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Abstract

2,3-Dihydroxybiphenyl 1,2-dioxygenase (EC 1.13.11.39) from Pseudomonas sp. strain KKS102 (BphC) catalyzes the proximal extra-
diol cleavage of the catechol ring of 2,3-dihydroxybiphenyl (DHB), a key step in the biodegradation of polychlorinated biphenyl. Because
the active site Fe(II) ion of the extradiol dioxygenase is colorless, it has been difficult to monitor the reaction cycle kinetics. Here, we have
found that BphC binds strongly the chromophoric substrate 3-formylcatechol (3FC) as a monoanion (Kd = 0.8 lM) and cleaves it two
orders of magnitude slower compared to DHB under air-saturation conditions. By utilizing 3FC as a probe, the reaction cycle kinetics of
BphC was monitored for the first time. The binding of 3FC occurred in a three-step process involving rapid deprotonation of 3FC. The
bound monoanionic 3FC reacted slowly with O2 in three steps, occurring in sequence, the ring opening step being the slowest one.
� 2005 Elsevier Inc. All rights reserved.
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Some soil bacteria degrade aromatic compounds includ-
ing hazardous pollutants such as polychlorinated biphenyls
and dioxins using O2 [1–6]. In many catabolic pathways,
the aromatic ring is first subjected to dihydroxylation,
and then the resultant 1,2-dihydroxybenzene (catechol)
derivative is cleaved between the C1 and C2 carbon atoms
(intradiol cleavage) or between the C2 and C3 carbon
atoms (extradiol cleavage). Extradiol catechol dioxygenas-
es catalyze the latter mode of cleavage (Fig. 1) and most
of them need one ferrous ion fixed to the active site in
the 2-His-1-carboxylate facial triad motif [7]. To improve
bacterial ability to degrade specific aromatic compounds,
it is important to understand both the reaction mechanism
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of the extradiol cleavage and the molecular basis of sub-
strate preferences [8–15].

2,3-Dihydroxybiphenyl 1,2-dioxygenase (EC 1.13.11.39)
from Pseudomonas sp. strain KKS102 (BphC) belongs to
the I.3.A subfamily [16] and prefers bicyclic substrates,
and is involved in the biodegradation of polychlorinated
biphenyl [17]. Because crystallographic investigation of
BphC has been most advanced [18–22], mechanistic studies
of BphC are important to understand the extradiol dioxy-
genase reaction. Recently, single-turnover kinetic investiga-
tion of homoprotocatechuate 2,3-dioxygenase has been
carried out using 4-nitrocatechol as a chromophoric probe
[23]. However, 4-nitrocatechol cannot be used as a probe
for the reaction cycle of BphC because it is not a substrate
of BphC but inactivates BphC in an O2-dependent manner
(manuscript in preparation). In addition, 4-nitrocatechol is
an unusual substrate among most catecholic substrates
(pKa1 8–9.5) [24] in that it has a very low pKa1 value of
6.89 [23] and shows dianionic binding to homoprotocatech-
uate 2,3-dioxygenase [23], not the standard monoanionic
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Fig. 2. UV/Vis spectra of 3FC species in solution and bound to BphC.
Shown are spectra of neutral (� � �), monoanionic (––), and dianionic (-ÆÆ-)
3FC in solution as well as BphC–3FC complex (thick solid line) and the
cleavage product of 3FC (-Æ-), both at pH 7.5.

Fig. 1. Reaction catalyzed by BphC. R = phenyl, CHO, H.
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binding [25]. Therefore, another probe is needed to sub-
stantiate the results obtained using 4-nitrocatechol [23].

3-Formylcatechol (3FC) exhibits relatively strong absor-
bance in the wavelength region of 300–500 nm. Like 4-nit-
rocatechol, 3FC shows prominent spectral changes
depending on the three ionization states (neutral form,
monoanion, and dianion) (see Fig. 2). However, 3FC has
the pKa1 value of 7.89 [24], showing one order of magni-
tude higher affinity to proton than 4-nitrocatechol. These
features of 3FC are suitable for a probe to monitor the
reaction cycle.

