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ABSTRACT. The extradiol catechol dioxygenases catalyze the non-heme iron(ll)-dependent oxidative cleavage
of catechols to 2-hydroxymuconaldehyde products. Previous studies of a biomimetic model reaction for
extradiol cleavage have highlighted the importance of-abake catalysis for this reaction. Two conserved
histidine residues were identified in the active site of the class Ill extradiol dioxygenases, positioned
within 4—5 A of the iron(ll) cofactor. His-115 and His-179 Escherichia coli2,3-dihydroxyphenylpro-
pionate 1,2-dioxygenase (MhpB) were replaced by glutamine, alanine, and tyrosine. Each mutant enzyme
was catalytically inactive for extradiol cleavage, indicating the essential nature of thesbasalresidues.
Replacement of neighboring residues Asp-114 and Pro-181 gave D114N, P181A, and P181H mutant
enzymes with reduced catalytic activity and altered pH/rate profiles, indicating the role of His-179 as a
base and His-115 as an acid. Mutant H179Q was catalytically active for the lactone hydrolysis half-
reaction, whereas mutant H115Q was inactive, implying a role for His-115 in lactone hydrolysis. A catalytic
mechanism involving His-179 and His-115 as a€lhse catalytic residues is proposed.

The non-heme iron(ll)-dependent catechol dioxygenases CO,”
catalyze the oxidative cleavage of catechol substrates to give N
2-hydroxy-6-keto-hexa-2,4-dienoic acid products (see Figure H ?
1) as part of bacterial catabolic pathways used for the O\.\: I
degradation of aromatic compounds in the sbjl2). Three o,»'Fe

classes of extradiol catechol dioxygenases are found, each

of which require iron(ll) for activity 8): class 1 enzymes lcriegee .
. re-arrangemen

are monomeric 20625 kDa enzymes; class 2 enzymes are ¢

tetrameric enzymes of subunit 35 kDa, typefied by 2,3- CO; CO;
dihydroxybiphenyl 1,2-dioxygenase (BphC); class 3 enzymes

also contain a catalytic 35 kDa subunit, which in the case of 00Q 70 “OH
Escherichia coliMhpBt is anay tetramer while in the case | o S =0, :
of protocatechuate 4,5-dioxygenase (LIgAB) is apf: = OH hydrolysis \O-»--‘-‘l:=e“

tetramer. X-ray crystal structures of both Bph@) @nd wketo-lactone
LigAB (5) have been solved: in each case, the active site E . : : )

. . . IGURE 1: Extradiol cleavage reaction catalyzed by 2,3-dihydroxy-
contains a mononuclear iron(ll) center ligated by tWo phenyipropionate 1,2-dioxygenase (MhpB) showing the proximal
histidine and one glutamic acid ligands (see Figure 2). hydroperoxide andi-keto lactone reaction intermediates.

Mechanistic studies on 2,3-dihydroxyphenylpropionate
1,2-dioxygenase fronkscherichia coli(of class Ill) have
established the intermediacy of a seven-membered lacton
intermediate §), formed by Criegee rearrangement of a
proximal hydroperoxide intermediate substituted at G2 (
as shown in Figure 1. Studies of a biomimetic model reaction
for extradiol cleavage, involving iron(ll) chloride/1,4,7-

triazacyclononane/pyridine/methanol, have revealed a re-
equirement for a base, which generates the catecholate
monoanion, and a proton donor, for acid catalysis of the

Criegee rearrangemerg, (9).

