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Background: 3-Hydroxybenzoate 6-hydroxylase (3HB6H) is a flavoprotein hydroxylase catalyzing the para-hydroxylation
of 3-hydroxybenzoate.
Results: The oxidative half-reaction was studied using transient kinetics. The enzyme reaction mechanism was elucidated.
Conclusion:The product release and the hydroxylation limit the turnovers and the enzyme shows characteristics different from
the ortho-hydroxylation enzymes.
Significance: This is the first report on the oxygenation mechanism of a para-hydroxylating flavoenzyme.

3-Hydroxybenzoate 6-hydroxylase (3HB6H) from Rhodococ-
cus jostii RHA1 is an NADH-specific flavoprotein monooxyge-
nase that catalyzes the para-hydroxylation of 3-hydroxybenzo-
ate (3HB) to form 2,5-dihydroxybenzoate (2,5-DHB). Based on
results from stopped-flow spectrophotometry, the reduced
enzyme-3HB complex reacts with oxygen to form a C4a-peroxy
flavin with a rate constant of 1.13 � 0.01 � 106 M�1 s�1 (pH 8.0,
4 °C). This intermediate is subsequently protonated to form a
C4a-hydroperoxyflavin with a rate constant of 96 � 3 s�1. This
step shows a solvent kinetic isotope effect of 1.7. Based on rapid-
quench measurements, the hydroxylation occurs with a rate
constant of 36 � 2 s�1. 3HB6H does not exhibit substrate inhi-
bition on the flavin oxidation step, a common characteristic
found in most ortho-hydroxylation enzymes. The apparent kcat
at saturating concentrations of 3HB, NADH, and oxygen is
6.49 � 0.02 s�1. Pre-steady state and steady-state kinetic data
were used to construct the catalytic cycle of the reaction. The
data indicate that the steps of product release (11.7 s�1) and
hydroxylation (36� 2 s�1) partially control the overall turnover.

Monooxygenases or hydroxylases are useful biocatalysts for
catalyzing regio-specific oxygenation by molecular oxygen
under mild conditions. Many hydroxylation reactions of aro-
matic compounds found in nature are carried out by flavin-de-

pendent enzymes that belong to the class of external flavopro-
tein monooxygenases that require NADH or NADPH as an
external reductant (1–3). The overall reaction of these enzymes
can be divided into a reductive half-reaction, in which two elec-
trons are transferred fromNAD(P)H to the enzyme-bound fla-
vin, and an oxidative half-reaction in which the hydroxylation
of aromatic substrate takes place. The overall reaction can be
carried out within a single polypeptide (designated as Class A
monooxygenases in Ref. 1) or by two-protein components (des-
ignated as Class D monooxygenases in Ref. 1). The current
knowledge obtained from studying monooxygenases that cata-
lyze ortho-hydroxylation reactions support a model in which a
flavin adduct intermediate (C4a-hydroperoxyflavin) partici-
pates as an electrophile in the electrophilic aromatic substitu-
tion reaction to give a C4a-hydroxyflavin and a hydroxylated
product (4–9). The best understood enzyme of this class is
p-hydroxybenzoate 3-hydroxylase (PHBH),2 for which detailed
studies on the enzyme structure and kinetics have revealed a
great deal of complexity in the protein dynamics (3).
3-Hydroxybenzoate 6-hydroxylase (3HB6H) is one of the fla-

vin-dependent enzymes that have been reported to catalyze
para-hydroxylation of aromatic compounds (10). These para-
hydroxylation enzymes are involved in the degradation path-
ways of phenolic compounds by bacteria (1, 11) or the biosyn-
thetic pathways of antibiotics such as angucyclines and
rhodomycin (12, 13). 3HB6H from Rhodococcus jostii RHA1
catalyzes the para-hydroxylation of 3-hydroxybenzoate to yield
2,5-dihydroxybenzoate (Fig. 1). The enzyme was cloned and
expressed in Escherichia coli, and was shown to be a dimeric
protein containing one FAD per 47-kDa subunit (10). The cat-
alytic reaction of 3HB6H consists of two half-reactions similar
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to other single-component flavoprotein hydroxylases. Investi-
gation on the kinetics of the reductive half-reaction has dem-
onstrated that when bound to the enzyme, substrate and prod-
uct act as effectors to increase the rate of flavin reduction by 2
orders of magnitude (14). It was also shown that 3HB6H catal-
yzes the regio-specific para-hydroxylation of a number of 3-hy-
droxybenzoate analogs (10). Therefore, 3HB6H is potentially
useful for synthesizing gentisate compounds that are drugs or
antioxidants (15, 16). Recently, the crystal structures of the
wild-type and mutant 3HB6H enzymes were solved (17).
Although the overall structure of 3HB6H is similar to other
single-component flavoprotein aromatic hydroxylases, the
arrangement of the active site residues is quite different from
ortho-hydroxylation enzymes such as PHBH. The difference in
the active site environment is presumably important for the
regio-specific para-hydroxylation process (17).

Up to now, there have been no reports on the kinetic mech-
anisms related to the overall catalytic cycle of a para-hydroxy-
lation flavoenzyme. Therefore, we set out to investigate the
kinetics of the oxidative half-reaction of 3HB6H from R. jostii
RHA1 using stopped-flow and rapid-quench flow techniques.
Solvent kinetic isotope effects were used to identify the steps
that involved proton transfer. The results provide an under-
standing of the oxygenation mechanism of 3HB6H and reveal
different catalytic features between para- and ortho-hydroxy-
lating flavoenzymes.

EXPERIMENTAL PROCEDURES

Reagents—NADH (purity �95%) and FAD (purity �95%)
were purchased fromSigma. 3-Hydroxybenzoic acid (3HB) and
2,5-dihydroxybenzoic acid (2,5-DHB) were purchased from
Merck. The concentrations of compounds were determined
using the following absorption coefficients at pH 8.0; NADH,
�340 � 6.22� 103 M�1 cm�1; FAD, �450 � 11.3� 103 M�1 cm�1;
3HB, �288� 2.0� 103M�1 cm�1; and 2,5-DHB, �320� 4.1� 103
M�1 cm�1. All of the absorption coefficient values are for the
compounds in solution at pH 8.0. 3HB6H was purified accord-
ing to the protocol previously described (14). Concentrations of
the enzymewere determined using the known absorption coef-
ficient �452 � 11.00 � 0.03 � 103 M�1 cm�1 (one FAD per
subunit) (14).
Spectroscopic Studies—UV-visible absorbance spectra were

recorded using a Hewlett-Packard diode array spectrophotom-
eter (HP8453), a Shimadzu 2501PC spectrophotometer, or a
Cary 300Bio double-beam spectrophotometer at 25 °C. All
spectrophotometers were equipped with thermostated cell
compartments. Typical assays contained 10 mM 3HB, 2 �M

FAD, and 1 mM NADH. As this concentration NADH would
give absorbance of �6 at 340 nm, we thus measured the
decrease in absorbance at 395 nm (�395 of 0.22 � 103 M�1

cm�1), which still gives good linearity for enzyme assays.

