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p-Hydroxyphenylacetate (HPA) 3-hydroxylase (HPAH) cata-
lyzes the hydroxylation of HPA at the ortho-position to yield
3,4-dihydroxyphenylacetate. The enzyme is a flavin-dependent
two-component monooxygenase that consists of a reductase
component and an oxygenase component (C,). C, catalyzes
the hydroxylation of HPA using oxygen and reduced FMN as
co-substrates. To date, the effects of pH on the oxygenation of
the two-component monooxygenases have never been re-
ported. Here, we report the reaction kinetics of C,)FMNH™
with oxygen at various pH values investigated by stopped-flow
and rapid quenched-flow techniques. In the absence of HPA,
the rate constant for the formation of C4a-hydroperoxy-FMN
(~1.1 x 10° m~!s™!) was unaffected at pH 6.2-9.9, which indi-
cated that the pK, of the enzyme-bound reduced FMN was less
than 6.2. The rate constant for the following H,O, elimination
step increased with higher pH, which is consistent with a pK,
of >9.4. In the presence of HPA, the rate constants for the for-
mation of C4a-hydroperoxy-FMN (~4.8 x 10* M~ 's™!) and
the ensuing hydroxylation step (1517 s~') were not signifi-
cantly affected by the pH. In contrast, the following steps of
C4a-hydroxy-FMN dehydration to form oxidized FMN oc-
curred through two pathways that were dependent on the pH
of the reaction. One pathway, dominant at low pH, allowed the
detection of a C4a-hydroxy-FMN intermediate, whereas the
pathway dominant at high pH produced oxidized FMN with-
out an apparent accumulation of the intermediate. However,
both pathways efficiently catalyzed hydroxylation without gen-
erating significant amounts of wasteful H,O, at pH 6.2-9.9.
The decreased accumulation of the intermediate at higher pH
was due to the greater rates of C4a-hydroxy-FMN decay
caused by the abolishment of substrate inhibition in the dehy-
dration step at high pH.

Flavin-dependent monooxygenases catalyze the incorpora-
tion of a single atom of molecular oxygen into organic sub-

* This work was supported by Grants BRG5180002 (to P. C.) and MRG5380240
(to J. S.) from the Thailand Research Fund and a grant from the Faculty of
Science, Mahidol University (to P. C.).

51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental “Procedures and Data” and Figs. 1-3.

' Supported by the Development and Promotion of Science and Technol-
ogy Talents Project (Thailand).

2 To whom correspondence should be addressed. Tel.: 662-2015596; Fax:
662-3547174; E-mail: scpcy@mahidol.ac.th.

JANUARY 7, 2011 +-VOLUME 286°NUMBER 1

strates (1, 2). The enzymes have been classified into six classes
according to their catalytic and structural properties. They
have also been categorized into two major types according to
their protein components: a single-component type, in which
reduction of a flavin cofactor and oxygenation of an organic
substrate occurs within the same single polypeptide chain;
and a two-component type, in which each reaction occurs on
separate proteins (1, 2). Single-component monooxygenases
have been identified since the 1960s and have been found to
be involved in the aerobic metabolism of aromatic and ali-
phatic compounds in various organisms (2—4). The well
known prototype for single-component monooxygenases is
p-hydroxybenzoate hydroxylase from Pseudomonas fluore-
scens (5, 6). The first enzyme identified as a two-component
monooxygenase was bacterial luciferase (7). Nevertheless,
most of the two-component monooxygenases have been iden-
tified only during the past decade and have increasingly
emerged as common enzymes in nature that are involved in
many important reactions in various microorganisms (1, 8).
Reactions catalyzed by two-component monooxygenases in-
clude oxygenation and halogenation of organic compounds
such as p-hydroxyphenylacetate (9), phenol (10), trichorophe-
nol (11, 12), p-nitrophenol (13), styrene (14—16), alkane sul-
fonate (17, 18), and EDTA (19). Two-component monooxyge-
nases are also involved in oxygenation and halogenation
reactions in the biosynthetic pathways of actinorhodin
(ActVA) (20), angucyclin (21), enediyne (SgcC) (22), rebecca-
mycin (RebH) (23), pyrrolnitrin (PrnA) (24), violacein (25),
kutzneride (26), and differentiation-inducing factor-1 (27).
All flavin-dependent monooxygenases perform oxygen-
ation through the participation of a reactive intermediate,
C4a-hydroperoxy-flavin, which has been well documented
and detected by transient kinetics for the reactions of single-
component monooxygenases. These monooxygenases include
p-hydroxybenzoate hydroxylase (PHBH)? (5, 6), phenol hy-
droxylase (28), melilotate hydroxylase (29), antranilate hy-
droxylase (30), Baeyer-Villiger monooxygenases (31, 32),
2-methyl-3-hydroxypyridine-5-carboxylic oxygenase

3 The abbreviations used are: PHBH, p-hydroxybenzoate hydroxylase;
HPA, p-hydroxyphenylacetate; HPAH, p-hydroxyphenylacetate hy-
droxylase; DHPA, 3,4-dihydroxyphenylacetate; C,, the reductase com-
ponent of HPAH from A. baumannii; C,, the oxygenase component of
HPAH from A. baumannii; HpaA, the oxygenase component of HPAH
from P. aeruginosa.
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(MHPCO) (33, 34), 2-hydroxybiphenyl 3-monooxygenase
(35), and kynurenine 3-monooxygenase (36). For two-compo-
nent monooxygenases, this intermediate was detected in the
reactions of bacterial luciferase (37), p-hydroxyphenylacetate
hydroxylase (38 —40), chorophenol 4-monooxygenase (41),
styrene monooxygenase (42), alkane sulfonate monooxygen-
ase (18), and the oxygenases involved in the biosyntheses of
rebeccamycin (43) and actinorhodin (44). The mechanistic
challenge for these enzymes lies in their ability to control the
reactivity of C4a-hydroperoxy-flavin, which is generally mani-
fested through the active site environment. It is known that
C4a-hydroperoxy-flavin can act as an electrophile or nucleo-
phile depending on the protonation status of a terminal per-
oxide group (3, 45, 46). The terminal -OH of C4a-hydroper-
oxy-flavin is transferred as an electrophile in an electrophilic
aromatic substitution reaction, whereas the peroxide group of
C4a-peroxy-flavin performs a nucleophilic attack. C4a-hy-
droperoxy-flavin is commonly found in monooxygenases cat-
alyzing the hydroxylation of aromatic compounds (2, 47-50),
whereas C4a-peroxy-flavin is found in Baeyer-Villiger mo-
nooxygenases and bacterial luciferase (2, 31, 37, 47). Studies
of the PHBH reaction at various pH values have shown that
the hydroxylation rate constant is greater at higher pHs be-
cause of the deprotonation of the substrate, p-hydroxybenzo-
ate, to a phenolate form, which in turn facilitates the electro-
philic aromatic substitution reaction (5, 6, 51). To date, none
of the two-component monooxygenases have been character-
ized with respect to the pH dependence of their C4a-(hy-
dro)peroxy-flavin reactivity.

