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ABSTRACT. The o/-hydrolase superfamily, comprised mainly of esterase and lipase enzymes, contains a
family of bacterial C-C hydrolases, including MhpC and BphD which catalyze the hydrolyteCC
cleavage ofmetaring fission intermediates on thescherichia coliphenylpropionic acid pathway and
Burkholderia xeneoransLB400 biphenyl degradation pathway, respectively. Five active site amino acid
residues (Arg-188, Asn-109, Phe-173, Cys-261, and Trp-264) were identified from sequence alignments
that are conserved in-GC hydrolases, but not in enzymes of different function. Replacement of Arg-188

in MhpC with GIn and Lys led to 200- and 40-fold decreases, respectivekysiithe same replacements

for Arg-190 of BphD led to 400- and 700-fold decreases, respectivelig.inPre-steady-state kinetic
analysis of the R188Q MhpC mutant revealed that the first step of the reaction,greibtautomerization,

had become rate-limiting, indicating that Arg-188 has a catalytic role in ketonization of the dienol substrate,
which we propose is via substrate destabilization. Mutation of nearby residues Phe-173 and Trp-264 to
Gly gave 4-10-fold reductions irkca: but 10-20-fold increases i, indicating that these residues are
primarily involved in substrate binding. The X-ray structure of a succinb@63A MhpC complex shows
concerted movements in the positions of both Phe-173 and Trp-264 that line the approach to Arg-188.
Mutation of Asn-109 to Ala and His yielded 200- and 350-fold reductions, respectiveky,:iand pre-
steady-state kinetic behavior similar to that of a previous S110A mutant, indicating a role for Asn-109 is
positioning the active site loop containing Ser-110. The catalytic role of Arg-188 is rationalized by a
hydrogen bond network close to the C-1 carboxylate of the substrate, which positions the substrate and
promotes substrate ketonization, probably via destabilization of the bound substrate.

Theo/p-hydrolase enzyme superfamily, first identified in OH o] desggts;gﬁon o o]
1992 (1), contains enzymes of diverse hydrolytic function o C)\/\/U\R _Jeproonaton o C)\/\/U\R
but sharing a similar structural fold, consisting of an eight- ~* 2
strandedf-sheet, witha-helices or an additional small RFP keto-enol
domain between each pair of paralfgistrands 2). Most tautomerisation
members of theds-hydrolase family are esterase and lipase

enzymes that catalyze ester hydrolysis reactions, using a (O (‘3 OH o 0

serine-histidine-aspartic acid catalytic tria@, (4). The -ozc)j\/\)(ﬁ _— 5 CWR
. ) N o

enzymes haloalkane dehalogendgead epoxide hydrolase REPK

(6), containing an aspartic acid nucleophile in place of serine, C-C bond

carry out the nucleophilic attack on haloalkane and epoxide cleavage

substrates, respectively, followed by hydrolysis of a covalent
ester intermediate. There are also enzymes that catalyze OH o

eptide hydrolysis reactions, such as prolyl oligopeptidase
pepide hydroly prolyl oligopeptidase I~ + A,

Lo . . HPD

Within the(x/ﬁ.-hydrolase superfamily a.re a family of @ Ficure 1: Reaction scheme showing key steps in the MhpC-
hydrolases, which catalyze the hydrolytie-C cleavage of  ¢atalyzed &-C bond hydrolysis. The reaction consists of an initial
ring cleavage products on bactenagtacleavage pathways  deprotonation of the dienol substrate, ketonization to give a keto
responsible for the degradation of aromatic compounds in intermediate (RF, base-catalyzed attack by an active site water

soil. The catalvtic triad oPseudomonas putiddvIF was molecule, and €C fragmentation to yield 2-hydroxypentadienoic
Y P y acid (HPD) and acid product. R CH,CH,CO,H for MhpC and

Ph for BphD.
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Ficure 2: Active site of MhpC, complexed with noncleavable
substrate analogue DKNDA (structure given), showing the location
of active site residues Asn-109, Arg-188, Phe-173, Trp-264, and
Cys-261, and the catalytic triad comprising Ser-110, His-263, and
Asp-235.
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on the phenylpropionic acid catabolic pathway, have shown
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MATERIALS AND METHODS

Materials. The natural substrate for MhpC was prepared
enzymatically 9), and the natural substrate for BphD was
chemically synthesized d), as previously described. Wild-
type MhpC was expressed and purified as previously
described 15). All chemicals and biochemicals were pur-
chased from Sigma-Aldrich Chemical Co. or Bio-Rad
Laboratories unless stated otherwise.

Construction of Site-Directed Mutants of MhpC and BphD
All MhpC site-directed mutants and BphD R188K were
constructed from th&. coli mhpCandB. xen@oransLB400
bphDgenes using Quikchange site-directed mutagenesis kits
from Stratagen as previously describetb)( The BphD
R188Q mutant was created using the overlap extension PCR-
based methodl1@). Oligonucleotides were custom-synthe-
sized by Sigma Genosys and are listed in Table 1. The
mutations were confirmed by DNA sequencing, and the
plasmids were used to transfor& coli BL21(DE3) com-
petent cells. MhpC mutants were expressed and purified by
Q-Sepharose anion exchange chromatography as previously
described 15), giving yields of 36-50 mg of enzyme of
>95% homogeneity fnm a 2 L culture. BphD mutants were
expressed in a pET-14b vector (Novagen) as an N-terminal
Hiss fusion protein and purified with a Talon column
(Clontech Laboratories) as described in38f giving yields

that the reaction mechanism involves two half-reactions: an of 20—50 mg of enzyme of95% homogeneity fim a 2 L

initial keto—enol tautomerization to form a discrete keto
intermediate followed by a stereospecifie-C fragmentation
reaction, as shown in Figure 9,(10). Mechanistic studies
on the reactions catalyzed By coliMhpC andBurkholderia
xenaorans LB400 have provided evidence to support a

culture.