In the X-ray crystal structure of protocatechuate 4,5-
dioxygenase fronsphingomonab), there are two additional
acid—base residues withi4 A of theiron(ll) center, His-

: 195 and His-127 (see Figure 2A). Sequence alignment of

. ;rz‘]'ts(t‘g’)og\k AV")afSrélrJ]:‘%sgk%yF%?essT%r(]ﬁlgf;?;cr‘ Grant B16501), and class IIl extradiol dioxygenases (see Figure 2B) reveals that
*This pap'er'is dedicated to Prof. Chris Walsh (Harvard Medical H|S.'195 IS complete!y Conserved_(found as His-17¢in

School) on the occasion of his 60th birthday. coli MhpB). His-127 is conserved in all but two sequences,
* Tel 44-2476-573018; fax 44-2476-524112; E-mail T.D.Bugg@ those ofPseudomonas pseudoalcalige@esminophenol 1,6-

warwick.ac.uk. . _ . . i
1 Abbreviations: EDTA, ethylene 1,2-diamine tetracetic acid; HPLC, dioxygenase1(0) and human 3-hydroxyanthranilate dioxy

high-performance liquid chromatography; MBP, maltose binding 9enasell), in which His-127 (found as His-115 ig. coli
protein; MhpB, 2,3-dihydroxyphenylpropionate 1,2-dioxygenase. MhpB) is replaced by tyrosine. Adjacent to His-127 is a
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mutagenesis. Here we report the activity of a series of mutant
enzymes and an analysis of the effects of amino acid
replacements.

MATERIALS AND METHODS

Materials. 2,3-Dihydroxyphenylpropionic acid was pre-
pared using a published procedut@)( Restriction enzymes
and T4 DNA ligase were obtained from New England Bio-

R Labs. Yeast extract, peptone, and agar were from Duchefa
B 115 179 % identity Biochemie. All other materials were of analytical grade.
E. coli MhpB SYCMQUDHGFAQPL GSGGLSHQFPVPE 100 Construction of MBP-MhpB Wild-Type and Mutated
Pr putida Mhps SYRMQVDRGFAQPL, GSGGLSHQPEVEE 70 Fusion MhpB.The cloned genenthpB was inserted into
A.eutrophus Mpcl SHRMQVDHGCADAL GSGGISHEFPPVPE 54 h MAL 2 t d t f thB |E fE
Rhodococcus HppB SROMEVDHGAVQPM GSGELSHDPEVEQ 48 t e p -z vec or' ownsiream rom a gene O .
C. testosteroni SRRMLVDHGFSQAL GSGGLEHEPPVET 44 coli under the control of théac promoter, resulting in the
4,5-PCD LigB MNQMDVDHGCTVEL GTGGMSHQLQGPR 30 expression of an maltose-binding protein (MBP) fusion
Burkholderia SKSLVLDHSATVET GTGGLSHWEGHAR 25 protein. Restriction enzymedscoR| andXba were used for
i vt sewmtemmenos o the MBP—MhpB fusion (according to NEB Inc. Protein
Human HAO VLFEKHFYCKDLGT DAWLDSHHRELQA 20 fusion & purification (pMAL) system manual). Plasmids

Ficure 2: Position of proposed acithase residues in extradiol
dioxygenase active sites: (A) active site structures for class Il
(Pseudomonas sg-B400 BphC) and class Il §phingomonas
paucimobilisLigAB) extradiol dioxygenases, illustrating the posi-
tions of putative acietbase residues, prepared using Rasmol; (B)
alignment of amino acid sequences of class Il extradiol dioxyge-
nases in proximity to His-115 and His-179 (with % amino acid

encoding each of the mutated MBRIhpBs were created
by the method of splicing by overlap extensidB) with
MBP—MhpB wild-type as the template, using the external
primers shown in Table 1 and the internal primers shown in
the table with the codons altered from the wild-type
underlined.

sequence identity to MhpB sequence). Sequences are from the Bacterial Growth and Expressioffror production of the

following organisms:Escherichia colK12 (MhpB), Pseudomonas
putida(MhpB), Alcaligenes eutrophu@ipcl), Rhodococcus glober-
ulusPWD1 (HppB;23), Comamonas testosterohA441 (MhpB;
24), Burkholderia spRP007 (PhnC25), Sphingomons.(MhpB),
Sphingomonas paucimobiligotocatechuate 4,5-dioxygenase (LigB),
Pseudomonas pseudoalcaligerE5 2-aminophenol 1,6 dioxy-
genase (AmnB10), and human 3-hydroxyanthranilate dioxygenase
(HAO; 11). The positions occupied by Asp-114, His-115, His-179,
and Pro-181 (in MhpB sequence) are shown in bold.