p-Hydroxyphenylacetate hydroxylase (HPAH) from Acin-
etobacter baumannii catalyzes the hydroxylation of p-hy-
droxyphenylacetate (HPA) at the ortho-position to yield 3,4-
dihydroxyphenylacetate (9). The enzyme serves as an
attractive model for investigating how hydroxylation of a phe-
nolic compound can be catalyzed by a two-component mo-
nooxygenase. It consists of a smaller reductase component
(C,), which contains FMN as a cofactor, and a larger oxygen-
ase component (C,), which has no cofactor bound and
employs reduced FMN (FMNH ") as a substrate for the hydroxy-
lation of HPA (9, 52). Although it catalyzes a similar ortho-
hydroxylation of a phenolic compound as single-component
hydroxylases, the amino acid sequence (52) and the three-
dimensional structure (53) of HPAH compared with single-
component monooxygenases are significantly different (1, 5,
52, 53). The active site residues and the binding mode of HPA
in C, (Fig. 1) are completely different from those of PHBH (5).
The active site of C, contains a few catalytic residues, which
comprise dissociable protons. These residues are in the
proper vicinity to participate in the hydroxylation reaction.
Therefore, it is interesting to investigate the effects of pH on
C, hydroxylation.

In addition to HPAH from A. baumannii, the structures
and catalytic properties of the same enzyme from Pseudomo-
nas putida (54), Escherichia coli (55), Pseudomonas aerugi-
nosa (40), Sulfolobus tokodaii (56), and Thermus thermophilus
HB8 (57) have been reported. Interestingly, HPAHs from all
of these species display a certain degree of variation. The size
of C, is about twice those of other flavin reductases, and it
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FIGURE 1. Binding mode of HPA at the active site of C,. HPA is shown in
green and FMNH™ in yellow. Residues His-120, Ser-146, and His-396 are
labeled.

contains an additional C-terminal regulatory domain (52, 58).
The substrate specificity of C, is different from other HPAH
oxygenases, as C, can use FMNH ™ and FADH ™ equally well
(39, 52). The other oxygenases, however, specifically prefer
FADH"™ (40, 55, 57). A comparison of the structures of C, and
the oxygenase from T. thermophilus HB8 (HpaB) indicates an
extra 35—6 loop in T. thermophilus HpaB, which facilitates
the preferential binding for FADH™ instead of FMNH ™ (40,
53, 57). Although the overall structures of C, and HpaB from
T. thermophilus share the same folding of the acyl-CoA dehy-
drogenase superfamily, the catalytic residues at the active sites
of C,, HpaB, and the oxygenase from P. aeruginosa (HpaA)
are different (40, 53, 57). These differences indicate that there
are different mechanistic details among these enzymes. A pre-
vious report has shown that the binding of C, to FMNH ™ is
rapid (>10" M~ 's™ ') (39), enabling efficient transfer of
FMNH™ from C; to C, via diffusion without requiring a pro-
tein-protein interaction between the two proteins (59). Re-
cently, it has been shown that the kinetic mechanism of HpaA
and the reduced flavin transfer from HpaC (the reductase) to
HpaA are different from those of the C;-C, system (40).

With the available knowledge of kinetics and structures of
C,, this enzyme serves as a good model for investigating the
effects of pH on the reactivity of C4a-hydroperoxy-flavin. In
this report, the reactions of C,,)FMNH™ with oxygen in the
presence and absence of HPA at various pH values were in-
vestigated using stopped-flow and rapid quenched-flow tech-
niques. These results demonstrate that the hydroxylation by
C, is unaffected by variations in pH from 6 to 10 in terms of
the hydroxylation rate constant and product formation. These
results also imply that the optimal interactions among HPA,
C4a-hydroperoxy-FMN, and the active site residues are
achieved throughout this pH range to allow for effective
hydroxylation.

EXPERIMENTAL PROCEDURES
Reagents—The C, and C, used in this study were cloned,

expressed, and purified as described previously (9, 52). All
chemicals and reagents used were from commercial sources
and of analytical grade. High purity FMN was prepared by
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conversion of FAD to FMN using snake venom from Crotalus
adamanteus (58). Concentrations of the following com-
pounds were determined using known extinction coefficients
at pH 7.0: NADH, €,,, = 6.22 mm ' cm ™ ; HPA, €,,, = 1.55
mM~ 'em ™ FMN, €, = 12.2 mM ™ 'cm ™ }; 3,4-dihydroxy-
phenylacetate (DHPA), €,5; = 2.74 mM 'cm™ 55 C, €455 =
12.8 mM 'em ™Y C,, €540 = 56.7 MM~ ‘cm ™ ', Details for spec-
troscopic studies and the enzyme assay for C, are based on
our previous reports (39, 59) and are described in the supple-
mental material (“Procedures and Data”).

Rapid Kinetics Measurements—All reactions were per-
formed with a Hi-Tech Scientific model SF-61DX stopped-
flow spectrophotometer (Hi-Tech Scientific, Salisbury, UK) in
single mixing mode at 4 °C. Details for the rapid kinetics
measurements are described in the supplemental material.
The methods used for studying the reactions of C, with oxy-
gen were similar to those used previously (39), except dithio-
threitol (DTT) was removed from the enzyme solution prior
to the experiments. The buffers used for maintaining various
pH values were 100 mMm sodium phosphate buffer, pH 6.0 —
7.5, 100 mMm Tris-HCI buffer, pH 8.0—8.5, and 100 mm glycine
adjusted with NaOH, pH 9.0-10.0. Stopped-flow experiments
were monitored for absorbance changes at 380 and 446 nm.
For product analysis, about four shots from the stopped-flow
mixing were collected at each pH after the reaction was com-
plete. HCl was added to the collected sample to a final con-
centration of 0.08 M, and the solution was passed through an
ultrafiltration unit (Microcon) with a molecular weight cut-off
0f 10,000 to collect the filtrate. The quantity of DHPA in each
sample was determined using HPLC analysis as described pre-
viously (9, 52).

Rapid Acid-quenched Experiments—C, reactions at various
pH values and at 4 °C were acid-quenched using a Hi-Tech
Scientific model RQF-63 Dimention™ D1 rapid quenched-
flow system in an anaerobic glovebox (Belle Technology).
This rapid quenched-flow system employs three syringes. An
anaerobic solution of C,, FMN, and HPA in 10 mMm sodium
phosphate buffer, pH 7.0, was reduced with a solution of so-
dium dithionite in the anaerobic glovebox. A solution of the
reduced enzyme-substrate complex (C,,FMNH ™ -HPA) from
one syringe was mixed with the oxygenated buffers and HPA
at various pHs from a second syringe. The reaction mixtures
were allowed to age for various time periods and were then
quenched by mixing with 0.15 M HCI from a third syringe.
After mixing and prior to quenching, the reaction contained
C, (100 uMm), FMNH™ (50 um), HPA (2 mm), and oxygen (0.13
mum). The final pH of the quenched reaction mixture was 1.4.
The mixtures contained soluble but denatured C,, which was
removed by ultrafiltration using a Microcon unit with a mo-
lecular weight cut-off of 10,000 (Amicon YM-10). The Micro-
con was centrifuged at 10,000 rpm for 30 min at 4 °C, and
~100 wl of filtrate was obtained. The amount of DHPA in
each quenched reaction was determined using the HPLC
method (9).

