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ABSTRACT: There are two known types of microbial two-component flavin-dependent monooxygenases that
catalyze oxygenation of p-hydroxyphenylacetate (HPA), and they are distinguished by having structurally
distinct reductases and oxygenases. This paper presents a detailed analysis of the properties of the enzyme
from Pseudomonas aeruginosa, an example of one group, and compares its properties to those published for
the Acinetobacter baumannii enzyme, an example of the alternative group. The reductase and oxygenase from
P. aeruginosa were expressed in Escherichia coli. The reductase was purified as a stable C-terminally His-
tagged yellow protein containing weakly bound FAD, and the oxygenase was purified as a stable colorless
N-terminally His-tagged protein. The reductase catalyzes the reduction of FAD by NADH and releases the
FADH ™ product into solution, but unlike the reductase from A. baumannii, this catalysis is not influenced by
HPA. The oxygenase binds the released FADH — and catalyzes the oxygenation of HPA to form 3,4-
dihydroxyphenylacetate, after which the FAD dissociates to be re-reduced by the reductase, a common
overall pattern for two-component flavin-dependent oxygenases. With this system, it appears that interac-
tions between the reductase and the oxygenase can facillitate the transfer of FADH ™ to the oxygenase,
although they are not required. We show that the P. aeruginosa oxygenase system in complex with FADH™
reacts with O, to form a quasi-stable, unusually high-extinction flavin hydroperoxide species that binds HPA
and reacts to form the product. The resultant flavin hydroxide decomposes to FAD and water while still
bound to the oxygenase and then releases product and FAD from the protein. Unlike the enzyme from
A. baumannii, during normal catalysis involving both the reductase and oxygenase, the rate-determining step
in catalysis is the dissociation of FAD from the oxygenase in a process that is independent of the concentration
of HPA. Structures for the reductases and oxygenases from 4. baumannii and from Thermus thermophilus
(similar to the P. aeruginosa system) form a basis for interpreting the molecular origins of the differences

between the two groups of flavin-dependent two-component oxygenases.

Many flavin-dependent two-component oxygenases have been
studied over the past decade, and it is now recognized that these
enzymes are widely spread throughout the microbial world (7).
The enzymes consist of two separate proteins (a reductase and an
oxygenase) that combine their activities to achieve the same
catalytic outcome as the integrated single-component flavopro-
tein oxygenases that have been widely studied for more than
40 years (I). Several two-component flavin-dependent systems
have been isolated that hydroxylate or epoxidize a wide variety of
organic compounds (/). In these systems, the function of the
reductase is to reduce a flavin cofactor, which the oxygenase
utilizes to react with oxygen and catalyze hydroxylation of a
unique substrate. The first such two-component flavin-depen-
dent system studied was bacterial luciferase, which oxygenates
long chain fatty aldehydes to the corresponding acids and, in
addition, gives off light (2 and references cited therein). In
this paper, we focus on a two-component aromatic hydroxylase,
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p-hydroxyphenylacetate hydroxylase (HPAH,' EC 1.14.13.3),
which is found in numerous bacteria and by historic precedent
has become a model example of two-component hydroxylases.
This enzyme is classified by function next to p-hydroxybenzoate
hydroxylase (EC 1.14.13.2), the model example of the single-
component hydroxylases (3). Single-component flavin-depen-
dent hydroxylases contain a tightly bound flavin and function
so that the reduction of the flavin, the subsequent reaction with
oxygen, and the hydroxylation reactions all take place on a single
protein (/, 3). Although the overall reactions catalyzed by both
the single- and two-component hydroxylases are almost identical,
the proteins responsible are not structurally related. Thus, these
enzyme systems provide a fascinating example of evolutionary

! Abbreviations: HPAH, 4-hydroxyphenylacetate hydroxylase; HPA,
4-hydroxyphenylacetate; DHPA, 3,4-dihydroxyphenylacetate; DHPAO,
3,4-dihydroxyphenylacetate dioxygenase; C1, reductase of HPAH from
A. baumannii; C2, oxygenase of HPAH from A. baumannii; HpaC,
reductase of HPAH from P. aeruginosa; HpaA, oxygenase of HPAH
from P. aruginosa; HpaB, oxygenase of HPAH from Thermus thermo-
philus; PHBH, p-hydroxybenzoate hydroxylase; DCIP, dichlorophenolin-
dophenol; EMT, enzyme-monitored turnover; LB, Luria broth; MALDI-
MS, matrix-assisted laser desorption ionization mass spectrometry.
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convergence to carry out the same overall function. Until
recently, published work implied that in microorganisms there
were at least three structural and functional variants of HPAH.
The enzyme system from Pseudomonas putida (the first HPAH
studied) was reported to consist of a flavoprotein and a coupling
protein (4); the enzyme systems from Pseudomonas aeruginosa
(this study) and Escherichia coli (5) consist of a small reductase
and a large oxygenase, and the enzyme from Acinetobacter
baumannii consists of a large reductase and an oxygenase that
is smaller than those from E. coli and P. aeruginosa (6). We now
know that the HPAH from P. putida is functionally very similar
to the HPAH from A. baumannii (C. Durgan, D. P. Ballou, and
B. Entsch, unpublished results). The P. putida colorless coupling
protein is actually the oxygenase, and the flavoprotein is the
reductase. Thus, over a wide range of organisms, there are only
two rather than three distinct forms of HPAH known. In this
paper, we demonstrate some of the subtle differences in
the functions of these distinct HPAHs that have different but
related structures (7—9). It has also been instructive to compare
the reactions catalyzed by these two-component enzymes with
those of the one-component enzymes with the same overall
function.

