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p-Hydroxyphenylacetate (HPA) 3-hydroxylase is a two-
component flavoprotein monooxygenase that catalyzes the
hydroxylation of p-hydroxyphenylacetate to form 3,4-dihy-
droxyphenylacetate. Based on structures of the oxygenase
component (C2), both His-120 and Ser-146 are located �2.8
Å from the hydroxyl group of HPA. The variants H120N,
H120Q, H120Y, H120D, and H120E can form C4a-hydroper-
oxy-FMN (a reactive intermediate necessary for hydroxyla-
tion) but cannot hydroxylate HPA. The impairment of
H120N is not due to substrate binding because the variant can
still bind HPA. In contrast, the H120K variant catalyzes
hydroxylation with efficiency comparable with that of the
wild-type enzyme; the hydroxylation rate constant for H120K
is 5.7 � 0.6 s�1, and the product conversion ratio is 75%,
compared with values of 16 s�1 and 90% for the wild-type
enzyme. H120R can also catalyze hydroxylation, suggesting
that a positive charge on residue 120 can substitute for the
hydroxylation function of His-120. Because the hydroxyla-
tion reaction of wild-type C2 is pH-independent between pH
6 and 10, the protonation status of key components required
for hydroxylation likely remains unchanged in this pH range.
His-120may be positively charged for selective binding to the
phenolate form of HPA, i.e. to form the His���HPA�� com-
plex, which in turn promotes oxygen atom transfer via an
electrophilic aromatic substitution mechanism. Analysis of
Ser-146 variants revealed that this residue is necessary for but
not directly engaged in hydroxylation. Product formation in
S146A is pH-independent and constant at �70% over a pH
range of 6–10, whereas product formation for S146C
decreased from �65% at pH 6.0 to 27% at pH 10.0. These data
indicate that the ionization of Cys-146 in the S146C variant
has an adverse effect on hydroxylation, possibly by perturb-

ing formation of the His���HPA�� complex needed for
hydroxylation.

Incorporation of single oxygen atoms into organic com-
pounds (monooxygenation) by hydroxylation or epoxidation is
an important biological process for aerobic organisms. The
monooxygenation reaction is generally catalyzed by cyto-
chrome P450, metalloenzymes, pterin-dependent and flavin-
dependent monooxygenases (1). Flavin-dependent mono-
oxygenases are involved in awide variety of biological processes
(2, 3). These enzymes catalyze the monooxygenation of many
aromatic and aliphatic compounds (3).
Based on the number of proteins required for catalysis, fla-

vin-dependent monooxygenases can be classified into single-
protein component and two-protein component types (2–5).
Besides an organic substrate, both types of enzymes require
NAD(P)H and oxygen as co-substrates. The initial part of the
reaction is the reduction of an enzyme-bound flavin by
NAD(P)H to generate reduced flavin followedby the reaction of
reduced flavin with oxygen to form the C4a-(hydro)peroxy fla-
vin, a key intermediate that is required for oxygenation of an
organic substrate. Oxygenation occurs via an oxygen atom
transfer from C4a-hydroperoxy flavin to an organic substrate,
resulting in the formation of a C4a-hydroxy flavin intermediate
and an oxygenated product. The C4a-hydroxy flavin dehy-
drates at the last step of the reaction to form the final species,
oxidized flavin (2–4, 6). All steps for the reactions of single-
protein component flavin-dependent monooxygenases occur
within the same polypeptide, whereas for the two-protein com-
ponent type the flavin reduction occurs on a reductase compo-
nent and the oxygenation occurs on an oxygenase component
(4–8). The mechanism by which the reduced flavin is trans-
ferred involves simple diffusion or protein-protein contacts (5,
8). Although single-component flavin-dependent monooxyge-
nases have been studied for more than 40 years, two-compo-
nent flavin-dependentmonooxygenases have only received sig-
nificant attention during the past decade after recent
discoveries of their involvement in a wide variety of reactions
(2, 5).
Themechanism bywhich the oxygen atom transfer occurs in

flavin-dependent monooxygenases is well understood for only
a few enzymatic systems. The best understood oxygenation
reaction is the hydroxylation of aromatic compounds catalyzed
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by a single-component flavoenzyme, p-hydroxybenzoate
(pOHB)5 hydroxylase (PHBH) (4, 6, 9). Studies of PHBH
and 2-methyl-3-hydroxypyridine-5-carboxylic acid (MHPC)
monooxygenase (MHPCO) reactions showed that hydroxyla-
tion occurs via an electrophilic aromatic hydroxylation mech-
anism in which an aromatic substrate acts as a nucleophile and
a terminal -OH group of C4a-hydroperoxy flavin acts as an
electrophile (9–12). For the PHBH reaction, the hydroxylation
rate constant increases upon an increase in pHwith a pKa of 7.1
(13). This pKa value corresponds to the pKa of His-72, which is
located on the protein surface and controls the H-bond net-
work that facilitates removal of the phenolic proton of pOHB
(9, 13, 14). For two-component flavin-dependent monooxyge-
nases, the mode of oxygen atom transfer in hydroxylation of
aromatic compounds has never been explored. Recently, pH-
dependent studies of the oxygenase component (C2) of p-hy-
droxyphenylacetate (HPA) hydroxylase (HPAH) have shown
that, unlike the PHBH reaction, the hydroxylation rate constant
and the efficiency of product formation by C2 is constant in a
pH range of 6–10 (15). These data indicate that the factors
facilitating the hydroxylation reaction are different in C2 and
PHBH.
HPAH is one of the prototype enzymes for investigations of

the kinetics and mechanisms of two-component flavin-depen-
dent monooxygenases that catalyze the hydroxylation of aro-
matic compounds. The enzyme fromAcinetobacter baumannii
is composed of a reductase component (C1) and an oxygenase
component (C2), and it catalyzes the hydroxylation of HPA to
3,4-dihydroxyphenylacetate (DHPA) (16, 17). Kinetic studies of
HPAHs from Pseudomonas putida (18), Pseudomonas aerugi-
nosa (19), Escherichia coli W (20), and A. baumannii (8, 15, 21,
22) have been reported. X-ray structures of the oxygenase com-
ponents from A. baumannii at 2.3–2.8 Å resolution (23) and
Thermus thermophilusHB8 at 1.3–2.0Å resolution (24, 25) and
the reductase component from Sulfolobus tokodaii (26) at 1.7–
2.3 Å resolution have been solved. Recent site-directed
mutagenesis studies of the HPAH from A. baumannii have
shown that Ser-171 is a key residue for stabilization of the reac-
tive intermediate, C4a-hydroperoxy flavin, whereas His-396
facilitates intermediate formation (27). Although the ability of
C2 to prolong the lifetime of C4a-hydroperoxy flavin is neces-
sary for substrate hydroxylation (27), the enzyme must have
another fine-tuned mechanism for efficient oxygen transfer
because between pH 6.0 and 10.0 the product conversion per-
centage is �90% without wasteful H2O2 production, and the
rate constants for hydroxylation remain constant at 15–17 s�1

(15). The pH independence of the C2 reaction implies that the
protonation status of key components required for oxygen
atom transfer is unchanged in this pH range. Based on the x-ray
structure of C2 (23), the hydroxyl group of HPA is �2.8 Å away
from the N� atom of His-120 and the O� atom of Ser-146, a

distance that should allow the formation of H-bonding interac-
tions (Fig. 1). However, previous studies could not distinguish
whether HPA was bound in the phenolic or phenolate form,
and the protonation status of His-120 remains unknown.
Therefore, in this work we investigated the protonation sta-

tus of His-120 and HPA bound at the C2 active site and the
functional roles of His-120 and Ser-146 using site-directed
mutagenesis, transient kinetics (stopped-flow and rapid-
quench techniques), and product analysis at various pH values.
The residue His-120 was mutated to Asn (H120N), Gln
(H120Q), Tyr (H120Y), Asp (H120D), Glu (H120E), Lys
(H120K), and Arg (H120R) to explore if the active form of His-
120 is required to be neutral, negatively, or positively charged.
The residue Ser-146 was mutated to Ala (S146A) and Cys
(S146C) to explore whether the H-bonding ability or a suitable
van der Waals contact of Ser-146 is necessary for the hydroxy-
lation reaction.

