DTET TAVAC PRFVDFYERGVTSG- RQVLGLAQGY -LEPLORAEY 178
E. coli PALREKFD FPVVGVV-PATIKPARRLTANG~-I VGLLATRGTVKRSYT HELTARFANE CQIEMLGSAEMVE LHGEDV SLDALKRILR PWLRMKEPP 197
H. influenzae  PPLRAAFDIPIIGTV-PAIKPASEITKTK--HIGLLATKGTVKREYIDELIDK FAQDC IVERLGTTKLVEIAEQKIRGHSVDLISLKDELSSWAGMAD-L 182
. . . s iax x . .
L. fermentum KTL IMGCIRFPFLAPEIS KAVGP TVALVDPAKETVAT AKSWL EQHQAMGN-HAHPNY HLYS~ TGNLP DLRAG VNKWL L SGH FDLGT AQIEE GD-—— -~ 269
A. aeolicus DTLILGC[IHY PLLKREI ONFLE GVNV I DSS—- ——--- - ~~RATAKSLKDFVKNEGSG SLELY FTDRS QNLER LIKLI LGEEVEPKI TSEVEVL-—— ———= 255
A. pyrophilus  DILILQCIHYPLLKKEIKK FLGDVEVVDSS——-————- - EALS LSLHN FIKDDGSSSLELFFT DLSPN LOFLI KLILGRDYPVKLAEGVFTH - ~——= ~~ 255
H. pylori EVVILGOOEF PLIAQKIEGY FMEHFALST P~—== = ~——— PLLIHSGDAI VEYLQQON--- YALKKNACAF PKVEFHASGDVVWL EKQAK EWLKL - ——— — 256
L. brevis DTLYMGCITHF PLLRS AIQHAVGSQVTLVD PGLAT AEQTVAILKT RGLLN SATTRG TAQF FT-TGETDQF DTLAS QWLDOQPTPAKHVAIAQLT TPMEVN 277
P. pentosaceus DTLILGCIHFPLLEEGIQAAVGPDYVTLVDPGVET VHOLI EILTKQALQHAEGPKAQDOY YS-TGNIKNFEEIARTFLNQDLR-VEEVKID-—- ===~ 266
B. sphaericus  DIVILGCTHYPILQKQIEAVVGEDVFVLSSAEE TAKDVEEMLAYNGTLADTINAKPAHK FYA-TGSVPI FRSIAENWLEQGTLDIHRI TLK--—————-~ 266
S. haemolyticus DTIILGCHHYPLLYKP INDYFGGEKKVISSGLETAREVSALLTFSNEHAS YTQHPEHRFFA-TGDTVHIKNIILOWLKL- DVEVERISV DE-—=~~——— 267
B. subtilis DSLILGC[IHYPI LKEAI QRYMGEHVN I ISSGDETAREVSTI LSYKG LLNQS PTAPDHQFLT - TGAR DOFAK T ADDW FGHEVGHVE CISLQEPIKR-—~~ 273
M. leprae DTLVLGCIHY PLIAGLIQLAMGENVTLVS SAEETAKEVLRVLTE RDLLR RHDAP PVNRV FEATG DPEAF T QLAARFLG PAVSG VQPAR LHSRVR~——— 273
M. tuberculosis DTLVLGIC[|HYPLLSGLIQLAMGENVT LVSSAEETAKEVVRVLTEI DLLRPHDAPPATRIFEATGD PEAFT KLAAR FLGPV LGGVQPVHP - SRTH- -~ 272
E. coli DTV VLGCIHFPLLOEELL QVLPEGTRLVDSGAATARR TAWLL EHEAP DAKSA DANTA FCMAMT PGAE QLLPYV LQRY GFETL EKLAV LG--— ——=== - —— 286
H. influenzae DTLVLjilﬂhPLIKDEIQLCLPQVKYFMEPSAAIAKRIKYLLDDKNLQAQNEKYNQMFCTAHFPEESQFKKALHLWGFESLEVIKID ———————————— 2170
PR b o 3 T . .