Steady-state Kinetics—To determine an apparent catalytic
constant (kcat) at 4 °C, a solution of the enzyme at 1 �M in the
presence of 10 mM 3HB and 2 �M FAD in air saturation (0.26
mM oxygen) was mixed with an oxygenated buffer (1.92 mM

oxygen) plus 10mM 3HB, 10mMNADH, and 2 �M FAD using
a stopped-flow spectrophotometer. Final concentrations of
the reagents after mixing were 0.5 �M enzyme, 10 mM 3HB, 5
mM NADH, and 1.09 mM oxygen. The apparent kcat from
steady-state experiments was compared with the value calcu-
lated based on Equation 1 and individual rate constants
obtained from rapid-kinetics experiments. Derivations of
Equation 1 were carried out according to themethod described
by Cha (18) and Cramer’s rule (19) (see derivations in supple-
mental Schemes S1 and S2).
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Rapid Reaction Experiments—Reactions were carried out in
100 mM Tris-H2SO4 (pH 8.0), 4 °C, unless otherwise specified.
The measurements were performed using a TgK Scientific
model SF-61DX or a TgK Scientific model SHU-61SX2
stopped-flow spectrophotometer in single-mixing mode. The
stopped-flow apparatus was made anaerobic by flushing the
flow system with an anaerobic buffer solution containing 0.5
mg/ml of dithionite in 100mM sodium phosphate (pH 7.0), and
equilibrated in the dithionite solution overnight. The flow sys-
temof the stopped-flow instrumentwaswashedwith anaerobic
100 mM Tris-H2SO4 (pH 8.0) three times before starting the
experiments.
For preparation of a reduced enzyme solution, an anaerobic

oxidized enzyme solution was placed in a tonometer and
reduced with an equivalent amount of dithionite (0.2 mg/ml in
100 mM Tris-H2SO4, pH 8.0), which was delivered from a gas-
tight syringe with a microtitrator attached to the tonometer.
The enzyme reduction was monitored through a cuvette
attached to the tonometer to ensure a stoichiometric reduction
process (20). The reduced enzyme solution was mixed with
buffers containing various oxygen concentrations in the
stopped-flow spectrophotometer. All oxygen concentrations
used are at more than a 5-fold excess of the enzyme concentra-
tion to ensure pseudo-first order conditions.

FIGURE 1. Catalytic reaction of 3HB6H.
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Apparent rate constants (kobs) were calculated from the
kinetic traces using exponential fits and the software packages
Kinetic Studio (Hi-Tech Scientific, Salisbury, UK) and Program
A (written at the University of Michigan by Rong Chang, Jung-
yen Chiu, Joel Dinverno, and David P. Ballou). Rate constants
were obtained from oxygen using Marquardt-Levenberg non-
linear fit algorithms included in KaleidaGraph (Synergy Soft-
ware). Simulations were performed by numerical methods
using Runge-Kutta algorithms implemented in Berkeley
Madonna 8.3 and a time step of 2� 10�4 s for simulations of the
oxidative half-reaction of the enzyme-3HB complex. A five-
step irreversible consecutive reaction model was used for sim-
ulations of the oxidative half-reaction.
Global analyses of absorption spectra acquired during oxi-

dative half-reactions were performed using ReactLabTM
KINETICS (Jplus Consulting Ltd.), a software package used for
calculation of intermediate spectra using multistep irreversible
consecutive reactions. The rate constants of each step were
obtained from kinetic analysis of fits of single-wavelength
kinetic traces.
To study solvent kinetic isotope effects (SKIE) on the oxida-

tive half-reaction of 3HB6H, all enzyme solutions were
exchanged into a Tris buffer made with deuterium oxide. In
brief, Tris(hydroxymethyl)aminomethane (24.2 g) was dis-
solved in �30 ml of 99.9% deuterium oxide, and the resultant
solution was equilibrated for 13–15 h (overnight) inside an
anaerobic glove box (Belle Technology). The equilibrated solu-
tion was then evaporated at 60 °C for 2 h using a rotary evapo-
rator to obtain H2O-free Tris(hydroxymethyl)aminomethane
powder. The resultant powder was dissolved in 99.9% deute-
rium oxide and the same process was repeated to ensure that
the buffer contained at least 99.9% D2O. The dried powder was
then redissolved in �195 ml of 99.9% D2O. The buffer pD was
adjusted by adding 1 M D2SO4 into the solution while monitor-
ing the pD using a pH meter (pD � pH measured 
 0.4) (21).
The volume of the resulting buffer was adjusted to 200 ml with
D2O to obtain 100 mM Tris-D2SO4 (pD 8.0). 3-Hydroxyben-
zoaic acid (3HB) (0.173 g) was dissolved in �20 ml of 99.9%
D2O. The pD of the 3HB solution was adjusted to 8.0 by adding
0.1 M sodium deuterium oxide (NaOD). The solutions were
dried twice as described above using a rotary evaporator. The
dried powder of 3HBwas re-dissolved in 25ml of D2O to obtain
50 mM 3HB in 100 mM Tris-D2SO4 (pD 8.0). To avoid an
exchange of deuteriumwith protium from airmoisture, all pro-
cesses were performed inside an anaerobic glove box. To pre-
pare enzyme in D2O buffer, the concentrated enzyme solution
(700 �l,A452 � 5.1) was equilibrated inside the anaerobic glove
box for 30min to remove oxygen. The solutionwas loaded onto
a PD-10 column equilibrated with 100mMTris-D2SO4 (pD 8.0)
and the enzymewas elutedwithD2Obuffer. The eluted enzyme
solutionwasmixedwith a solution of 3HBprepared in the same
D2O buffer and the volume was adjusted to �6 ml to obtain a
final absorbance at 452 nm of �0.6 and a final concentration of
3HB �10 mM. The enzyme-3HB complex in D2O buffer was
reduced by adding a solution of 0.5 mg/ml of dithionite solu-
tion, which was dissolved in D2O buffer. Enzyme reduction was
monitored using a spectrophotometer inside the anaerobic
glove box to ensure stoichiometric reduction. The solution of

reduced enzyme-3HB complex was transferred into a tonome-
ter and left overnight (�18 h) at 4 °C prior to the stopped-flow
experiment. This preparation process was to assure that the
enzyme was fully equilibrated in D2O and that all of the
exchangeable sites on the reduced enzyme had incorporated
deuterium.
Analysis of the Hydroxylation Reaction Using Rapid-quench