EXPERIMENTAL PROCEDURES

Reagents—All chemicals and reagents used were analytical
grade and purchased from commercial sources. High purity
FMN was produced by converting FAD to FMN using snake
venom fromCrotalus adamanteus (28) according to the proto-
col described in Sucharitakul et al. (22). C1, wild-type C2, and
C2variants were expressed and purified as previously described
(15–17). The concentrations of the following compounds were
determined using the known extinction coefficients at pH 7.0:
NADH, �340 � 6.22 mM�1cm�1; HPA, �277 � 1.55 mM�1cm�1

(16); FMN, �446 � 12.2 mM�1cm�1; DHPA, �281 � 2.74
mM�1cm�1; C1, �458 � 12.8 mM�1cm�1 (22); wild-type C2 and
all C2variants, �280 � 56.7 mM�1cm�1.
Spectroscopic Studies and Site-directed Mutagenesis—De-

tails are provided in the supplemental Procedures.
Rapid Kinetics Measurement—Experimental protocols for

maintaining anaerobic conditions are similar to those
described in Refs. 15 and 21). Details are provided in the sup-
plemental Procedures.
For the reactions of the His-120 and Ser-146 variants at pH

7.0, solutions of enzymes and oxidized FMN in the absence or
presence of HPA in 50 mM sodium phosphate buffer (pH 7.0),
were equilibrated in the anaerobic glove box. The anaerobic

5 The abbreviations used are: pOHB, p-hydroxybenzoate; PHBH, p-hydroxy-
benzoate hydroxylase; HPA, p-hydroxyphenylacetate; HPAH, p-hydroxy-
phenylacetate hydroxylase; DHPA, 3,4-dihydroxyphenylacetate; C1, the
reductase component of HPAH from A. baumannii; C2, the oxygenase com-
ponent of HPAH from A. baumannii; MHPCO, 2-methyl-3-hydroxypyridine-
5-carboxylic acid oxygenase; TftD, the oxygenase component of chloro-
phenol 4-monooxygenase from B. cepacia AC1100; AU, absorbance units.

FIGURE 1. HPA binding in the active site of C2. HPA and FMNH� are shown as
labled in purple and yellow, respectfully (PDB code 2JBT). Residues His-120 and
Ser-146 are labeled. HPA is located �2.8 Å from His-120 and Ser-146.
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enzyme solution was reduced with an equal reducing equiva-
lent of sodium dithionite (a solution of 5 mg/ml in 100 mM

potassium phosphate buffer pH 7.0). Spectra of FMN were
monitored with a diode-array spectrophotometer inside the
glove box to ensure complete reaction. Then, the reduced
enzyme solution was transferred into a glass tonometer. Solu-
tions of various concentrations of oxygen were prepared by
equilibrating buffers with air and certified oxygen-nitrogen gas
mixtures (29).
Rapid Quench-flow Experiments—All experiments used acid

as the quenching solution and were performed at 4 °C using a
TgK ScientificModel RQF-63, DimentionTMD1 rapid quench-
flow system in an anaerobic glove box (Belle Technology). The
rapid quench-flow system employed three syringes. An anaer-
obic solution of a C2variant (H120K, S146A, or S146C), FMN,
and HPA in 50 mM sodium phosphate buffer (pH 7.0), was
reduced with a solution of sodium dithionite (5 mg/ml in 100
mM potassium phosphate buffer, pH 7.0) in the anaerobic glove
box. The solution of reduced enzyme�substrate complex from
one syringe was mixed with the air-saturated buffer plus HPA
from the second syringe. The reaction mixture was incubated
for various time periods before quenching with a 0.15 M HCl
solution froma third syringe. The reactionmixture aftermixing
and before quenching contained H120K, S146A, or S146C (100
�M), FMNH� (50 �M), and HPA (2 mM for S146A, 20 mM for
H120K and S146C). The quenched samples were collected
from the sample loop, and the enzyme was removed by ultrafil-
tration with a Microcon unit (Amicon YM-10). The filtrates
were analyzed for the amount of DHPA produced from the
reaction using an HPLC method, as previously described (16,
17).
Product Analysis; Measurement of DHPA—Anaerobic solu-

tions of His-120 and Ser-146 variants (100 �M), FMNH� (50
�M), and HPA (2 mM or 20 mM) in 10 mM sodium phosphate
buffer (pH 7.0), at 25 °Cwere reducedwith a solution of sodium
dithionite in an anaerobic glove box. An anaerobic solution of
reduced enzyme�substrate complex was added in closed vessels
containing air-saturated buffers at various pH values in the
anaerobic glove box. The air-saturated buffers used for main-
taining the various pH values were 100 mM sodium phosphate
buffer (pH 6.0–7.5), 100mMTris-HCl buffer (pH 8.0–8.5), and
100 mM glycine buffer adjusted with NaOH (pH 9.0–10.0).
After the reaction was complete (5min), 0.15 MHCl was imme-
diately added to the mixture to a final concentration of 0.08 M.
Denatured protein was removed from the quenched solution
using a Centricon YM-10 concentrator. Samples were analyzed
for the amount of DHPA formed using the HPLC method pre-
viously described (16, 17).Measurements ofH2O2 formed inC2
reactions were carried out as described in the supplemental
Procedures.
DataAnalysis—Kinetic datawere analyzed by fitting the data

using exponential functions in Program A, which was devel-
oped by Rong-yen Chu, Joel Dinverno, and D. P. Ballou at the
University ofMichigan (AnnArbor,MI) to obtain the observed
rate constants (kobs). Determinations of rate constantswere cal-
culated from plots of kobs versus substrate concentration using
Levenber-Marquardt algorithms that were included in the
KaleidaGraph software (Synergy Software).