Although a number of two-component aromatic hydroxylases
have been isolated and studied to some degree, only a few have
been investigated at the mechanistic level. Significant examples
are HPAH from A. baumannii (6, 10, 11) and ActVA-ActVB,
which participates in the biosynthesis of actinorhodin and is
found in Streptomyces coelicolor (12). The HPAH from 4. bau-
mannii consists of a large reductase (Cl, 35.5 kDa) and a small
oxygenase (C2, 47 kDa), while the ActVA-ActVB system consists
of a small reductase (Act VB, 18 kDa) and a small oxygenase
(Act VA, 40kDa). The ActVA-ActVB enzyme is more difficult to
study in detail because it has a complex, unstable, and expensive
substrate, dihydrokalafungin. Moreover, there are no available
structures of its two proteins.

Structures have recently been published for members of each
of the two types of HPAHs mentioned above, that from
A. baumannii (7) and that from Thermus thermophilus (8, 9).
The latter has a small reductase (16.1 kDa) and a larger
oxygenase (54.3 kDa) like HPAH from P. aeruginosa and from
E. coli (5). Moreover, our preliminary studies with HPAH from
P. aeruginosa (13, 14) showed that the amino acid sequences are
similar to those of HPAH from T thermophilus. Thus, the crystal
structures of the T. thermophilus enzymes are useful models for
the P. aeruginosa HPAH for comparing mechanistic and struc-
tural features with those of the distinctly different HPAH from
A. baumannii that catalyzes the same reaction. At present, there are
no published mechanistic studies of HPAH from 7. thermophilus.

As shown by the structures, both types of reductases have
similar core folding patterns (9; P. Chaiyen, personal commu-
nication), but CI has an extra C-terminal, o-helical domain that
is not part of the more common smaller reductases found in two-
component enzymes (9, 15). Given the lack of sequence similarity
between the oxygenases (/0), it was surprising to find that they
have similar core folding patterns (7, &), but rather different
strategies for binding flavin and substrate. The distinct binding
features are responsible for some of the differences in catalytic
behavior. In this paper, we highlight some key properties of the
proteins from P. aeruginosa and compare them to our published
work on the A. baumannii proteins. Unlike C1, whose activity is
greatly stimulated by the binding of p-hydroxyphenylacetate
(HPA), the reductase (HpaC) from P. aeruginosa catalyzes the
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reduction of FAD by NADH without being affected by the
presence of HPA. Cl is specific for FMN, while the HpaC can
reduce either FAD or FMN; both oxygenases can use either
reduced flavin, but the P. aeruginosa oxygenase (HpaA) reacts
faster and more efficiently with FADH ™. However, there are a
number of mechanistic differences between the two systems. For
example, as described in this work, rather than the presence of
HPA controlling the rate of reduction of the flavin by the
reductase as a means of regulation, the overall control in the
P. aeruginosa system is mainly exerted by the flavin binding
properties of the oxygenase.

MATERIALS AND METHODS

Materials. The following reagents were purchased from
Sigma: 4-hydroxyphenylacetate (HPA), 3,4-dihydroxyphenyl-
acetate (DHPA), NADH, FAD, and riboflavin. Pure FMN
was prepared from FAD by hydrolysis with snake venom from
Crotalus adamenteus (16).

Concentrations of reagents were determined using the known
extinction coefficients at pH 7.0: e35 = 6220 M~ cm™' for
NADH, ¢;50 = 11300 M~! cm ™! for FAD, e450 = 12200 M™!
cm” ! for FMN, e450 = 12300 M ~' em ™! for riboflavin, and &5, =
1500 M~" em ™" for HPA. Concentrations of the proteins were
determined from the extinction coefficients at 280 nm (eyg9 =
9828 M~" em™! for apo-HpaA, and e,59 = 7570 M~ em ™" for
HpaC, calculated from the amino acid compositions using the
ExPASY tools) or when HpaC is bound to FAD, using an &5, of
10500 M~ em ™.

All plasmids and the His-binding resin used to purify the
reductase (see below) were bought from Novagen. The dioxy-
genase [dihydroxyphenylacetate dioxygenase (DHPAO)] used to
measure 3,4-dihydroxyphenylacetate was purified from Pseudo-
monas sp. by following the reported procedure (17).