Flow Techniques—The experiments were performed using a
TgK Scientific model RQF-63, DimentionTMD1 rapid quench-
flow system in an anaerobic glove box. The rapid-quench flow
system consisted of three syringes. Syringe A contained an
anaerobic solution of 25 �M reduced enzyme plus 10 mM 3HB.
Syringe B contained a solution of quencher, 0.15 MHCl. Syringe
C contained an air-saturated buffer (0.26 mM oxygen) plus 10
mM 3HB. The solution of reduced enzyme-3HB complex was
mixed with the air-saturated buffer and the reaction mixture
was allowed to age for various periods of time: 0.012, 0.015,
0.019, 0.024, 0.030, 0.037, 0.040, 0.046, 0.058, 0.062, 0.068,
0.090, 0.093, 0.134, 0.150, 0.230, 0.330, 0.430, or 0.530 s, before
being quenched with 0.15 M HCl solution. Quenched samples
were collected from the sample loop, and the enzyme was sep-
arated using a Microcon unit (Amicon YM-10). A solution of 1
M HCl was added to the filtrates to give a final concentration of
0.5 M HCl and the samples were analyzed for the amount of
2,5-DHB produced from the reaction using an HPLC (Agilent
1100 Series) with a 3.9� 150-mmNova-pak C18 reverse-phase
column (Waters) and detected by a photodiode array detector.
The column was equilibrated with 5% methanol and 0.1% for-
mic acid in H2O as a mobile phase (flow rate of 0.5 ml/min)
before sample injection. A gradient of methanol (increased
from 5 to 40% in 20 min) and 0.1% formic acid was used to
separate 3HB and 2,5-DHB. 2,5-DHB was identified by the
absorbance at 330 nm and eluted at the retention time of 14.8
min after injection. The concentrations of product formedwere
estimated based on a standard curve in the range of 2–40 �M

2,5-DHB.

RESULTS

Reaction of Free Reduced Enzyme with O2 and the Effects of
NAD
—A reduced enzyme solution was mixed with buffers
containing various oxygen concentrations. Flavin oxidation
wasmonitored at 10-nm intervals from300 to 600 nm.No signs
of formation of the intermediate C4a-hydroperoxyflavin were
detected, as an increase of absorbance at all wavelengths was a
single exponential (Fig. 2A). A plot of the observed rate con-
stants versus oxygen concentrations is linear without a signifi-
cant intercept value, corresponding with a second-order rate
constant of 4.96 � 0.4 � 103 M�1 s�1 (Fig. 2A, inset).
The effect of NAD
 on the above reaction was investigated

by mixing a solution of the reduced enzyme plus NAD
 with
oxygen-containing buffer using the double-mixingmode of the
stopped-flow spectrophotometer. For the first mixing, the
reduced enzyme (100 �M before mixing) was mixed with vari-
ous concentrations ofNAD
 of 100�M, 200�M, 4mM, and 19.2
mM (concentrations before mixing) under anaerobic condi-
tions. The resulting mixture was aged for 200 s to allow any
binding of NAD
 to take place before being mixed with buffer
containing 1.92 mM oxygen (concentration before mixing) at

Oxidative Half-reaction of 3-Hydroxybenzoate 6-Hydroxylase
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the second mixing step. The final concentration of the enzyme
was 25 �M, and those of NAD
 were 25 �M, 50 �M, 1 mM, and
4.8 mM. The reactions were monitored at 452 nm. The control
reaction in which the reduced enzyme was mixed with anaero-
bic buffer without NAD
 in the first mixing was also carried
out. The results showed that the kinetic traces of the reaction of
free enzyme without NAD
, the reaction containing 25 �M

NAD
, and the reaction containing 50 �M NAD
 were nearly
the same, with observed rate constants of 1.98 � 0.006, 2.11 �
0.03, and 2.20 � 0.07 s�1, respectively (as indicated by the
arrow in Fig. 2B). These data indicated that low concentrations
of NAD
 have no significant effect on the rate of enzyme oxi-
dation. However, when NAD
 concentrations were increased
to 1 and 4.8 mM, the rate of enzyme oxidation was affected as
the observed rate constants were 2.77 � 0.07 and 5.23 � 0.12
s�1, respectively. These results imply that NAD
 shows weak
or nonspecific binding to the reduced enzyme. However, as the
reductive half-reaction only produces 1 eq of NAD
, the data
suggest that under turnover, NAD
 hardly binds to reduced
enzyme and likely leaves prior to the oxygen reaction.

Reaction of Reduced Enzyme-3HB Complex with Oxygen
Detected by Stopped-flow Spectrophotometry—Asolution of the
reduced enzyme plus 10 mM 3HB was mixed with buffers con-
taining 10 mM 3HB and various oxygen concentrations in the
stopped-flow spectrophotometer. Flavin oxidation was moni-
tored at 10-nm intervals from 300 to 600 nm. In general, C4a-
adduct intermediates (C4a-hydroperoxyflavin orC4a-hydroxy-
flavin) have their absorbance peaks around 360–410 nm with
little absorption around 450 nm region. Therefore, formation
and decay of C4a-hydroperoxyflavin and C4a-hydroxyflavin
were detected at 400 nm, whereas flavin oxidation was moni-
tored at 452 nm (Fig. 3, A and B). At the initial time of mea-
surement (0.002 s), the absorbance detected was different from

FIGURE 2. Reaction of free reduced 3HB6H enzyme with oxygen and the
effect of NAD� on the re-oxidation. A, a solution of the reduced enzyme (26
�M) was mixed with buffer containing various oxygen concentrations, 0.13,
0.31, 0.61, and 0.96 mM in 100 mM Tris-H2SO4 (pH 8.0) at 4 °C. All given con-
centrations are after mixing. The reaction was monitored at a wavelength of
452 nm with a stopped-flow spectrophotometer. The kinetic traces from left
to right correspond to decreasing oxygen concentrations. Inset shows a plot
of the observed rate constants versus oxygen concentrations. B, a solution of
the reduced enzyme (25 �M) was mixed with different NAD
 concentrations
of 25 �M, 50 �M, 1 mM, and 4.8 mM (indicated by arrows) under anaerobic
conditions in the first mixing. All concentrations are given as after mixing
performed in 100 mM Tris-H2SO4 (pH 8.0) at 4 °C. The mixture solution of
reduced enzyme and NAD
 was aged for 200 s and then the reaction was
mixed with 0.61 mM oxygen in the second mixing. The oxidation reactions
were monitored at 452 nm.

FIGURE 3. Reaction of reduced 3HB6H enzyme in the presence of 3HB
with oxygen. A solution of the reduced enzyme (30 �M) plus 10 mM 3HB was
mixed with buffer containing various oxygen concentrations of 0.13, 0.31,
0.61, and 0.96 mM, plus 10 mM 3HB in the stopped-flow spectrophotometer.
All concentrations as described were after mixing. The reaction was per-
formed in 100 mM Tris-H2SO4 (pH 8.0) at 4 °C. A, the reaction was monitored by
absorbance change at 400 nm to detect formation of C4a-flavin adduct inter-
mediates and B, at 452 nm for detecting flavin oxidation. The lower to upper
kinetic traces at 400 nm correspond to increasing oxygen concentrations. The
dotted lines are from simulations using a four-step consecutive reaction
according to a3 b3 c3 d3 e3 f. The rate constants of each step used for
simulations are according to those indicated in Table 1, k7 � 1.6 � 106

M
�1

s�1, k8 � 83 s�1, k9 � 36 s�1, k10 � 13 s�1, k12 � 11.7 s�1, k13 � 0.92 s�1, and
the molar absorption coefficients used for the simulations were �400 of a
(Ered) � 3,300 M