Determination of Hydrogen Peroxide Formed—Measure-
ments of oxygen consumption and H,O, formation at various
pHs were carried out in closed reaction vessels (3 ml total
volume) fitted with a Clark-type oxygen electrode and a mag-
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netic stirrer (Yellow Springs Instruments, model 53 oxygen
monitor) (9). The assay reaction contained 150 um NADH, 2
mMm HPA, 10 um FMN, 10 nm C,, and 3.35 uMm C, in buffers,
pH 6-10. The buffers used were 100 mm sodium phosphate
for pH 6.0-7.0, 100 mm Tris-HCl for pH 8.0, and 100 mm
glycine-NaOH for pH 9.0-10.0. To begin oxygen consump-
tion, the reaction was initiated by adding NADH (final con-
centration of 150 uM (100 ul)). Reaction completion was indi-
cated by a steady level of O, consumption, and catalase (20
units, 100 ul) was then added to the reaction mixture to con-
vert H,O, to O,. The amounts of H,O, are equivalent to two
times each mole of oxygen generated after adding catalase. A
buffer solution (100 wl) was added to the vessel at the end of
the reaction to calculate the oxygen increment due to sample
adding. In addition, the determination of H,O, from single
turnovers was carried out using a peroxidase-coupled assay as
described in the supplemental “Procedures and Data.” The
limit of detection for the peroxidase assay was 1% H,O,.
Data Analysis—Stopped-flow traces were analyzed by Pro-
gram A (written at the University of Michigan by Rong-yen
Chu, Joel Dinverno, and D. P. Ballou) or KinetAsyst 3 soft-
ware (Hi-Tech Scientific). Data from rapid-quench experi-
ments were analyzed using exponential fits based on the Mar-
quardt-Levenberg nonlinear fitting algorithms, which were
included in the KaleidaGhaph software (Synergy Software).

RESULTS

Reaction of CyFMNH~ with Oxygen—Previous results from
the reaction of C,,FMNH™ with oxygen have shown that the
observed rate constants of C(4a)-hydroperoxy-FMN forma-
tion are linearly dependent on oxygen concentrations, with a
bimolecular rate constant of 1.1 X 10° M~ 's™'. The interme-
diate decays to form hydrogen peroxide (H,O,) with a first-
order rate constant of 0.037 s~ ! (39). This reaction was car-
ried out in the presence of 0.5 mM DTT. In this study, the
reaction of C,,FMNH™ with oxygen in the presence and ab-
sence of HPA were reinvestigated in the absence of DTT.

The reduced enzyme (C,,)FMNH ™) in 50 mm sodium phos-
phate buffer, pH 7.0, was mixed with buffers containing vari-
ous oxygen concentrations. The conditions used for these
experiments were similar to those in the previous report (39),
except the enzyme concentration was increased from 25 to 35
uM. After mixing, the reaction contained C, (35 um), FMNH™
(16 um), and oxygen (0.13, 0.31, 0.61, and 1.03 mm). The reac-
tions were monitored for absorbance changes at 380 and 446
nm, and the reaction kinetics were found to be biphasic (sup-
plemental Fig. 1). The first phase was a bimolecular reaction,
which represents the formation of C(4a)-hydroperoxy-FMN
as its absorbance at 380 nm, increased with no change in ab-
sorbance at 446 nm (supplemental Fig. 1 and 39). A plot of the
observed rate constants (k) of this phase versus the oxygen
concentrations was linear and showed the same value as the
published value of 1.1 X 10° M~ 's™* at 4 °C and pH 7.0 (39).
The second kinetic phase resulted in a decrease of absorbance
at 380 nm and a large increase of absorbance at 446 nm, indi-
cating that this phase corresponded to H,O, elimination from
the C(4a)-hydroperoxy-FMN. This phase was concomitant with
the formation of the oxidized enzyme (supplemental Fig. 1).

JOURNAL OF BIOLOGICAL CHEMISTRY 225


http://www.jbc.org/cgi/content/full/M110.163881/DC1
http://www.jbc.org/cgi/content/full/M110.163881/DC1
http://www.jbc.org/cgi/content/full/M110.163881/DC1
http://www.jbc.org/cgi/content/full/M110.163881/DC1
http://www.jbc.org/cgi/content/full/M110.163881/DC1
http://www.jbc.org/cgi/content/full/M110.163881/DC1
http://www.jbc.org/cgi/content/full/M110.163881/DC1
http://www.jbc.org/cgi/content/full/M110.163881/DC1

pH-dependent Studies of p-Hydroxyphenylacetate Hydroxylase

Analysis of this phase yielded a rate constant of 0.003 s~ " at all
oxygen concentrations, which was about 12-fold less than the
value obtained from the reaction in the presence of 0.5 mm DTT
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FIGURE 2. Reactions of C,-FMNH™ with oxygen at various pHs. A, a solu-
tion of the reduced enzyme (C,-FMNH ™) was mixed with buffers containing
oxygen at various pHs using the stopped-flow spectrophotometer. The re-
actions were monitored for absorbance changes at 380 and 446 nm. After
mixing, the reactions contained C, (35 um), FMNH™ (16 um), and oxygen
(1.03 mm). The final pH values were 6.2,6.7,7.1,7.5,7.9,8.4,9.1,9.4, and 9.9.
The traces at 446 nm are shown from right to left according to low to high
pH values, whereas those of 380 nm are according to the upper to lower
traces. Traces at pH 6.2 and 6.7 are identical and superimposed on each
other. B, plots of k. of C4a-hydroperoxy-FMN formation versus the oxygen
concentrations at pH 6.2 (empty circles) and 9.9 (filled circles). C, a plot of rate
constants for the H,0, elimination step versus pH. The values are 0.0017,
0.0018, 0.0033, 0.0081, 0.015, 0.085, 0.145, 0.30, and 0.41 s~ ' at pH 6.2, 6.7,
7.1,7.5,7.9,84,9.1,9.4,and 9.9, respectively.
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(39). It is currently unknown how DTT enhances this H,O,
elimination process.