Cloning, Expression, Purification, and Characterization
of Recombinant HpaC and HpaA. The complete gene (phaA)
for the oxygenase was amplified by PCR from P. aeruginosa
genomic DNA using a proofreading DNA polymerase (from
Finnzymes) and the following primers that were derived from the
P. aeruginosa genomic sequence: 5-GGGGAATTCCATAT-
GAAACCCGAAGATTTCCGTGCCTC (coding strand) and
5-CGGGATCCGTCATTGGCGGATGCGATCGAG (com-
plementary strand). The complete gene for the reductase (phaC)
was amplified by PCR in a similar fashion using the following
primers: 5-GGGGAATTCCATATGTCCCAGCTCGAACC-
CAGGCAG (coding strand) and 5-CGGGATCCTTCAGGC-
CGCCCGCCGGAG (complementary strand).

To achieve a selective isolation of the proteins in E. coli, which
contains genes for its own HPAH, the genes from P. aeruginosa
were cloned initially into expression vector pET-15b (Novagen),
which encodes six histidines at the N-terminus of the protein
codes. The His tag modification enabled us to isolate both
proteins in large amounts free from their E. coli counterparts.

The expression vectors were transformed into separate colo-
nies of E. coli BL21(DE3), and cells were grown in LB/ampicillin
at 37 °Cin flasks. Protein production was induced via addition of
0.5 mM IPTG when turbidity at 600 nm reached ~1.0. After
induction, the temperature was lowered to 20 °C and incubation
continued overnight with shaking at 250 rpm. The cells were
harvested, washed with 50 mM potassium phosphate buffer
(pH 7.0), and stored at —80 °C. The typical yield of cells was
5 g/L of medium.
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The His-tagged oxygenase could not be purified using a Ni*"
column because it irreversibly precipitated in the column matrix.
Instead, a stable homogeneous active enzyme was obtained by
precipitating the protein from the crude extract with I mM NiSO,,
removing the supernatant, and then dialyzing the precipitate
extensively with 100 mM EDTA in 50 mM potassium phosphate
and 20% glycerol (pH 7.6) to remove Ni*" and dissolve the
protein. This procedure yielded an enzyme solution that could be
stored at —20 °C without any loss of activity. The preparation was
estimated to be more than 99% pure by SDS—PAGE.

The molecular weight of the native enzyme was determined by
FPLC using gel filtration column chromatography (Tricorn
columns with Superose 6 10/300 GL from Pharmacia). The
column was equilibrated with 50 mM potassium phosphate
and 150 mM NaCl (pH 6.8), and the proteins were eluted using
a flow rate of 0.4 mL/min. Calibration was done using a gel
filtration standard mix from Bio-Rad consisting of molecular
mass markers ranging from 1350 to 670000 Da. A calibration
curve was constructed by plotting the ratio [elution volume
(V))/[void volume (V)] versus the logarithm of the known
molecular masses of the protein standards. The molecular mass
of the His-tagged oxygenase was determined by comparing its
V|V, with that of the protein standards.

The His-tagged reductase was isolated as an active yellow
protein by using a Ni*" column. This apparently pure enzyme
was found to be unstable and probably somewhat damaged by
peptidase activity, as evidenced from its behavior (SDS—PAGE
and mass spectrometry). To obtain an intact protein, we attemp-
ted to use an alternative approach of attaching histidines at the
C-terminal end. This was achieved by designing primers for site-
directed mutagenesis that incorporated four histidines in phaC
immediately before the stop codon. Two histidines were intro-
duced with one set of mutagenic oligonucleotides: 5'-CCCG-
GCGGGCGGCCCATCATTGAAGGATCCGGCTG (coding)
and Y-CAGCCGGATCCTTCAATGATGGGCCGCCCGCC-
GGG (complementary). The mutations were incorporated using
the Stratagene QuickChange XL site-directed mutagenesis (SDM)
kit. The plasmid was transformed into E. coli XL-10 competent
cells and sequenced. Positive clones were used for the introduction
of the next two histidines by site-directed mutagenesis using the
following primers: 5-CGGGCGGCCCATCATCATCATTGA-
AGGATCCGGCTG (coding) and 5-CAGCCGGATCCTT-
CAATGATGATGATGGGCCGCCCG (complementary). The
amplified product was transformed into E. coli XL-10 cells as
before. The recombinant plasmid was sequenced to confirm clones
of phaC-4His.

For the production of the active enzyme, the pET11a
plasmid (Novagen) containing the His-tagged reductase gene
was transformed into E. coli BL21(DE3), and as with the
oxygenase, the cells were grown, expression was induced via
addition of 0.5 mM IPTG, and the cells were harvested. Cells
were lysed using the Novagen protocol with the inclusion of
10 mM FAD. Purification of the C-terminally Hisy-tagged
reductase using a Ni*" column yielded an active yellow
protein (at least 20-fold more active than the N-terminally
tagged enzyme) that was stable at 4 °C in 50 mM potassium
phosphate buffer (pH 7.6) containing 10% glycerol. This
reductase with a C-terminal tag was confirmed as a single
band on SDS—PAGE and a single species by MALDI-MS.
The molecular mass of the native protein was determined by
size-exclusion FPLC using Superose 6 (Pharmacia) and TSK-
G2000SW (Sigma) as described above for the oxygenase.
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Enzyme Assays. The reductase activity of HpaC was mon-
itored by following NADH oxidation at 340 nm using various
flavins as substrates. Assays were performed aerobically at 25 °C
in 25 mM Tris-HCI (pH 8.0) containing 100 uM NADH and
50 uM flavin.