�1 cm�1, �400 of b (E-C4a-peroxyflavin) � 7,500 M
�1 cm�1, �400

of c (E-C4a-hydroperoxyflavin) � 6,300 M
�1 cm�1, �400 of d (Eox-2,5-DHB) �

6,800 M
�1 cm�1, �400 of e (E�ox) � 6,900 M

�1 cm�1, �400 of (Eox) � 6,910 M
�1

cm�1 and at 452 nm, �452 of a � 1,200 M
�1 cm�1, �452 of f b � 1,300 M

�1 cm�1,
�452 of c � 1,400 M

�1 cm�1, �452 of d � 10,300 M
�1 cm�1, �452 of e � 10,600 M

�1

cm�1, �452 of f � 11,000 M
�1 cm�1. Inset in A shows a plot of product formed

versus time obtained from rapid quench-flow experiments (filled circles)
under the same conditions as those in the stopped-flow experiment. Simula-
tions of product formation according to the model used in the main figures
but with the observed hydroxylation rate constant of 36 s �1 at the second
step or 96 s�1 at the third step are shown in solid and dotted lines, respectively.
Inset in B shows a plot of the observed rate constants versus oxygen
concentrations.

Oxidative Half-reaction of 3-Hydroxybenzoate 6-Hydroxylase
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absorbance of the reduced enzyme, indicating that part of the
reaction of the reduced enzyme-3HB complex and oxygen was
rapid and occurred during the dead time of the stopped-flow
mixing. The kinetics showed five exponential phases. At the
highest oxygen concentration of 0.96 mM, where separation of
each kinetic phase was the clearest, the first phase (0.002–0.003 s)
was characterized by an increase in absorbance at 400 nm (Fig.
3A) without an absorbance change at 452 nm. The plot of kobs
versus oxygen concentration was linear, yielding a second-or-
der rate constant of 1.13 � 0.01 � 106 M�1 s�1 (Fig. 3B, inset).
The second phase (0.003–0.017 s) was characterized by a
decrease in absorbance at 400 nm (Fig. 3A). The observed rate
constant of this phase was independent of oxygen concentra-
tion with an observed rate constant of 96 � 3 s�1. The kinetics
of the decrease in absorbance at 400 nm of this phase was con-
current with an increase in absorbance at 452 nm (�16%
change in the total amplitude) (Fig. 3B). The third phase
(0.017–0.060 s) showed an increase in absorbance at 400 nm
independent of the oxygen concentration, and was consistent
with an observed rate constant of 36 � 2 s�1 (Fig. 3A). This
phase was also characterized by a major concomitant increase
in absorbance at 452 nm (�82% change in the total amplitude).
The fourth phase (0.13–0.28 s) is a small amplitude change at

452 nm (�3% of total amplitude change at 452 nm), which can
be fitted with a rate consent of 8–12 s�1 (Fig. 3B). This phase is
proposed to be a product release from the oxidized enzyme
(this conclusion was later confirmed under “Discussion”). The
trend of absorbance increase upon product leaving is also con-
sistentwith absorbance characteristics of theEox-product com-
plex and free Eox previously observed in Ref. 14. The fifth phase
was a slow phase (�0.92 s�1) with a small absorbance increase
at 452 nm (�2% of the total amplitude change) (Fig. 3B). This
phase might result from a small fraction of inactive enzyme
because the rate constant of this step is much slower than the
overall turnover number of 6.49 � 0.02 s�1 (Table 1). There-
fore, the observed fourth phase was not included in the inter-
pretation of the reaction mechanism. When the reduced
enzyme-3HB complexwas prepared usingNADHas the reduc-
tant (stoichiometric reduction), and used in the same experi-
ment as described above, the reduced enzyme-3HB complex in
the presence of NAD
 showed the same results (data not
shown). These data again confirm that NAD
 does not bind to
the reduced enzyme-3HB complex.
Reaction of Reduced Enzyme-3HB Complex with Oxygen

Detected by Rapid-quench Techniques—Based on the stopped-
flow data alone, the interpretation of each kinetic phase could
not be assigned. Therefore, rapid-quench flow techniques
(“Experimental Procedures”)were used to identify the hydroxy-
lation rate constant. The results of the rapid-quench experi-
ments gave a kinetic trace for product formation (Fig. 3A, inset,
filled circle). For the stopped-flow experiment inwhich the oxy-
gen concentration was the same as the rapid-quench experi-
ment (0.13 mM after mixing), the observed rate constant of the
first step (formation of C4a-hydroperoxyflavin) was 161 s�1

(kobs1), that of the second step was 96 � 3 s�1, and that of the
third step was 36 � 2 s�1. Therefore, simulations of product
formation using a four-step irreversible consecutive reaction
model with the hydroxylation rate constant of 96 s�1 (the sec-

ond phase as the hydroxylation step, Fig. 3A, inset, dotted line)
or 36 s�1 (the third phase as the hydroxylation step, Fig. 3A,
inset, solid line) were carried out to identify the correlation
between the rate constants measured from the stopped-flow
and rapid-quench experiments. The comparison of rapid-
quench data and simulations show that the simulation trace
using the third step as the hydroxylation step (solid line) fits
well with the experimental data, whereas the other trace does
not. Therefore, the third kinetic phase of the stopped-flow data
reflects the step involved with product formation. As this phase
is concurrent with flavin oxidation, it implies that the rate of
C4a-hydroxyflavin decay is much faster than the rate of C4a-
hydroxyflavin formation, thus preventing accumulation and
detection of this intermediate. As a result, the overall kinetic
mechanism of the oxidative half-reaction of 3HB6H can be
summarized according to Fig. 4.
According to the model in Fig. 4, two forms of C4a-flavin

adduct exist prior to the hydroxylation step. The first step is
proposed to be formation of the C4a-peroxyflavin anion with
an observed rate constant of 161 s�1 (k1). The second step is
bifurcation of the pathways of coupling (hydroxylation) and
uncoupling (non-hydroxylation) paths. For the coupling path
(82%), the proton transfer occurs to form the C4a-hydroper-
oxyflavin-3HB complex, whereas for the uncoupling path
(16%), theH2O2 elimination takes place rapidly after the proton
transfer to form the oxidized enzyme. The existence of the
uncoupling pathway is also supported by results of product
analysis and diode array detection (shown later). The observed
rate constant of this phase (96 � 3 s�1 (k2)) is combined rate
constants from both pathways and the spectrum c in Fig. 6 is

TABLE 1
Values of rate constants described in Figs. 4 and 9
The valueswere obtained fromexperimental data performed in 100mMTris-H2SO4
(pH 8.0) at 4 °C using the stopped-flow spectrophotometer or kinetic simulations.