Kinetic AssaysSteady-state kinetic parameters of MhpC
and BphD mutants were routinely determined at pH 8.0 and
25°C as the decrease in absorbance at 394egsn=< 15 600
M™t cm™) and 434 nm du34 = 26300 M cm™),

mechanism involving base-catalyzed attack of water on arespectively, due to the consumption of the corresponding

keto intermediatel(1, 12), and in the accompanying paper
(35), the gemdiol reaction intermediate has been observed
directly by 13C NMR spectroscopy.

The factors that control the catalysis of~C hydrolytic
cleavage in this family of enzymes, as opposed teQC

esterolytic cleavage, or catalysis of other reaction pathways,

are at present unknown. In the-C hydrolase family of
sequence-related/s-hydrolases are esterases, lipases, co-

natural substratelf). A typical assay mixture of contained
substrate Y{sKy ~ 5Ky) in 1 mL of 50 mM potassium
phosphate buffer (pH 8.0), to which 1A of enzyme was
added Ky andk.,were calculated using an Eadiklofstee
plot.

Stopped-flow assays were carried out in 50 mM potassium
phosphate buffer (pH 7.0) according to the previously
described procedurel®). In each experiment, solutions of

factor-independent haloperoxidases, and peptidases. Structuré mg/mL enzyme and 33 mM substrate (1:1 [E]:[S] molar

determination oE. coli MhpC complexed with a noncleav-
able substrate analogu&3j revealed that the guanidinium

ratio) were mixed rapidly in the reaction chamber at room
temperature. Disappearance of the substrate was monitored

side chain of Arg-188 was positioned 2.6 A from the C-1 at both 394 and 317 nm for the MhpC-catalyzed reaction
carboxylate of the substrate and that the aromatic side chainsand at 434 and 341 nm for the BphD-catalyzed reaction. The
of Phe-173 and Trp-264 are positioned close to the boundformation of the dienol product was monitored at 270 nm.
substrate analogue (see Figure 2). Amino acid sequenceData of each shot were recorded and simulated with single-,
alignments (see below) indicated that these residues weredouble-, or treble-exponential kinetic models, from which
found only in C-C hydrolase enzymes, not in esterase or the best-fit kinetic parameters were deduced.
haloperoxidase enzymes. This paper describes kinetic studies Determination of the Structure of the H263A MhpC
on site-directed mutants of Arg-188, Phe-173, Trp-264, and Mutant Preparation of the mutant enzyme was described
two other active site residues, in an effort to determine their previously (5). Crystallization conditions for the mutant
role in C-C hydrolase catalysis, and the structure determi- enzyme were screened by hanging drop vapor diffusion.
nation of a H263A mutant enzyme in which concerted Orthorhombic crystalsf4:2:2,a=b=280.3 A,c=427.04
movements of these residues are observed. A) of the H263A mutant of MhpC grew by precipitation
with 15% (w/v) PEG 4K in vapor diffusion from a succinate

1 Abbreviations: MhpC, 2-hydroxy-6-ketonona-2,4-diene-1,9-dioic buffer prepared by mixing 50 mM sodium succinate (pH 3.9)
acid 5,6-hydrolase; BphD, 2-hydroxy-6-keto-6-phenylhexa-2,4-dienoic and 100 mM ammonium succinate (pH 7.0) in a 1:2 ratio.
Sglr?t a?cigggi?:m;?:is(i' IF;EE'DE'OCgZf"g_s('j‘i’lfegr?g#g_)’lfg_';%iCz‘gé‘ér;ofg}(;' Crystals were vitrified by being immersed in liquid ethane
B-isopropyl thiogalactoside; SDSPAGE, sodium dodecyl sulfate ~ USing mother liquor supplemented with 30% (v/v) glycerol

as a cryoprotectant. X-ray data were collected at the ESRF

polyacrylamide gel electrophoresis.
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Table 1: PCR Primers for Site-Directed MutagenesisnbfppCandbphD Genes
Mutant Direction 5’ - Primer Sequence — 3’