Ficure 2: Multiple sequence alignment of 13 isozymes of glutamate racemase. Strictly conserved residues are indicated by (*); highly
conserved residues are indicated by (:); conserved residues are indicated by (.). Catalytic cysteine residues and residues targeted ®r mutagenesi
are boxed. Sources and GenBank accession numbers are as fdllofesmentumQ03469;A. aeolicus O66662;A. pyrophilus P56868;

H. pylori, P56068;L. brevis, P48797;P. pentosaceys)08783;B. sphaericusP52972;S. haemolyticusP52974;B. subtilis P94556;M.

leprag P46705;M. tuberculosis Q10626;E. coli, P22634;H. influenzag P52937.

Table 1: Kinetic Constants for Wild-Type and Mutant Glutamate Racemases D10N, D36N, E152Q, and H186N

L-glutamate p-glutamate
keat (s7%) Km (MM) kealKm (STM™Y) Keat (571 Km (MM) kealKm (ST MY
wild type? 69 0.33 2.1x 1P 68 0.26 2.6x 1P
D10ON 0.068+ 0.004 1.3+0.1 (5.3 0.3) x 10 0.063+ 0.006 1.2+0.2 (5.3 0.5) x 10
D36N 20+ 3 35+ 3 (5.7+ 0.8) x 10? 2241 41+ 7 (5.5+ 1.4) x 10?
E152Q 38+ 4 5.8+ 0.5 (6.5£0.1) x 1¢? 22+1 3.5+0.3 (6.1+ 0.6) x 1C®
H186N 0.045+ 0.004 1.1+0.3 (4.1+£1.0)x 10 0.093+ 0.002 45+ 04 (2.1£0.1) x 10

aData taken fromZ4). ® Errors expressed as standard error of the maan 8).

residues led to the identification of four residues that were  The kinetic constants for the racemization of glutamic acid
targeted for mutagenesis (Aspl0, Asp36, Glul52, and were followed in both reaction directions using a circular
His186). Asp10 and His186 are located in the areas of highestdichroism spectroscopy assay (Table 2%)( The greatest
homology whereas Asp36 and Glul52 are in areas of only effects on thek.; values were observed with the mutants
modest homology. D10N and H186N, each of which dropped by a factor of
Preparation and Characterization of Mutant§he four 10%. Only minor decreases i, values were observed with
mutants, D10N, D36N, E152Q, and H186N, were prepared the D36N and E152Q mutants. Conversely, the largest
using the recombinant circle polymerase chain reaction (RC- perturbations in thé&y values were observed with D36N
PCR) technique of Jones and Winistorf2B), In each case, and E152Q (a 100-fold and an 18-fold increase, respectively),
an ionizable side chain was replaced with an isosteric non-whereas the D10N and the H186N mutants showed only a
ionizable side chain. The mutant genes were fully sequen-modest 3-fold increase. In all cases except H186N, the ratio
ced to ensure that no unintentional mutations were inducedof K.a/Ku values for the forward and reverse reactions was
during PCR amplification. The mutant proteins were over- within experimental error of unity, as expected for a racemase
expressed irE. coli and purified to homogeneity as judged obeying the Haldane equation. With H186N, an “iso mech-
by SDS-PAGE. In each case, electrospray mass spectrom-anism” may be operative where interconversion of the two
etry confirmed that the mass of the enzymes was as expectediree enzyme forms that differ in protonation state could be
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In the case of the E152Q mutant, both isotope effects
increased somewhat, yet the ratio of 7.1 is similar to

that obtained with the wild-type enzyme. This indicates that
while the chemical steps were more cleanly rate limiting,
no significant asymmetry was induced into the reaction free

Table 2: Vmax Isotope Effects for Wild-Type and Mutant Enzymes

Vmaxisotope effect

D-Glu—L-Glu L-Glu— b-Glu D—L/L—D RATIO
wild type? 3.1+ 05 22+ 04 1.4+ 0.3

DI1ON 3.7+0.2 1.68+ 0.02 2.2+ 0.2 _ / ;
E152Q 4.2+0.3 2.44+ 0.07 1.7+ 0.1 energy profile (Figure 3d). No isotope effect measurements
H186N 2.9£02 4.2+0.1 0.69+ 0.05 were made with the D36N mutant since X-ray crystal-
3 Data taken from18). P Errors expressed as standard error of the |ographic analysis of the racemase structu?®) (from
mean ( = 3). °Errors are standard errors of the ratio. Aquifex pyrophilustrongly suggests it is not located in the

active site (see Discussion).