Observed rate constants
from experimental data

Rate constants from
simulations

k1 � 2.6 � 0.03 � 105 M�1s�1a k1 � 4 � 105 M�1s�1a

k�1 � 65 � 3 s�1a k�1 � 64 � 3 s�1a

k2 � 4.4 � 106 M�1s�1a

k�2 � 7600 s�1a

k3 � 377 � 8 s�1a k3 � 340 s�1a

k�3 � 12 s�1a

k4 � 48 � 2 s�1a k4 � 51 s�1a

k5 � 7.3 � 0.5 � 102 M�1s�1b

k�5 � 0.056 s�1

k6 � 43 � 2 M�1s�1a

k7 � 1.13 � 0.01 � 106 M�1s�1 k7 � 1.6 � 106 M�1s�1c

k8 
 k10 � 96 � 3 s�1

k8 � 83 s�1d k8 � 83 s�1c

k9 � 36 � 2 s�1 k9 � 36c
k10 � 13 s�1d k10 � 13 s�1

k11 (�NaN3) � NDe

k11 (
NaN3) � 9.9 s�1

k12 � 11.7 s�1f

k13 (�NaN3) � 0.92 s�1g

k13 (
NaN3) � 0.35 s�1g

kH2O
cat(app)� 6.49 � 0.02 s�1

kD20cat(app)� � 5.43 � 0.04 s�1

a Rate constants from simulations and experimental data were according to the
previous report (14).

b The apparent bimolecular rate constant.
c The values from simulations according to 
Experimental Procedures
 and Fig. 3.
d The values calculate from percent coupling (86%).
e ND, not determined.
f The value was calculated from kcat and Equation 2.
g The rate constant of fifth phase in Fig. 3, which is not in the catalytic cycle but
only used for simulation with the experimental traces.
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combined characteristics of C4a-hydroperoxyflavin-3HB com-
plex and oxidized flavin. The third step is the hydroxylation
stepwith a rate constant of 36� 2 s�1 (Table 1). The fourth step
is the dehydration of C4a-hydroxyflavin to form oxidized flavin
and H2O. Because the hydroxylation step was observed at the
same time as the majority of the flavin oxidation (�82% of
the total amplitude change, Fig. 3,A and B), the data imply that
the dehydration step (step 4, Fig. 4) is rapid and could not be
detected as a separate kinetic step.
Reaction of Reduced Enzyme-3HB Complex with Oxygen in

the Presence of Sodium Azide—It is known that the presence of
inhibitory anions such as azide can slow down the dehydration
step of C4a-hydroxyflavin in single-component flavoprotein
hydroxylases (22–25). Therefore, we performed the experi-
ment shown in Fig. 3 in the presence of sodium azide (NaN3) so
that the identity of the C4a-hydroxyflavin could be resolved. At
a concentration of 0.96 mM oxygen, the reaction containing 50
mM NaN3 showed a kinetic trace with five exponential phases.
For the kinetic traces detected at 400 nm (Fig. 5A, open circle
line), the first phase (0.002–0.003), the second phase (0.003–
0.017 s), and the third phase (0.017–0.060 s) gave observed rate
constants of 1500, 96, and 36 s�1 (the rate constant for hydroxy-
lation), respectively, which are the same as for the reaction in
the absence of sodium azide (Fig. 3, Table 1). For the traces
detected at 452 nm, the data showed multiphasic kinetics sim-
ilar to those observed at 400 nm. A notable effect of sodium
azide addition was the presence of another intermediate that
formed with the same rate constant as the hydroxylation step
and decayed with a rate constant of 9.9 � 0.2 s�1. The decay
step was concurrent with �64% of the total absorbance
increase at 452 nm. Therefore, this intermediate (Fig. 5B, open
circle line) was assigned as C4a-hydroxyflavin that dehydrates
to form oxidized flavin. The fifth phase is a slow phase with a
small absorbance increase at 452 (�2% of amplitude change)
with a rate constant of 0.35 s�1, which is probably due to a small
inactive enzyme fraction similar to that observed in the reaction
in the absence of azide. Altogether, the data clearly support the
kinetic model proposed in Fig. 4. The same experiments as in
Figs. 3 and 5 but with fluorescence detection were also carried
out. However, the data were not useful for kinetic interpreta-

tion because only oxidized enzyme is fluorescent, whereas none
of the flavin intermediates give fluorescence signals.
Product Formation and Hydroxylation Ratio—The model in

Fig. 4 indicates that a fraction of C4a-hydroperoxyflavin bifur-
cates to formH2O2without hydroxylating the substrate. There-
fore, the percentage of 2,5-DHB formed per NADH consumed
(coupling ratio) at pH 8.0 under the same conditions as the
stopped-flow experiment was determined using an HPLC
method (“Experimental Procedures”). The reaction was set
with a limiting concentration of NADH (60 �M 3HB6H, 50 �M

NADH, 10 mM 3HB) such that the reaction only occurs under
single turnover. The results gave a coupling ratio of 86%, which
is consistent with the uncoupling ratio of �16% observed in
Figs. 3 and 4. As the rate constant observed for decay of flavin
hydroperoxide is the combined rate constant of the parallel
reactions of H2O2 elimination. It is assumed that the �86%
fraction of total enzyme carried out with hydroxylation,
whereas the �14% fraction was eliminated as hydrogen perox-
ide. Therefore, the rate constant for hydrogen peroxide elimi-
nation (kH2O2) at the second step was �13 s�1 (k10 in Fig. 9).
Simulations according to themodel in Fig. 4 agree well with the
experimental data (Fig. 3, dashed lines), validating the model in
Fig. 4 and the rate constants in Table 1.
Spectra of Flavin Intermediates Involved in the Reoxidation of

3HB6H—A similar experiment as those shown in Fig. 3, A and
B, in the presence of 3HB substrate was carried out, but with
diode-array detection (“Experimental Procedures”). Global
analysis of the data according to the model: a3 b3 c3 d3
e3 f, and with rate constants from the analysis of Fig. 3, A and
B, and from the simulations in Table 1 were used to identify the
spectra of flavin intermediates involved in the reaction. Species
a and e are the reduced enzyme-3HB complex and the oxidized
flavin, respectively (Fig. 6). The analysis yielded the filled circle
line, which exhibits a maximum absorbance at 388 nm corre-
sponding to the first intermediate (spectrum b in Fig. 6). Spec-
trum c (open circle), which corresponds to the second interme-
diate, shows a peak absorbance at a shorter wavelength (378
nm)with an increase in absorbance in the 440–500 nm range of
oxidized enzyme (�14%). According to the model in Fig. 4,
spectrum b represents the characteristic of C4a-peroxyflavin,

FIGURE 4. The oxygenation reaction of 3HB6H. The first step is formation of C4a-peroxy anion. The second step is a parallel reaction of protonation of a
peroxy group to form C4a-hydroperoxyflavin and an uncoupling path for hydrogen peroxide elimination. The third step is a reaction of hydroxylation. The
fourth step is dehydration of water from C4a-hydroxyflavin to return to the oxidized flavin, of which the reaction is very fast, preventing the detection of
C4a-hydroxyflavin.
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whereas spectrum c represents the C4a-hydroperoxyflavin.
Spectrum d, a third intermediate, shows characteristics of the
oxidized enzyme that slowly converts to the final species, spec-
trums e (E�ox:3HB) and f (Eox:3HB) (as indicated by the arrow).
SKIE—Fig. 4 proposes that the first two forms of oxygenated

flavin adducts areC4a-peroxyflavin, resulting from the reaction
of the reduced enzyme-3HB complex with oxygen, and the
C4a-hydroperoxyflavin that results from protonation of the
first species. Therefore, the SKIE was used to verify whether
the second step that is supposed to involve proton transfer was
affected when the reaction was carried out in D2O buffer
(“Experimental Procedures”). The kinetic traces at 400 nm
shown by the open circle line and the solid line are those from

experiments in D2O and H2O buffer, respectively (Fig. 7A).
When compared, both reactions showed that the first interme-
diate (which is supposed to be the C4a-peroxyflavin) formed
maximally at 0.003 s and that no SKIEwas detected for this step.