MhpC R188Q forward CCTGTTTGAAGCGCAGCTGAATAATATGCTGTCG
reverse CGACAGCATATTATTCAGCTGCGCTTCAAACAGG
RI188K  forward  CCTGTTTGAAGCGAAGCTGAATAATATGCTGTCG
reverse CGACAGCATATTATTCAGCTTCGCTTCAAACAGG
C261A forward GCATATCTTCCGCGACGCTGGTCACTGGGCGCAG
reverse CTGCGCCCAGTGACCAGCGTCGCGGAAGATATGC
W264G forward CCGCGACTGTGGTCACGGGGCGCAGTGGGAACAT
reverse ATGTTCCCACTGCGCCCCGTGACCACAGTCGCGG
NI109A forward AATCCACCTGCTGGGCGCCTCGATGGGGGGCCAT
reverse ATGGCCCCCCATCGAGGCGCCCAGCAGGTGGATT
NI109H forward AATCCACCTGCTGGGCCACTCGATGGGGGGCCAT
reverse ATGGCCCCCCATCGAGTGGCCCAGCAGGTGGATT
F173G forward GCTGATGATGGATATCGGCGTTTTTGATACCAGC
reverse GCTGGTATCAAAAACGCCGATATCCATCATCAGC
F173D forward GCTGATGATGGATATCGACGTTTTTGATACCAGC
reverse GCTGGTATCAAAAACGTCGATATCCATCATCAGC
BphD R190Q forward GCTGCAGGGCCAGTGGGAAGCCATTCAGC
reverse TGAATGGCTTCCCACTGGCCCTGCAGCAACTC
R190K forward GAGTTGCTGCAGGGCAAGTGGGAAGCCATTCAGCG

reverse CGCTGAATGGCTTCCCACTTGCCCTGCAGCAACTC

(Grenoble, France) on station ID234% 1.069 A) with a alignment is shown in Figure 3. A search was made for
Quantum ADSC detector at 100 K and processed with residues that were conserved in-C hydrolase enzymes
MOSFILM and programs of the CCP4 suiteé7( 18). The MhpC, BphD, XylF, and DmpD but not conserved in
data extended to 2.0 A resolution. Molecular replacement enzymes of different function, which might be key deter-
was performed with MOLREPLQ) and the structure refined  minants in C-C hydrolase catalysis. The following residues
with CNS @0). Following initial rigid body refinement and  were found: Asn-109, Phe-173, Arg-188, Cys-261, and Trp-
positional refinements with tight NCS restraints, these were 264. In related esterase and haloperoxidase sequences, Asn-
relaxed as the model improved and water molecules were109 is found as either histidine or phenylalanine; Phe-173,
added. IndividuaB-factors were refined. Some side chains Arg-188, and Trp-264 are always substituted with an
(W264 and F173) were clearly present in different conforma- aspartate, a serine, or a glycine residue, respectively. The
tions in different subunits and refined well with dual position corresponding to Cys-261 in MhpC is occupied by
occupancy in these alternate positions, producing flat dif- hydrophobic residues, such as Phe, Ala, and Leu.

ference maps. Model building was carried out using QUANTA  Thg |ocation of each of these residues is shown in Figure
(21), and diagrams were generated with PYMGQL2X 2. Phe-173 and Arg-188 are both found in the “lid” domain

of MhpC, a domain comprised of four-helices that lies
RESULTS . . - . . .

over the active site, connected via a flexible hinge domain.

Identification of Amino Acid Residues Specific teC The guanidinium side chain of Arg-188 extends into the

Hydrolase FunctionAlignment of the amino acid sequences active site and is positioned 2.6 A from the C-1 carboxylate
of E. coliMhpC andB. xen@oransBphD with the sequences  of the bound substrate analogue, suggesting that may be
of esterases and haloperoxidases in this familyogs- involved in substrate binding. The aryl side chain of Phe-
hydrolases was carried out using CLUSTAR3|. The 173 is positioned 3.9 A from the substrate, close to the indole
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1 11 21 31 11 51 61
MHPC ECOLI : MQEEMMSYQPQTEAATSRFLNVEEAG-KTLRIHFNDCGQGDET LHGSGPGATGWANF SRNIDPLVEAGY RVIRL : 78
BPHD_BXENO : ——--—-- MTALTESSTSKEEFVEINEKGF SDFNIHYNEAGNG-ET LHGGGPGAGGHWSNYYRNVGPFVDAGYRVINLENS : 71
BPHD RHOSR @ —-=====—=—---- MAKTVEIIEERF PSGTLASHALVAGDPQS PA LHGAGPGAHAASNWRP-IIPDLAENFF : 66
CUMD_PBEFL : -----==—--—-— MANLEIGESILAAGVLTNYHDVG-—--EGQP IHGEGPGVSAYANWRL-TIPALSEFYR 62
XYLF_PBEPU : -=-=—==---- MNAPQQSPEIGREILAAGYRTNLHDQG---EGFP IHGEGPASPPGPTGAG-SFRS-SQTRR 65
DCH_ACINET : —------=--—————==——-— MGYVTTEDGVDIFYKDWGPRDAP FHHGWPLESS--DDWDAQMLFFLEEGER’ 57
ESTE_PSEFL : ——----==-——==—————-—= STEVARDGTQIYFREDWGSGEP——LF SHGWLLDA--DMWEYQMEYLS SRGYRTIAF 54
THCF_RHODO : —=----=—-——————mmm MPEVTASDGTEIFYRKDWGSGRP--WMFHHGWEPLS S--DDWDSQLLE LVQRGYR 55
CPO-F_PSEF : ——----—————————mmm TTETTRDGTQIYYKDWGSGOP——WVE SHGHPLNA--DSWESQMIF LAAQGYR 54
CPO-L STRL : —------—-—————————m - GIVITSDETNIFYKDWGPRDGLPJVEHHGWPLSA--DDWDNQMLEFLSHGYR 56
6 h p rvéa D
81 91 1 * 111 121 131 141
MHPC_ECOLI : BIDSVVNEGSREDLNAR----ILESR SMEEH S SVAFTLEWP-ERVGELVIIGGGTGGMSLE @ 152
BPHD BXENO : PEFNEEDAVVMDEQRGLVNAR----AVEGEMDALD EMEeAT ATNFALEY P-DRIGELIMMIGPGGLGPSME @ 145
BPHD_RHOSR : : BEY PETY PGHIMSWVGMRVEQILG EMEEAVTLOLVVEAP-ERFDEVARUGSVGAPMNAR @ 144
CUMD PSEFL : VEFGFWDRPENYNYSKDSWV----DHIIGMMDALE EFEECLATATALRY S-ERVDRMVIMIGAAGTREDVT : 136
XYLF_PSEFU : 5 EIER PADGEY SQARWY-———EHAT G} EFEECLALALAIRHP-ERVRRLVIBUGSVGVSFPIT @ 139
DCH_ACINET : REHGRETQVWDGHDMDHYADD----- oy S EVAYYVARY PNDEPVAEAVIMNSAVPPLMVET : 131
ESTE_PSEFL : R DO PWTGNDYDTFADD-——-~ DVARYTARHGSARVAGLVIREGAVTPLFGQK : 128
THCF_RHODO : QVGHGHDMDHY AAD-~-~-~-- EVARYVARHGAGRVAEAVINGAYVDPLMVQT : 129
CPO-F_PSEF : SQPWSGNDMDTY ADD--—--~— e CEVARYTGRHGTARVAKACHSAVEPPIMLET : 128
CPO-L_BTRL : R MDOEPSTGHDMDTYAAD--——-— CEVARYVARAE PGRVAEAVIRYSAVEPVMVES : 130
G g3 r L6
151 161 17K 181 * 101 201 211