Reaction of CyyFMNH ~ with Oxygen at Various pHs—A
solution of the reduced enzyme (C,,FMNH ") in 10 mM so-
dium phosphate buffer, pH 7.0, was mixed with buffers of var-
ious oxygen concentrations at pH 6 —10. The buffers used
were 100 mm sodium phosphate for pH 6.0-7.5, 100 mm Tris-
HCl for pH 8.0-8.5, and 100 mum glycine-NaOH for pH 9.0 —
10.0. After mixing, the reaction contained C, (35 um),
FMNH ™ (16 um), and oxygen (0.13, 0.31, 0.61, and 1.03 mm)
at final pH values 0f 6.2, 6.7,7.1,7.5,7.9, 8.4, 9.1, 9.4, and 9.9.
The results displayed are those with 1.03 mMm oxygen. The
data showed that at all pH values, the reaction consisted of
two phases (Fig. 24). The first phase was the formation of
C(4a)-hydroperoxy-FMN, as shown by the absorbance in-
crease at 380 nm without any change at 446 nm. The second
phase was the elimination of H,O, from C(4a)-hydroperoxy-
FMN to generate oxidized flavin, as indicated by a large ab-
sorbance increase at 446 nm (Fig. 24). The rate constants for
the formation of C(4a)-hydroperoxy-FMN were independent
of pH and were almost constant at 1.1 X 10° M~ 's~" (Figs. 2B
and 3). This implies that at all pH values, the reduced flavin is
likely to be in the anionic form (deprotonated at the flavin
N1) because this form of reduced flavin reacts rapidly with
oxygen (45, 46). It also suggests that the pK, of reduced FMN
bound to C, is lower than 6.0 because the rate constant of this
phase did not significantly change with pH variation (Fig. 2B).
In contrast, the rate constant of the second phase, the elimi-
nation of H,O,, increased with higher pH values and was as-
sociated with a pK, of >9.4 (Fig. 2C). Although a curve asso-
ciated with a pK, of 9.4 can fit the plot in Fig. 2C, it is likely
that the real pK, value is higher than 9.4 because the curve
has not reached saturation. The highest pH investigated was
limited to pH 10.0 because C, becomes denatured above this
pH. This pK, may be due to the deprotonation at flavin N5 of
C(4a)-hydroperoxy-FMN to eliminate H,O, as a leaving
group, or it may be due to the residue acting as a general base
in H,O, elimination. A summary for the C, reaction in the
absence of HPA is described in Fig. 3.

Reaction of C;yFMNH +HPA with Oxygen at Various pHs—

A solution of the reduced enzyme plus HPA (C,,FMNH ™ -HPA)
in 10 mm sodium phosphate buffer, pH 7.0, was mixed with
buffers equilibrated with various oxygen concentrations at pH
610 in the stopped-flow spectrophotometer. The buffers
used were 100 mMm sodium phosphate for pH 6.0-7.5, 100 mm
Tris-HCI for pH 8.0 8.5, and 100 mMm glycine-NaOH for pH
9.0-10.0. After mixing, the reactions contained C, (35 um),
FMNH™ (16 um), HPA (2 mMm) and oxygen (0.13, 0.31, 0.61,
and 1.03 mm), and the final pHs were 6.2, 6.7, 7.1,7.5,7.9, 8.4,

kH202_00017 0.41 S
pH62 9.9

Njir L_, j@ J;( _»j@ Lj +H,0,

-1 OHO

ox 11x10 M s

C2:FMNH" pH6.2-9.9

C4a-hydroperoxy-FMN

Oxidized FMN

FIGURE 3. Reaction of C, in the absence of HPA at various pHs. Positions N5 and C4a of the isoalloxazine ring are labeled at the C,-FMNH ™ structure.
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FIGURE 4. Reactions of the C,-FMNH~-HPA complex with oxygen at vari-
ous pH. A solution of the reduced enzyme (C,-FMNH ™ -HPA) was mixed with
buffers containing oxygen plus HPA at various pH in the stopped-flow spec-
trophotometer. The reactions were monitored for absorbance changes at
380 (/ines) and 446 nm (lines with empty circles). After mixing, the reaction
contained C, (35 um), FMNH™ (16 um), HPA (2 mm), and oxygen (1.03 mm).
Absorbance traces at 446 nm are shown from right to left according to pH
6.2,6.7,7.1,7.5,7.9,84,9.3,and 9.9, and those at 380 nm are shown from
upper to lower traces as the pH increases.

9.3, and 9.9. Kinetic traces displayed in Fig. 4 represent those
from the reactions with 1.03 mm oxygen. The reactions were
followed by monitoring absorbance changes at 380 nm and
446 nm.

The results (Fig. 4) show that kinetic traces monitored at
380 nm consisted of three phases. The first phase was a small
increase in absorbance (up to 0.007 s), which was dependent
on oxygen concentration, with a bimolecular rate constant of
1.1 X 10° M~ 's~ !, and independent of pH. This phase was
interpreted as the reaction between a small fraction of C,
without HPA bound (C,-FMNH ™) and oxygen to form C(4a)-
hydroperoxy-flavin, as in the reaction in Fig. 2. The second
phase showed an increase in absorbance at 380 nm (0.007-
0.09 s), which was larger than the first phase (Fig. 4). The ob-
served rate constants of this phase were dependent on oxygen
concentration and independent of pH (supplemental Fig. 2).
This phase was interpreted as the reaction of C,,FMNH ™ *HPA
with oxygen to form C(4a)-hydroperoxy-FMN-HPA with a bi-
molecular rate constant of 4.8 X 10* M~ s~ ! (39). Therefore, the
rate constants of the first and second phases were not affected by
pH, implying that at all pH levels, reduced FMN bound in the
C,yEMNH™ or C,;FMNH -HPA complexes was in the anionic
form and that the pK, of FMNH, should be less than 6.0. The
third phase (0.09 s until the completion of the reaction) had an
absorbance decrease at 380 nm (~0.017 AU at pH 6.2-7.5 and
less than 0.007 AU at pH 7.9 and higher (Fig. 4)). Therefore, this
phase represents the decay of a flavin C4a-adduct intermediate
(C4a-hydroperoxy-FMN or C4a-hydroxy-FAD) to the oxidized
enzyme. On the basis of these data alone, a species of the flavin
C4a-adduct cannot be assigned, as our previous data indicate
that the spectra of C4a-hydroperoxy-FMN and C4a-hydroxy-
FMN bound to C, are very similar and that both have an absorp-
tion peak at ~380 nm (39). The observed rate constant of this
phase was dependent on pH (supplemental Fig. 3).

