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Abstract

Extradiol dioxygenases play a key role in determining the specificities of the microbial aromatic catabolic pathways in which they
occur. To identify the structural determinants of specificity in this class of enzymes, variants of 2,3-dihydroxybiphenyl (DHB) 1,2-diox-
ygenase (DHBD) were investigated. Structural data of the DHBD/DHB complex informed the design of seven variants at four positions:
V148W, V148L, M175W, A200I, A200W, P280W, and V148L/A200I. All variants had reduced specificity for DHB. In addition, the
V148W, V148L, A200I, and V148L/A200I variants had increased specificity for catechol. Indeed, the V148W variant had a higher appar-
ent specificity for 3-Me catechol than for DHB, although the substitution reduced the kcat for all tested substrates as well as the rate
constant of suicide inactivation of the enzyme. These results are consistent with available structural data which suggest that the larger
residue at position 148 may partially occlude O2 binding. The results further indicate that in addition to defining substrate specificity, the
binding pocket orientates the bound catechol to minimize oxidative inactivation of the enzyme during catalysis.
� 2005 Published by Elsevier Inc.
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Bacteria have evolved a variety of strategies to degrade
aromatic compounds, all of which involve the activation of
the aromatic ring followed by its cleavage [1–3]. One wide-
spread aerobic degradation strategy involves the genera-
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tion of a catecholic intermediate possessing hydroxyl
substituents on adjacent carbon atoms which is then sub-
ject to oxygenolytic ring-cleavage [3]. The ring-cleavage
reaction is performed by enzymes from one of two structur-
ally and mechanistically distinct classes [4]. Both types of
enzymes were originally purified and characterized by
Hayaishi and co-workers [5,6]. Intradiol dioxygenases uti-
lize non-heme Fe(III) to cleave the aromatic nucleus ortho
to (between) the hydroxyl substituents. In contrast, extradi-
ol dioxygenases utilize non-heme Fe(II) to cleave the aro-
matic nucleus meta (adjacent) to the hydroxyl
substituents (Fig. 1). Mn(II)-dependent extradiol dioxygen-
ases with strong sequence similarity to the Fe(II) counter-
part have also been reported [7].

Sequence and structural data indicate the existence of at
least two evolutionarily independent types of extradiol
dioxygenases [8,9]. The type I extradiol dioxygenases
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Fig. 1. Reaction catalyzed by extradiol dioxygenases. In the aerobic
catabolism of biphenyl, DHBD catalyzes a reaction in which R = phenyl.
In the aerobic catabolism of several aromatics proceeding via catechol,
C23O catalyzes a reaction in which R = H. The latter reaction, including
its product, was first described by Hayaishi and co-workers [6].

Table 1
Sequences of the oligonucleotides used in this study

Oligo name Sequences (50–3 0)

obphC-for-NcoI GGGCCATGGGCATCAGAAGTTTGG
obphC-rev-PstI CGGCTGCAGGGCTGTAGTAA
obphC-SmaI GACACGGCCGCCCCGGGCAGGAACG
oODM AGCTCGAATTGGTAATCATGG
obphC-V148L ACGCAGCGCAGGAAATGCCCC
obphC-V148W AACGCAGCGCCAGAAATGCCCC
obphC-M175W CCCCATTTTCCAGTCGATGAC
obphC-A200I AGCGGGAATGCGATAATTGCCAGGG
obphC-A200W CGGGAATGCCCAAATTGCCAG
obphC-P280W CCACATGCTCCAACTGTCGTGCC

Restriction sites are underlined and mutations introduced in the bphC gene
are in bold.