MHPC_ECOLI : TPMPTEGIKRLNQLYRQPTIENLMLMMDIFVFDTSDLT--DALFEARLNNMLS---RRDHLENFVKSLEANPKQFPDFG : 226
BPHD_BXENO : APMPMEGIKLLFKLYAEPSYETLIOMLOVFLYDQSLIT--EELLQGRWEAIQR---QPEHLENFLISAQEAPLSTWDVT : 219
BPHD_RHOSR : PPE----LARLLAFYADPRLTPYELIHSFYYDPENFPGMEEIVKSRFEVANDPEVRRIQEVMFE SMERAG-MESLVIPP : 218
CUMD_PSEFL : EG------- LNAVWGYTPSIENMENLLDIFAYDRSLVT--DELARLRYEASIQPGFQESF SSMFPEPRQRWIDALASSD : 206
XYLF PSEPU : AG------- LETAWGYTPSLANMIQRLLDLEAHDRTLVN--DELAELRYQASIRPGFQESFAAMFPPPROQNGYVDDLASNE : 209
DCH_ACINET : ESNP-DGLPREVFDDLONQLFEN@SQFYHDVPAGPFYGFNRPGARVSE PVVLNWWRQGMMGGARAHYDGIVAFSQTDET : 209
ESTE PSEFL : PDYP-QGVPLDVFARFETELLKDEAQFISDFN-APFYGINK-GQVVSQGYVQTQTLOIALLASLRATVDCVTAFAETDEFR @ 204
THCF_RHODO : ESNP-EGLPVEVFDGFREAVVTNI@SQFYLDLASGPFYGFNRPGADISQGYIQNWWRQGMTGSAQAHYEGIRKAFSETDET : 207
CPO-F_PSEF : EANP-GGLPMEVFDGIRQASLADESQLYKDLASGPFFGFNQPGAKSSAGMVDWFWLQGMAAGHENAYDCIKAFSETDET : 206
CPO-L_STRL : DTNP-DGLPLEVFDEFRAALAANAQFYIDVPSGPFYGFNREGATVSQGLIDHAWLQGMMGAANAHYECTAAFSETDET : 208

4
* X 281
MHPC ECOLI : IFRDCGHWAQWEHADAFNQLEINF LARP-=-=-=-=-==-== 1 293
BPHD_BXENO : ; v VFSEC AQWEHADEFNRLIDFLRHA-———————— 1 286
BPHD_RHOSR : liF HE J LDRCGEWAQLERWDAMGEMEMEHF RAA-———-—~~~ 1 285
CUMD_PSEFL : : A VFGRC TQIEQTDRFNRLFVEFFNEANTPELVGRP : 282
XYLF_PSEPU : : VFGQC! TQIEHAERFARLEENFLAEADALHS---- : Z81
DCH_ACINET : SYPGFEPRIGMPTTEAETINEDIBLAFIRS—————-———— 1 276
ESTE_PSEFL : T Hi VYEDAPRIGF AVTHAQQLNEDLAF LER--—-——-—--- 271
THCF_RHODO : ANMTHe W VY PGLSBIGMCTVNADTVNADIRLEFIES—-————-———— 1 274
CPO-F_PSEF : b VHE IYSGAPRIGLTDTHREDQLNADLAFIKG-————————— 1 273
CPO-L_STRL : SYEGLPRIGMLSTHPEVLN PDLAFVES--——==—-~-= : 275

16 hG D 6 L H n 6 f

Ficure 3: CLUSTAL W (23) multiple-sequence alignment of three sets of enzymes imutfénydrolase superfamily. €C hydrolases:

(1) MhpC fromE. coli (P77044), (2) BphD fronB. xenaorans LB400 (YP_556398), (3) BphD fronRhodococcusp. strain RHAL
(Q75WNS8), (4) CumD fronPPseudomonas fluorescelf®1 (P96965), and (5) XylF from. putida(P23106). Esterases: (6) dihydrocoumarin
hydrolase fromAcinetobacter calcoaceticBAC55927), (7) esterase frofh fluorescengP22862), and (8) ThcF esterase frRfmodococcus
erythropolis(AAC45285). Cofactor-independent haloperoxidases: (9) CPOL Bteptomycesdidans(P49323) and (10) CPOF from.
fluoresceng031158). Completely conserved residues are colored black, and residues specifically conserved in one group are colored pink,
blue, and yellow, respectively. The residues investigated in this paper are denoted with red stars. The numbering scheme is based on that
of E. coli MhpC (13).

side chain of Trp-264, which is adjacent to His-263 of the  Construction of Site-Directed Mutants of MhpC and BphD
catalytic triad. The side chain of Asn-109 is positioned quite Site-directed mutants were constructed fromEheoli mhpC
close to the catalytic Ser-110, 3.5 A from the bound substrate.and B. xenaorans LB400 bphD genes, using Quikchange
Although the side chain of Cys-261 points away from the site-directed mutagenesis kits (Stratagene) and overlap exten-
active site in the MhpC structurd§), the inactivation of sion PCR-based methods. Her coli MhpC, Arg-188 was
MhpC by p-hydroxymercuribenzoat®) suggested that this  replaced with GIn and Lys, Phe-173 was replaced with Gly,
residue might be required for catalysis. These five residuesAsn-109 was replaced with Ala and His, and Trp-264 was
were selected for site-directed mutagenesis. replaced with Gly. For BphD, Arg-190 was replaced with



12474 Biochemistry, Vol. 45, No. 41, 2006

Table 2: Steady-State Kinetic Parameters for MhpC and BphD

Mutant Enzymes

Li et al.

Compared to the kinetic parameters for wild-type MhpC,
increaseKy values were observed for the F173G (8-fold
increase), R188Q (11-fold increase), and W264G (16-fold

variant Kwv (uM) Keat (S71) KealKm (M~1s71) : - - . i
wild-vos Mho 6.8 28 A1 10 increase) mutants, consistent with roles in substrate binding.
Nlogi&p P 4.0 0.13 33 10° A large decrease ik.awas observed for the R188Q mutant,
N109H 4.0 0.08 1.% 10 a 300-fold decrease compared to that of the wild-type
F173G 58 7.5 1.3 10 enzyme, whereas much smaller changdsdmwere observed
Eﬁ‘gg %(7) g'ig i'i 18: for mutants F173G (3.5-fold decrease) and W264G (10-fold
R188K 38 0.74 1.9 10 decrease). This large effect d@a: prompted us also to
C261A 4.2 12 2.9 10P construct the R188K mutant, which exhibited a 35-fold
W264G 125 2.7 2.k 10 decrease itk and a 5-fold increase iy, compared with
wild-type BphD> 2.0 6.5 3.3« 108 those of the wild-type enzyme. Mutants N109A and N109H
R188Q 28.2 0.016 5.% 10 e
R188K 20 0.009 28 10° exhibited 200- and 350-fold reducdgl: values compared

with that of the wild-type enzyme and simil&, values.
Only a 2-fold decrease ika./Ky was observed for the C261A
mutant, implying that Cys-261 is not involved in catalysis.

The steady-state kinetic parameters for the BphD mutants
are also listed in Table 2. The R190Q mutant has a 400-fold
reducedk.s, compared with that of the wild-type enzyme,
and a 14-fold increasely. The R190K mutant has ke

Steady-State Kinetic Analysihe G-C hydrolase activity reduced 700-fold compared to that of the wild-type enzyme

of each mutant was determined by bVisible spectropho- ~ @nd @K similar to that of the wild-type enzyme.

tometry, observing the disappearance of the dienol substrate Pre-Steady-State Kinetic AnalysiBo study in detail the

in 50 mM potassium phosphate buffer (pH 8.0) at either 394 effects of replacement of Arg-188 with GIn, the pre-steady-

nm (MhpC substrate) or 434 nm (BphD substrate). Michae- state kinetic behavior of this mutant enzyme was studied in
lis—Menten steady-state kinetic behavior was observed, andpotassium phosphate buffer (pH 7.0), elucidating the disap-
Kw andk4kinetic parameters were determined and are listed pearance of substrate at 394 nm (dienolate form) and 317
in Table 2. nm (dienol form) and the appearance of product at 270 nm.

a Ky and ke of MhpC and BphD mutants were determined in 50
mM phosphate buffer (pH 8.0) at 2&, using corresponding natural
substrates. The error #510%.° Data from refl5. ¢ Data from ref29.

GIn and Lys. MhpC mutants were expressed and purified to
>95% purity with an ion exchange column. BphD mutants
were expressed as N-terminal Kifusion proteins and
purified to homogeneity by affinity chromatography.