conserved aspartic acid (Asp-126, found as Asp-114 in

MhpB), whose side chain is positioned withir-8 A of the

MBP—MhpB wild-type enzyme and MBPMhpB mutants,

E. coli TB1 host cells (New England Bio-Labs) were
transformed with MBP-MhpB wild-type or MBP-MhpB
mutants. The cells were grown with shaking (200 rpm) in 2
L flasks containing 500 mL of rich medium and 10§/mL
ampicillin at 37°C to Asgo= 0.6. IPTG (0.5 mM) was added

to induce expression of the cloned gene, and the cells were
grown for an additionla3 h and harvested by centrifugation.

Purification of Fusion MhpB Wild-Type and Mutants.
Gene products of fusion MhpB wild-type and mutants were

imidazole side chain of His-127 (see Figure 2A). To examine isolated on amylose resin columns. The protein was eluted

the role of His-179 and His-115 in extradiol dioxygenase
catalysis, we have replaced His-179 and His-115 in MhpB

with a column buffer (20 mM Tris-HCI, pH 7.4, 200 mM
NacCl, and 1 mM EDTA) and 10 mM maltose. The fractions

Table 1: Overlapping Internal Primers for Site-Directed Mutagenesito (8 Direction)

mutation primer
forward GGAATTCATGCACGCTTATCTTCACTGTCTTTCCCACTCGCCGCTGGT
reverse GCTCTAGAGCTCAGTTCTC
H115Afor GGTGGACGCCGGGTTCGC
H115Arev GCGAACCCGGCGTCCACCTGC
H115Qfor GGTGGACCAAGGGTTCGC
H115Qrev GCGAACCCTTGGTCCACCTGC
H115Yfor GGTGGACTACGGGTTCGC
H115Yrev GCGAACCCGTAGTCCACCTGC
H179Afor GGGCTTTCCGCTCAGCCG
H179Arev CGGCTGAGCGGAAAGCCC
H179Qfor GGGCTTTCCCAACAGCCG
H179Qrev CGGCTGTTGGGAAAGCCC
H179Yfor GGGCTTTCCTACCAGCCG
H179Yrev CGGCTGGTAGGAAAGCCC
D114Afor GCAGGTGGCCCACGGGTTCGC
D114Arev GGGCGAACCCGTGGGCCACCTGC
D114Nfor GCAGGTGAACCACGGGTTCGC
D114Nrev GCGAACCCGTGGTTCACCTGC
P181Afor TTTCCCATCAGGCGCCGGTG
P181Arev CACCGGCGCCTGATGGGAAA
P181Hfor TGGGCTTTCCCATCAGCATCCG
P181Hrev CACCGGATGCTGATGGGAAAGCCCA
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were collected, and protein concentration was determinedextradiol dioxygenase family, it is known from the LigAB

by the method of Bradfordld). Enzyme purity was analyzed  X-ray crystal structuref) that His-12, His-61, and Glu-242

on 11% SDS-PAGE gels, according to standard procedures (found in MhpB as His-10, His-51, and Glu-270) are the
(15). All steps were carried out at 4C, unless indicated ligands that bind the iron(ll) cofactor. Studies of a biomimetic
otherwise. Purified enzymes were95% purity as judged  model reaction for extradiol catechol cleava@ iGdicate

by SDS-PAGE. Enzymes were concentrated te4lmg/ a requirement for a base, to generate the catecholate mono-
mL using a Centricon ultrafiltration device and were stored anion, and a requirement for an acidic group, presumably to
in the above buffer containing 50% glycerol-a80 °C. catalyze the Criegee rearrangement.