The product of hydroxylation, DHPA, is a substrate for the
dioxygenase, DHPAO. The dioxygenase converts DHPA to
5-carboxymethyl-2-hydroxymuconic semialdehyde, which has an
absorbance maximum at 380 nm (Ae = 46000 M~' cm™" at
pH 9.0, as determined by the complete conversion of a measured
amount of DHPA to the semialdehyde before adjustment of the
pH to 9.0). This reaction was used to monitor the amount of
DHPA formed in reactions catalyzed by HPAH.

Spectral Studies. UV—visible absorbance spectra were re-
corded with a Hewlett-Packard diode array (HP 8452A), a Cary
3, or a Shimadzu 2501PC spectrophotometer. Fluorescence
measurements were taken using a Jobin Yvon Fluoromax-3
spectrofluorometer. All of these instruments were equipped with
thermostatic cell compartments.

Transient-State Kinetics. Rapid reaction studies were per-
formed with a Hi-Tech model SF-61 stopped-flow instrument in
absorbance or fluorescence mode, and double-mixing experi-
ments were performed with a Hi-Tech model SF-61DX stopped-
flow instrument in absorbance mode. For anaerobic reactions,
the system was flushed and incubated overnight with an anaero-
bic solution of protocatechuate (500 uM) and protocatechuate
3,4-dioxygenase (~1 uM) to scavenge any oxygen. This solution
was replaced with oxygen-free buffer before introduction of
anaerobic reaction mixtures. The enzyme solution was made
anaerobic in a glass tonometer by repeated cycles of evacuation
and subsequent equilibration with oxygen-free argon and finally
left under a small positive pressure of argon for use on the
stopped-flow apparatus. Buffers and other nonprotein reagent
solutions were made anaerobic when they were bubbled with
oxygen-free argon in a syringe for 15—20 min.

Kinetic data were analyzed by fitting to exponential equations
using the Marquardt algorithm incorporated into Program A
(developed by C.-J. Chiu, R. Chang, J. Dinverno, and D. P.
Ballou, University of Michigan).

Experimental Conditions. Unless mentioned otherwise, all
stopped-flow experiments were conducted in 50 mM potassium
phosphate (pH 7.2) at 4 °C.

RESULTS

Preparation of Reductase, HpaC. Initial attempts to
express HpaC in E. coli as an N-terminally His-tagged derivative
were successful in producing large amounts of soluble protein
containing some yellow color. This protein behaved as a flavin
reductase but was unstable, and its properties changed with
storage. Examination of this preparation by MALDI mass
spectrometry and by electrophoresis showed that it contained
polypeptides with fragments missing from the C-terminal end. To
counter this problem, the reductase was expressed in E. coli as a
C-terminally His-tagged derivative (see Materials and Methods).
The latter derivative purified as a stable, yellow protein that was
judged by mass spectrometry to be a single molecular species with
a molecular mass that matched the mass calculated from the
sequence of the translated gene (see below). The yellow color was
due to FAD (see Figure 1A), which was present at approximately
one FAD per polypeptide in some preparations. However, some
purified samples had only partial occupation of the active site
with FAD, indicating that FAD is not bound tightly (see below).
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FIGURE 1: Spectral analysis of the reductase component of HPAH
from P. aeruginosa. (A) Spectrum of HpaC in buffer (—) and after
addition of SDS to dissociate FAD from the protein (———).
(B) Fluorimetric titration of FAD with apo-HpaC at4 °C. A solution
of 4.5 uM FAD in 50 mM potassium phosphate buffer (pH 7.2) was
titrated with aliquots of concentrated apo-HpaC (0.13 mM), and
fluorescence emission spectra were recorded with excitation at 450 nm.
The amount of free (or unbound) HpaC was measured by taking the
difference between measured bound HpaC and total HpaC. Changes
in fluorescence emission intensity were plotted against the concen-
tration of unbound HpaC in solution. The data were fitted to a
hyperbolic equation (solid line in panel B) to yield the K, for FAD of
3 uM. The inset shows the spectrum of the free FAD (—) and that of
the final titration point after addition of 68 uM HpaC (———).