In this study, we have observed that BphC binds strong-
ly 3FC as a monoanion and shows a small kcat value under
air-saturation conditions (0.8 s�1). These properties of
BphC for 3FC allowed us to perform single-turnover
experiments using stopped-flow method. The reaction cycle
of BphC was successfully monitored via spectral changes
occurring in 3FC during the complete single-turnover.

Materials and methods

Reagents. Catechol was purchased from Tokyo Kasei Kogyo (Tokyo,
Japan); 3FC and 2-hydroxypyridine N-oxide from Sigma–Aldrich Japan
(Tokyo); 2,3-dihydroxybiphenyl (DHB) and ascorbate oxidase (EC
1.10.3.3) from Wako Pure Chemical Industries (Osaka, Japan); and L-
ascorbic acid from Nacalai Tesque (Kyoto, Japan). Catechol and 3FC
were recrystallized to remove minor contaminants. All other chemicals
were of analytical grade. Catechol 2,3-dioxygenase from Pseudomonas

putida mt-2 (Mpc) was prepared as described previously [26].
Overexpression of BphC in Escherichia coli and purification. BphC was

overexpressed in Escherichia coli BL21(DE3)pLysS (Promega, Madison,
WI, USA) transformed with pHNA2T7, an expression plasmid containing
the structural gene encoding an enzyme described previously [19]. Purifi-
cation of BphC was performed at about 4 �C in the presence of 0.2 mM of
2-hydroxypyridine N-oxide, a potent competitive inhibitor, and 10%
acetone (vol/vol) according to the method used for the purification of Mpc
with modifications [26]. The purified BphC samples were stored at about
4 �C in ammonium sulfate precipitates. During the storage for several
months the amorphous precipitates changed into fine crystals.

Enzyme and iron quantification. The subunit concentration of purified
BphC was determined using a molar absorption coefficient of the enzyme
subunit at 280 nm of 3.82 · 104 M�1 cm�1. Based on the maximal activity
per iron atom (99 s�1) observed during purification, we assumed that fully
active BphC exhibits a specific activity of 185 U/mg under standard assay
conditions (see below). The iron content of purified BphC was determined
using the FeroZine method [27] after the complete digestion of samples by
the method of Yonetani [28].

Handling of BphC. A concentrated BphC solution (300–500 lM) in
50 mM Hepes (pH 7.5, ionic strength (I) = 0.15 M adjusted with NaCl)
was prepared just before use as follows. The ammonium sulfate precipi-
tates of the enzyme were collected from about 300 ll of the BphC stock
solution by centrifugation. The collected enzyme was dissolved in a min-
imum amount of 50 mM Hepes buffer containing 10 mM ascorbate (pH
adjusted with 1 M NaOH to about 7.5) and incubated for 20–30 min on
ice. After removal of a small amount of insoluble material by centrifu-
gation, the supernatant was subjected to gel filtration on a Sephadex G-25
column (1.5 · 7 cm, Amersham Biosciences) equilibrated with 50 mM
Hepes (pH 7.5, I = 0.15 M). The holo-enzyme content of the final Bphc
preparation was always 0.5–0.6 as judged by the observed specific activity
and anaerobic titration with 3FC.

An appropriately diluted BphC stock solution (2–6 lM for DHB and
catechol, 100–200 lM for 3FC) for steady-state kinetic experiments was
prepared in a sealed vial (3.0 ml) by the dilution of the concentrated BphC
solution with an O2-eliminating solution composed of L-ascorbate and
ascorbate oxidase as described previously [24]. The activity of the resultant
BphC solution (50–140 U/mg) was stable for several days, and no signif-
icant change in the enzyme activity was found during a series of kinetic
experiments.