Circular Dichroism (CD) Spectroscop®D spectra were Analysis of the active sites of class Il and class Il extradiol
measured over the range of 18860 nm using a Jasco catechol dioxygenases reveals that there are additionatacid
spectropolarimeter model J-175. Measurements were madeébase residues in proximity to the iron(ll) center, as shown
using 1 cm cell length and protein concentration of 1 mg/ in Figure 2A. In the active site of class Il dioxygenase 2,3-
mL at 20°C with 1 s response time and scan rate of 100 dihydroxybiphenyl 1,2-dioxygenase (BphC), His-195 is
nm/min. Spectra were measured eight times and averagedpositioned 4.0 A from the iron(ll) center: this residue has

Enzyme AssayBIBP—MhpB wild-type and mutants were ~ O€€n proposed to act as a base in the catalytic mechanism
reactivated by incubation prior to use by addition of 100 (16)- It has been found that replacement of this histidine
mM sodium ascorbate (&) and 100 mM ammonium iron- re_35|due |nBreulbacterlum3,4-d|hydro?<yphe_nylacetate 2,3-
(I1) sulfate (5uL) to 100uL of purified enzyme on ice for _dloxyg_enase by _phenylalanlne gives _mtradlol cleavage activ-
1 min. The reactivated enzyme was added to a solution of Y Using 2,3-dihydroxybenzoic acid as substrater)(
substrate (10 mM) in 50 mM potassium phosphate, pH 8.0 Adq|§|onal acid-base residues Tyr.—250 and H|s-241 are
(3). Appearance of ring-fission product of 2,3-dihydroxy- posmor_1ed 3.8 and 4.8 A, respectively, from the iron(ll)
pheny! propionic acid was observed at 394 nm=L5 600  Ccenter in BphD.

M~tcm™). K, determinations were carried out in duplicate, In the active site of class Il dioxygenase protocatechuate
andK,, values were determined by use of Lineweav@urk 4,5-dioxygenase fronBphingomonasthere are two ad-
plots. K Was calculated from the maximum specific activity ~ditional histidine residues, His-195 and His-127, positioned
of reactivated purified enzyme on the basis of catalytic 4.5 and 3.9 A, respectively, from the iron(ll) center (Figure
efficiency per 80 kDa subunit. 2A). Sequence alignment of class Il extradiol dioxygenases
(see Figure 2B) reveals that His-195 is completely conserved
(found as His-179 irk. coli MhpB). His-127 is conserved

in all but two sequences, 2-aminophenol 1,6-dioxygenase
(AmnB) and 3-hydroxyanthranilate dioxygenase (HAO), both
of which cleave 2-aminophenol substrates, in which His-

Determination of pH/Rate ProfilepH/rate profiles were
determined over the range of 5:0.0 using the following
buffers at 50 mM concentration: pH 5:8.0, sodium citrate;
pH 5.8-8.4, potassium phosphate; pH 89.0, glycine-
NaOH. The buffers for the pH profile were checked for ) ! . .
inhibitory or activating effects on the reaction. MBRhpB 127 _(found as His-115 irE. coli MhpB) is replaced by
wild-type and mutants were assayed by addition of reacti- tyrosine.
vated enzyme (see above) to a solution of substrate (10 mM) Furthermore, Asp-114 immediately preceding His-115 is
in 50 mM buffers at different pH and measurement of rate also highly conserved. In the LigB crystal structure, the
at 394 nm (due to the RFP dienolate form). Measurement atcarboxylate side chain of Asp-126 is positioneg54A from
pH < 7.0 was also carried out at 317 nm (due to the RFP the imidazole side chain of His-127 (see Figure 3), suggesting

dienol form) for the wild-type enzyme, giving a similar that this aspartate residue might modulate thg of the
profile. neighboring histidine residue. Inspection of the LigB struc-

ture also revealed that His-195 (His-179 in MhpB) is in a
é'ather hydrophobic environment, positioned close to Leu-
197 (Pro-181 in MhpB), which also appears to form a
hydrophobic contact with the catechol substrate (see Figure