Kinetic traces monitored at 446 nm showed three phases.
The first phase represents a small lag in absorbance decrease,
which was synchronized with the change of the second phase
monitored at 380 nm. The observed rate constants of this
phase were dependent on oxygen concentration and inde-
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FIGURE 5. Analysis of data from the reactions of the C,-FMNH™-HPA
complex with oxygen at various pHs. A, shows a plot of the amplitude
changes at A, from the pathway that accumulates the C4a-adduct inter-
mediate (empty circles) and from the pathway that does not accumulate the
C4a-adduct intermediate (filled circles) versus pH. Data are from Fig. 4. A the-
oretical curve for a single ionization process with a pK, value of 7.8 can be
fitted to both plots. B, shows a plot of k. from the second phase of A,
(from the pathway without C4a-adduct accumulation) at various pH values
versus the oxygen concentrations.

pendent of pH in the same manner as the second phase moni-
tored at A,q,. Therefore, this phase was the reaction of

C, FMNH™-HPA with oxygen to form C4a-hydroperoxy-
FMN-HPA. The second phase of the traces monitored at 446
nm showed an absorbance increase, and its amplitude and
rate constant were dependent on pH (Fig. 5). The amplitude
of this phase at A4 .., increased with increasing pH, i.e.
from ~ 0.017 AU (0.015-0.2 s) at pH 7.1 to ~0.19 AU
(0.007-0.15 s) at pH 9.9. A plot of the amplitude change ver-
sus pH was consistent with a curve associated with a pK, of
7.8 (Fig. 5A). Rate constants of this phase increased according
to the oxygen concentration and pH (Fig. 5B). At an oxygen
concentration of 1.03 mu, the observed rate constant of this
phase increased from 12 s~ ' at pH 7.1 to 33 s~ * at pH 9.9
(Fig. 5B). Therefore, this phase represents the formation of
oxidized FMN without an apparent detection of the flavin
C4a-adduct intermediate. The third kinetic phase monitored
by an absorbance change at 446 showed an absorbance in-
crease, which was dependent on pH but not on oxygen con-
centration. The observed rate constants of this phase were the
same as those of the last phase monitored at 380 nm. There-
fore, this phase represents the formation of oxidized FMN
from the flavin C4a adduct intermediate. The amplitude of
this phase decreased with higher pH in a reciprocal fashion to
the amplitude change of the second phase at 446 nm (Fig. 5A4).
Plots of the amplitude changes versus pH for both the second
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and third phases were consistent with an ionizable group with
a pK,, of 7.8 (Fig. 5A). Therefore, the second and third phases
observed at 446 nm represent two pathways in which the en-
zyme returns to the oxidized species. The partition between
the two pathways was controlled by the pH of the reaction,
and the pK, associated with this partition was ~7.8. One
pathway that was more prominent at a lower pH was forma-
tion of the oxidized flavin via a detectable C4a-adduct inter-
mediate, as shown by the third phase of A4, and A,,,. Upon
an increase in pH, more of the enzyme returned to the oxi-
dized FMN via the pathway that did not allow detection of the
C4a-adduct intermediate (the second phase of the traces at
446 nm).

Measuring Rate Constants for Hydroxylation at Various
pHs Using Rapid-quench Techniques—Reactions of the
C,’FMNH ™ -HPA complex with oxygen at various pHs re-
sulted in the formation of flavin C4a-adduct intermediates
(Figs. 4 and 5). In principle, to generate the product, the reac-
tion should initially form C4a-hydroperoxy-FMN and be fol-
lowed by the hydroxylation of HPA and the formation of
C(4a)-hydroxy-FMN. However, on the basis of the flavin ab-
sorption data alone, the hydroxylation rate constant in the C,
reaction cannot be measured accurately because the absorp-
tion properties of C4a-hydroperoxy-FMN and C4a-hydroxy-
FMN are very similar (39). The hydroxylation rate constant at
pH 7.0 was approximated to be ~17-22 s~ ' based on the
stopped-flow data (39). In this study, to investigate the effects
of pH on the hydroxylation step, rapid acid-quench tech-
niques were used to measure the rate constants of product
formation. The rapid-quench apparatus employed a three-
syringe system. The reduced enzyme-substrate complex
(C,, FMNH ™ -HPA) in 10 mMm sodium phosphate buffer, pH
7.0, at 4 °C from one syringe was mixed with air-saturated
buffers containing HPA at various pHs from a second syringe.
The reaction mixture was allowed to age for a specified time
period and was then quenched by mixing with 0.15 m HCIl
from a third syringe. After mixing but before quenching,
the reaction contained C, (100 um), FMNH ™ (50 um), HPA
(2 mMm), and oxygen (0.13 mm) at pH 6.2, 7.1, 7.9, and 9.3.
The final pH of the quenched reaction was 1.4. The
amount of DHPA formed at each quenching point was de-
termined using the HPLC method (“Experimental Proce-
dures”). Plots of DHPA formed versus the age times at pH
6.2 and 9.3 yielded single exponential curves, as shown in
Fig. 6. Rate constants of the hydroxylation step at various
pH values are shown in Table 1. The results indicated that
the hydroxylation rate constants were in the range of 15 to
17 s~ ' at all pHs investigated. These data also imply that
the reactions in Fig. 4 initially formed C4a-hydroperoxy-
FMN, which was followed by hydroxylation to yield C4a-
hydroxy-FMN and DHPA (Fig. 7, steps a and b) before
forming the oxidized enzyme.

Hydroxylation Ratios of C, Reactions at Various pHs—The
reaction of C,,FMNH ™ -HPA with oxygen monitored by
stopped-flow spectrophotometry (Fig. 4) indicated that
the enzyme returned to oxidized FMN via two pathways. The
pathway dominant at lower pH (pH 6.2—8) allowed for the
detection of a flavin C4a-adduct. Based on the rapid-quench
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FIGURE 6. Rapid acid-quench of the reactions of C,-FMNH™-HPA with
oxygen at pH 6.2 (filled circles) and 9.3 (empty circles). Reactions of
C,'FMNH™-HPA with oxygen were quenched with 0.15 m HCl at various
times using the rapid-quench apparatus. After mixing and prior to quench-
ing, the reactions contained C, (100 um), FMNH™ (50 um), HPA (2 mm), and
oxygen (0.13 mm) at pH 6.2 (filled circles) or 9.3 (empty circles). The final pH of
the quenched reaction mixture was 1.4. A plot of DHPA formed versus
quenched times yielded a single exponential curve with a rate constant of
17 +2s TatpH6.2and 15 * 1 at pH 9.3. At the age time of ~10 s, the per-
centages of DHPA formed were around 90%.