(@) )
DISCUSSION
The cofactor-independent amino acid racemases and
epimerases are mechanistically linked by their common use
EDGlu ELGhu EDuGlu g of two active site cysteine thiols as aC|d./base' cataly.‘@ts (
Information on the roles of other active site residues,

© @ however, remains sparse. In the accepted mechanism for
these stereochemical inversions, an initial deprotonation event
generates a resonance-stabilized carbanionic intermediate,
and reprotonation on the opposite face generates the product
(Figure 1). Given that thew-proton of the amino acid is

ED-Glu EiL-Gl ED-Glu ELGh relatively nonacidic (K, approximately 21 if bound in a full
Ficure 3: Conceptual free energy profiles for the racemization of y aapp y y

glutamate by (a) wild-type glutamate racemase, (b) D1ON, (c) Protonated form) 27, 2§, and that the Ka of a thiol is
H186N, and (d) E152Q. around 10, it would seem that the enzyme would need to
kinetically significant @5). This has been observed with significantly stabilize the intermediate in order to achieve
proline racemase2f) and the serine mutants of glutamate reasonable reaction rates. One possible interaction that could
racemase2(l). help to achieve this is a strong hydrogen bond between the
Kinetic Isotope Effect Measurement® probe whether  carboxylate oxygen of the intermediate and an enzymic acid
the mutations induced significant asymmetry into the reaction (29, 30. Another possibility is electrostatic stabilization of
free energy profile, the primary kinetic isotope effects on the anion via a positively charged residue or metal &i).(
the racemization of [2H]glutamate were measured in both An interaction that serves to stabilize the intermediate would
reaction directions. In previous wonk./Ky isotope effects ~ also be expected to lower the energy of both transition states
were measured using a “competitive deuterium washout” t0 arelatively equal extent. Interruption of such an interaction
experiment 18, 2]) This requires fo||owing the Comp|ete by mutagenesis could be expected to increase the barrier for
racemization of an equimolar mixture of the glutamate both steps of the reaction but not result in significant
enantiomers (one of which is deuterated) by circular dichro- asymmetry in the free energy profile.
ism spectroscopy. In the cases of mutants with very low  Another possible factor that could serve to increase the
activity, however, this is problematic since the high con- rate of deprotonation for a given glutamate enantiomer would
centrations of protein required to complete the reaction be to maximize the amount of corresponding thiolate present
absorb the incident light and cause low signal-to-noise ratios.in the enzyme-substrate complex. Stabilization of the
In addition, significant drifting of the signal occurs over the thiolate could be achieved by hydrogen bonding with the
long time required for data aquisition. Inste¥g.x isotope side chain of a neighboring residue (Figure 4A) or via
effects were obtained by comparing the initial velocities of electrostatic interactions with a positively charged residue.
labeled and unlabeled glutamate under identical, saturatingAn alternative possibility is that a neighboring residue could
conditions (Table 2). assist the deprotonation of glutamate by participating in
In the wild-type reaction, th¥naxisotope effect is 3.1 in general base catalysis with a neutral cysteine thiol (Figure
the p—L direction and 2.2 in the—pb direction. The ratio 4B). The assistance of an adjacent base could help to explain
of the two effects is 1.4 0.3, indicating that neither stepis how the Cys-to-Ser mutants retained reasonable levels of
solely rate determining and therefore the reaction free energyenzymatic activity despite the widely differing{gs between
profile is somewhat symmetric (Figure 3a). In the case of a thiol (Ka~ 10) and an alcohol {f. ~ 16), since it would
the D10N mutant, th&nacisotope has increased in the-L not be necessary to form a discrete alkoxide ion. A similar
direction and has decreased in thed direction (3.7 and type of proton relay has been proposed to operate in the
1.68, respectively). The resulting ratio of 2£20.2 indicates reaction catalyzed by UDPgalactose 4-epimerase, where
that the barrier to deprotonation of tleenantiomer has  a serine/tyrosinate pair acts as the base during the NAD
increased relative to that of theenantiomer and a greater dependent oxidation of the C-4 hydrox@. It is interesting
degree of asymmetry has been introduced by the mutationto note that the surprisingly high activity of the Cys-to-Ser
(Figure 3b). With the H186N mutant, the results were just mutants of glutamate racemase has also been observed with
the opposite in that th€,.«isotope effect decreased slightly diaminopimelate epimerase and thus appears to be a general
in thep—L direction and increased in the-p direction (2.9 trend among this family of enzyme%d). Regardless of the
and 4.2, respectively). The ratio of 0.69 0.05 indicates  exact nature of the interaction, the mutation of a residue that
that the barrier to deprotonation of tlmeenantiomer has  directly assists a given cysteine to function as a base should
decreased relative to that of theenantiomer (Figure 3c). introduce asymmetry into the free energy profile of the
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Ficure 4: Potential roles for residues assisting catalytic acid/base: (A) stabilization of a thiolate by hydrogen bonding or (B) general base
assistance involving a neutral thiol.