Size-exclusion chromatography showed that the reductase was a
monomer in solution. On the basis of the amino acid sequence,
the monomeric structure (without a His tag, but with FAD) has a
molecular weight of 19400. Thus, HpaC belongs to the family of
low-molecular weight flavin reductases that are similar in struc-
ture. The sequence of HpaC is 32% identical to the reductase
component of HPAH of T. thermophilus (although the latter is
shorter at both the N- and C-termini) (9) and also similar to
PheA2, the reductase component of phenol hydroxylase from
Bacillus thermoglucosidasius A7 (15). HpaC is 58% identical (and
higher in similarity) in sequence (with no gaps) to the reductase of
HPAH from E. coli. Thus, one would predict that these two
reductases should have very similar properties. As detailed below,
comparisons with the published results for the E. coli enzyme (18)
show that this is true, except for a large difference in the affinities
of the reductases for NADH. The crystal structures of the HPAH
reductase from 7. thermophilus and of PheA2 show that they are
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both dimers (15), and although a His tag at the C-terminus of the
HpaC preparation is not likely to interfere with the operation of
the active site, because of the proximity of the C-terminal residues
in the dimer structures, it is possible that the His tag could prevent
formation of the dimer in solution. Nevertheless, we can note that
not all of the known small flavin reductases are homodimers. For
example, Fre from E. coli functions in solution as a monomer (2).

Properties of Reductase. HpaC was usually isolated with
some FAD bound and was found to display reductase activity
using NADH as the reductant of the FAD and O, to reoxidize the
FADH™ during turnover. The reductase has no measurable
activity with NADPH as the reductant. To assess the binding
of FAD, a solution of FAD was titrated with apoprotein, and the
partial quenching of FAD fluorescence was followed (see
Figure 1B). At 4 °C, the Ky for FAD was determined to be
3 uM. Thus, the affinity for FAD is only in the range of tight
substrate binding, not in the nanomolar range that would be
typical of a flavin prosthetic group. There is a wide range of
affinity for FAD by the different reductases associated with two-
component flavin-dependent hydroxylases. For example, the
PheA2 reductase for phenol hydroxylase (above) binds FAD as
a prosthetic group with a K4 of 9.8 nM (15), while the similar
reductase for HPAH from T. thermophilus (9) binds FAD as a
substrate, with a K4 in the micromolar range, like HpaC.

The reduction of bound FAD by NADH was studied using
anaerobic stopped-flow kinetic techniques that measured the
absorbance changes of the flavin (usually at 450 nm). The
measured rate constant for the reduction of FAD (7 s™') was
independent of the concentration of NADH down to 20 uM,
implying that the K4 for NADH is <1 uM. We note that the
initial binding of NADH is much faster than 7 s™', so that
binding does not interfere with measurements of the rate of
reduction. In contrast to many similar flavin reductases, for
example, Act VB (12), no charge-transfer interactions (with
absorbance in the 520—650 nm range) between FADH ™ and
NAD were observed for HpaC. When such interactions are
observed, the loss of the charge-transfer absorbance usually
indicates the release of NAD (/2). Without such interactions
with HpaC, the stopped-flow experiments provided no informa-
tion about the rate of release of products from the enzyme. The
rate of FAD reduction was independent of the presence of HPA,
demonstrating that, in contrast to C1 (/1), the activity of the
HPAH reductase is not allosterically regulated by the substrate.
In the presence of HPA under similar conditions, C1 catalyzes
reduction of FMN with a rate constant of 300 s~ (11). HpaC is
isolated with FAD bound and preferentially binds FAD, but it
does not discriminate among FAD, FMN, and riboflavin as
substrates in its ability to consume NADH during aerobic steady-
state turnover.

A critical consideration in the function of this two-component
enzyme is the fate of FADH™ formed on the reductase. This was
examined in the stopped-flow spectrophotometer. HpaC was
reduced photochemically under anaerobic conditions in a tono-
meter and then mixed at 4 °C with either anaerobic or aerobic
solutions of dichlorophenolindophenol (DCIP) or menadione.
Oxygen had no observable effect upon the reactions with either of
the redox dyes. The results with DCIP were most readily
interpreted, because the fate of the oxidized dye could be easily
followed independently of the flavin by the loss of absorbance at
600 nm as the blue dye was reduced. With a 2-fold excess of dye
over FADH , approximately 65% of the reaction occurred in the
dead time of the instrument. This type of very rapid reaction is
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typical of reactions of free reduced flavins with quinones and
related molecules such as DCIP (19). The remaining 35% of the
FADH ™ reacted in a complex manner with DCIP that could be
fitted to a two-exponential equation, giving rate constants of
approximately 17 and 1 s~" for the two phases that were nearly
equal in magnitude. On the basis of these observations from
multiple experiments, it is clear that ~65% of the FADH™ was
not bound to protein under the conditions used in our experi-
ments. Given the protein concentration used in the reactions
(18—20 uM), it was estimated that the overall K4 for FADH ™ is
~20 uM, which is ~7-fold greater than that for FAD. This
difference in affinity is appropriate for the reductase to transfer
the reduced flavin to the oxygenase and then rebind the oxidized
flavin product to promote its re-reduction during catalysis. The
overall reaction with DCIP accounted for all the reduced flavin in
the reaction, even in the presence of oxygen. Therefore, as
expected for a reductase, we conclude that the fraction of the
total FADH™ that remains bound to the protein does not react
rapidly with oxygen. The rate of dissociation of FADH ™ from the
protein could be either of the measured rate constants (above), or
both, depending upon the interpretation of the experiment.
However, it is clear that the reduced flavin dissociates only at a
modest rate from HpaC alone.