216 F.H. Vaillancourt et al. / Biochemical and Biophysical Research Communications 338 (2005) 215–222
belong to the vicinal oxygen chelate superfamily [10,11]
and can be one- or two-domain enzymes. Each domain
contains two copies of a babbb module [12], and phyloge-
netic analyses indicate that the enzymes share a common
one-domain ancestor [8]. Divergence among the two-do-
main dioxygenases has resulted in several families, at least
two of which are based on substrate preference. For exam-
ple, 2,3-dihydroxybiphenyl 1,2-dioxygenase (DHBD) from
Burkholderia xenovorans LB400 [13–15] belongs to a family
with a preference for bicyclic substrates. In contrast, cate-
chol 2,3-dioxygenase (C23O) from Pseudomonas putida

mt-2 [16], the enzyme originally described by Hayaishi
and co-workers [6], belongs to a family with a preference
for monocyclic substrates.

Several studies have demonstrated that type I extradiol
dioxygenases play a key role in determining the specificities
of the catabolic pathways in which they occur. For exam-
ple, the specificity of C23O prevents the growth of P. putida
mt-2 on 4-ethylbenzoate and corresponding xylenes [17].
The specificity of DHBD similarly prevents the bacterial
degradation of certain PCB congeners [18,19]. Sub-optimal
substrates are cleaved with low specificity (kcat/Km) and can
also accelerate the oxidative inactivation of the enzyme
during catalytic turnover. This suicide inactivation appears
to be due to the dissociation of superoxide from the
enzyme:catechol:dioxygen ternary complex to ultimately
yield an inactive Fe(III) enzyme [20]. Inactivation thus
competes with ring-cleavage and is reflected in the partition
coefficient, the ratio of kcat to j3, the rate constant of inac-
tivation. Electronic factors clearly play a significant role in
determining the magnitudes of kcat and j3. For example,
C23O is rapidly inactivated by 3-chlorocatechol yet effi-
ciently cleaves the isosteric 3-methylcatechol [21]. Howev-
er, it is also clear that steric factors influence the
partition coefficient as catechol inactivates DHBD much
quicker than DHB [20].

Herein, a series of seven variants of DHBD were gener-
ated using site-directed mutagenesis to investigate the
molecular basis for the substrate selectivity between
DHBD and C23O. All DHBD variants were purified and
steady-state kinetics with 2,3-dihydroxybiphenyl (DHB)
and catechol were performed. The two variants showing
the biggest improvement toward catechol were further
characterized with respect to their specificities for other cat-
echols and their inactivation parameters. The results are
discussed using the available structures of type I extradiol
dioxygenases.

Materials and methods

Chemicals.DHB [22] and 3-Cl catechol were gifts from Victor Snieckus
(Dept. of Chemistry, Queen�s University, Ont., Canada). Ferene S was
from ICN Biomedicals Inc. All other chemicals were of analytical grade
and used without further purification.

Construction of plasmids and overexpression of protein. DNA was
manipulated using standard protocols [23]. All oligonucleotides used in
this study are described in Table 1. Site-directed mutagenesis was per-
formed via restriction site elimination [24] using a vector containing the
3 0 half bphC gene and oligo oODM (Table 1) to remove an EcoRI
restriction site from the multiple cloning site. Briefly, the bphC gene was
amplified by PCR using oligos obphC-for-NcoI and obphC-rev-PstI with
pLEBD4 [25] as a template. The resulting amplicon was cloned into
pGYM [26] using NcoI and PstI, generating pLEBD10. A SmaI site was
introduced into the middle of the bphC gene of pLEBD10 using the oligo
obphC-SmaI which creates a silent mutation in the codons specifying
Pro130 and Gly131. The SmaI/PstI bphC gene fragment was then sub-
cloned in pEMBL18 [27] to generate pFVBC54. Using pFVBC54 as a
template, a total of six mutations were introduced in the bphC gene (see
Table 1) using site-directed mutagenesis. The double variant V148L/
A200I was generated using two rounds of mutagenesis and an additional
subcloning step in pEMBL18 to regenerate the EcoRI site for elimination
during the second mutagenesis reaction. Mutations were confirmed by
DNA sequencing, then the bphC expression vector (derivatives of
pLEBD4 [25]) were regenerated in a two-step procedure. First, full-length
bphC mutants were generated by cloning the SmaI/PstI fragment from
derivatives of pFVBC54 (encoding the second half of DHBD) into
pFVBC66. The latter is a derivate of pBluescriptII SK+ that lacks the
vector�s ClaI site and that contains the XbaI/SmaI bphC fragment
(encoding the first half of DHBD) from pLEBD10 with the silent SmaI
mutation. The resulting derivatives of pFVBC66 contained full-length,
mutated bphC genes. Second, the 836 bp ClaI/HindIII fragment (a ClaI
site is present at bp 129 of bphC) was cloned from each pFVBC66
derivative into a derivative of pLEBD4 in which the second half of bphC
was removed. Each DHBD variant was produced in P. putida KT2442
[28] freshly transformed with the corresponding pLEBD4 derivatives
essentially as previously described [14].