Table 3: Pre-Steady-State Kinetic Parameters for MhpC and BphD Mutant Erfzymes
Wild-Type (WT) MhpC and Mutants

A (x10°) ki (s79) A (x10°) ko (s7h) As (x10°) ks (s7™h)

at 394 nm

WT 61.9+0.2 148+ 1

R188Q —-8.5+0.2 590+ 30 —6.9+0.1 37+ 1 137+ 1 0.031+ 0.001

R188K —-6.84+0.7 190+ 40 —7.6+0.5 27+ 2 130+ 14 0.410+ 0.006

N109A 3.7+ 0.6 56+ 9 —-13.1+0.3 34+ 1 51.4+0.4 0.0444+ 0.001
at 317 nm

WT 145.6+ 0.2 153.2+0.4

R188Q 9.1+ 0.3 450+ 26 —-14.0+0.1 32.0+£ 0.7 306+ 1 0.029+ 0.001

R188K 6.5+ 0.5 102+ 12 —25.94+0.4 34.0+0.4 187+ 2 0.4044 0.002

N109A 10.5+0.7 63+ 4 —-14.7+ 0.7 33+ 1 98.9+ 0.1 0.051+ 0.001
at 270 nm

WT —-131+1 1444+ 2 —117+1 18+1

R188Q —461+6 0.0264+ 0.001

R188K —-192+1 0.3764+ 0.002

N109A —-201+1 0.0424+ 0.001

Wild-Type (WT) BphD and Mutants
A (x10°) ki (s7h) Ao (x10°) ko (s79) As (x10°) ks (x1Cs™)

at 434 nm

WT 322+ 04 220+ 6 65.5+ 0.3 21.3+£0.1

R188Q 101.5-0.4 0.090+ 0.001 62.7+ 0.2 0.007+ 0.0001

R188K —-23.7+0.1 31.3+ 0.5 179+ 1 1.40+ 0.02 22.4+ 0.5 1.0+ 0.1
at 341 nm

WT 20.0+ 0.6 340+ 10 9.1+ 0.1 14.7+0.3

R188Q 7.7+ 0.3 0.20+0.01 12.0+0.1 0.009+ 0.0001

R188K 36.3+£ 0.4 11.9+ 0.3 20.5+£ 0.4 1.90+ 0.03 0.90+ 0.06 3.0+£05
at 270 nm

WT —-40.54+0.3 32.7+ 0.4

R188Q —-51.3+0.3 0.060+ 0.001

R188K —57.2+0.3 0.10+0.01

a Stopped-flow data were measured in 50 mM potassium phosphate (pH 7.0) at room temperature, with the enzyme and corresponding substrate
mixed equivalently (1:1 [E]:[S]). Substrate consumption was monitored at 394 and 317 nm for the MhpC reaction and at 434 and 341 nm for the
BphD reaction. Product appearance of both reactions was assessed at 2Tatarecorded at 270 nm contain overlapping absorbances for HPD
and benzoic acid product.
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The data are given _in Table 3. For wild-type MhpIBX, a Table 4: Diffraction Data and Statistics for MhpC
two-step process is observed, corresponding to a fastH263A-Succinate Structure Determination

ketonization stepkg = 150 s1), followed by rate-limiting

diffraction data

C—C cleavagel; = 18 s™). beamline ESRF ID23.1

The data obtained for MhpC R188Q at 317 nm could be  wavelength (A) 1.069
modeled by a treble-exponential rate equation, corresponding SPace group P4s2,2
to a three-step kinetic mechanism. The first phase, observed ;‘:;Lfﬂigﬂa(rgreters A "’}3;2 ;08(02'21%3 50;127'038
in the first 5 ms, resulted in an increase A3y and a no. of measurements 999969
simultaneous decreaseAa s, indicating that this initial fast no. of unique reflections 83966
step corresponds to the deprotonation of the dienol substrate completeness (%) 88.1(53.6)
by the catalytic base His-263, generating the dienolate form. gﬁeﬂe(l)m 29122( 206'?72)
This behavior has been observed previously for an S40A (efinement statistics o
mutant of MhpC 15). The second step gives an increase in  resolution range (A) 252.00
Aggq andAgy7, With a rate constant of 32°& The third step Reryst (%) 19.5
gives a decrease iAgqs and Agy7, With a rate constant of Riee (%) 22.9

rms deviations

0.03 s. The data observed at 270 nm could be modeled by bonds (A) 0.0054
a single-exponential equation, with a rate constant of 0.03 angles (deg) 1.1804
s, averageB factor (A?)

The observation of an intermediate step in which the FS’L‘étcei'r:‘ate 2355-75
substrate absorbance increases has been seen previously in ramachandran plot '
the case of an S110A mutant of MhpT5], in which case most favored regions (%) 93.5
it was observed after a fast ketonization step, although it is additionally favored regions (%) 5.8

not seen in the wild-type enzyme. We previously assigned

this to an isomerization of the bound RFRtermediate to  seen abovek = 34 s1), followed by a slow, rate-limiting

a new nonproductive ESpecies15). In the case of R188Q, C—C cleavage stepk{ = 0.044 s1), 400-fold slower than
there is no observable initial ketonization step. Therefore, that of the wild-type enzyme. These effects are comparable
we interpret that the intermediate step is in fact due to a to those observed previously for mutant S110A5)(
conformational change of the protein, which causes animplying that Asn-109 is important for positioning the loop
increase in the extinction coefficient of the bound substrate. containing Ser-110.