HPLC analysis on an Aminex HPX-87H organic acids 3). Inspection of amino acid sequence alignments indicates
column 300 mmx 7.8 mm (Bio-Rad) at 0.3 mL/min in 0.005 that Leu-197 is found either as leucine or proline (Pro-181

Soluion of 50 M potassium phosphate, pi 8.0 (2 mi). I MIPB), except in AmnB and HAO, where histidine or
containing 10QL of lactone (1 mg mLY) to give a final arginine, respectively, are found in this position.
concentration of 5@g. A series of incubations were stopped ~ Expression and Purification of MBPMhpB Wild-Type
at different times (0, 1, 5, 10, and 20 min) by addition of 1 and MutantsThemhpBgene was inserted downstream from
M HCI (50 uL). The final volume (1.1 mL) was filtered on ~ the malE gene ofE. coli, which encodes maltose-binding
Ultrafree-MC (Millipore Corporation, Bedford, MA) and was ~ Protein (MBP), resulting in the expression of an N-terminal
analyzed by organic acids HPLC. The retention time of the MBP fusion protein. Restriction sitéscoR| andXba were

Analysis of Lactone Hydrolysis Half-Reactidme enzyme-
catalyzed hydrolysis of a seven-membered lactone analogu
was carried out as described by Sanvoisin et@l. sing

diacid product was 18.0 min. selected as the restriction enzymes for the MBfhpB wild-
type. Ten site-directed mutants were generated by the method
RESULTS of splicing by overlap extensionl®) with MBP—MhpB

wild-type as the template, using external primers, as de-

Analysis of Class Il Extradiol Dioxygenase A@iSites. scribed in Materials and Methods. His-115 and His-179 were
The precise role of active site residues other than the iron-replaced by alanine, glutamine, and tyrosine (as found in
(I) ligands in the catalytic mechanism of the extradiol AmnB/HAO); Asp-114 was replaced by asparagine and
catechol dioxygenases is largely unknown. In the class Il alanine; Pro-181 was replaced by alanine and histidine (as
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Asp 126
(Asp-114)

His-127
(His-115)

(Pro-12)

Ficure 3: Active site environments of His-195 and His-127 in
the structure ofSphingomonas paucimobilitigAB. Selected

residues and bound substrate are shown in spacefill representation.

Iron(ll) ligands are shown in wireframe. The picture was prepared
using Rasmol. Numbering of selected residuegincoli MhpB
sequence is shown in brackets.

Table 2: Kinetic Parameters of MhpB Wild-Type, Fusion MhpB
Wild-Type, and Mutant Enzymes

sp. activity  Keat Km Keal Km lactone

(units/mg} (s ) (mM) (M~tsY hydrolysis?
E.coliMhpB 48 29 0.026 1.k 1¢° yes
MBP—MhpB 40 50 0.050 1.6x 1¢° yes
H115Q no
H115A yes
H115Y NT
H179Q yes
H179A weak
H179Y NT
D114N 0.060 0.08 226 0.354 weak
D114A no
P181A 27.6 11.0 2.74 4% 10° NT
P181H 1.0 0.47 37.8 120 NT

a Specific activity for MBP-MhpB wild-type and mutants was
determined using 10 mM DHP in 50 mM potassium phosphate, pH
8.0, assayed as described in Materials and MetHddg.was calculated
using a molecular weight of 80 kDa for MBMVhpB wild-type.

NT = not tested.

found in AmnB). The MBP-MhpB wild-type and mutants
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FiIGUrRe 4: pH/rate profiles for wild-type and mutant MBRMhpB
enzymes over pH 5:09.0, obtained as described in Materials and
Methods: (A) wild-type MBP-MhpB; (B) D114N MBP-MhpB;

(C) P181H MBP-MhpB (), compared with wild-type enzyme
(®).

and P181H) were assayed for catalytic activity. Extradiol
cleavage can be conveniently assayed by UV/vis spectros-
copy, since the extradiol cleavage products absorb at-380
400 nm at pH 8.0. The six mutants at His-179 and His-115
(H115A, H115Q, H115Y, H179A, H179Q, and H179Y) each
showed no activity for extradiol cleavage. Although small
changes inAggs Were detected €0.002 A/min), similar
changes were observed in control assays containing no
enzyme, and nd.max was observed at 394 nm; thus, we
conclude that these small changes are due to the formation
of iron—catechol complexeslax = 450—500 nm). There-
fore, within the detection limits of the assay, replacement
of His-115 or His-179 leads to complete loss of extradiol
cleavage activity (see Table 2).