Purification and handling of DHBD samples. Buffers were prepared
using water purified on a Barnstead NANOpure UV apparatus to a
resistivity of greater than 17 MX cm. All manipulations involving the
DHBD variants were performed under an inert atmosphere unless
otherwise specified, usually in a Mbraun Labmaster glovebox (Stratham,
NH) maintained at 2 ppm O2 or less. The DHBD variants were purified
and flash-frozen in liquid nitrogen for long-term storage as described
previously [14]. Aliquots of DHBD variants were thawed immediately
prior to use and were exchanged into 20 mM 4-(2-hydroxyethyl)-1-piper-
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Fig. 2. View of the active site of DHBD bound to DHB. The DHB
carbons are colored yellow. Other carbon, oxygen, nitrogen, sulfur, and
iron atoms are colored orange, red, cyan, purple, and green, respectively.
The ligands of the ferrous iron are H146, H210, and E260. For clarity,
only one of the two possible orientations of M175 is shown. Adapted from
[14,15]; figure made using Pymol [38].
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azinepropanesulfonic acid (HEPPS), 80 mMNaCl (I = 0.1), pH 8.0, by gel
filtration chromatography [14] unless otherwise stated. When necessary,
samples of DHBD variants were further diluted using the same buffer.
Protein concentrations were determined using the Bradford method [29].
Iron concentrations were determined colorimetrically using Ferene S [30].

Kinetic measurements and analysis of steady-state data. Enzymatic
activity was routinely measured by following the consumption of dioxygen
using a Clark-type polarographic O2 electrode (Yellow Springs Instru-
ments, Model 5301) as previously described [14,20]. All experiments were
performed using 20 mM HEPPS, 80 mM NaCl (I = 0.1), pH 8.0,
25.0 ± 0.1 �C. Concentrations of active DHBD variants in the assay were
defined by the iron content of the injected purified enzyme solution and
were used in calculating specificity, catalytic and inactivation constants.
The O2 electrode was calibrated using standard concentrations of wild-
type DHBD and DHB.

For specificity experiments in which the concentration of catecholic
substrate was varied in air-saturated buffer, the initial velocities were
analyzed using an equation describing a mechanism in which substrate
inhibition occurs [14] or to the Michaelis–Menten equation [31], as
appropriate. In each case, the substrate concentration and reaction
velocities were monitored after the initiation of the reaction (10–20 s) and
compared to calculated values to reject assays involving greater than 15%
inactivation of the enzyme [14,20].

The steady-state cleavage of 3-Cl catechol by DHBD variants could
not be directly followed using the oxygen electrodes due to the very slow
rate of catalysis. The Kapp

mA of DHBD variants for 3-Cl catechol was
determined using DHB as a reporter substrate in the oxygen electrode
assay as previously described [20]. The data were fit to an equation
identical in form to that for competitive inhibition [31]. In this equation,
the Kapp

mA of 3-Cl catechol replaces the competitive inhibition constant, Kic.
All fitting was performed using the least squares and dynamic weighting
options of LEONORA [31].

Stability in the presence of O2 and mechanism-based inactivation studies.