The third step, with a rate constant of 0.03,snust therefore Structure Analysis of H263A MhpCocrystallisation of
correspond to substrate ketonization, and the subsequensuccinate, the product of the MhpC reaction, with mutant
C—C cleavage step must occur at a faster rate and is,H263A gave crystals diffracting to 2.0 A. This complex is
therefore, not observed. one of a range of structure investigations seeking to image

A further site-directed mutant, in which Arg-188 of MhpC  the entire reaction path of the enzyme. It is presented here
is replaced with Lys, was analyzed in the same way. In this because it shows clear conformational changes of residues
mutant, a fast initial stepk( = 190 s*) was also observed, in the active site that are unique to the-C hydrolases.
corresponding to substrate deprotonation, followed by the Data collection and processing statistics are included in Table
step showing an increase in absorbankge € 27 s, 4. Molecular replacement revealed four molecules in the
followed by a slow catalytic stegk{ = 0.41 s'1), which we asymmetric unit, organized as two Béstrand dimers as
identify as substrate ketonization. Therefore, the R188K described previously. Structure refinement statistics are
mutant also exhibits rate-limiting substrate ketonization, included in Table 4.
though ketonization is 10-fold faster than for the R188Q  The overall structure of the mutant enzyme was very
mutant. similar to that reported for the native enzyni&). however,

The corresponding residue Bl xen@oransBphD, Arg- the asymmetry of the enzyme dimer was more pronounced
190, was also replaced with Gln and Lys. Pre-steady-statethan for the native enzyme. The succinate ligand was bound
kinetic data collected for the R190Q BphD mutant could be to the active site, interacting with His-114 and Ser-110 at
modeled by a two-step kinetic mechanism, correspondingthe P end of the substrate channel. The occupancy of the
to a slow initial ketonization stefk{ = 0.09 s!), and rate- succinate was clearly variable, with strong density in some
limiting C—C cleavage K, = 0.007 s?). Pre-steady-state  protomers and weaker density in others.
kinetic data for the R190K mutant could be modeled by a  Succinate occupation was correlated with altered positions
three-step kinetic mechanism, corresponding to an initial for the side chains of Phe-173 and Trp-264. In the native
substrate deprotonation steg; (= 31 s%), followed by enzyme, the ring plane of Phe-173 is orthogonal to those of
ketonization k; = 1.4 s*) and C-C cleavagel; = 1.0 s'%) the adjacent Phe-237 and Trp-264 residues such that the
steps. Compared with the MhpC mutants, a similar, large edges of the Phe-173 ring pack against these rings (see Figure
effect is seen on the substrate ketonization step upon4). In this arrangement, Trp-264 stacks with Trp-267. This
replacement of Arg-190, although in this enzyme-C side chain can adopt two coplanar orientations related by a
cleavage is rate-limiting, and the Lys mutant is 15-fold faster 180° rotation about the £&-Cs bond, offering equivalent
for substrate ketonization. interactions with Trp-264. In subunit B of the mutant enzyme

Pre-steady-state kinetic analysis was also carried out onstructure, where little succinate is bound, the arrangement
MhpC mutant N109A. For this mutant, the initial ketoniza- of these aromatic residues is like that of the native enzyme.
tion step k; = 56 s%) is reduced 3-fold compared with that However, in subunit C, which interacts with B to define the
of the wild-type enzyme, followed by the “increase step” active enzyme dimer, there is strong succinate density and
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His114 N

. y
succinate A

Phe23

Ficure 4: Structure of the H263A Mhp€succinate complex, B
showing the two observed conformations for Phe-173 and Trp-
264.

the network of aromatic side chains is altered. The side chain
ring plane of Phe-173 has rotated by approximatel$ t80
become coplanar and stacked against Phe-237. At the sam
time, the Trp-264 side chain has moved to stack against the
other face of the Phe-173 ring and given up its previous
stacking interaction with Trp-267. :
These adjustments produce a stable three-layer aromatic
stack, positioned close to Arg-188, and adjacent to the
approach path for substrate toward Arg-188, and would
therefore be expected to have an influence on substrate
binding. In subunits A and D, the succinate site appears to
be partially occupied and Phe-173 and Trp-263 are present
with both of the conformations seen for subunits B and C
and partial occupancy. The alternate conformations for thesem '
large aromatic side chains show prominent difference map L A : !
peaks, which clearly show how the different arrangements Figure 5: (A) Structure of the MhpeDKNDA complex, showing
can be modeled by simple bond rotations. the lid domain, the hinge region, and the location of Arg-188. (B)

Close-up of the active site, showing the hydrogen bond network
around the C-1 carboxylate involving the side chain of Arg-188.

DISCUSSION

The existence of “superfamilies” of enzymes of related
structure but different function is an intriguing topic in only a small decrease ik../Ky, implying that it is not
structural biology. The haloperoxidase family af/s- involved in catalysis; the inactivation of MhpC bpy-
hydrolases includes enzymes possessing a variety of func-mercuribenzoate (but not iodoacetate) may be caused by
tions: esterases and lipases;-C hydrolases, cofactor-  blocking access to the active sit®).(Replacement of Asn-
independent haloperoxidases, peptidases, acyl thioesterase09 with Ala or His causes 26(B00-fold reductions irk.a
cofactor-independent dioxygenases, and two enzymes bearingnd effects upon pre-steady-state kinetics similar to that
an aspartic acid nucleophile, haloalkane dehalogenase anabserved previously for an S110A mutadb). Since the

dienol substrates. Replacement of Cys-261 with Ala causes

epoxide hydrolase?@). To investigate which factors might
be responsible for €C hydrolase activity in particular, we

side chain of Asn-109 is positioned5 A from the C-6
carbonyl of DKNDA in the MhpC complex (see Figure 2),

have identified five residues that are conserved in sequencest is unlikely that it is involved in oxyanion stabilization but

of bacterial C-C hydrolases, but not found in other enzymes
of this family.