reaction in a manner analogous to mutations of the cysteinetion that water replaces bound glutama%e €). If this is
residue itself. also true in glutamate racemase, mutations to the cysteine
The kinetic constants obtained in this study clearly indicate that acts as the catalytic base (or residues acting in concert
that Aspl0 and His186 are important for catalysis since with this residue) should affect the transition states for both
relatively conservative mutations resulted in dramatic reduc- deprotonation and regeneration of the active enzyme form
tions in the value ok Mutations to residues that assist in a similar manner. Thus, the expected asymmetry in the
the cysteine bases in the deprotonation of glutamate wouldkinetic isotope effects for these two scenarios should lead
be expected to significantly lower the value kf; since to the same mechanistic conclusion. While these interpreta-
mutations to the cysteine residues themselves (particularlytions are consistent with the data, it should be mentioned
Cys-to-Ala) result in substantially decreadegvalues (8— that the extent to which asymmetry was induced in both the
21). Glu152 is likely playing a role in substrate binding since  D10N and H186N mutants was not as dramatic as observed
the E152Q mutant showed only a modest decrease in thewith the Cys-to-Ser mutants. It is conceivable that any
value ofk.osWwhereas the value &€y for L-Glu increased by ~ mutation to an active site residue could induce asymmetry
18-fold. The D36N mutant also showed only a modest into the free energy profile. It should also be noted that the
decrease if.orand aKy value forp-Glu that had increased  E152Q mutant displayed an increased isotope effect in the
by 100-fold. This is somewhat difficult to interpret since the bpb—L direction and essentially no change in the isotope effect
structure ofAquifex pyrophilugglutamate racemase shows in the L—Db direction. This could be interpreted as evidence
that the corresponding D33 is not located in the active site for its involvement in the deprotonation ofGlu; however,
of the enzyme 22). the relatively small degree of induced asymmetry (as
Kinetic isotope effects are useful tools for determining indicated by the changes to the ratio of isotope effects) and
whether asymmetry has been introduced by mutagenesis othe modest effect ork..: values make this a less likely
racemase active site®l, 33-35). In this study, the isotope  candidate for a general base assisting Cys184. It is certainly
effects indicate that asymmetry has been introduced by thenot possible to rule out the notion that either Asp10 or His186
mutagenesis of either Asp10 or His186. In the case of the could be functioning as an acid that protonates, or hydrogen
D10N mutant, the ratio of th&pn.x isotope effectsg—L/ bonds to, the carboxylate of the anionic intermediate. This
L—D) has increased with respect to that of wild-type enzyme. potential role is analogous to that of Glu317 in the
This is similar to the results obtained with the C73S enzyme Pseudomonas putidamandelate racemasgq, 36, 37.
(22), indicating that Asp10 may assist Cys73 in functioning  The crystal structure of thé\. pyrophilus glutamate
as an acid/base residue as outlined in Figure 4. Converselyracemase clearly shows that the residues corresponding to
with the H186N mutant, the ratio of tRéna«isotope effects ~ C73, C184, D10, H186, and E152 of thefermentienzyme
(o—L/L—D) has decreased with respect to that of the wild- are all located in the active sit€3). The dimeric enzyme
type enzyme. This is similar to the results obtained with the was cocrystallized with a weak competitive inhibitar,
C184S enzyme 2), indicating that His186 may assist glutamine K, = 50 mM vs Ky = 0.5 mM for p-Glu);
Cys184. A further aspect to consider is that the kinetic however, the-Gln was found to bind in a reverse orientation
constants displayed by the H186N mutant suggested that arwith the side chain amide located between the two cysteine
“iso mechanism” may be operative and that interconversion thiols. For this reason, it is dangerous to extrapolate the
of the two free enzyme forms may be kinetically significant. observed positions of the side chains to those in a productive
In the isotope effect studies, the basic thiol(ate) is deuteratedsubstrate/intermediate complex. Nevertheless, the sulfur atom
upon each turnover, and therefore the regeneration of theof Cys70 (Cys73 irL. ferment) is located 4.0 A away from
correct enzyme form could contribute to the measured isotopethe @)1 atom of Asp7 (Aspl0 ih. ferment) and is therefore
effect. In the case of proline racemase, this process isappropriately positioned to allow interactions of the type
completely analogous to the catalytic event with the excep- outlined in Figure 4. The sulfur atom of Cys178 (Cys184 in
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L. ferment) is located 4.2 A away from the € atom of
Glul47 (Glul52 inL. ferment) from the other subunit of
the dimeric protein. Our mutagenesis studies have indicated
that Glu152 is not essential for catalysis and therefore does
not appreciably affect the ability of Cys178 to act as a
catalytic acid/base residue. It is also interesting to note that
the L. fermentienzyme has been reported to be active as a