The stability of the free enzyme in the presence of O2 was studied by
incubating DHBD variants in the oxygraph cuvette under standard assay
conditions, and monitoring At, the activity remaining after different time
intervals, by adding DHB to the cuvette. The apparent first-order rate
constant of inactivation, japp1 , was determined as previously described
using Eq. (1) [20], in which Amax is the activity observed in the absence of
pre-incubation

At ¼ Amaxe
�japp

1
t. ð1Þ

Partition ratios for all substrates were determined using an oxygraph
assay according to standard procedures [20]. The amount of DHBD
added to the reaction cuvette was such that the enzyme was completely
inactivated before 15% of either the catecholic substrate or O2 was
consumed in the reaction mixture. The partition ratio was calculated by
dividing the amount of product formed by the amount of active DHBD
added to the assay.

The apparent rate constant of inactivation during catalytic turnover in
air-saturated buffer, japp3 , was calculated from the partition ratio deter-
mined using the oxygraph assay under saturating substrate conditions
([S] >> Km) according to established procedures (Eq. (2)) [20], except for
3-Cl catechol. Under such conditions, the concentration of free enzyme,
[E], is negligible, and the partition ratio is equal to the ratio of the catalytic
constant, kappcat , and the inactivation constant japp3 (i.e.,

P
ji = j3) [20]

partition ratio ¼ no. of substrate molecules consumed

no. of enzyme molecules inactivated
¼ kcatP

ji
. ð2Þ

The rate constant of inactivation, japp3 , for 3-Cl catechol was evaluated
from jS using Eq. (3) and DHB as a reporter substrate [20]. The latter was
determined from progress curves obtained spectrophotometrically at
434 nm from reactions performed at saturating substrate concentrations,
S, using Eq. (4) [20]

jS ¼
japp3 ½3-CC�

Kapp
m3CCð1þ ½DHB�=Kapp

mDHBÞ þ ½3-CC� ; ð3Þ

P t ¼ P1ð1� e�jStÞ þ P i. ð4Þ
In Eq. (3), Kapp
m3CC and Kapp

mDHB are the apparent Km for 3-Cl catechol and
DHB, respectively, in air-saturated buffer and jS at each concentration of
3-Cl catechol and DHB was determined using Eq. (4). In Eq. (4), Pi and
P1 are the concentrations of product at the start and end of the assay,
respectively.

HPLC analyses. The partition ratio for 3-Cl catechol and the distal
ring-cleaved product of 3-Cl catechol was determined by HPLC as de-
scribed previously [20]. The solvent system previously described for the
distal ring-cleaved product of 3-Cl catechol [20] was used to identify the
distal ring-cleaved product of 3-Me catechol.
Results and discussion

Rationale for the choice of active site variants

We hypothesized that optimization of DHB cleavage by
DHBD has resulted in an active site that is poorly comple-
mentary to catechol because the volume in the active site
occupied by the second ring of biphenyl is excess ‘‘free’’
volume when catechol binds. The poor specificity of
DHBD for catechol and the partial occupancy observed
in the catechol:DHBD crystal structure support this
hypothesis [14]. We therefore investigated the effect of
modifying the size of the active site pocket on the reactivity
of the enzyme with bicyclic and monocyclic catecholic sub-
strates. Residues were targeted for substitution based on
their location relative to the DHB rings in the enzyme-
DHB crystal structure [14,15]. The substrate pocket is lined
with hydrophobic residues. With the exception of catalytic
residues, the proximal (catecholic) ring is lined with F187,
N243, and P280. The distal ring is lined with V148, M175,
A200, F202, and H209 (Fig. 2). The rings of DHB are rel-
atively unencumbered as no residue is closer than 3.25 Å of
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C4, C5, and C6 of bound DHB. C3 0, C4 0, and C5 0 of the
distal ring are oriented towards the opening of the active
site and therefore are even less sterically hindered. To get
a good coverage of the active site, four residues were cho-
sen to be modified: V148, M175, A200, and P280. Sequence
alignments revealed that the positions corresponding to
V148 and A200 are occupied by larger residues in several
C23Os. For example, in C23O from P. putida mt-2 [16], a
Leu is present at the equivalent position of V148 and an
Ile at the equivalent position of A200. The following vari-
ants were generated: V148L, V148W, M175W, A200I,
A200W, P280W, and V148L/A200I.