RESULTS

Reactions of H120N�FMNH�, H120Q�FMNH�, H120Y�
FMNH�, H120D�FMNH�, H120E�FMNH�, and H120K�
FMNH� with Oxygen in Absence of HPA—A solution of His-
120 variant (40 �M) and FMN (16 �M) in 50 mM sodium phos-
phate buffer (pH 7.0) was made anaerobic and reduced with a
solution of sodium dithionite. The resulting enzyme-FMNH�

complexwasmixedwith the same buffer containing the follow-
ing oxygen concentrations: 0.13, 0.31, 0.61, and 1.03 mM (con-
centrations after mixing). The reactions weremonitored by the
changes in absorbance at 390 and 446 nm. For the
H120K�FMNH� variant, the reaction exhibited biphasic kinet-
ics (Fig. 2A). The first phase (reaction time � 0.002–0.1 s) was
an increase in absorbance at 390 nm without any significant
change at 446 nm. The rate constants during this phase were
oxygen-dependent, consistent with a bimolecular rate constant
of 6.3 � 0.2 � 105 M�1s�1 (k1) (Table 1). The second phase
(0.1–20 s) was a small decrease in absorbance at 390 nm and a
large increase in absorbance at 446 nm. The rate constants dur-
ing this phase (k2) were independent of oxygen concentration
and measured 0.52 � 0.01 s�1. The reaction at oxygen concen-
tration of 1.03mMwasmeasuredwith wavelengths of detection
ranging from 310–550 nm, and the absorbances at a reaction
time of 0.1 s were plotted (filled circle spectrum in the inset in
Fig. 2A) to obtain an intermediate spectrum after the first
phase. The spectrum in the inset in Fig. 2A had a maximum
absorption peak at 390 nm, similar to that of a C4a-hydroper-
oxy-FMN intermediate in the reactions of wild-type C2 and
other variants (15, 21, 27). Therefore, the first phase shown in
Fig. 2A was the formation of C4a-hydroperoxy-FMN, and the
second phase was the elimination of H2O2 from the intermedi-
ate to generate oxidized FMN (Fig. 3). For other His-120 vari-
ants, the kinetics of the reactions are shown in supplemental
Figs. 1–5. All His-120 variants show similar kinetic patterns as
those of H120K and wild-type enzymes (15), and the reactions
are depicted in Fig. 3. Rate constants for the formation and
decay of C4a-hydroperoxy flavin are summarized in Table 1.
The rate constants for C4a-hydroperoxy flavin formation in
these variants are similar to that of wild-type C2, whereas those
for H2O2 elimination are similar for H120Q and H120Y,
�7–10-fold higher for H120N, H120D, and H120E and �170-
fold higher for H120K.
Formation of DHPA from the Reactions of the His-120

Variants—To determine whether the His-120 variants
(H120N, H120Q, H120Y, H120D, H120E, H120K, and H120R)
could catalyze hydroxylation of HPA, wemeasured the amount
of DHPA obtained from single-turnover reactions. Solutions of
His-120 variants (200 �M), FMNH� (100 �M), and HPA (20
mM) in 10 mM sodium phosphate buffer (pH 7.0), was mixed
with air-saturated buffers containing 20 mM HPA at 4 °C (pH
6.0–10.0) inside an anaerobic glove box (“Experimental Proce-
dures”). Reaction samples (100 �l) were added to 0.15 M HCl
(100 �l) to make a final concentration of 0.08 M HCl in the
quenched solution. DHPA in the sample was measured using
HPLC (“Experimental Procedures”), which can detect DHPA
with a lower detection limit of 5%, i.e. 1.3 �MDHPA. NoDHPA
was detected for the reactions of H120N, H120Q, H120Y, and
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H120E. However, DHPA (75 � 6%) was formed in the H120K
reactions in the pH range of 6.0–10.0 (Table 2). For H120R,
�10–15%DHPA formed in the samepHrange (Table 2). These
data indicate that H120K and H120R are active and can per-
form hydroxylation, whereas the neutral or negatively charged
variants are inactive and cannot catalyze the hydroxylation of
HPA.
To confirm the results of the DHPA detection, an analysis of

H2O2 formation by H120N and H120D was also performed
(supplemental Table 2). The results indicated that 90–100% of
H2O2 was detected in the reaction of H120N and H120D in a
pH range of 6–10. These data agree with the HPLC analysis;

FIGURE 2. Kinetics of the reaction of H120K�FMNH� with oxygen in the
absence and presence of HPA. A, reaction of H120K�FMNH� with oxygen in
the absence of HPA. A solution of H120K (40 �M) and FMNH� (16 �M) in 50 mM

sodium phosphate buffer, pH 7.0, at 4 °C was mixed with the same buffer
containing the following concentrations of oxygen: 0.13, 0.31, 0.61, and 1.03
mM (concentrations after mixing). The traces at 390 nm are shown as the lower
to upper traces from low to high oxygen concentrations, whereas all traces
monitored at 446 nm are superimposed. The inset in A shows the spectra of
the species involved in the reaction of H120K�FMNH� with oxygen. The filled
circle spectrum represents the C4a-hydroperoxy-FMN intermediates accu-
mulated at a reaction time of 0.1 s. The empty square spectrum represents the
spectrum of the starting species (the H120K�FMNH� complex), and the solid
line represents that of the oxidized FMN. B, kinetics of the reaction of the
H120K�FMNH��HPA complex with oxygen at pH 7.0. A solution of H120K (40
�M), FMNH� (16 �M), and HPA (20 mM) in 50 mM sodium phosphate, pH 7.0, at
4 °C was mixed with the same buffer containing various oxygen concentra-
tions plus 20 mM HPA (concentrations after mixing). The kinetic traces were
obtained by monitoring the changes at 390 and 446 nm. The traces at 390 nm
are shown as the lower to upper traces from low to high oxygen concentra-
tions, whereas all traces monitored at 446 nm are superimposed. The filled
circle kinetic trace is a plot of DHPA analyzed from the rapid quench experi-
ment of the reaction of H120K�FMNH��HPA with oxygen at pH 7.0, 4 °C
(details are provided under “Results”). The plot was fitted with a single expo-
nential curve with a rate constant of 7.1 � 0.8 s�1. The percentage of DHPA
formed at a reaction time of 5.03 min was 80 � 4%.
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both H120N and H120D are inactive and cannot convert HPA
to DHPA.
Reactions of H120K�FMNH�, H120N�FMNH�, and H120D�

FMNH� with Oxygen in the Presence of HPA—A solution of
H120K (40 �M), FMNH� (16 �M), and HPA (20 mM) in 50 mM

sodium phosphate buffer, pH 7.0, was mixed with the same
buffer containing 20 mM HPA and various concentrations of
oxygen at 4 °C. The kinetic traces of the H120K reaction mon-
itored at 390 and 446 nm showed three phases (Fig. 2B). The
first phase (0.002–0.02 s) was an increase in absorbance at 390
nm (�0.01 AU) without a significant change in absorbance at
446 nm. The observed rate constants of this phase were linearly
dependent on oxygen concentration with a bimolecular rate
constant of �6.3 � 0.2 � 105 M�1s�1. This phase was likely
C4a-hydroperoxy-FMN formation in the H120K�FMNH�

complex without HPA bound (�15% of the total enzyme) as
shown in Fig. 2A. The secondphase (0.02–0.8 s)was an increase
in absorbance at 390 nm (�0.05 AU) without any significant
change in absorbance at 446 nm. Based on the absorption char-
acteristics, this phase should be related to the formation of a
C4a-adduct intermediate. The observed rate constants of this
phase were dependent on oxygen concentration in a nonlinear
fashion (supplemental Fig. 6). Based on the results from rapid-
quench analysis (described later), the second phase should
result from the combined signal changes from the formation of
C4a-hydroperoxy-FMN�HPA and C4a-hydroxy-FMN (Fig. 4)
because this phase was synchronized with the hydroxylation
step. The inability to differentiate between the formation of
C4a-hydroperoxy-FMN�HPA and C4a-hydroxy-FMN (Fig. 4)
may be due to similarities in the absorption characteristics and
rate constants of the formation of the two intermediates. The
final, third phase of the reaction exhibited a large change in
absorbance at 446 nm. The observed rate constants of this
phase were independent of the oxygen concentration and con-

sistent with a value of 0.75 � 0.01 s�1 (k5). This phase repre-
sents the decay of a C4a-adduct intermediate (C4a-hydroper-
oxy-FMN or C4a-hydroxy-FMN) to yield oxidized FMN.
Reactions of neutral and negatively charged variants (H120N

and H120D) that cannot hydroxylate HPA were also investi-
gated to detect whether HPA can bind and influence kinetics of
these variants. A solution of H120N or H120D (40 �M),
FMNH� (16�M), andHPA (2mM) in 50mM sodiumphosphate
buffer, pH 7.0, wasmixedwith the same buffer containing 2mM

HPA and various concentrations of oxygen at 4 °C. The kinetic
traces of H120N�FMNH� in the presence of HPA (supplemen-
tal Fig. 1B) at 390 and 446 nm exhibited two phases similar to
the reactionwithoutHPA (supplemental Fig. 1A). The rate con-
stant of the first phase (6.7 � 0.2 � 105 M�1s�1) was similar to
that of the reaction in the absence of HPA (6.2 � 0.3 � 105
M�1s�1, Table 1, inset in supplemental Fig. 1B). The rate con-
stants of the second phase were independent of the oxygen
concentration and equivalent to 1.2 � 0.1 � 10�2 s�1, which is
in the same range as the value in the absence of HPA (1.9 �
0.2� 10�2 s�1, Table 1). Likewise, the reaction ofH120D in the
presence ofHPA (supplemental Fig. 4B) was similar to the reac-
tion in the absence of HPA (Table 1 and supplemental Fig. 4A).
The slight difference in the kinetics of the second phase of

H120N reactions, i.e. C4a-hydroperoxy-FMN oxidized with a
rate constant of 1.9 � 0.2 � 10�2 s�1 in the absence of HPA
versus 1.2 � 0.1 � 10�2 s�1 in the presence of 2 mM HPA
(supplemental Fig. 1, A and B) was investigated to assess
whether it was due to the binding of HPA to the enzyme. An
experiment similar to that in supplemental Fig. 1B was per-
formed by mixing a solution of H120N�FMNH� with air-satu-
rated buffer containing various concentrations of HPA (Fig. 5).
The rate constant for formation of C4a-hydroperoxy-FMNwas
constant at �6.7 � 0.2 � 105 M�1s�1, whereas that of H2O2
elimination varied from 1.1� 10�2 s�1 (0.16mMHPA) to 7.0�
10�3 s�1 (8 mM HPA) (supplemental Fig. 7). For wild-type C2,
elimination of H2O from C4a-hydroxyflavin to generate oxi-
dized flavin (k5, Fig. 4) is inhibited by the binding of excessHPA
(21). In this case, although no hydroxylation was detected for
the reaction of H120N�FMNH� (Table 1), high concentrations
of HPA decreased the rate constant for H2O2 elimination from
1.9 � 10�2 s�1 (no HPA) to 7.0 � 10�3 s�1 (8 mM HPA). The
datawere analyzed according to amodel inwhichHPAbinds to
the C4a-hydroperoxy-FMN intermediate and inhibits H2O2
elimination (supplemental Fig. 7). The analysis yielded a Kd
value for binding of 5.0 � 1.1 mM.

The kinetic traces in Fig. 5 at a reaction time of �0.2–10 s
also showed an absorbance decrease at 390 nm when the HPA
concentration was increased. These changesmay also be due to
the binding of HPA to C4a-hydroperoxy-FMN. When the

FIGURE 3. The reaction of C2�FMNH�, His-120 variants�FMNH�, or Ser-146 variants�FMNH� with oxygen in the absence of HPA.

TABLE 2
Formation of the hydroxylated product (DHPA) from single-turnover
reactions of His-120 and Ser-146 variants
DHPA product was not detected for the reactions of H120N�FMNH�,
H120Q�FMNH�, H120Y�FMNH�, H120D�FMNH�, and H120E�FMNH� with
oxygen in the presence of HPA (2 or 20 mM) using the HPLC method. The limit of
detection was 5% (1.3 �M).

pH
%DHPA

H120K H120R S146A S146C

6.0 76 � 4 9 � 1 72 � 4 65 � 6
6.5 80 � 5 74 � 1 59 � 1
7.0 81 � 6 16 � 1 73 � 1 65 � 2
7.5 78 � 10 75 � 8 65 � 5
8.0 80 � 5 11 � 1 76 � 7 65 � 4
8.5 84 � 11 76 � 3 64 � 1
9.0 72 � 3 11 � 1 76 � 3 66 � 1
9.5 71 � 4 79 � 8 47 � 1
10.0 70 � 5 7 � 1 78 � 7 27 � 4
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absorbance change at a reaction time of 2 s was plotted as a
function of HPA concentration, a Kd value of 2.2 � 0.7 mM was
obtained (inset in Fig. 5).

All of these data indicate that HPA can bind to the H120N:
C4a-hydroperoxy-FMN, although with a much weaker affinity
than to the wild-type enzyme; the Kd value for H120N is �2.2–

FIGURE 4. Kinetic mechanism proposed for the reaction of H120K�FMNH�, S146A�FMNH�, and S146C�FMNH� with oxygen in the presence of HPA. The
reduced enzyme�HPA complex (H120K�FMNH��HPA, S146A�FMNH��HPA, or S146C�FMNH��HPA) reacts with molecular oxygen to form C4a-hydroperoxy-
FMN�HPA (k3). HPA is then hydroxylated to yield DHPA and C4a-hydroxy-FMN (k4). The C4a-hydroxy-FMN dehydrates to generate oxidized FMN (k5). The
elimination of H2O2 from the C4a-hydroperoxy-FMN can occur as an uncoupling pathway (k6).