Preparation of Oxygenase, HpaA. HpaA could be ex-
pressed as an N-terminally His-tagged derivative. Inspection of
the structure of the related oxygenase from T. thermophilus
(termed HpaB) (8) shows that a His tag on the N-terminus of
the polypeptide is not expected to interfere with the integrity of
the protein, unlike a His tag on the C-terminus, which is involved
in the oligomeric structure essential to oxygenase function. Large
amounts of soluble, active HpaA were expressed in E. coli.
However, attempts to purify the HpaA with a standard Ni
column resulted in irreversible precipitation of the protein on
the column. Therefore, a novel method was devised to take
advantage of the His tag. The protein was selectively precipitated
from the crude cellular extract by the addition of a solution of
NiSOy (see Materials and Methods). The precipitate was dialyzed
against 100 mM EDTA in buffer containing 20% glycerol, which
caused the precipitate to slowly dissolve, yielding a solution of
active oxygenase that was shown by SDS—PAGE to be pure.
HpaA preparations are stable and have been stored at —20 °C for
at least three years without loss of activity, provided that the
solution contains 20% glycerol. This protein is colorless when
pure and behaves in solution as a homodimer when examined in
size-exclusion chromatography experiments (see Materials and
Methods). The monomer molecular weight, based upon the
amino acid sequence (without the His tag), is 58464. The
structures of the oxygenases from T. thermophilus (8) and
A. baumannii (7) both show a minimum structural unit in the
form of a homotetramer. However, the tetrameric oxygenase
from T. thermophilus, HpaB, is clearly formed as a dimer of
dimers, suggesting that a dimer may be the functional unit. Both
published structures show that flavin binding involves residues
from two monomers, so that the functional unit must be at least a
dimer. No information is available to establish the functional
requirement for a tetramer. Thus, our observation of a dimeric
solution structure of HpaA from P. aeruginosa is consistent with
a dimer being the functional unit without the need for a
tetrameric structure. HpaA is similar in sequence to the HpaB,
but it is 39 residues larger with additional residues at both the
N- and C-termini. The remaining sequences are contiguous
(except for deletions of one or two residues) and are 29.2%
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identical and 45% similar. In addition, most of the residues
interacting with HPA are identical in the two proteins, as are
many residues interacting with FAD.

Properties of Oxygenase. Titration of FAD with HpaA or
addition of FAD to a solution of oxygenase does not cause any
detectable perturbation of the absorption spectrum of FAD
when working in the range of 0.05 mM for each. This result
suggests that HpaA has a low affinity for FAD (K4 = 0.25 mM).
For catalysis, HpaA must bind FADH ", but quantification of
this affinity presented challenges. Any absorbance changes that
might have occurred were too small to measure, especially in view
of the fact that the solution tended to develop some turbidity
during experimentation. However, it was discovered that when
an anaerobic solution of 20 uM FADH ™ equilibrated with 40 uM
oxygenase was mixed with oxygenated buffer, <10% of the
ensuing reaction with oxygen was due to free flavin (which
formed oxidized FAD and H,0,); 290% formed the rather
stable C4a-FAD hydroperoxide. Thus, the K4 for FADH™ was
likely to be <2 uM. We made an attempt to measure Ky by mixing
acrobic solutions of various concentrations of HpaA with an
anaerobic solution of FADH ™ in a stopped-flow spectrophoto-
meter. Flavin that was bound to the oxygenase would react
rapidly with O, to form the quasi-stable C4a-flavin hydroper-
oxide (see below for details), while the free FADH™ would react
over the course of ~1 s to form FAD and H,0,. The amount of
C4a-flavin hydroperoxide formed would thus be a measure of the
fraction of FADH "~ that was bound. This method was successful
with the C2 oxygenase from A4. baumannii (10). Unfortunately, it
was found that under the experimental conditions we used, the
binding of FADH™ to HpaA occurred with an observed rate
constant of only ~26 5", a rate that was too slow (see below) for
the accurate determination of the equilibrium state between
oxygenase and FADH .

HpaA is not absolutely specific for FAD, although it is specific
in any practical sense. Thus, in turnover by coupling HpaA with
the FMN-specific C1 from A. baumannii (11), only a small
fraction of the NADH used (approximately 10%) resulted in
the formation of DHPA. Consistent with this was the observa-
tion in stopped-flow kinetic studies (see below) that when 12 uM
FMNH ™ was equilibrated with 30 uM oxygenase and then
reacted with oxygen, only a few percent of the flavin formed a
complex with the oxygenase, as judged by the formation of the
flavin hydroperoxide.