Purification and iron content

All variants were purified anaerobically using the proce-
dure developed for the wild-type enzyme [14]. The proteins
were estimated to be greater than 95% pure by SDS–poly-
acrylamide gel electrophoresis. The yield of each purified
variant (10–20 mg/liter of cell culture) was typically lower
than for the wild-type enzyme (30 mg/liter) [14]. All vari-
ants eluted as homooctamers on the Superdex 200 gel filtra-
tion column. No change in tertiary structure was observed
but almost all variants showed a decrease in solubility.
Typically, they tended to precipitate at concentrations
higher than 7 mg/mL. By contrast, wild-type enzyme is sol-
uble at concentrations above 40 mg/mL. The iron content
of the wild-type enzyme typically ranges from 70 to 85%
depending on the preparation. The iron content of the vari-
ants was always higher, ranging from 80 to 95% in all prep-
arations. This high iron content strongly suggests that the
iron ligands are in the correct configuration and thus that
all variants were correctly folded. This conclusion was fur-
ther substantiated for the V148L/A200I double variant,
whose CD spectrum was essentially identical to that of
WT-DHBD (data not shown). It is possible that a decrease
in the size of the active site pocket stabilizes the active site
Table 2
Apparent steady-state kinetic parameters of DHBD variants for DHB and ca

Substrate DHBD Kapp
mA ðlMÞ

DHB WTa 12 (1)
DHB V148L 13 (2)
DHB A200I 13.1 (0.7)
DHB V148L/A200I 13 (1)
DHB V148W 17 (2)
DHB M175W 21 (1)
DHB A200W 19 (2)
DHB P280W 5000 (1000)

Catechol WTa 860 (150)
Catechol V148L 350 (20)
Catechol A200I 270 (40)
Catechol V148L/A200I 165 (5)
Catechol V148W 44 (5)
Catechol M175W 1700 (100)
Catechol A200W 360 (30)
Catechol P280W 36000 (5000)

Experiments were performed using air-saturated 20 mM HEPPS, 80 mM NaC
a Data taken from [14].
iron, perhaps by minimizing exposure to solvent or inacti-
vating agents.

Steady-state kinetic analysis

Steady-state kinetic analyses were performed in air-satu-
rated buffer with each variant using catechol and DHB as
substrates (Table 2). Because the Km of DHBD for O2 is
approximately four times greater than the concentration of
dissolved O2 in the assay mixture [14], all kinetic parameters
reported here are apparent. All variants were less specific for
DHB than WT-DHBD, possessing apparent specificity
parameters in the following order: WT-DHBD > A200I >
V148L > V148L/A200I > M175W > A200W > V148W >
P280W. The largest reduction of the kappcat value (12-fold) was
observed with the V148W variant. Five of the variants were
subjected to the same degree of substrate inhibition by DHB
as the WT enzyme; substrate inhibition in the V148L/A200I
double variant was fivefold stronger andwas not observed at
all in the M175W variant. The Kapp

mA values were in a similar
range for all variants, except for P280W that showed a
420-fold increase and could not be saturated with DHB.

In contrast to what was observed for DHB, four of the
variants possessed a higher specificity for catechol than
WT-DHBD. The apparent specificity constant for catechol
was in the following order: V148W > V148L/A200I >
A200I > V148L > A200W� WT-DHBD>M175W> P280W.
However, all variants had lower kappcat values, from a three-
fold reduction for V148W to a 21-fold reduction for
P280W. No substrate inhibition was observed for any of
the variants and an increase in Kapp

mA value was observed
only for M175W and P280W when compared to WT-
DHBD. The largest reductions in Kapp

mA values were observed
for the V148L/A200I (5-fold) andV148W (20-fold) variants.