TABLE 1
Hydroxylation ratios of C, reaction

Rate constant of Percentage of DHPA
pH hydroxylation formed per FMNH ™ used”
S*l
6.2 17 €2 90 *+5
6.6 91 = 4
7.1 16 =2 895
7.5 89+6
7.9 17 =2 92 x4
8.4 90 =3
9.3 15+1 92+2
9.8 89+ 4

“ Measurements of H,O, were carried out as described under “Experimental Pro-
cedures” to determine whether the ~10% product loss was due to H,O, forma-
tion. H,O, in a range of 0.5 to 2% was detected independently of pH. Therefore,
C, catalyzed an efficient hydroxylation reaction without significant formation of
H,0, from the uncoupling pathway, and ~10% of the product loss was due to
sample loss during the preparation process prior to the HPLC measurement.

data (Fig. 6, Table 1, and the previous section), the intermedi-
ate observed at ~0.2 s in Fig. 4 can be assigned as C4a-hy-
droxy-FMN. At higher pH values (pH 8.4-10.0), the majority
of the reaction did not result in a detectable intermediate
(Figs. 4 and 5). The immediate question that arose was
whether both pathways catalyzed a productive hydroxylation
to form DHPA. Therefore, the amount of DHPA formed from
a single turnover reaction at each pH was measured. The re-
sults in Table 1 indicated that at all pH values, the reaction
yielded similar hydroxylation ratios of ~90% (ratios of prod-
uct per reduced flavin), in agreement with the hydroxylation
rate constants at all pH values (Table 1 and Fig. 6). Measure-
ments of H,O, were also carried out to clarify whether ~10%
of the product loss was due to H,O, formation (“Experimen-
tal Procedures”). The results indicated that only 0.5-2% of the
H,O, was detected at all pHs (data not shown). Determina-
tion of H,O, from single turnovers was also carried out using
a peroxidase-coupled assay that measured H,O, with a detec-
tion limit of 1% (supplemental “Procedures and Data”). The
measurements could not detect any H,O, formation, which
confirmed that no significant amount of H,O, was generated
at pH 6-10. Therefore, C, catalyzed an efficient hydroxyla-
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FIGURE 7. The reaction of C, at low and high pHs. At low pHs, after hydroxylation (step b), DHPA dissociates and excess HPA binds to the C, active site
(step ), trapping and allowing the detection of C4a-hydroxy-FMN before dehydration (step d). At high pHs, after hydroxylation (step b), the dehydration
(step e) to generate the oxidized FMN is rapid, preventing accumulation and detection of C,-C4a-hydroxy-FMN.

tion reaction because the formation of H,0O, from the uncou-
pled pathway was not significant. The product loss of ~10%,
as indicated in Table 1, was most likely due to loss during
sample handing prior to the HPLC detection.

These results indicate that at all pH values, C, can effi-
ciently catalyze HPA hydroxylation. The reactions in Fig. 4
occur via formation of C4a-hydroperoxy-FMN, followed by
hydroxylation to yield C4a-hydroxy-FMN and DHPA (Fig.
7, steps a and b). At lower pHs, the pathway that allows
detection of C4a-hydroxy-FMN prior to the oxidation step
is more prominent (Fig. 7, left pathway). At higher pHs
(Fig. 7, right pathway), more of the enzyme returns to the
oxidized FMN via the pathway that does not allow detec-
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tion of the C4a-hydroxy-FMN, possibly because of the
rapid dehydration of C4a-hydroxy-FMN to form oxidized
FMN.

We propose that at low pH, excess HPA binds to C4a-
hydroxy-FMN (Fig. 7, step c¢) and inhibits the dehydration
of C4a-hydroxy-FMN to form oxidized FMN (Fig. 7, step d)
and that this allows the detection of C4a-hydroxy-FMN. At
high pH, flavin oxidation (Fig. 7, step e) occurs rapidly due
to the abolishment of HPA inhibition as in the low pH con-
dition. Therefore, at high pH, the reaction does not allow
for the detection of the C4a-hydroxy-FMN intermediate.
Kinetic mechanisms of C, at different pH values are sum-
marized in Fig. 7.

JOURNAL OF BIOLOGICAL CHEMISTRY 229



pH-dependent Studies of p-Hydroxyphenylacetate Hydroxylase

0.2 0.25
S >
< 0.18 o
o 0.2 8
Q =
® 0.16 o
© 0.15 ©
© 0.14 3
®© 01 @
Q2 0.12 N
5 I
g0 3
0.08 0
0.001  0.01 0.1 1 10

Time(s)

FIGURE 8. Reactions of C,-FMNH ™ with oxygen and HPA at various con-
centrations at pH 9.0. A solution of the reduced enzyme (C,-FMNH ) was
mixed with buffers containing oxygen and various concentrations of HPA in
the stopped-flow spectrophotometer. The reactions were monitored for
absorbance changes at 380 and 446 nm. After mixing, the reaction con-
tained C, (35 um), FMNH ™ (16 um), oxygen (0.13 mwm), and various concen-
trations of HPA. Absorbance traces at 446 nm are shown from right to left
according to the HPA concentrations of 80, 160, 400, 800, and 2000 um, and
the traces at 380 nm are shown from /left to right as the HPA concentration
increases.

Inhibition of the Dehydration Step by HPA at pH 9.0—It is
commonly known that aromatic substrates at high concentra-
tions exhibit inhibitory effects on the dehydration of C4a-
hydroxy-FMN (5, 28, 33). For the C, reaction at pH 7.0, ex-
cess HPA binds to the C4a-hydroxy-FMN intermediate with
the K, value of 41 uM (39). The data in the previous section
imply that the decrease of C4a-hydroxy-FMN detected at
higher pHs was due to the greater rates of intermediate decay.
This fast decay process might be because of the abolishment
of the substrate inhibitory effect during the dehydration step
(Fig. 7, steps c and d).

When C, reactions were carried out at pH 9.0 in the pres-
ence of various concentrations of HPA, the dehydration of
C4a-hydroxy-FMN to yield oxidized FMN (Fig. 7, step e) was
not inhibited at higher concentrations of HPA (Fig. 8), unlike
the reaction at pH 7.0 (39). In addition, the rates for flavin
oxidation (a large increase in A,,,) were faster at higher HPA
concentrations (Fig. 8) as opposed to the data at pH 7.0 (39).
This result supports the kinetic model described in Fig. 7
showing that at high pHs, excess HPA cannot inhibit the de-
hydration of the C4a-hydroxy-FMN intermediate because of
the abolishment of excess HPA binding. This may be caused
by a very fast dehydration process of C4a-hydroxy-flavin at
pH 9.0, i.e. the dehydration of C4a-hydroxy-FMN may occur
before the excess HPA can bind (see more under “Discus-
sion”). The slower rates of flavin oxidation (absorbance in-
crease at A, (Fig. 8)) at lower HPA concentrations was due
to the existence of the HPA-free enzyme. At HPA concentra-
tions lower than 2.0 mMm, some fraction of the enzyme was in
the HPA-free form similar to the reaction in Fig. 2. The HPA-
free form results in the formation of C4a-hydroperoxy-FMN,
which eliminates H,O, to generate oxidized FMN at a slower
rate (Figs. 2 and 3).