FIGURE 6. Spectra of intermediates in the reaction of reduced enzyme-3HB
with oxygen. Reactions similar to those in Fig. 3 were monitored using the
stopped-flow diode-array spectrometer. All reactions were performed in 100 mM

Tris-H2SO4 (pH 8.0) at 4 °C. A, a solution of the reduced enzyme (32�M) plus 10 mM

3HB was mixed with 0.96 mM oxygen plus 10 mM 3HB. All concentrations as
described were after mixing. The solid line spectrum represents the reduced
enzyme-3HB complex (a). Filled circle and open circle lines are spectra of C4a-per-
oxyflavin anion (b) and C4a-hydroperoxyflavin (c), respectively. Spectrum d rep-
resents the oxidized enzyme-2,5-DHB complex. Spectra e and f represent differ-
ent forms of the oxidized enzyme-3HB complex.

FIGURE 7. Reactions of reduced enzyme-3HB complex with oxygen in H2O
and D2O buffers. A solution of the reduced enzyme (23 �M) containing 10
mM 3HB and 50 mM sodium azide was mixed with buffer containing 10 mM

3HB, 50 mM sodium azide, and 0.96 mM oxygen. All concentrations described
were after mixing. The reactions were performed in 100 mM Tris-H2SO4 (pH(D)
8.0) at 4 °C. A, the reactions were monitored by absorbance change at 400 nm
to detect formation of C4a-flavin adducts. Solid and open circle lines were the
reactions in H2O and D2O buffer, respectively. B, the reactions were moni-
tored by absorbance change at 452 nm to detect flavin oxidation. Solid and
open circle lines were the reactions in H2O and D2O buffer, respectively. Dotted
lines in A and B are kinetic traces obtained from simulations.

FIGURE 5. Reaction of reduced enzyme-3HB complex with oxygen in the
presence of sodium azide. A solution of the reduced enzyme (23 �M) con-
taining 10 mM 3HB and 50 mM sodium azide was mixed with buffer containing
10 mM 3HB, 50 mM sodium azide, and 0.96 mM oxygen. All concentrations
described were after mixing. The reactions were performed in 100 mM Tris-
H2SO4 (pH 8.0) at 4 °C. A, the reactions were monitored by absorbance change
at 400 nm to monitor C4a-flavin adduct species. The open circle line was the
kinetic trace in the presence of 50 mM sodium azide. Sodium azide slows
down the rate of C4a-hydroxyflavin decay (from �36 s�1 to 9.9 � 0.2 s�1) so
that the existence of this intermediate can be identified (at 0.05 s) when com-
pared with the same reaction without sodium azide (solid line trace). Simula-
tions of the reaction in the presence of sodium azide are shown in dotted line,
which is superimposed to the open circle line. The simulations used a five-step
consecutive reaction according to a model, a3 b3 c3 d3 e3 f. Rate
constants for each step used for simulations are according to those indicated
in Table 1, k7 � 1.6 � 106

M
�1 s�1, k8 � 83 s�1, k9 � 36 s�1, k10 � 13 s�1, k11

(
NaN3) � 10 s�1, k13 � 0.35 s�1 and the molar absorption coefficients used
for simulations were �400 of a (Ered) � 4,100 M

�1 cm�1, �400 of b (E-C4a-per-
oxyflavin) � 8,100 M

�1 cm�1, �400 of c (E-C4a-hydroperoxyflavin) � 7,500 M
�1

cm�1, �400 of d (E-C4a-hydroxyflavin) � 8,500 M
�1 cm�1, �400 of e (E�ox) �

6,880 M
�1 cm�1, �400 of f (Eox) � 6,887 M

�1 cm�1 and at 452 nm, �452 of a �
1,300 M

�1 cm�1, �452 of b � 1,700 M
�1 cm�1, �452 of c � 2,100 M

�1 cm�1, �452
of d � 5,900 M

�1 cm�1, �452 of e � 10,700 M
�1 cm�1, and �452 of f � 11,000 M

�1

cm�1. B, the reactions were monitored by absorbance change at 452 nm to
detect flavin oxidation. The open circle line and the solid line were kinetic
traces for the reaction with and without 50 mM sodium azide, respectively.
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The second phase (0.003–0.04 s) of the reaction in D2O buffer
(Fig. 7A, open circle line) showed a lower rate constant of 56 �
1 s�1 when compared with the reaction in H2O buffer (96 s�1),
corresponding to a SKIE of 1.7. These results indicate that the
second step involved proton transfer, supporting the reaction
mechanism proposed in Fig. 4. The third phase (0.04–0.2 s),
which is supposed to reflect hydroxylation, also shows a lower
rate constant of 19.9 � 0.4 s�1 in D2O buffer when compared
with the data obtained for the H2O experiment (36 � 2 s�1,
Table 1), corresponding to a SKIE of 1.8. Although this phase is
a combination of hydroxylation and dehydration, the SKIE
value is contributed mainly by the hydroxylation step because
the dehydration step is much faster than the hydroxylation.
Altogether, the SKIE data support the reactionmechanismpro-
posed in Fig. 4.
Binding of 3HB to the Reduced Enzyme—The previous study

has shown that 3HB binds to the oxidized enzyme via a sin-
gle-step reaction with a kon of 4 � 105 M�1 s�1 (k1) and a koff
of 4600 s�1 (k�1) (14). In this experiment, we investigated
whether 3HB can also bind to the reduced enzyme if the
enzyme was first reduced by NADH or dithionite. The experi-
ment was performed using the double-mixing mode of the
stopped-flow spectrophotometer. In the first mixing, a solution
of the reduced enzyme was mixed with various concentrations
of 3HB under anaerobic conditions and incubated for 50 s. This
incubation period should be long enough to allow complete
binding if a complex of the reduced enzyme and 3HB can form.
In the second mixing, the solution from the first mixing was
mixed with buffer containing 1.92 mM oxygen (before mixing
concentration). The reaction was monitored at 400 nm to
detect formation of C4a-hydroperoxyflavin (Fig. 8A). The
kinetic data in Figs. 2 and 3 could be used to distinguish the
characteristics of the reaction in the absence or presence of
substrate because in the absence of 3HB binding, the reaction
would not form anyC4a-hydroperoxyflavin (Fig. 2A). Results in
Fig. 8A showed that the amplitude of the absorbance at 400 nm
(characteristic of flavin C4a-adduct) increased with increased
3HB concentration, indicating that 3HB can bind to the
reduced enzyme. The control experiment in which the reduced
enzymewasmixedwith anaerobic buffer at the firstmixing step
did not result in any increase in absorbance at 400 nm at 0.004 s
(Fig. 8A, dashed line). Therefore, the increase in 400nmabsorb-
ance at 0.004 s was plotted against the concentration of 3HB to
calculate the dissociation constant (Kd) of the reduced enzyme-
3HB complex, giving a value of 0.077 � 0.005 mM (Fig. 8A,
inset). For the third kinetic phase (0.017–0.060 s, Fig. 8A) that
corresponds to hydroxylation and flavin oxidation (Fig. 4),
the observed rate constants of this phase increased from 2.2
s�1 to 36 s�1 (lower to upper traces) when the substrate
concentration was increased. This rate increment was due to
the change in the rate of flavin oxidation as the enzyme was
converted from the substrate-free to the substrate-bound form.
The data also did not indicate any sign of substrate inhibition
on the flavin oxidation step generally found in many ortho-
hydroxylation flavoenzymes.
The kinetics for binding of 3HB to the reduced enzyme was