The two variants that showed the biggest improvement
in specificity for catechol, V148W and V148L/A200I, were
further investigated using 3-Me catechol and 3-Cl catechol
techol

Kapp
iA ðmMÞ kappcat ðs�1Þ kappA ð�106 M�1 s�1Þ

3.0 (0.8) 251 (6) 21 (1)
1.1 (0.2) 190 (30) 14 (3)
2.0 (0.4) 220 (20) 17 (1)
0.6 (0.1) 77 (7) 6 (1)
2.2 (0.5) 21 (1) 1.2 (0.1)
— 97 (1) 4.6 (0.2)
1.0 (0.1) 66 (2) 3.6 (0.2)
1.5 (0.4) 280 (50) 0.055 (0.002)

— 51 (6) 0.060 (0.004)
— 32 (2) 0.091 (0.008)
— 45 (3) 0.17 (0.02)
— 38.9 (0.4) 0.236 (0.006)
— 15.6 (0.3) 0.35 (0.04)
— 39 (1) 0.0227 (0.0008)
— 21.8 (0.7) 0.060 (0.004)
— 2.4 (0.3) 0.000070 (0.000003)

l, pH 8.0, at 25 �C. Values in parentheses represent standard errors.
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Fig. 3. Steady-state cleavage of 3-Me catechol by the V148W variant of
DHBD. The line represents a best fit of the substrate inhibition equation
to the data. The fitted parameters are Kapp

mA ¼ 15� 2 lM,
Kapp

iA ¼ 2:6� 0:7 lM, and V = 76 ± 3 lM/min. The experiment was per-
formed using air-saturated 20 mM HEPPS, 80 mM NaCl, pH 8.0
(I = 0.1), 25 �C.
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as substrates. In addition, the inactivation parameters for
these variants in the presence of each of four tested
substrates were evaluated (Table 3). With respect to WT-
DHBD, both variants showed a �7-fold increase in
apparent specificity for 3-Me catechol and no change in
specificity for 3-Cl catechol. The kappcat value of the V148L/
A200I variant for 3-Me catechol was threefold higher
whereas the same value of the V148W variant was fivefold
lower. Both variants had lower Kapp

mA values for 3-Me or 3-
Cl catechol; the largest change was observed for the
V148W variant, whose Kapp

mA value for 3-Me catechol was
35-fold lower (Fig. 3). Finally, the substrate inhibition ob-
served in the presence of 3-Me catechol was strong for the
V148L/A200I variant but weak for the V148W variant.

As is typical of extradiol dioxygenases, DHBD is suscep-
tible to inactivation during steady-state turnover in a pro-
cess that involves dissociation of superoxide from the
ternary complex [20]. Compared to WT-DHBD, V148L/
A200I was more susceptible to inactivation (higher
japp3 =Kapp

mA) with all substrates. In contrast, the V148W var-
iant was only more susceptible to inactivation with 3-Me
catechol and was actually less susceptible to inactivation
with DHB. Moreover, the rate constant of inactivation
ðjapp3 Þ was decreased with all substrates for V148W whereas
it was increased for all substrates except 3-Cl catechol for
V148L/A200I, when compared to WT-DHBD.

Coupling of the reaction and stability in the presence of O2

The coupling of DHB and catechol cleavage, respective-
ly, with O2-utilization in V148W and V148L/A200I was
investigated using an O2 electrode that had been calibrated
using DHB and WT-DHBD, a well-coupled system [14].
For each variant, the amount of O2 consumed correspond-
ed to the amount of DHB and catechol added to the reac-
tion mixture, demonstrating that the utilization of DHB
and catechol was tightly coupled to O2-consumption in
both variants.
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The stability of each variant in the presence of O2 was
evaluated by determining japp1 , the pseudo-first-order rate
constant of inactivation in air-saturated buffer. The respec-
tive japp1 values of V148W and V148L/A200I were
(0.9 ± 0.1) · 10�3 s�1 and (2.4 ± 0.2) · 10�3 s�1, which cor-
respond to half-lives of 13.1 ± 1.2 and 4.9 ± 0.5, respective-
ly. In comparison, japp1 of WT-DHBD is (0.7 ± 0.1) ·
10�3 s�1; this corresponds to a half-life of 16 ± 2 min [20].