FIGURE 5. Binding of HPA to H120N. A solution of H120N (40 �M)�FMNH� (16 �M) was mixed with air-saturated sodium phosphate buffer (pH 7.0) containing various
concentrations of HPA: 0, 0.16, 0.4, 1, 2, 4, and 8 mM (concentrations after mixing). The kinetics was monitored at 390 and 446 nm. The traces at 390 and 446 nm from
low to high HPA concentrations are indicated by the vertical and horizontal arrows, respectively. The inset is a plot of the absorbance change at 390 nm at a reaction
time of 2 s versus the concentration of HPA. The data analysis in the inset indicates that HPA bound to C4a-hydroperoxy-FMN with a Kd value of 2.2 � 0.7 mM.
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5.0 versus 0.35 mM for the wild-type enzyme (21). Under the
experimental conditions employed (20 mM HPA), some HPA
should bind to H120N, but it cannot be hydroxylated (Table 2).
These data emphasized the important role of His-120 for the
hydroxylation activity of C2. Neutral and negatively charged
variants failed to catalyze hydroxylation; only a positive charge
at residue 120 (H120K and H120R) could compensate for His-
120 and thus may be required for the hydroxylation reaction.
Measurement of the Hydroxylation Rate Constant of H120K—

Because the hydroxylation rate constant could not be deter-
mined based on the difference in the absorption characteristics
of C4a-hydroperoxy flavin and C4a-hydroxy flavin formation
(Fig. 2B), rapid-quench techniques were used to measure the
hydroxylation rate constant of H120K. A solution of the
reduced enzyme�substrate complex (H120K�FMNH��HPA) in
50 mM sodium phosphate buffer, pH 7.0, at 4 °C from one
syringe was mixed with an air-saturated sodium phosphate
buffer (50 mM, pH 7.0) containing 20 mM HPA from a second
syringe. The reaction mixture was incubated for various time
periods between 0.03 and 5.03 s before the solution was
quenched by mixing with 0.15 M HCl from a third syringe. The
amount of DHPA formed at various time points was analyzed
using HPLC. A plot of DHPA formed versus time (Fig. 2B)
showed a single-exponential curve that was consistent with a
rate constant of 7.1� 0.8 s�1. Therefore, the overall reaction of
H120K�FMNH� with oxygen in the presence of HPA can be
summarized as shown in Fig. 4. The reaction of the reduced
enzyme�HPA complex with oxygen results in the initial forma-
tion of C4a-hydroperoxy-FMN�HPA (k3, Fig. 4) followed by for-
mation of C4a-hydroxy-FMN andDHPA (k4, Fig. 4). At the last
step of the hydroxylation pathway, C4a-hydroxy-FMN dehy-
drates to generate oxidized FMN and water (k5, Fig. 4). The
product analysis data also imply that the reaction of H120K is
bifurcated; in addition to the regular hydroxylation pathway, a
fraction of C4a-hydroperoxy-FMN (�20%) generates H2O2
and oxidized FMN (k6, Fig. 4). Nevertheless, the rapid-quench
andproduct analyses ofH120K suggest that the enzyme is capa-
ble of performing hydroxylation. The results using H120K and
H120R indicate that a positive charge at residue 120 can substi-
tute for His-120 in hydroxylation. This implies that His-120
may possess a positive charge in the wild-type enzyme, as in the
case in H120K or H120R.
Reactions of the S146A�FMNH� and S146C�FMNH� Vari-

ants with Oxygen in the Absence of HPA—A solution of 40 �M

S146A or S146C and 16 �M FMNH� in 50 mM sodium phos-
phate buffer (pH 7.0) was mixed with the same buffer contain-
ing various oxygen concentrations in the stopped-flow spectro-
photometer at 4 °C. The kinetics of S146A�FMNH� displayed
two phases corresponding to the formation and decay of C4a-
hydroperoxy-FMN, as observed when using the His-120 vari-
ants and wild-type enzymes (supplemental Fig. 8, Fig. 3, Table
1). The bimolecular rate constant for C4a-hydroperoxy-FMN
formation was 3.1 � 0.1 � 105 M�1s�1, whereas that for H2O2
elimination from the intermediate was 2.0 � 0.3 � 10�3 s�1.
For S146C, C4a-hydroperoxy-FMN formed with a bimolecular
rate constant of 1.1 � 0.1 � 106 M�1s�1 and eliminated H2O2
with a rate constant of 8.0 � 0.2 � 10�3 s�1 (supplemental Fig.
9, Fig. 3, Table 1). All these rate constants are similar to those of

wild-type C2 (Table 1). TheC4a-hydroperoxy-FMN intermedi-
ates in both reactions have absorbancemaxima at 390 nm (inset
in supplemental Figs. 8 and 9), similar to those of wild-type C2
and other variants (15, 21, 27).
Kinetics of the Reactions of the S146A�FMNH� and

S146C�FMNH�Variants withOxygen in Presence of HPA—The
reaction of S146A�FMNH� in the presence of HPA was inves-
tigated by mixing an anaerobic buffer of S146A (40 �M),
FMNH� (16�M), andHPA (2mM) in 50mM sodiumphosphate
buffer, pH 7.0, with the same buffer containing various concen-
trations of oxygen plus 2 mMHPA. All concentrations are after
mixing. The kinetic traces in Fig. 6A indicate that the reaction

FIGURE 6. Kinetics of the reactions of S146A�FMNH� and S146C�FMNH�

with oxygen in the presence of HPA. A, A solution of S146A (40 �M)�FMNH�

(16 �M)�HPA (2 mM) in 50 mM sodium phosphate (pH 7.0), was mixed with the
same buffer containing the following oxygen concentrations, 0.13, 0.31, 0.61,
and 1.03 mM, plus 2 mM HPA (concentrations after mixing). The kinetics of the
reaction of S146A�FMNH��HPA with oxygen at pH 7.0 was monitored by the
change in absorbance at 390 and 446 nm. Traces at 390 nm are shown as
the lower to the upper traces from low to high oxygen concentrations. The
inset in A shows a plot of kobs of the second phase versus oxygen concentra-
tion with a bimolecular rate constant of 2.2 � 0.1 � 104

M
�1s�1. The filled

circles represent the DHPA formed, which was measured from rapid-quench
experiments of the reactions of S146A�FMNH��HPA with oxygen at pH 7.0,
4 °C. The plot is consistent with a single exponential curve with a rate constant
of 3.9 � 0.8 s�1. The percentage of DHPA accumulated at a reaction time of
8.03 min was 66 � 2%. B, kinetic traces for the reaction of S146C�FMNH��HPA
with oxygen are shown. The experimental conditions used were similar to the
reaction of S146A except that 20 mM HPA was used. The lower to upper traces
at 390 nm are shown from low to high oxygen concentrations, whereas all
traces at 446 nm were superimposed. The inset in B is a plot of kobs of the first
phase versus oxygen concentration. The plot shows a linear relationship with
a bimolecular rate constant of 6.2 � 0.3 � 105

M
�1s�1. The filled circled trace is

a plot of DHPA formed from the reaction of S146C versus reaction time in the
rapid-quench instrument. The plot shows a single exponential curve with a
rate constant of 0.52 � 0.05 s�1. At a reaction time of 8.30 min, DHPA (68 �
3%) was formed.
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kinetics contained four phases. The first phase (0.002–0.01 s)
showed an increase in absorbance at 390 nm (�0.025 AU) with
no significant absorbance change at 446 nm, and the observed
rate constants of this phase were dependent on the oxygen con-
centration, with a bimolecular rate constant of 3.1 � 0.1 � 105