DISCUSSION

Our report elucidates the kinetics of C,-FMNH™ with oxy-
gen at various pH values and demonstrates that the hydroxy-
lation by C, is highly efficient. The kinetics of C, reactions in
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the absence and presence of HPA, at various pH values, pro-
vided insight into nature and catalytic properties of the C4a-
hydroperoxy-flavin intermediate of this enzyme. In the ab-
sence of HPA, C, formed C4a-hydroperoxy-FMN, which
eliminated H,O, to generate oxidized FMN (Fig. 3). The in-
termediate was more stable at lower pHs because a rate con-
stant for H,O, elimination increased when the pH was in-
creased. The plot of the observed rate constants versus pH
(Fig. 2C) was consistent with a pK, of >9.4, indicating that
the H,O, elimination process occurred faster at higher pHs.
This pK, may be due to the deprotonation of the flavin N5
proton to initiate H,O, elimination or to the residue acting as
a general base to abstract the flavin N5 proton. According to
NMR measurements, the pK,, of the N5 proton of free re-
duced FMN was estimated at >20 (60). The pK, of the N5-H
of C4a-hydroperoxy-flavin is expected to be at least 3—4 units
below the pK, value of the N5-H of reduced flavin because
the C4a-hydroperoxy flavin is neutral, not anionic as in the
reduced flavin (61). Merényi and Lind (61) estimated a pK|,
value for the N5 proton of C4a-hydroperoxy-flavin to be less
than 17. When a pK, associated with the H,O, elimination
from C4a-hydroperoxy-flavin is considered, other factors
must be taken into account. It can be envisaged that the
change of flavin N5 hybridization upon elimination of H,O,
can favor the deprotonation of flavin N5-H. Rate constants of
H,0, elimination from 5-alkylated-C4a-hydroperoxy-flavin
synthesized from pulse radiolysis were measured at various
pHs and found to be consistent with a pK, of >10 (61). Here,
we propose that the pK, of >9.4 observed with H,O, elimina-
tion from C4a-hydroperoxy-flavin (Figs. 2 and 3) is largely
associated with a pK, of the flavin N5-H.

It should be noted that, in theory, the terminal hydroperox-
ide group of C4a-hydroperoxy-FMN may have a pK, of ~9.4.
The pK,, of H,O, is ~11.8 (62), whereas the pK, of a flavin
C4a-hydroperoxide can be significantly different from this
value, depending on the enzyme active site environment. On
the basis of the results obtained from studying flavin model
compounds, a pK, of free flavin C4a-hydroperoxide was esti-
mated to be ~9.2 (63). However, the deprotonation of a ter-
minal hydroperoxide group disfavors H,O, elimination, be-
cause hydroperoxide is a better leaving group. Therefore, the
higher rate constant of the H,O, elimination step observed at
higher pHs (Fig. 2) should not be due to deprotonation of the
hydroperoxide group. In addition, results from the product
analysis (Table 1) also indicate that the terminal hydroperox-
ide group of C4a-hydroperoxy-FMN remains protonated, as
the hydroxylation is efficient throughout this pH range (see
more below). Therefore, it is unlikely that the pK, of >9.4 in
Fig. 2 belongs to the deprotonation of flavin
C4a-hydroperoxide.

C4a-hydroperoxy-flavin, found in the C, reaction in the
absence of HPA, was relatively stable at neutral pH, because
the rate constant for this intermediate decay was 0.003 s %,
which is equivalent to a half-life of ~231 s at pH 7.0. The slow
elimination of H,O, from the C4a-hydroperoxy-FMN inter-
mediate in C, provides another means of preventing wasteful
H,O, generation in the absence of HPA in addition to the
regulation by HPA-stimulated activity of the C; component
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(58, 59). For the reaction of HpaA from P. aeruginosa in the
absence of HPA, C4a-hydroperoxy-flavin forms with a bimo-
lecular rate constant of 3 X 10° M~ 's~ ' and decays with a rate
constant of 0.005 s~ *. It is thought that at low concentrations
of HPA, the majority of in vivo HpaA exists in the form of
C4a-hydroperoxy-FAD (40). The same scenario is also appli-
cable for the C,-C, reaction, as the H,O, elimination step
(rate constant of 0.003 s ') is the slowest step in the overall
reaction of C; and C, in the absence of HPA (39, 58, 59). C4a-
hydroperoxy-flavin is also generally stable in the other two-
component monooxygenases, such as in the reaction of bacte-
rial luciferase where the rate constant for the H,O,
elimination is 0.002 s~ ' at pH 8.0 (37) and in actinorhodin
where it decays with a half-life of 1400 s at pH 7.4 (44). The
intermediate is also stable in the reaction of cyclohexanone
monooxygenase, as the flavin oxidation completed within
10,000 s at pH 7.2 and 1,900 s at pH 9.0 (31). All of the above
rate constants were measured at 4 °C. On the contrary, most
single-component aromatic hydroxylases do not stabilize
C4a-hydroperoxy-flavin in the absence of aromatic substrates
because the reduced enzymes react with oxygen to form the
oxidized enzymes in a second-order fashion without any de-
tectable intermediates (5, 47, 50). The differences in the de-
gree of C4a-hydroperoxy-flavin stability among these en-
zymes must be due to the differences in their active site
environments.

Rapid-quench techniques allowed us to measure the rate
constant of the hydroxylation step, which cannot be measured
directly by the stopped-flow method. The data also provided
independent measurements of rate constants in addition to
the values based on flavin absorbance change. The rate con-
stants of the hydroxylation step at various pH values are in
the range of 15-17 s~ . These values agree well with the pre-
vious approximation (17-21 s~ ') based on a lag phase prior to
flavin oxidation (39). They are also similar to the hydroxyla-
tion rate constant for the reaction of HpaA from P. aerugi-
nosa (28 s~') (40). Unlike HpaA from P. aeruginosa, the
absorption characteristics of C4a-hydroperoxy-FMN and
C4a-hydroxy-FMN bound to C, are very similar, preventing the
direct measurement of this step by the stopped-flow method.
Both C4a-hydroperoxy-FMN and C4a-hydroxy-FMN were
nonfluorescent, even when various substrate analogs were
used (data not shown). In this respect, C, is quite different
from many flavin-dependent monooxygenases such as HpaA
(40), actinorhodin (44), PHBH (51), phenol hydroxylase (28),
and 2-methyl-3-hydroxypyridine-5-carboxylic oxygenase (33,
34) in which the C4a-hydroxy-flavin is more fluorescent than
the C4a-hydroperoxy-flavin. Rate constants of the product
formation obtained from rapid-quench experiments also indi-
cate that the hydroxylation occurs via a direct participation of
the C4a-hydroperoxy-flavin intermediate, as the product for-
mation occurs prior to the flavin oxidation step. In a flavin-
dependent halogenase, RebH, product formation takes place
long after the flavin reoxidation because the flavin intermedi-
ate does not participate directly in the halogenation (43).