Distal ring-cleaved product of 3-Cl catechol

Some extradiol dioxygenases cleave certain catechols
proximally (2,3-cleavage) and distally (1,6-cleavage)
[32,33]. We therefore investigated the amount of distally
cleaved product formed by the V148W and V148L/A200I
variants, respectively, for each of 3-Cl and 3-Me catechol
using HPLC and the previously described solvent system
[20]. 3-Chloro-2-hydroxymuconic semialdehyde, the distal
cleavage product of 3-chlorocatechol, constituted
1.8 ± 0.3% and 0.8 ± 0.3% of the ring-cleaved products
in reactions catalyzed by the V148W and V148L/A200I
variants, respectively. In comparison, the distal ring-
cleaved product accounted for 1.8 ± 0.1% of the initial
amount of 3-Cl catechol in the reaction catalyzed by
WT-DHBD [20]. For 3-Me catechol, the distal ring-cleaved
product constituted 0.5–0.6% of the reaction products
regardless of which of the three enzymes was used as the
catalyst. Therefore, the amino acid substitutions did not
significantly affect the regiospecificity of the cleavage reac-
tion. This result is in good agreement with a study on
DHBD from Sphingomonas xenophaga BN6, an enzyme
that preferentially catalyzes the distal cleavage of 3-Cl cat-
echol [32]. When residues of this enzyme were replaced with
smaller ones in a random mutagenesis study [33], an in-
crease in distal product formation was observed. The regio-
specificity of cleavage is likely determined by the
orientation of the catecholic ring within the substrate-bind-
ing pocket. When the pocket allows for binding of the cat-
echol in both orientations, it is likely that both distal and
proximal cleavage can occur. Substitution of DHBD resi-
dues in the vicinity of C4 of the DHB ring with smaller res-
idues might increase the yield of the distal cleavage
product.

Structure-based interpretation of kinetic data

Crystal structures of DHBD from B. xenovorans LB400
have been reported for the substrate-free enzyme as well as
for the binary complexes with each of catechol, 3-Me cate-
chol, and DHB [13–15]. Crystal structures of other type I
extradiol dioxygenases have been reported, including those
of DHBD from Pseudomonas sp. KKS102 (substrate-free,
a DHBD:DHB binary complex and a DHBD:DHB:NO
ternary complex in which NO acts as an O2 analog)
[34,35], C23O from P. putida mt-2 (substrate-free) [16],
and two homoprotocatechuate 2,3-dioxygenases (sub-
strate-free and homoprotocatechuate-bound) [36]. DHBD
from Pseudomonas sp. KKS102 is very similar to DHBD
from B. xenovorans LB400 (66% sequence identity). Unsur-
prisingly, the structure and residues of the respective active
sites of these two enzymes are especially similar. Of the
four residues substituted in this study, two are identical
(Val148 and Ala200) and two are conservatively replaced
(M175 and P280 are Ile and Thr, respectively, in the
KKS102 enzyme). Moreover, the residues contributing to
the O2-binding pocket, deduced from the DHB:DHBD:NO
complex of the KKS102 enzyme [35], are identical, corre-
sponding to residues H146, V148, F187, H195, A198, and
H210 in the LB400 enzyme. In the KKS102 enzyme, the
residue undergoing the largest movement upon NO bind-
ing is the valine, whose side-chain shifts by about 0.5 Å
to accommodate the NO molecule. This observation corre-
lates well with the results from the current study in which
the V148W variant had significant reductions in kappcat for
all substrates tested. This is likely due to a reduction in
the size of the O2-binding pocket caused by the replace-
ment of V148 by a Trp. This change could interfere with
the binding of O2 to the iron to form the ternary complex
as well as the orientation of the bound O2 within the terna-
ry complex. The relatively high Km of DHBD for O2 pre-
vented direct testing of this hypothesis.