M�1s�1 (Table 1). This value is similar to that of the
S146A�FMNH� complex with oxygen in the absence of HPA
(supplemental Fig. 8). Therefore, this phase was likely the for-
mation of C4a-hydroperoxy-FMN without HPA binding. The
second phase (0.01–0.2 s) exhibited an increase in absorbance
at 390 nm (�0.085 AU) and no significant absorbance at 446
nm (�0.035 AU). The observed rate constants of this phase
were dependent on the oxygen concentration with a bimolecu-
lar rate constant of 2.2 � 0.1 � 104 M�1s�1 (inset in Fig. 6A).
The second phase was likely the formation of C4a-hydroper-
oxy-FMN�HPA (Fig. 4). The third phase (0.2–1.5 s) had no sig-
nificant change in absorbance at 390 nm and an increase in
absorbance at 446 nm (�0.06 AU) that corresponded with an
observed rate constant of 4.3 � 0.3 s�1. The fourth phase (1.5–
200 s) showed a decrease in absorbance at 390 nm (�0.023 AU)
and a large increase in absorbance at 446 nm (�0.12 AU), con-
sistent with a rate constant of 0.031 � 0.001 s�1. The observed
rate constants of the third and fourth phase were independent
of oxygen concentration. These data suggest that, after forming
S146A�C4a-hydroperoxy-FMN�HPA, the enzyme proceeds
through bifurcated pathways in which one pathway generates
DHPA and the other pathway generates H2O2 without
hydroxylation (Fig. 4).
For S146C, a solution of S146C (40 �M), FMNH� (16 �M),

and HPA (20 mM) in 50 mM sodium phosphate, pH 7.0, was
mixed with the same buffer containing 20mMHPA and various
oxygen concentrations at 4 °C. Reaction kinetics showed three
phases (Fig. 6B). The first phase (0.002–0.08 s) was an increase
in absorbance at 390 nm without any significant change at 446
nm, and the observed rate constants of this phase were consis-
tent with a bimolecular rate constant of 6.2� 0.3� 105 M�1s�1

(inset in Fig. 6B). This value was significantly different from the
rate constant of C4a-hydroperoxy-FMN formation in the
absence of HPA (supplemental Fig. 9); thus, this phase was
likely the formation of S146C�C4a-hydroperoxy-FMN�HPA.
The second phase (0.08–0.4 s) showed a small increase in
absorbance at 390 nm (�0.005 AU) that was independent of
oxygen concentration and consistent with a rate constant of
2.7 � 0.5 s�1. This phase may result from a conformational
change of C4a-hydroperoxy-FMN�HPA. The third phase
(0.4–20 s) displayed a large increase in absorbance at 446 nm
(�0.16AU) that coincidedwith a decrease in absorbance at 390
nm (�0.03AU), indicating that this phasewas involved in flavin
oxidation. The rate constant for this phase (0.52� 0.01 s�1)was
independent of oxygen concentration.
Given the results of the reactions of S146A and S146C in the

presence of HPA, the reactions of both variants may occur
through bifurcated pathways in which one pathway generates
DHPA and the other generates H2O2 without hydroxylation
(Fig. 4). Therefore, the hydroxylation rate constants and prod-
uct formation of S146A and S146C were measured using rapid
quench-flow techniques.

Measurement of the Hydroxylation Rate Constants and Prod-
uct Formation of S146A and S146C—A solution of the
S146A�FMNH��HPA complex wasmixedwith an air-saturated
buffer containing 2 mM HPA at 4 °C and quenched at various
time points during 0.045–8.03 s using a quench-flow apparatus
(“Experimental Procedures”). The amount of DHPA formed
was analyzed using HPLC. A plot of DHPA versus the delayed
time before the quench yielded a single exponential curve that
was consistent with a rate constant of 3.9 � 0.8 s�1. This rate
constant value is in the same range as the observed rate con-
stant (4.3 � 0.3 s�1) found for the third phase of the stopped-
flow data (Fig. 6A). At an age time of 8.03 s, the amount of
DHPA formed was 66 � 2%, which is similar to the amount of
DHPA formed when the solution of the S146A�FMNH��HPA
complex was incubated with oxygen for 5 min (73 � 1%,
Table 2).
For S146C, a rapid-quench experiment similar to that for

S146Awas performed, except that 20mMHPAwas used. A plot
of DHPA concentration versus age time yielded a single expo-
nential curve with an observed rate constant of 0.52 � 0.05 s�1

(Fig. 6B), which is similar to the observed rate constant of the
third phase monitored by stopped-flow experiments (0.52 �
0.01 s�1). When a solution of S146C�FMNH��HPA was mixed
with air-saturated buffer and left for 5 min, the reaction
resulted in the formation of 65 � 2%DHPA, in agreement with
the extrapolated value from the rapid-quench plot (68 � 3%,
Fig. 6B).
Kinetic Mechanism of the H120K, S146A, and S146C Reac-

tions in the Presence of HPA—The results from Fig. 2B, Fig. 6,A
and B, and Table 2 indicate that after formation of C4a-hy-
droperoxy-FMN�HPA, the enzymatic pathway is divided into
two pathways in which one pathway generates the product and
the other generates H2O2 without hydroxylation. Therefore,
the observed rate constants measured from the rapid-quench
experiments (7.1 � 0.8 s�1 for H120K, 3.9 � 0.8 s�1 for S146A,
and 0.52 � 0.05 s�1 for S146C) or from the second phase of the
H120K reaction (6.2 � 0.5 s�1) and the third phase of the Ser-
146 variants (4.3 � 0.3 s�1 for S146A and 0.52 � 0.01 s�1 for
S146C) from the stopped-flow data are combined values (kOH �
kH2O2) from both pathways according to the nature of parallel
reactions (see Equation 1 and Connors (30)). The percentage of
DHPA formed (80 � 4, 66 � 2, and 68 � 3% from the reactions
of H120K, S146A, and S146C at pH 7.0, respectively) is equiv-
alent to the ratio of kOH/(kOH � kH2O2) (see Equation 2).
In Equation 1, kobs is the observed rate constant for the par-

allel reactions of A 3 B and A 3 C. kB is the rate constant
associated with the former reaction, whereas kC is that of the
latter reaction (30). In Equation 2, kOH is the rate constant of
HPA hydroxylation (k4, Fig. 4), and kH2O2 is the rate constant of
H2O2 formation (k6, Fig. 4).

kobs � kB � kC (Eq. 1)

%DHPA formation �
kOH

kOH � kH2O2
(Eq. 2)

The results in Figs. 2B and 6,A andB, andTable 2were analyzed
according to Equations 1 and 2 to obtain the values of kOH and
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kH2O2 for both variants (Fig. 4 and Table 1). For H120K, the
hydroxylation rate constant was 5.7 � 0.6 s�1 (k4, Fig. 5), and
the rate constant of H2O2 elimination due to the uncoupling
pathway (k6, Fig. 5) was 1.4� 0.6 s�1. For the S146 variants, the
rate constants of hydroxylation were 2.6 � 0.1 s�1 for S146A
and 0.35 � 0.05 s�1 for S146C. The rate constants of H2O2
elimination from the uncoupling pathway (k6, Fig. 5) were 1.3�
0.1 s�1 for S146A and 0.17 � 0.05 s�1 for S146C. This analysis
also suggested that the fourth phase (k5 � 0.031� 0.001 s�1) of
the S146A reaction was likely the hydration of C4a-hydroxy-
FMN to form the oxidized flavin. However, for S146C, this
dehydration process must be rapid and at least 10 times greater
than 0.35 s�1 because the formation of oxidized FMNwas syn-
chronized with the hydroxylation step. These data suggest that
the hydroxylation rate constant of H120K is about one-third of
the wild-type value (�16 s�1) and about 2- and 20-fold greater
than the rate constants of S146A and S146C, respectively.
pH Effects on Product Formation by S146C and S146A—For