Steady-state kinetic measurements. Standard assay of BphC was per-
formed in 3.0 ml of air-saturated 50 mM Hepes (pH 7.5, I = 0.15 M) with
90 lM DHB by following the formation of the reaction products using a
UV-140 UV/Vis spectrophotometer at 25 �C (Shimadzu). One unit is de-
fined as the amount of the enzyme that produces 1 lmol of 2-hydroxy-6-
oxo-6-phenylhexa-2,4-dienoate per min under these standard assay con-
ditions. The initial velocity as a function of catecholic substrate concen-
tration was examined at 25 �C by following spectrophotometrically the
formation of products as described above for the standard assay. The
initial velocity as a function of O2 concentration was measured by fol-
lowing the O2 consumption using a 2.9-ml glass reaction vessel equipped
with a Model 5331 Clark-type polarographic O2 electrode (Yellow Springs
Instruments, Yellow Springs, OH, USA). The O2 concentration of the
reaction mixture was controlled between 4 and 500 lM using a method
described [29]. The enzymatic reaction was started by adding an aliquot of
the diluted BphC stock solution (0.5–10 ll) taken out from the sealed vial
with a microsyringe just before use. The signals from the spectropho-
tometer and the O2 electrode were recorded with a Unicorder U-228
analogue recorder (Pantos, Kyoto, Japan), and they were calibrated by
recording the rapid and complete cleavage of a known amount of cate-
cholic substrates in the buffer using 0.5–2.0 ll of the concentrated Mpc
stock solution. Initial velocity data were analyzed as a hyperbolic function
of substrate concentration to determine Km and Vmax.

Partition ratio of BphC for DHB, 3FC, and catechol was determined
by measuring the amount of products formed before the enzyme was
completely inactivated (see Table 1).

Determination of the dissociation constant for 3FC. The dissociation
constant (Kd) for 3FC was determined by titration into a BphC solution
(49.3 lM) in 50 mM Hepes buffer (pH 7.5, I = 0.15 M) at 25 �C in an
anaerobic cuvette with a silicon septum and a silicone plug as previously
described [29]. The circular dichroism (CD) spectrum was measured over
the range of 300–500 nm using a Jasco model J-600 CD spectrophotom-
eter (Jasco, Tokyo, Japan). The addition of the ligand was repeated 10–15
times until the molar ratio of the ligand and the enzyme subunit increased



Table 1
Steady-state kinetic and thermodynamic parameters of BphCa

Parameter 3FC DHB Catechol

kcat (s
�1) 2.8 ± 0.8 115 32.5

kcat (air-saturation) (s
�1) 0.87 ± 0.02 99 28.5

KmA (lM) 10.8 ± 1.6 0.46 58.9
KmO2

ðlMÞ 830 ± 250 39.6 34.7
Kd (lM) 0.81 ± 1.30 0.50 NDb

Partition ratioc (7.3 ± 0.8) · 103 (4.9 ± 0.5) · 104 (1.1 ± 0.1) · 104

a The values were determined in 50 mM Hepes (pH 7.5, I = 0.15 M) at 25 �C, as described under Materials and methods.
b ND, not determined.
c Partition ratio represents the number of product molecules formed per molecule of active enzyme before the enzyme is inactivated.

Fig. 3. Titration of BphC with 3FC. A BphC solution (3.0 ml, 49.3 lM)
was titrated in 50 mM Hepes (pH 7.5) at 25 �C with 3FC in an anaerobic
cell and the CD spectra between 300 and 500 nm were measured. The CD
difference (DCD) at 381 nm between the BphC–3FC mixture and the free
enzyme is plotted against the total concentration of 3FC. The solid line
represents the best fit of Eq. (1) to the data. The inset shows the CD
spectra observed for the titration mixture at 21.7 lM 3FC.

Fig. 4. The dependence of initial velocity on the O2 concentration using
208 lM 3FC (s) and 81.8 lM DHB (d). The lines represent the best fits
of Michaelis–Menten equation to the data. All experiments were
performed using 50 mM Hepes (pH 7.5, I = 0.15 M) at 25 �C, and the
enzyme concentration was 870 and 13 nM for 3FC and DHB, respectively.
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to 1.5–2.0. Dependence of the difference between the CD spectrum of the
mixture and that of the free enzyme (DCD) on the total 3FC concentration
(Lt) was fitted to the following equation using the non-linear least-squares
method

DCD ¼ 2DCD1Lt=ðE0 þ Kd þ Lt þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE0 þ Kd � LtÞ2 þ 4KdLt

q
Þ; ð1Þ

where DCD1 is the maximal CD difference and E0 is the total concentra-
tion of the intact active site (or enzyme subunit in holo-form). The Kd for
DHB was also determined by the same method as described above. The
absorption spectrum of the bound 3FC was measured according to the
same method, except that a UV/Vis spectrophotometer was used instead
of the CD spectrophotometer.