For the mutations at Asp-114, no catalytic activity could
be detected for the D114A mutant, but mutant D114N
retained a low level of catalytic activity (0.06 U/mg), 600-
fold lower than the wild-type enzyme (see Table 2). The
hydrophobic residue adjacent to His-179 (Leu-197 in LigB

were overexpressed as maltose binding protein fusions instructure §)), found as Pro-181 in MhpB, was changed to

E. coli TB1, allowing rapid purification of mutant enzymes
using amylose chromatography t95% purity and high
yield. It was found that the MBPMhpB fusion protein had
similar specific activity (40 U/mg) to the native MhpB
enzyme (48 U/mg) with a 2-fold highég,: but 2-fold higher
Km value, as shown in Table 2. Therefore, the activity of

alanine and histidine. Mutant P181A had a specific activity
of 28 U/mg, similar to the wild-type enzyme, but with a 100-
fold higherK, value of 2.7 mM. Mutant P181H had a much
lower specific activity of 1 U/mg and a 2-fold reduck&g
(see Table 2).

pH Dependence of MBPMhpB Wild-Type and Mutant

mutant enzymes was determined as their MBP fusions. Enzymes D114N, P181A, and P18ie.examine the effect
Analysis by circular dichroism spectroscopy of each mutant ot mytations upon acid/base catalysis, the pH/rate profile for
enzyme gave identical spectra (data not shown), |nd|cat|ngVmaX was determined for the MBPMhpB wild-type and

that site-directed mutagenesis of individual residues did not j, jtant enzymes D114N, P181A, and P181H over the pH

significantly affect protein secondary structure.

Kinetic Characterization of Site-Directed MutantBhe
purified MBP—MhpB and the mutants (H115A, H115Q,
H115Y, H1179A, H179Q, H179Y, D114A, D114N, P181A,

range from 5 to 9.0 at 50 mM buffer concentration.
Measurements at pkt 9.0 were found to be unreliable, due
to an additional base-catalyzed nonenzymatic reaction in-
volving iron(ll) and catechol substrates.
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A. required for lactone hydrolysis. Mutant H179A showed
CO, Co; reduced activity for lactone hydrolysis (26% peak height).
Mutant H115Q showed no activity at all for lactone hy-

MhpB OH drolysis, indicating that His-115 is required for lactone

0 — cos hydrolysis. Lactone hydrolysis was observed for the H115A
mutant, which we interpret as catalysis by solvent water

binding in the pocket normally occupied by His-115. Mutant

D114A showed no activity for lactone hydrolysis, and

lmin S5min  10min 20 min D114N showed weak activity, supporting the role of His-

WI 115 in lactone hydrolysis.