the wild-type C2 reaction, HPA (�90%) is hydroxylated to form
DHPA in the pH range of 6.2–9.9 (15). Therefore, we investi-
gated the effect of pH on DHPA formation in the Ser-146 vari-
ants (S146A and S146C). A solution of S146C (100 �M),
FMNH� (50 �M), and HPA (20 mM) in 10 mM sodium phos-
phate buffer, pH 7.0, was mixed with air-saturated buffers of
various pH values in vessels inside the anaerobic glove box. All
concentrations represent those after mixing. After mixing for 5
min, the reactions were quenched with 0.15 M HCl, and the
samplewas analyzed usingHPLC (“Experimental Procedures”).
The analysis showed that 64 � 3% of HPA was hydroxylated to
formDHPA for the reactions of S146C�FMNH��HPA in the pH
range of 6.0–9.0. At pH 9.5 and 10.0, the hydroxylation per-
centage decreased to 47� 1 and 27� 4%, respectively (Table 2).
This effect may be due to ionization of the cysteine residue of
S146C at higher pH (more details are provided under
“Discussion”).
For S146A, a solution of S146A�FMNH��HPA (100 �M

S146A, 50 �M FMNH�, 2 mM HPA) was mixed with air-satu-
rated buffers in vessels inside the anaerobic glove box at various
pH values, similar to the experiment performedwith S146C. At
all pH values in the range of 6.0–10.0,�70%DHPA formed per
FMNH� used (Table 2). These results differed from those of
S146C because pH had no effect on product formation by
S146A. The Ala-146 side chain in S146A is not ionizable, sug-
gesting that the decreased production of DHPA in S146C at
pH � 9.0 must be due to ionization of the Cys-146 side chain.

DISCUSSION

Our results show that His-120 and Ser-146 are crucial for the
hydroxylation activity of C2. His-120 is particularly important
becausemutation of this residue to a neutral or negative charge
can abolish the hydroxylation, whereas a positive charge resi-
due can substitute its function in hydroxylation. Ser-146 inter-
actions with the substrate are not mandatory for hydroxylation
but assist in positioning the enzyme-bound HPA in an opti-
mum geometry for hydroxylation. According to x-ray struc-
tures of two-component monooxygenases that utilize phenolic
compounds as substrates, these two residues arewell conserved
(24, 31, 32). Our findings imply that the conservedHis/Ser pairs

found in other two-component monooxygenases may have
similar functional roles.
The analysis of the His-120 variants (H120N, H120Q,

H120Y, H120D, H120E, H120K, and H120R) indicates that a
positive charge at residue 120 enables the hydroxylation proc-
ess. H120K and H120R can catalyze HPA hydroxylation,
whereas the rest are inactive. H120K catalyzes hydroxylation of
HPA with efficiency similar to that of the wild-type enzyme.
The hydroxylation ratio of H120Kwas 75� 6% in a pH range of
6.0–10.0, and the hydroxylation rate constant was 5.7 � 0.6
s�1, which is comparablewith a value of 16 s�1 for thewild-type
enzyme. H120R can also catalyze the hydroxylation of HPA to
yield�10–15%DHPAat pH6.0–10.0. These results imply that
a positive charge at residue 120 supports HPA hydroxylation,
possibly through the selective binding of the HPA phenolate.
The pKa values of the side chains of Lys andArg in free solution
are generally �10.4 and �12, respectively (33). Although the
pKa value of Lys can vary depending on the microenvironment
of the protein active site, the pKa of Arg is generally constant
(34, 35). Because bothH120KandH120R canhydroxylateHPA,
it is reasonable to assume that the lysine and arginine side
chains in H120K and H120R have a similar protonation status,
i.e. that they are positively charged at all pH values in a pH range
of 6.0–10.0. Because no variation in the hydroxylation effi-
ciency or rate constants due to the pH change was observed for
wild-type C2 (15), the data imply that the protonation status of
the key components required for hydroxylation remain con-
stant in this pH range, i.e. His-120, may be positively charged.

The findings that H120N, H120Q, H120Y, H120D, and
H120E variants are inactive also implies that a neutral or nega-
tive charge cannot replace the positive charge required at this
residue. All variants can formC4a-hydroperoxy flavin with rate
constants similar to that of the wild-type enzyme (supplemen-
tal Fig. 1–5, Table 1). The results in Fig. 5 indicate that the
aberrant hydroxylation ability of H120N is not due to an abol-
ishment of substrate binding. H120N can still bind HPA, as
indicated by the change in absorbance at 390 nm at a reaction
time of 2 s at various HPA concentrations and the influence of
HPA on the rate constants of H2O2 elimination from C4a-hy-
droperoxy-FMN (Fig. 5, supplemental Fig. 7). Although the Kd
for binding of HPA to H120N was �10-fold higher than the
value for wild-type C2 (inset in Fig. 5), the 20mM concentration
of HPA used in the product determination experiment should
result in the formation of at least 43 �MH120N�C4a-hydroper-
oxy-FMN�HPA complex. Although we cannot completely rule
out the possibility that HPA binds to the H120N, H120Q,
H120Y, H120D, and H120E variants with the wrong geometry
for hydroxylation, the observed hydroxylation in the H120K,
H120R, S146A, and S146C variants suggests that imperfect
binding of HPA can result in hydroxylation if the mechanistic
requirement is met. Therefore, the absence of hydroxylation
activity in H120N is likely to be due to the lack of a positive
charge at residue 120.
Based on the current data, we propose that His-120 interacts

with HPA via formation of the His-120���HPA�� complex.
His-120 and HPA share a common proton for which most of
the positive charge characteristic remains at His-120 (Fig. 7).
This setup is advantageous for facilitating the subsequent HPA
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hydroxylation process via an electrophilic aromatic substitu-
tionmechanism. The formation of the His-120���HPA�� com-
plex may be a key requirement for efficient hydroxylation of C2
throughout the pH range of 6.0–10.0. The model in Fig. 7
implies an unusually low pKa value for the phenolic group of
HPA and an unusually high pKa for His-120 upon
enzyme�substrate complex formation. In free solution, the pKa
of His is�6.4 (36). Unusually high pKa values for His have been
reported for tyrosine phosphatase (pKa of �9.2) (37) and the
complex of gallium-protoporphyrin (pKa of �9.7) (38). Never-
theless, we cannot rule out a model in which His-120 and HPA
interact via a neutral hydrogen bond interaction and a partial
charge pair complex, as in Fig. 7, exists transiently during the
hydroxylation.
The analysis of S146A and S146C suggests that the role of

Ser-146 is the optimal alignment of the C2-bound HPA for
hydroxylation and that this residue, unlike His-120, is not
directly engaged inHPAhydroxylation. The importance of Ser-
146 lies in its proper size and its ability to form a hydrogen bond
with an oxygen atom of HPA (Fig. 1). S146A forms DHPA with
a rate constant of 2.6 � 0.1 s�1 (�6-fold lower than the wild-
type value) and a product coupling ratio of 66 � 2% at pH 7.0.
For S146C, the hydroxylation rate constant is 0.35 � 0.05 s�1