monomer based on size exclusion chromatography studies 9

(24). The distance between the Cys178 sulfur atom and the
His180 (His186 irL. ferment) No1 atom is 7.3 A; however,
this distance could easily be reduced<o4 A by simple

rotations of the side chains. It is interesting to note that a 11.

histidine residue and a glutamate residue are also present in
the active site of diaminopimelate epimeratg) (It has been
proposed that these play the role of either electrostatically
interacting with charged groups on the substrate or modulat-
ing the K, values of the active site cysteines. Reasonable
candidates for the residue in glutamate racemase that is
thought to stabilize the anionic intermediate by hydrogen
bonding to the carboxylate group are the strictly conserved
Tyr39 and Thrl14 (Tyr42 and Thr117 In ferment].

Mutagenesis studies were also reported onAh@yro-
philusenzyme; however, the results were at odds with ours
and somewhat difficult to interpre2®). The residues Asp7
and Glul47 (corresponding to Aspl0 and Glul52Lin
ferment) were converted to a serine and asparagine, respec-
tively. The values ok.,: were reported to drop by factors
between 6- and 165-fold depending on the reaction direction,
and the values dfy were relatively unaffected. The authors
concluded that both residues were important for catalysis;
however, the reported effects were not dramatic. It remains
unclear how the rates were measured initt@lu to o-Glu
direction using a stopped assay involvingglutamate
dehydrogenases3g).

In summary, Asp10 and His186 have been shown to play
critical roles in the reaction catalyzed by the fermenti
glutamate racemase. Mutating these residues causes marke
decreases in the values &, and the introduction of
asymmetry into the reaction free energy profile. This is
consistent with their proposed roles in assisting the active
site cysteines to function as acid/base catalysts.
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