: \ | | DISCUSSION
: —A—— Previous mechanistic studies on the extradiol catechol

H179Q dioxygenases have identified several steps and intermediates
s in the catalytic mechanisml®). The iron(ll) cofactor is
. known both to ligate catecholic hydroxyl groups and to
l L n activate dioxygenl9). There is evidence from the processing
of cyclopropyl-containing substrate analogues for a substrate
HIsQ radical intermediate2(0), followed by the formation of a
3 proximal hydroperoxide intermediaté)( which undergoes
: a Criegee rearrangement via alkenyl migration to give an
F I unsaturatedx-keto lactone ). However, the factors that
FiGure 5: Hydrolysis of seven-membered lactone analogue. The Might influence the processing of the proximal hydroperoxide
reaction is illustrated in panel A. Panel B presents HPLC chro- intermediate to give either extradiol product via alkenyl
matograms showing diacid product formed vs incubation time for migration or intradiol product via acyl migration are un-
wild-type MBP—MhpB and H179Q mutant but not by H115Q | 6\n (18). Studies of a biomimetic iron(Il)) TACN model
mutant. . . LT .
reaction for extradiol cleavage have indicated that acid
catalysis is required for extradiol selectivityd)( The
observation that replacement of His-200 Brevibac-
terium fuscun8,4-dihydroxyphenylacetate 2,3-dioxygenase
by phenylalanine gave a mutant enzyme possessing intra-
diol cleavage activity highlighted the significance of active
site histidine residues in extradiol vs intradiol selectivity)(
The results described in this paper give new insight into the
roles of two active site histidine residues in the class I
extradiol dioxygenases.
Replacement of either His-115 or His-179%ncoli MhpB
from 6.4 to 6.0 in P181A (data not shown) and to 4.8 in the givgs mutant enzymes that lack extradiol .clge}vage activity_,
P181H mutant, indicating an effect upon base catalysis. |nd|cat!ng that each of .these conserved h!St'dme reS|dqes IS
) ) i ) essential for extradiol dioxygenase catalysis. It seemed likely
Analysis of Lactone Hydrolysis Half-Reactiothe final {hat these residues were involved in acid/base catalysis and
step of the extradiol dioxygenase mechanism is the hydrolysisihat one or the other histidine corresponded to the catalytic
of a seven-memberettketo lactone intermediate. MhpB has  pase evident atk 6.4 in the wild-type enzyme pH/rate
previously been shown to catalyze the hydrolysis of a prgfile. Therefore, the effect of replacing a nearby residue
saturated seven-membered lactone analogleThe site-  on the pH/rate behavior of the enzyme was examined.
directed mutants H115A, H115Q, H115Y, H179A, H179Q, Replacement of Asp-114 (located close in space to His-115)
H179Y, D114A, and D114N were therefore analyzed for py asparagine gave a weakly active enzyme with diminished
their ability to catalyze the hydrolysis of this seven- aciivity at pH 8.6-9.0, indicating that this mutation had
membered lactone analogue, monitoring the hydrolysis by affected acid catalysis during the reaction mechanism.
HPLC. Incubation of reactivated enzyme with 0.1 mg/mL  conyersely, replacement of Pro-181 (close in space to His-
lactone at pH 8.0 was momtored by W|thd_ra_\wa! of aliquots 179) by alanine or histidine gave mutant enzymes that
after 0, 1, 5, 10, and 20 min, followed by injection onto an yetained greater catalytic activity at pH 5.6.0 than the
organic acids column. For wild-type enzyme, a new peak jid-type enzyme, indicating that these mutations had
due to diacid product appeared after 1 min, and its intensity affected base catalysis during the reaction mechanism. There
gradually decreased to 20 min (Figure 5). This nonlinear time js evidence both from study of the biomimetic model reaction
course was observed previousgj @and is thought to be due  (9) and from study of substrate binding to BphZl) that a
to the_no_nllnear kinetics of MhpB and _the relactonization of single active site base is required in extradiol dioxygenases
the diacid product. As a result, this assay for lactone iy generate the catecholate monoanion. Our results imply
hydrolysis is largely qualitative. that His-179 is the active site base in MhpB. Examination
Mutant H179Q showed the same activity as wild-type of the active site of class Il dioxygenase LigB reveals that
enzyme, even though the H179Q mutant is catalytically the related His-195 is positioned close to a catechol hydroxyl
inactive for extradiol cleavage, indicating that His-179 is not group and that the only available space accessible to the iron-

As shown in Figure 4, MBPwild-type MhpB displays a
rather complex pH profile, which can be compared with those
of the mutant enzymes. Wild-type enzyme shows a small
inflection at pH 6.4 and a large inflection at pH 8.8,
indicating a catalytic base o 6.4 and a proton donor of
pK, 8.8. Mutant D114N showed a loss of activity above pH
8.0 with a shift in the higher ¢, to pH 8.0, indicating an
effect upon acid catalysis. Mutant P181A and more especially
mutant P181H retain more activity than wild-type enzyme
at pH 5.6-6.0 (see Figure 4). The loweKgpvalue is shifted
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Ficure 6: Proposed reaction mechanism for extradiol cleavage in MhpB, showing roles of His-179 and His-115 in catadysis. R
CH,CH,CO,.