(45-fold less than wild-type C2), and 68 � 3% DHPA was pro-
duced. These results indicate that replacing the side chain of
residue 146 with a thiol group (S146C), which is capable of
making a hydrogen-bond interaction but has amuch larger van

der Waals radius, impaired the hydroxylation step more than
replacing it with a comparably sizedmethyl side chain (S146A).
Therefore, the role of Ser-146 is to align the C2-bound HPA so
that the substrate can be efficiently hydroxylated by C4a-hy-
droperoxy-FMN. These results also imply that Ser-146 is not a
key residue for committing the substrate for hydroxylation. In
this respect, Ser-146 and His-120 have interesting, discrete
functions in substrate binding, although theO� atomof Ser-146
and N� atom of His-120 are located �2.8 Å from the phenolic
moiety of HPA (23).
The decreased hydroxylation efficiency of S146C at pH val-

ues greater than 9.0 (Table 2) also supports the model in Fig. 7,
which depicts the His-120���HPA�� complex as a required
enzyme�substrate complex for productive hydroxylation.
Because no pH effect was observed for product formation by
S146A (Table 2), the pH effect on S146C must be due to an
ionization of the Cys-146 side chain. In general, the pKa of
cysteine in aqueous solution is 9.1 (36). The observation that
adverse effects on product formation began at pH 9.5 suggests
that hydroxylation is disfavored when the side chain of Cys-146
is deprotonated. This may be due to a repulsive interaction
between the negatively charged thiolate and the negatively
charged HPA that may subsequently disturb the formation of
the His-120���HPA�� complex.

The requirement for formation of the His-120���HPA��

complex suggests that the hydroxylation likely occurs via an
electrophilic aromatic substitutionmechanism (Fig. 7). For sin-

FIGURE 7. Proposed mechanism for the hydroxylation of HPA catalyzed by C2. Hydroxylation occurs through an electrophilic aromatic substitution
reaction. The formation of His���HPA�� increases substrate nucleophilicity and facilitates oxygen atom transfer from C4a-hydroperoxy-FMN as an electrophile
in the subsequent step. Ser-146 is not directly involved in the reaction but facilitates efficient hydroxylation by C2.
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gle-component flavin-dependent monooxygenases, studies
using a series of 8-substituted flavin analogs in the reactions of
PHBH and MHPCO have shown that oxygen atom transfer
occurs by an electrophilic aromatic substitution mechanism
(10–12). Bronsted plots of the hydroxylation rate constants ver-
sus the pKa values of the C4a-hydroxy flavin, which represent
the stability of the C4a-flavin-alkoxide (a leaving group in the
second step in Fig. 7), yield a negative slope. These data indicate
that a partial negative charge is formed at the flavin leaving
group during the transition state of the reaction (9–12).
Because the hydroxylation of an aromatic compound catalyzed
byC2 is similar to the reactions of PHBHandMHPCO, it can be
envisaged that the electrophilic aromatic substitution could
operate in the C2 reaction. The formation of the His-
120���HPA�� complex should set a convenient stage for the
electrophilic aromatic substitution reaction to proceed because
it increases the nucleophilicity of HPA due to a higher electron
density in the negatively charged HPA that facilitates the sub-
sequent electrophilic attack by the terminal oxygen of C4a-hy-
droperoxy flavin (Fig. 7).
The increase in substrate nucleophilicity is important for the

ability of flavin-dependent aromaticmonooxygenases to enable
efficient oxygen atom transfer reactions. Different enzymes
achieve this process through differentmechanisms. Our results
suggest that C2 may allow formation of the His-120���HPA��

complex throughout pH range of 6.0–10.0 such that the nega-
tively charged HPA is prone to receive the electrophile (Fig. 7).
Selective binding of a deprotonated hydroxyl group to facilitate
the electrophilic aromatic substitution has been observed for
the reaction of MHPCO (11, 12, 39). Although the substrate
(MHPC) of MHPCO exists as a tautomeric mixture at pH 7.0,
only the tripolar ionic form inwhich the hydroxyl group (equiv-
alent to the phenolic group in HPA) is deprotonated binds to
MHPCO (12, 39). For the PHBH reaction, both the phenolic
and phenolate forms of the substrate (pOHB) can bind to the
enzyme, depending on the pH of the solution. However, once
bound to the enzyme, the pKa of pOHB decreases to 7.4, �1.9
units below the regular pKa of pOHB in solution (pKa � 9.3) (6,
9, 40). The deprotonation of pOHB is necessary for facilitating
the hydroxylation process because the hydroxylation rate con-
stant increases �6-fold with a rise in pH according to a pKa of
7.1 (9, 13). The pKa of pOHB bound in PHBH is lowered by a
hydrogen-bonding network that links pOHB with Tyr-201,
Tyr-385, molecular water, and the surface residue His-72 (6, 9,
13, 14, 40). Recently, a study of styrene monooxygenase,
another two-component flavin-dependent enzyme that also
employs C4a-hydroperoxy flavin as an oxygenation species, has
shown that the oxygenation (epoxidation) reaction of styrene
monooxygenase is favored at lower pH values, consistent with a
pKa of 7.7 (41). The functional group associated with this pKa
value has not been assigned and is thought to be associatedwith
a pKa value in the active site. The above examples demonstrate
that flavin-dependentmonooxygenases employ different active
site fine-tuning mechanisms to achieve oxygen atom transfer.
The roles of His-120 and Ser-146 in the C2 active site in

providing specific interactions with HPA to achieve effective
hydroxylation may also be present in other flavin-dependent
monooxygenases. Homologues of these residues are found in

the oxygenase component (HpaB) of HPAH from T. thermo-
philus HB8, in which the O atom of Thr-104 and the N� of
His-142 are 2.5 and 2.8 Å from the hydroxyl group of HPA,
respectively (24), and in the oxygenase involved in the choles-
terol catabolic pathway of Mycobacterium tuberculosis, in
which His-92 and Ser-118 are about 2.4 Å from the hydroxyl
group of the modeled 3-hydroxy-9,10-seconandrost-1,3,5(10)-
triene-9,17-dione substrate (32). For the oxygenase (TftD) of
chlorophenol 4-monooxygenase from Burkholderia cepacia
AC1100, His-289 was proposed to interact with a hydroxyl
group of 2,5-dichlorohydroquinone docked in the structure of
TftD (31). Site-directed mutagenesis of His-289 to alanine in
TftD abolished the hydroxylation activity of TftD when 2,5-
dichlorohydroquinone was used as a substrate (31). Based on
our current data, we speculate that the His-289 residue in TftD
may have a similar function as His-120 in C2.

In conclusion, His-120 and Ser-146 are important catalytic
residues in C2. Formation of the His-120���HPA�� complex
may be a key factor that prompts the enzyme to readily catalyze
the oxygenation reaction via an electrophilic aromatic substi-
tution mechanism. Ser-146 is important for proper binding of
HPA for efficient hydroxylation. The mechanism by which C2
facilitates oxygen atom transfer is different from that of single
component enzymes such as PHBH. The findings here are use-
ful for the future application of two-component enzymes as
biocatalysts.
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