also investigated using the double-mixing mode. In the first
mixing, the reduced enzyme was mixed with 20 mM 3HB

(before mixing concentration) and incubated for various age
times. The mixture from the first mixture was added to an oxy-
genated buffer containing 10 mM 3HB in the second mixture
and the reaction was monitored for absorbance changes at 400
nm. An increase in absorbance at 400 nm due to the formation
of C4a-hydroperoxyflavin was used as an indication of the
amount of reduced enzyme-3HB complex (Fig. 8B), and this
signal was plotted against the age time to yield the kinetics of
complex formation. The analysis gave an observed rate con-
stant of 7.3 � 0.5 s�1 (Fig. 8B, inset). A biomolecular rate con-
stant of 3HB binding was calculated by dividing the observed
rate constant with 10mM 3HB as 7.3� 0.5� 102 M�1 s�1 (k5 in
Table 1, Fig. 9). This calculation is valid because the dissocia-
tion rate constant (koff) is small compared with the observed
pseudo first-order rate constant. Based on the dissociation con-

FIGURE 8. Binding of 3HB to the reduced enzyme. Experiments were per-
formed using the double-mixing mode of the stopped-flow spectrophotom-
eter. The reactions were performed in 100 mM Tris-H2SO4 (pH 8.0) at 4 °C. A, in
the first mixing, a solution of the reduced enzyme at 127 �M (concentration
before mixing) was mixed with buffer containing various 3HB concentrations,
0.1, 0.2, 0.4, 0.8, 2, 8, and 20 mM (concentrations before mixing) under anaer-
obic conditions. The mixture of reduced enzyme and 3HB was incubated for
50 s before it was mixed with buffers containing 0.96 mM oxygen and various
3HB concentrations of 0.05, 0.1, 0.2, 0.4, 1, 4, and 10 mM. All concentrations
were indicated according to before mixing conditions and the traces of low to
high 3HB concentrations correspond to lower to upper traces (indicated by
the arrow). The reactions were monitored at 400 nm to detect formation of
C4a-hydroperoxyflavin. The increase of amplitude at 400 nm due to forma-
tion of C4a-hydroperoxyflavin represents the amount of the reduced
enzyme-3HB complex. The dotted line trace is the control reaction without
3HB. Inset in A shows a plot of the absorbance change at 0.003 s versus the
concentration of 3HB. B, a solution of the reduced enzyme, 120 �M (concen-
tration before mixing), was mixed with 20 mM 3HB in the first mixing under
anaerobic conditions. The reaction was incubated at various age times of
0.05, 0.1, 0.2, 0.5, 1, 5, 10, and 20 s (indicated by arrow) before the mixture was
mixed with buffer containing 1.92 mM oxygen and 10 mM 3HB (concentration
as before mixing) in the second mixture. The dotted line trace was a control
reaction without 3HB. Inset in B shows a plot of the absorbance change at the
time of 0.003 s versus age time.
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stant (Kd) of the reduced enzyme-3HB complex of 0.077 �
0.005 mM (Fig. 8A), the rate constant for dissociation of 3HB
from the reduced enzyme-3HB complex (koff) is equivalent to
0.056 s�1 (k�5 in Table 1, Fig. 9).

DISCUSSION

This work reports on the kinetics of the oxidative half-reac-
tion of 3HB6H from R. jostii RHA1 using various transient
kinetic and mechanistic tools. The results reveal for the first
time the catalytic features of a flavin-dependent para-hydroxy-
lation reaction that are different as well as similar inmany ways
to the known reactions of ortho-hydroxylation. The data
reported here are also useful for understanding factors that
control the overall catalysis. Although the overall structure of
3HB6H is similar to PHBH and other Class A flavoprotein
monooxygenases, the arrangement of active site residues is

rather different. In 3HB6H, the hydroxyl group of 3HB is pro-
posed to make an H-bond interaction with a His-213 residue,
whereas the carboxylate group interacts with Gln-49 and Tyr-
105 (17) (Fig. 10). In PHBH, the hydroxyl group of PHB makes
an H-bond interaction with Tyr-201, whereas the carboxylate
group of the substrate interacts with Arg-214 (3) (Fig. 10). The
difference in active site structures presumably governs the
opposite regio-specific hydroxylation between ortho- and para-
hydroxylation enzymes and also contributes to the observed
characteristics of 3HB6H that are different fromPHBH, such as
the presence of discrete steps in the formation of C4a-peroxy-
flavin and C4a-hydroperoxyflavin, and the absence of substrate
inhibition on the flavin oxidation.
3HB6H is different from most of ortho-hydroxylation

enzymes in that 3HB6H forms the C4a-peroxyflavin prior to
protonation to formC4a-hydroperoxyflavin. This conclusion is

FIGURE 9. The kinetic mechanism for the overall reaction of 3HB6H. Reaction of 3HB and NADH to the oxidized enzyme can be described as a branched
bimolecular mechanism. However, the binding of 3HB to the oxidized enzyme is more preferred (major path). This model was confirmed by kinetic simulations
(shown in Fig. 3).
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drawn from the solvent kinetic isotope effect of 1.7 on the sec-
ond step following the formation of the first intermediate, and
from rapid-quench experiments that identified the hydroxyla-
tion step to be after formation of the second intermediate (Figs.
3 and 7). For other enzymes such as PHBH (26), MHPCO (24),
and the oxygenase component of p-hydroxyphenylacetate
hydroxylase (20, 27), the reaction with oxygen and proton
transfer coincide because only the C4a-hydroperoxyflavin (not
C4a-peroxyflavin) was detected as an intermediate prior to
hydroxylation. An exception to this was found in the reaction of
phenol hydroxylase (27) in which the enzyme showed forma-
tion of C4a-peroxyflavin anion before protonation to C4a-hy-
droperoxyflavin. The latter species is required in these aromatic
hydroxylases because their reactions are involved in electro-
philic aromatic substitution in which the C4a-hydroperoxyfla-
vin acts as an electrophile (4, 7, 9). Although the advantage of
having discrete steps of C4a-peroxyflavin and C4a-hydroper-
oxyflavin formation in 3HB6H and phenol hydroxylase is not
clear, it highlights the differences in the proton transfer path-
ways among flavin-dependent hydroxylases.
In addition, 3HB6H does not exhibit substrate inhibition on