(I cofactor is immediately adjacent to His-195. Therefore, increase the I§, of His-115, making it a stronger base or a
it is very likely that dioxygen is bound close to this residue; weaker acid, yet the loss of activity at higher pH implies an
consequently the protonated imidazolium side chain of this effect upon acid catalysis. The observation that the H115Q
histidine residue would be able to stabilize the formation of mutant is inactive for lactone hydrolysis (unlike the H179Q
superoxide through one-electron transfer from iron(ll) and mutant) implies that His-115 is essential for the final lactone
hence assist oxygen activation. A role for His-195 in class hydrolysis step, probably as an acid catalyst to protonate the
I extradiol dioxygenase BphC in substrate deprotonation and hydroxyl leaving group. It seems likely that His-115 is also
oxygen activation has been suggested by Sato et@)l.oh involved in the Criegee rearrangement step, since no
the basis of the structure of the substrate/NO complex. A intermediates were detected by single turnover stopped flow
role for superoxide in oxygen activation is also supported analysis in the H115Q mutant (data not shown). Therefore
by recent computational studie®2). we propose that the Criegee rearrangement involves con-

After deprotonation of the substrate and oxygen activation, certed acid catalysis by His-179 (see above) and deproto-
the protonated His-179 would be suitably positioned to act nation of the C-3 hydroxyl group by His-115. The protonated
as a proton donor to assist in the Creigee rearrangement oflis-115 would then subsequently act as an acid catalyst for
the proximal hydroperoxide intermediate. Studies of the lactone hydrolysis, as shown in Figure 6. Replacement by
iron(l1)/TACN extradiol model reaction have shown that acid tyrosine in AmnB or HAO would in principle allow for acid
catalysis is required for extradiol selectivitg)( and com-  catalysis by a tyrosine residue, although other residues are
putational studies have shown that protonation of the presumably involved, since the H115Y mutant was inactive
proximal oxygen atom bonded to iron(ll) provides a low- for extradiol cleavage of catechol and 2-aminophenol
energy pathway for extradiol cleavag?). Since His-179  substrates (data not shown).
would be located immediately adjacent to this proximal  These studies have shown that aclithse catalysis is
oxygen, it seems very likely that it fulfills this role. essential for extradiol dioxygenase catalysis and that two
Subsequently, His-179 appears not to be involved in lactonesyitably positioned histidine residues are utilized for acid
hydrolysis, since the H179Q mutant has full activity for base catalysis in the active sites of the class Ill extradiol
hydrolysis of the lactone analogue. dioxygenases. Each histidine residue appears to have more

His-115 is also shown by these studies to be an essentiatthan one role to play during the catalytic cycle, and tKg p
residue for extradiol dioxygenase catalysis, since the H115Qof each histidine residue appears to be controlled by its
and H115A mutants are catalytically inactive. The nearby microenvironment in the active site. This subtle adihse
Asp-114 appears to influence thi&gof His-115, since the  catalysis appears to be required only for extradiol cleavage,
D114N mutant is 600-fold less active than the wild-type since the active sites of intradiol catechol dioxygenases do
enzyme and has lost catalytic activity at pH 8®0. not contain additional acidbase residues; therefore, this
Formation of a histidineaspartatic acid ion pair would appears to be an important distinguishing factor between
stabilize the imidazolium cation of His-115 and hence extradiol and intradiol dioxygenase catalysis.
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