Replacement of Phe-173 and Trp-264 with Gly causes 8-

and 16-fold increases, respectively, i, with modest
reductions irk.y, implying that these residues are primarily

probable that it is important in positioning the loop containing
Ser-110.

The side chain of Arg-188 is positioned close to the C-1
carboxylate of the substrate; therefore, one would expect this
residue to be involved primarily in substrate binding, through

involved in substrate binding. They are positioned close to electrostatic and hydrogen bonding interactions. However,
the diene portion of the substrate; therefore, it is reasonablereplacement of Arg-188 with GIn caused a remarkable 300-
to propose that favorable hydrophobic anér interactions fold reduction ink.y, which implies that this residue has some

could be formed between the dienol substrate and thesecatalytic role. To investigate whether the presence of a
residues, which would provide some specificity for these charged side chain is important, we have also constructed
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Ficure 6: Proposed mechanism for substrate ketonization an@ Cleavage, illustrating the role of Arg-188.

the R188K mutant, which also shows a substantial reduction -crustacyanin Z6), which bind carotenoid chromophores,
(35-fold) in ks, implying that the presence of the guani- that changes in substrate conformation or the formation of
dinium side chain of Arg-188 is of particular importance. protein—ligand interactions can dramatically alter the chro-
The catalytic function of Arg-188 is, however, not im- mophore absorbance. The second observation is the mobility
mediately obvious, since it is located far from Ser-110, and of Phe-173 and Trp-264 in the structure of the H263A
>5 A from C-2 of DKNDA in the MhpC complex (see succinate complex. Arg-188 and Phe-173 are both part of
Figure 2); therefore, it cannot be directly involved in the lid domain which is connected via a hinge region (see
transition-state stabilization. Figure 5A) and which must open and close over the active

The pre-steady-state kinetic analysis of the R188Q MhpC site during the catalytic cycle.
mutant reveals a three-step kinetic mechanism: a very fast Close examination of the Mhp€DKNDA structure also
(450 s'Y) substrate deprotonation, followed by a step leading reveals that there is a hydrogen bond network around the
to an increased extinction coefficient (321 which we C-1 carboxylate of the bound substrate, involving the side
interpret as a protein conformational change, and finally a chains of Arg-188 and Asn-49, and the backbone amide of
slow catalytic step (0.0378) whose magnitude matches the Pro-42, as shown in Figure 5B. The presence of this H-bond
rate of product formation at 270 nm. In previous site-directed network is also noted in the structure ofC hydrolase CarC
mutants, we have been able to observe two catalytic steps(27).
corresponding to substrate ketonization andCcleavage Our rationalization is that the hydrogen bond network is
(19. In this case, therefore, it appears that substrate required to position the substrate for catalysis. The kinetic
ketonization has become rate-limiting and that the subsequenyata imply that mutation of Arg-188 in MhpC (or Arg-190
C—C cleavage is faster and is therefore not observable.in BphD) has a significant effect upon catalysis, and that
Evidently, the presence of Arg-188 is essential for the rapid effect is mainly upon substrate ketonization. We have
ketonization of the substrate. previously deduced from stopped-flow kinetic data that

Two experimental observations suggest that a conforma-MhpC is able to favor the formation of the ketonized reaction
tional change occurs in the catalytic cycle. Pre-steady-stateintermediate when bound to the enzyme active site, whereas
kinetic analysis has shown a step of rat80 s which the dienol form of the substrate is observed in solution by
results in an increased absorbance of the bound substrate, iINMR spectroscopyl(0). We have speculated that the enzyme
mutants S110A, N109A, and R188Q of MhpC. It is known active site may achieve this effect by destabilization of the
from studies of proteins such as bacteriorhodopa8) 4nd bound substrate, perhaps via a twisted substrate conforma-
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tion. It is known that the MhpC product 2-hydroxypentadi-
enoic acid ketonizes rapidly and irreversibR8J, whereas

the

MhpC substrate, in which the dienol is stabilized by

delocalization with the C-6 carbonyl group, is stable in the
dienol form. We therefore propose that the binding of the
substrate dienol in a twisted, nonplanar conformation, by
Arg-188 and the hydrogen bond network, increases its
reactivity toward ketonization. Correct positioning of the
ketonized intermediate for ©€C cleavage is also required
so that the scissile-€C bond is anti-periplanar with respect
to the G—C,4 bond @9).

The role of Arg-188 in substrate destabilization is unusual
and different from catalytic functions that have been proposed
for other enzyme active site arginine residues. Enzymes g
containing catalytic arginine residues involved directly in

transition-state stabilization include phosphotransferases such

as alkaline phosphatas80]j, Bacillus stearothermophilus
lactate dehydrogenased1), Bacillus subtilis chorismate
mutase 82), andP. putida4-oxalocrotonate tautomeraSs),

Active site arginine residues have been proposed to act as

catalytic bases in several enzym&g)(

The data in this paper imply that Arg-188 has an essential ;g

role in C—C hydrolytic cleavage in thenw/s-hydrolase
superfamily, which would explain why this residue is found
in the sequences of all bacteriaHC hydrolases of this
family (Figure 3); the factors that control other types of

reactivity in this superfamily are currently under investiga-
tion.
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