the flavin oxidation step, a common characteristic found in
ortho-hydroxylation enzymes. Substrate inhibition typically
results in enzyme trapping in the form of C4a-hydroxyflavin,
which prevents regeneration of the enzyme to the starting oxi-
dized species. Many ortho-hydroxylation enzymes including
PHBH (3, 5), phenol hydroxylase (28), 2-methyl-3-hydroxy-
pyridine-5-carboxylic acid oxygenase (24), and the oxygenase
component of p-hydroxyphenylacetate hydroxylase (20, 27) are
inhibited by excess substrate. The difference of 3HB6H from
ortho-hydroxylation enzymes in this respect is probably attrib-
utable to the difference in substrate binding mode and the
dynamics of ligand exchange. It remains to be seen in future
investigations if the absence of substrate inhibition is also com-
mon in other para-hydroxylation enzymes.

The overall reaction of 3HB6H can be described according to
a branched bimolecular mechanism model (29) in which an
aromatic compound is the first substrate to bind to the enzyme
to form the enzyme-substrate complex prior toNADHbinding.
The results in Fig. 8 and from a previous study (14) indicate that
another pathway in which NADH binds first and reduces the
enzyme-bound FAD prior to aromatic substrate binding also

exists (minor path in Fig. 9). The data suggest that the path in
which 3HB binds first is a preferred path because the binding
occurs with a rate constant (kon) of 4 � 105 M�1 s�1 compared
with a bimolecular rate constant of 43 M�1 s�1 for the other
path (14). For the reaction of PHBH, the binding of p-hydroxy-
benzoate and NADPH to the oxidized enzyme could be
described as a random-order type (3, 23, 30). For other Class A
flavoprotein monooxygenases, the sequence of substrate bind-
ing has not been fully explored as in the case of 3HB6H; how-
ever, it can be assumed that the flavin reduction byNAD(P)H is
very slow unless a substrate is bound. This catalytic feature of
Class A enzymes is advantageous for preventing NADH con-
sumption andH2O2 production in the absence of aromatic sub-
strate (physiological demand for hydroxylation reaction).
3HB6H shows a typical characteristic of Class A enzymes in

that formation of C4a-adduct intermediates can only be
detected in the presence of aromatic substrates (Fig. 3A). The
results in Fig. 2B suggest that after the reduction of the enzyme-
bound FAD by NADH is completed, NAD
 is released prior to
the oxygen reaction because therewas no evidence showing any
significant effect of NAD
 on the oxidative half-reaction. The
oxidation reaction of reduced enzyme-3HB, prepared either by
NADH or dithionite reduction, showed similar kinetics. For
Class B flavoprotein monooxygenases such as phenylacetone
monooxygenase (31), cyclohexanone monooxgenase (32), and
L-ornithine monooxygenase (33–35), the binding of NAD(P)

is required to stabilize the C4a-peroxyflavin intermediate (36,
37). For Class C enzymes such as bacterial luciferase (38, 39)
and Class D enzymes such as the oxygenase component of
p-hydroxyphenylacetate hydroxylase (27, 40), C4a-hydroper-
oxyflavin can be detected in the absence of any bound ligand.
Based on pre-steady state and steady state kinetics, the rate-

limiting step for the overall reaction of 3HB6H is product
release. Results from stopped-flow and rapid-quench studies in
previous and current reports unambiguously assign rate con-
stants associated with individual steps. Under a similar condi-
tion to the pre-steady state kinetics studies, the apparent kcat
was measured as 6.49 � 0.02 s�1 (“Experimental Procedures,”
Table 1). Because there is no step with a rate constant in this
range, the data suggest that product release (k12 in Fig. 9) likely
controls the overall rate of the reaction. Calculation of kcat
according to Equation 1 at saturation concentrations of all sub-

FIGURE 10. Comparison of active site structures of PHBH (ortho-hydroxylation) and 3HB6H (para-hydroxylation). A, active site of PHBH (1PBE) (41); B,
active site of 3HB6H (4BK1) (17). The crystal structure of 3HB6H was obtained from co-crystallization of 3HB and the H213S variant of 3HB6H (17). A residue
His-213 in the wild-type enzyme was modeled by replacing Ser-213 in the variant structure with His. The modeled His-213 is shown in light color. The 3-OH
group of 3HB may interact with His-213.
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strates according to themechanism in Fig. 9 can be described as
in Equation 2 (derivations in supplemental Schemes S1 and S2).

kcat � � 1

k3k4 � k6�k�3 � k4	
�

� �k6�k�3 � k4	 � k5�k�3 � k3 � k4		�k8 � k10	

k5k8
�

�
1

k12
�

1

k11
�

1

k9
�

1

k8
��1

(Eq. 2)

Using the individual rate constants and dissociation constants
obtained from experimental data and simulations (Table 1), the
value of k12 was calculated to be �11.7 s�1. This number also
agrees well with the fourth phase of the stopped-flow data that
is proposed to be the product release step (8–12 s�1).
The kineticmechanism of the reaction in Fig. 9 indicates that

both product release (k12 � 11.7 s�1) and hydroxylation (k9 �
36 s�1) partially control the overall catalytic turnover. To con-
firm this conclusion, wemeasured the kcat under the same con-
dition in D2O buffer (100 mM Tris-D2SO4, pD 8.0). The kcat in
D2Owas 5.43� 0.04 s�1 (Table 1), which corresponds to a SKIE
of 1.2. These results support the conclusion above that the step
predominantly controlling the overall reaction (k12 � 11.7 s�1)
is insensitive to D2O, whereas the hydroxylation (k9 � 36 s�1),
which has the intrinsic SKIE of 1.7 (Fig. 7), partially controls the
overall catalytic turnover. Therefore, the data in this report are
useful in identifying that the hydroxylation and product release
control the overall catalysis of 3HB6H. Although several fla-
voenzymes catalyzing para-hydroxylation of aromatic com-
pounds have been reported (11), no detailed kinetic and mech-
anistic investigations of these enzymes have been carried out.
In conclusion, this study has elucidated the reaction mecha-

nism of 3HB6H from R. jostii RHA1. The results clearly show
that two forms of flavin C4a-adduct, C4a-peroxyflavin and
C4a-hydroperoxyflavin, form prior to the hydroxylation step.
The kinetic mechanism of 3HB6H can be described as a
branched bimolecular mechanism in which 3HB is preferred to
bind as the first substrate, followed by NADH that leaves prior
to the reaction with oxygen. The overall reaction of 3HB6H is
controlled by hydroxylation and product release steps. These
results represent the first report of the oxygenationmechanism
of a para-hydroxylating flavoenzyme and serve as the grounds
for future exploration of factors that govern the regio-specific
hydroxylation at the para-position.
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