Investigation of C, reactions in the presence of HPA at var-
ious pHs indicated that C, efficiently catalyzed hydroxylation
reactions throughout a pH range of 6 to 10. Although a quasi-
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stable C4a-adduct intermediate was less apparent at higher
pH, measurements of the hydroxylation rate constants and
the total product formation showed that the enzyme did form
the intermediate and catalyzed complete oxygenation without
generating a significant amount of H,O, from an uncoupling
pathway. The decreased amount of C4a-adduct detected at a
higher pH value was due to the faster decay of the intermedi-
ate (Fig. 7, step e). For single-component monooxygenases, an
uncoupling pathway, resulting in H,O, generation, is quite
common and usually accounts for ~5-30% of the amount of a
reducing equivalent (NAD(P)H) consumed (3, 5, 33, 34). It is
likely that C, achieves this hydroxylation efficiency through
optimum interactions among HPA, C4a-hydroperoxy-FMN,
and the active site residues. Fig. 1 shows interactions between
a hydroxyl group of HPA with two residues in the vicinity,
His-120 and Ser-146. The O, atom of HPA is 2.8 A away from
the N of His-120 and 2.82 A away from the O atom of the
Ser-146 side chain. This distance allows formation of H-bond-
ing interactions among the -OH group of HPA, N° of His-120,
and O” of Ser-146. These interactions, in turn, can facilitate
the electrophilic aromatic substitution mechanism by the
convenient removal of the HPA phenolic proton through N
of His-120 (Fig. 9). These residues may also participate in the
following process of re-aromatization of the hydroxylated
HPA. Besides optimum interactions between the hydroxyl
group of HPA and the active site residues, efficient hydroxyla-
tion by C, implies that the terminal peroxide group of the
C4a-hydroperoxy-FMN remains protonated throughout this
pH range in order to act as a good electrophile. Although the
pK, of the terminal peroxide group of C4a-hydroperoxide
flavin model compounds is approximately 9.2 (63), the active
site environment of the flavin-dependent monooxygenase is
capable of modulating this pK, value to act as an electrophile
or a nucleophile. Therefore, the pK, of the C4a-FMN-hy-
droperoxide in C, is likely to be higher than 10, because the
hydroxylation efficiency at pH 10 remains as effective as at
lower pH. It is possible that His-396, which is in the same vi-
cinity, may facilitate protonation of the terminal hydroperox-
ide group (Figs. 1 and 9 and Ref. 53).

Only a few single-component, but no two-component,
flavin-dependent monooxygenases were investigated for
the effects of pH on their reactions. PHBH is a monooxyge-
nase best understood for its monooxygenation mechanism.
The rate constant for the hydroxylation increases with
higher pH levels, consistent with a pK, of 7.1 (51). This
pK, value is related to the deprotonation of the substrate
(p-hydroxybenzoate) phenolic group, which is accom-
plished through a H-bonding network that is connected to
the surface residue, His-72. The H-bonding network in
PHBH helps lower the pK, of the p-hydroxybenzoate phe-
nolic group from ~9.3 in the free compound to ~7.1 in the
enzyme-bound form (64). The pK,, of the phenolic group of
free HPA was measured at 10.4 (data not shown). Accord-
ing to the enzyme-bound HPA structure in Fig. 1, it is pos-
sible that the H-atom of the HPA phenolic group forms
H-bond interactions with His-120 and Ser-146, which can
facilitate proton removal during hydroxylation (Fig. 9).
Therefore, factors facilitating the electrophilic aromatic

JOURNAL OF BIOLOGICAL CHEMISTRY 231



pH-dependent Studies of p-Hydroxyphenylacetate Hydroxylase

Ser146

H
O..

/—\C
OOH

His396 H* His396

o

C

CH,C00

His120

Iz

His396

His396

FMNox

OH
HO

His396
CH,C00

FIGURE 9. A proposed scheme explaining electrophilic aromatic substitution of HPA in the C, reaction.

substitution in C, and PHBH may be different because of
the differences in their active site environments. The re-
sults from pH-dependent studies of cyclohexanone mo-
nooxygenase show that C4a-hydroperoxy-FAD intercon-
verts to C4a-peroxy-FAD with a pK, of 8.4. For this
enzyme, the nucleophilic C4a-peroxy-FAD intermediate is
required to attack cyclohexanone to form an oxygenated
product (31). Studies of pH dependence in phenylacetone
monooxygenase show that the C4a-adduct intermediate,
prior to returning to the oxidized species, is more stable at
a lower pH (32).

Our results in Fig. 8 also indicate that at pH 9.0, HPA
does not inhibit the dehydration of C4a-hydroxy-FMN to
form oxidized FMN, which is quite different from the reac-
tion at pH 7.0 (39). This result also explains why the C4a-
adduct intermediate was less apparent in the reactions at
higher pH levels (Fig. 4). According to the current model
explaining the C, reaction at different pHs (Fig. 7), after
the hydroxylation occurs (step b) at high pH, the resulting
C4a-hydroxy-FMN rapidly returns to the oxidized species,
causing less accumulation of the intermediate (Fig. 7, right
pathway). At low pHs, excess HPA binds to the C4a-hy-
droxy-flavin intermediate, which impedes the rate of re-
turn to oxidized FMN (Fig. 7, left pathway). The pK, asso-
ciated with these two partition pathways is ~7.8 (Fig. 7).
We propose that this pK, value may be associated with the
deprotonation of a phenolic group of the enzyme-bound
DHPA (the pK, of free DHPA is 9.8 (65)). When the en-
zyme is bound to the fully protonated DHPA it may be
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more susceptible to substrate inhibition than when bound
to the deprotonated form (Fig. 7). The substrate inhibition
at the dehydration step of C4a-hydroxy-flavin is commonly
found for aromatic flavoprotein monooxygenases, i.e. in
PHBH (5), phenol hydroxylase (28), and 2-methyl-3-hy-
droxypyridine-5-carboxylic oxygenase (33). Interestingly,
HpaA from P. aeruginosa does not exhibit this substrate
inhibition effect (40). Because of slow product release from
the HpaA active site, the binding of excess substrate, which
is a major cause of substrate inhibition in other monooxy-
genases, cannot take place in the HpaA reaction (40). For
the C, reaction, it is not known why HPA inhibition at pH
9.0 is abolished. It may simply be due to a decrease in pro-
ton concentration with increasing pH values, thus allowing
rapid flavin N5 proton loss, which initiates the water elimi-
nation from C4a-hydroxy-FMN before binding of excess
HPA.

In conclusion, our findings show that the oxygenase com-
ponent of HPAH from A. baumannii catalyzes oxygenation
very efficiently. The hydroxylation reaction was fully coupled
without generating a significant amount of wasteful H,O, at
pH 6-10, and the hydroxylation rate constant was constant
throughout this pH range. These results suggest that the in-
teractions among HPA, C4a-hydroperoxy-flavin, and the ac-
tive site residues are optimized to facilitate this efficient hy-
droxylation. It would be interesting to see if similar findings
hold for other two-component monooxygenases. This feature
is perhaps an advantage in nature for utilizing two proteins,
instead of one, to catalyze monooxygenation.
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