The reaction of oxygen with HpaA that was pre-equilibrated
with FADH ™ in the absence of HPA was also examined. Other
oxygenases from two-component systems, for example, C2 from
A. baumannii and ActVA from S. coelicolor (10, 12), form
metastable flavin hydroperoxides in the absence of their sub-
strates. This contrasts with several of the one-component flavin-
dependent oxygenases (3), which stabilize the hydroperoxide only
in the presence of substrate, substrate-like effectors, or high
concentrations of monovalent anions such as azide (20). We
mixed HpaA with FAD, made the solution anaerobic in a
tonometer, and reduced the FAD with dithionite. This solution
was mixed with an equal volume of oxygenated buffer in the
stopped-flow spectrophotometer (Figure 2). The FADH™ spec-
trum was converted in a second-order reaction with a rate
constant of 3 x 10° M~' 57! to a species with an absorbance
maximum at 386 nm, typical of a C4a-flavin hydroperoxide.
Thus, HpaA also forms a metastable flavin hydroperoxide.
However, the spectrum is distinctly different from those of the
Cda-hydroperoxides of other oxygenases studied, in that it hasan
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FIGURE 2: Reaction of oxygen with HpaA in complex with FADH™
in the absence of HPA. A solution containing FADH ™ with oxyge-
nase in a ratio of 1:3 was mixed in a stopped-flow spectrometer with
an equal volume of buffer equilibrated with 1.23 mM oxygen at 4 °C.
The final solution contained 50 mM potassium phosphate and 5%
glycerol (pH 7.0). Spectra with increasing absorbance at 450 nm are
for the reduced enzyme before reaction, the flavin-C4a-hydroper-
oxide (scan taken 30 s after mixing), and at various time intervals up
to 10 min. The rate of decomposition of the hydroperoxide was
measured from these spectra and found to be a first-order process
with a rate constant of 0.005 s™'. The inset shows a plot of the
observed rate constants for formation of the C4a-flavin hydroper-
oxide calculated from traces recorded at 390 nm vs oxygen concen-
tration in solution. From the plot, a second-order rate constant of 3 x
10° M~ ' s™! was obtained for the formation of the hydroperoxide.

extinction coefficient at 386 nm of 12.5mM ' cm ™! (Figure 2),
compared to values of 8—9 mM ' ecm ™" for most other flavin-
dependent oxygenases (10, 12, 20). The flavin hydroperoxide of
HpaA decomposes slowly, as illustrated in Figure 2, to form
FAD (with a spectrum identical to that of FAD free in solution)
with a first-order rate constant of 0.005s~'. Although the current
data are not definitive, it is possible that the decomposition of the
flavin hydroperoxide occurs free in solution after slow dissocia-
tion of the flavin hydroperoxide from the oxygenase.

We also examined the reaction of oxygen with HpaA in com-
plex with FADH™ in the presence of I mM HPA substrate. We
mixed oxygenase (2-fold in excess over FAD) with FAD and
HPA in a tonometer, made the solution anaerobic, and reduced
the FAD with dithionite. This solution was mixed with an equal
volume of oxygenated buffer in the stopped-flow spectrophoto-
meter. The reaction was followed by absorbance traces collected
at many individual wavelengths from 300 to 500 nm and by
fluorescence emission at wavelengths of > 500 nm. Fluorescence
excitation was at 370, 390, and 415 nm, wavelengths useful for
detecting the C4a-flavin hydroperoxide and hydroxide, and at
450 and 470 nm, wavelengths at which the C4a adducts have very
little absorbance but at which oxidized FAD fluoresces strongly.
Upon mixing with oxygen, the bound FADH ™ reacted rapidly to
form the same high-extinction flavin hydroperoxide as that
shown in Figure 2. The reaction was monitored at 390 nm using
a range of oxygen concentrations, and it was found that it
behaved as a second-order process with a rate constant of 3 x
10> M~ 57!, identical to the reaction without HPA present.
The full reaction is illustrated by selected absorbance traces in
Figure 3A and fluorescence traces in Figure 3B. By inspection, it
can be seen that the absorbance trace at 415 nm represents a

Biochemistry, Vol.

0.2

49, No

.2,2010 377

A

390 nm

Absorbance

Fluorescence

Absorbance

0.001 0.01 0.1 1 10
Time (sec)

F1GURE 3: Reaction of oxygen with HpaA in complex with FADH™
and HPA. (A) A solution of FADH™ (15.5 uM), oxygenase (33 uM),
and HPA (0.5 mM) in buffer [S0 mM potassium phosphate (pH 7.2)
containing 2.5% glycerol] was mixed with an equal volume of buffer
containing oxygen (0.62 mM) in a stopped-flow spectrophotometer
at 4 °C. The concentrations given are for the reaction mixtures after
mixing in the stopped-flow instrument. The reaction was followed by
the change in absorbance at the indicated wavelengths. The wave-
lengths (390, 415, and 470 nm) selected are those that best character-
ized the various steps of the reaction. (B) Same experiment as in panel
A after reconfiguration of the instrument to record fluorescence
emission beyond 500 nm. One trace was from fluorescence excited
at 390 nm (to monitor the formation of the C4a-hydroxyflavin), and
the other was from fluorescence excited at 470 nm (to monitor the
formation of oxidized FAD). (C) Selected absorbance traces at
410 and 460 nm from an experiment similar to those depicted in
panels A and B, but with inclusion of 0.1 M KCl in the reaction. The
final concentrations in this experiment were 26.8 uM FADH ", 60 uM
oxygenase, 1.25 mM HPA, and 0.62 mM oxygen in the same buffer
at4°C.