The specificity results are also consistent with the loca-
tion of the residues in the substrate pocket. P280 interacts
with the catecholic ring of DHB and its substitution for a
larger residue dramatically reduces the specificity for both
DHB and catechol. The P280W substitution must therefore
cause a dramatic decrease in the pocket size for the cate-
cholic ring and therefore interfere with its binding to iron
and/or its reactivity with O2 when bound to iron. In addi-
tion, P280 forms a hydrogen bond with H241. The intro-
duction of a larger residue at position 280 could therefore
influence the kinetic parameters by altering the positioning
of H241, a residue that is thought to assist in the deproto-
nation of catechol as it binds to the iron [15].

The characteristics of the M175W variant are harder to
rationalize. The M175 residue interacts with the distal ring
of DHB but is located in close proximity of the catecholic
ring. The M175W substitution also causes a decrease in
specificity with DHB and catechol. Therefore, the position
of the Trp residue must also interfere with binding of the
catecholic ring and/or its reactivity with O2 when bound
to iron.

Residues V148 and A200 are located further away from
the catecholic ring. Their substitution for larger residues
showed a decrease in specificity for DHB and an increase
in specificity for catechol in good agreement with the
hypothesis that filling of the ‘‘free’’ volume occupied by
the distal ring of DHB (when bound) increases specificity
for smaller substrates. This hypothesis is also supported
by the structure of C23O in which Leu and Ile residues are
present at position equivalent to V148 and A200, respective-
ly. Similarly, these residues are Ile andGly, respectively, in a
dioxygenase that preferentially cleaves 3-Me catechol and
whose structure was recently modeled [37].
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Structures of two homoprotocatechuate 2,3-dioxygen-
ase:substrate complexes [36] reveal that the catecholic ring
is accommodated by a binding pocket that is similar in
shape to those of the DHBDs and C23O but that in the
former, charged residues are also present to interact with
the carboxylate of the homoprotocatechuate. In addition,
the active site pocket possesses a well-defined lid domain
that is much abbreviated in DHBD to accommodate the
distal ring of DHB [36].

The influence of the substitutions of residues in the sub-
strate-binding pocket ofDHBDon the rate constant of inac-
tivation ðjapp3 Þ indicates that the latter is affected by the
orientation of the bound catechol. This is most easily appre-
ciated in the V148L/A200I variant as the lower japp3 values of
the V148W variant, with respect to those of WT-DHBD,
likely reflect decreased reactivity with O2 as discussed above
for the kappcat values. The higher japp3 values of the V148L/
A200I variant are reminiscent of the higher japp3 values of
the WT-DHBD in the presence of sub-optimal substrates
such as catechol and 3-Me catechol [20]. In both cases, higher
japp3 values may reflect reorientation or the lack of rigidity of
bound substrate. Nevertheless, crystallographic data indi-
cate that the orientation of hydroxylated rings of bound
DHB, 3-Me catechol, and catechol in WT-DHBD:substrate
complexes is very similar [14,15], indicating that the effect of
structure on japp3 is subtle.

Conclusion

This study demonstrates that the size of the active site
pocket affects the type of catecholic substrate that can be
cleaved by extradiol dioxygenases. Thus, the specificity of
DHBD for catechol may be increased by replacing residues
in the vicinity of the distal ring of DHB by larger ones. In
the studied variants, the efficiency of cleavage was never-
theless reduced, likely because the introduced substitutions
affected the O2-binding pocket as well. The results further
indicate that by influencing the orientation of the bound
catecholic substrate, the binding pocket also helps mini-
mize oxidative inactivation of the enzyme during catalysis.
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