Transient kinetic experiments. All experiments were conducted using an
Applied Photophysics model SX.18MV stopped-flow device at 25 �C. To
establish pseudo-first-order reaction conditions, 3FC (5.3–15.8 lM) was
mixed with 70 lM BphC (4- to 13-fold excess), where all concentrations
are after mixing. The reactions were monitored either at a selected
wavelength or by using a diode array detector to record the spectra in the
300–600 nm range at each time point. The time courses for single-wave-
length data (A (t)) can be fit to the following summed exponential func-
tions using non-linear regression

AðtÞ ¼ a0 þ a1e�t=s1 þ a2e�t=s2 þ a3e�t=s3 ; ð2Þ

where ai and 1/si are the amplitude and reciprocal relaxation time of the
ith exponential phase.

Results

Optical spectra of 3FC, BphC-3FC complex, and the

cleavage reaction product

Fig. 2 shows the spectra of 3FC in its three ionization
states and its anaerobic complex with BphC at pH 7.5. In
solution at pH 7.5, 3FC exists in approximately 71% fully
protonated states and 29% monoanion (pKa1 = 7.89,
pKa2 > 10) [24]. The spectrum of the BphC–3FC complex
reveals that the bound 3FC is in the monoanion form.
When BphC was titrated with 3FC under anaerobic condi-
tions (Fig. 3, inset), a positive broad CD band appeared at
around 380 nm, confirming the monoanionic binding. The
magnitude of the CD band increased in direct proportion
to the 3FC concentration until the concentration increased
to about half of that of the BphC subunit, allowing the
determination of the Kd for 3FC to be 0.8 ± 1.3 lM and
the holo-enzyme content to be 51% (Fig. 3). When BphC
was titrated with DHB, a positive CD band was induced
at around 310 nm (data not shown), and the Kd for DHB
was obtained to be 0.50 lM.
At pH 7.5, the 3FC ring cleavage product has an
absorption maximum at 424 nm (e424 = 10,400 M�1 cm�1)
with a peak at 332 nm (Fig. 2). This spectrum was identical
to that of the 3FC ring cleavage product by Mpc, indicat-
ing the proximal extradiol cleavage of 3FC.
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The steady-state kinetic parameters and equilibrium
binding data for 3FC, DHB, and catechol as substrates
for BphC are summarized in Table 1. As shown in Fig. 4,
Fig. 5. Rapid scan diode array spectra of the single-turnover reaction of
BphC reacting with 3FC. Five time intervals (A–E) of the time course are
shown. Arrows indicate the direction of change in absorbance, and lines
indicate isosbestic points. BphC (70 lM) was rapidly mixed with 10.5 lM
3FC in air-saturated 50 mM Hepes at pH 7.5, I = 0.15 M, and 25 �C, all
the concentrations being after mixing. The dotted line in (A) is the
spectrum of 10.5 lM 3FC. The absorbance background caused by the
enzyme was removed by subtraction of a blank data set obtained with
addition of different amounts of BphC.
BphC showed one order of magnitude higher Km value
for O2 under a saturated concentration of 3FC compared
with those of BphC for DHB and catechol.

Kinetics of the complete single-turnover cycle of BphC

To examine whether the bound monoanion observed
thermodynamically under anaerobic conditions is actually
an early intermediate prior to O2 activation of the complete
reaction, an excess amount of BphC (70 lM) was rapidly
mixed with 5.28, 10.5, and 15.8 lM 3FC in air-saturated
50 mM Hepes (pH 7.5, I = 0.15 M), where all the concen-
trations are final ones after mixing. It is noted that these
concentrations are in large excess over the Kd value of
0.8 lM.

Five time intervals of the diode array spectral data of the
complete single-turnover reaction are shown in Fig. 5. The
first segment of the reaction (0–12 ms, Fig. 5A) shows that
the level of the monoanionic form of 3FC increases rapidly.
In the following time interval of 14–50 ms, a slight further
increase in the absorbance of the monoanionic species was
observed (Fig. 5B). The third segment (50–500 ms, Fig. 5C)
shows that the level of the monoanionic species of 3FC
decreases with a concomitant increase in that of an inter-
mediate, and an isosbestic point is seen near 402 nm: the
absorbance around 440 nm increases and that around
370 nm decreases. The formation of the ring-open products
is not detected at this stage of the reaction cycle. After a
0.6-s incubation, the absorbance at 420 and 330 nm started
to increase with an isosbestic point at near 380 nm
(Fig. 5D), indicating the formation of products from the
intermediate. The last segment (5–60 s, Fig. 5E) shows
the isomerization of the products (probably to a lactone
species). Because the same spectral change was observed
in steady-state kinetic conditions, this isomerization seems
to be non-enzymatic one occurring in the released
products.

To examine the transient kinetics, the time course of the
BphC reaction was analyzed for three time intervals of 0–
50 ms, 0.05–3.9 s, and 1–60 s by monitoring the absorbance
at 386, 441, and 420 nm, respectively (Fig. 6). The time
course of the BphC reaction within 50 ms after mixing
was best fit by a summation of three exponential phases
(Fig. 6A, Table 2). The obtained three reciprocal relaxation
times did not significantly depend on the 3FC concentra-
tion (5.28–15.8 lM) used, supporting that pseudo-first-or-
der reaction conditions are approximately established in
the present experimental conditions by using an excess
amount of BphC compared to 3FC. The half-life of the
fastest step is 0.9 ms, nearly the dead time of the
stopped-flow apparatus. This step shows negative ampli-
tude. This possibly means that only neutral form of 3FC
can go through the hydrophobic channel to the active site
[20–22]. The largest spectral change observed within 50 ms
after mixing (Fig. 5A) corresponds to the second phase,
and it is suggested that 3FC is deprotonated to monoanion
in this step. The third phase is one order of magnitude



Fig. 7. Single-wavelength time course of the mixing of argon-saturated
solutions of BphC and 3FC (s) in comparison with that under air-
saturated conditions (d). Progress curves monitored at 386 (A) and 441
(B) are shown for time intervals of 0–50 ms and 50 ms–3.9 s, respectively.
The experimental conditions are the same as those described in Fig. 5.

Fig. 6. Single-wavelength time course of the single-turnover reaction of
BphC with 3FC. Progress curves monitored at 386 (A), 441 (B), and
420 nm (C) are shown for time intervals of 0–50 ms, 50 ms–3.9 s, and 1–
60 s, respectively. The lines are three exponential fit (A and B) or two
exponential fit (C), respectively. The residuals are shown above the each
trace. The experimental conditions are the same as described in Fig. 5. The
best-fit parameters are summarized in Table 2.
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slower than the preceding two steps and small but signifi-
cant increase in the magnitude of the monoanionic spec-
trum is observed (Figs. 5B and 6A), suggesting that the
final monoanionic BphC–3FC complex is formed in this
step. To verify that these relaxations represent steps leading
Table 2
Reciprocal relaxation times and phase amplitudes for BphC reactionsa

Single-wavelength time course Phase 1 (% total amplitude)

Absorbance at 386 nm (0–50 ms) 772 ± 64 s�1 (�29.1)
Absorbance at 441 nm (0.05–3.9 s) 9.69 ± 0.98 s�1 (21.3)
Absorbance at 420 nm (0.6–60 s) 0.378 ± 0.081 s�1 (59.6)

a Corresponding best-fit curves are drown in Fig. 6. The time course data at
to the formation of the BphC–3FC complex, we mixed ar-
gon-saturated solutions of BphC and 3FC. As shown in
Fig. 7, the same transient change was observed for the ini-
tial part of the mixing under anaerobic conditions.

Fig. 6B shows the time course of the BphC reaction be-
tween 50 ms and 3.9 s after mixing as monitored at 441 nm.
The observed time course was best fit by a summation of
three exponential phases (Table 2). A new spectrum signif-
icantly different from those of the monoanionic 3FC spe-
cies appeared between 50 and 500 ms (Fig. 5C), and this
time-dependent spectral change is the first phase (Fig. 6B,
inset), suggesting the formation of a ternary BphC–3FC–
O2 complex. This step is followed by a phase with a little
slower reciprocal time and negative amplitude with the
same magnitude. Due to this phase, the absorbance at
441 nm showed no change between 0.2 and 0.3 s. The third
slowest phase becomes apparent after 0.5 s and corre-
sponds to the product formation as judged by the spectral
change (Fig. 5D). These results suggest that an intermedi-
ate is formed from the initial ternary complex before the
start of the product formation.

The time course of the BphC reaction between 0.6 and
60 s after mixing as monitored at 420 nm was best fit by
a summation of two exponential phases (Fig. 6C, Table
2). The first phase shows the product formation and is
the same one as observed for the time-dependent change
of absorbance at 441 nm as the third phase (Fig. 6B).
Phase 2 (% total amplitude) Phase 3 (% total amplitude)

326 ± 38 s�1 (56.8) 21.7 ± 28.7 s�1 (14.1)
4.75 ± 0.75 s�1 (�24.6) 0.419 ± 0.10 s�1 (54.1)

0.0509 ± 0.0159 s�1 (�40.4)

420 nm (0.6–60 s) can be explained by two summed exponential functions.
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The second phase is isomerization of the products (Figs. 5E
and 6C).

Discussion

Examination of the transient kinetics of the extradiol
dioxygenase reaction cycle is important to further the re-
cent crystallographic studies [22,30,31] and theoretical
studies [32,33] on the catalytic mechanism of non-heme
iron extradiol dioxygenase. Recently, the transient kinetics
of homoprotocatechuate 2,3-dioxygenase have been per-
formed using the visible spectral change occurring on the
strong chromophoric substrate 4-nitrocatechol [23]. How-
ever, 4-nitrocatechol is not a substrate but an inactivator
of BphC. Although 4-nitrocatechol has been also used as
a probe for Mpc, an important archetypal extradiol dioxy-
genases [23,34,35], spectral intermediates of the Mpc reac-
tion cycle have not been detected until now mainly due to
the efficient cleavage of 4-nitrocatechol by Mpc and the
weak affinity of Mpc to 4-nitrocatechol. Therefore, another
chromophoric substrate is needed to monitor the whole
catalytic cycle of BphC and Mpc. The present work dem-
onstrates that 3-formylcatechol can be used as such a probe
for BphC.

3-Formylcatechol binds to BphC as strongly as DHB,
indicating that the planar non-ionic substituent at the C3
position is important for the preference for bicyclic sub-
strate. Unlike the transient kinetics of homoprotocatechu-
ate 2,3-dioxygenase reacting with 4-nitrocatechol [23], the
formation of the BphC–3FC complex is completed within
50 ms and there is about 200 ms lag time before the start
of the formation of the ring-open products. Because the
phenyl group of DHB is more bulky than the formyl group
of 3FC, steric inhibition of the O2 binding and activation is
not likely. As we have demonstrated previously using the
steady-state reaction of Mpc with various C3- and
C4-substituted catechols [24], there is a strong negative
correlation between the kcat=KmO2

and pKa1. These findings
reveal the importance of the electronic nature of the mono-
anionic binding state of catecholic substrate for the O2

activation.
In the present study, multiple steps were observed for

both the substrate binding process and the following reac-
tion with O2. To define the exact nature of these intermedi-
ates, detailed pre-steady-state kinetic analysis combined
with crystallographic analysis is needed and is currently un-
der way.
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