minimum of four phases in the reaction. Only the initial reaction
with oxygen is dependent upon oxygen concentration, but at low
O, concentrations, the first two phases were not well separated
because the observed processes occur consecutively at similar rates.
Thus, only at the highest oxygen concentration used (0.62 mM),
which makes the first phase significantly faster than the second, is
it possible to clearly resolve all of these phases. The four phases
thus observed are consistent with the following processes occur-
ring: (1) the initial reaction with oxygen to form the C4a-flavin
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hydroperoxide (the first increase at 415 nm up to ~8 ms), (2)
hydroxylation of HPA (the small decrease in absorbance at 415
nm from ~8 to 80 ms caused by a blue shift in the spectrum as the
C4a-hydroxyflavin adduct is formed), (3) formation of oxidized
flavin (the increase in absorbance at 415 and 470 nm and the
decrease at 390 nm occurring between 80 ms and 0.5 s), and (4)
release of FAD from the oxygenase (the decrease in absorbance
at 415 nm between 0.5 and 10 s). The last phase was identified by
the fact that the final spectrum at 10 s was that of free FAD rather
than the spectrum of the first observed oxidized FAD bound to
the enzyme (see below). In addition, a large fluorescence increase
appeared at the same rate as the final absorbance change [this was
the only change seen when fluorescence was excited at 470 nm
(Figure 3B)], and this is consistent with the formation of the
fluorescence due to free FAD. The intermediate phases that can
be seen in the absorbance traces were more definitively identified
by comparison to the fluorescence trace that was produced from
excitation at 390 nm. Because C4a-flavin hydroxides, but not
C4a-flavin hydroperoxides, are often highly fluorescent in flavo-
protein oxygenases (3), the appearance of this fluorescence is a
useful signature of the actual step involving hydroxylation.
Fluorescence excitation at 390 nm of HpaA revealed an intensely
fluorescent transient species (Figure 3B) that is not seen with
excitation at 470 nm. The formation and decay of the transient
species excited at 390 nm correspond well with the second and
third phases, respectively, in the absorbance trace at 415 nm
(Figure 3A). Thus, the second phase seen in the absorbance trace
at 415 nm is due to the blue shift of the C4a-flavin adduct as it
converts from the hydroperoxide to the hydroxide, and it can be
confidently attributed to the hydroxylation of the substrate that
yields the C4a-hydroxyflavin. Decay of this species represents the
formation of bound oxidized FAD. The fluorescence traces
recorded with excitation near 390 nm could only be properly
fitted when five exponentials were incorporated in a consecutive
reaction, even though only three unique changes in fluorescence
amplitude were readily apparent (Figure 3B). From the analysis
of the fluorescence traces, the observed rate constant for hydro-
xylation was 28 s~ !, that for formation of FAD was 18 s~', and
the release of FAD from the oxygenase occurred at 0.5s™" under
the conditions used in the experiment. No fluorescence change
occurred during formation of the flavin hydroperoxide (see
Figure 3B), and even inclusion of the rate constant obtained
from absorbance traces for the formation of the hydroperoxide
(see above) does not give perfect fits for the substantial lag in the
fluorescence traces before the hydroxylation step. Good fitting of
this lag requires a fifth exponential, and in fact, absorbance traces
obtained between 370 and 410 nm also could not be fitted
accurately with four exponentials but required the same fifth
exponential with a value of ~40 s~'. We hypothesized that this
extra phase is the interaction (binding) of HPA with the oxy-
genase. Because the presence of HPA in the reaction had no effect
on the initial reaction with oxygen, we surmised that binding
occurred after formation of the C4a-FAD hydroperoxide.

The experimental evidence given above implies that there are
five phases in the reaction, and all make sense when the
requirements of the oxygenase are considered. However, there
was one more problem arising from the data. Absorbance traces
around 450—470 nm were fitted to a rate constant (10—11 s~ ")
that appeared to be due to the oxidation of the flavin; this was
somewhat slower than the rate of loss of fluorescence due to
decay of the C4a-flavin hydroxide in the same experiment
(185~ "). The following experiments gave a reasonable explanation
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for this observation. We discovered that the addition of 0.1 M
KClI to the reaction had a specific ion effect that slowed the
release of FAD from the protein (by ~3.5-fold). However, all
other phases remained unchanged (see Figure 3C). This experi-
mental perturbation highlighted an additional phase in the
overall reaction, a phase with a rate constant of ~2 s~ ' that
occurs between the actual formation of oxidized FAD at 18 s~
(the large increase in absorbance in Figure 3C) and the slow
release of FAD at 0.14 s™' in the presence of CI~ (the final
decrease in absorbance in the traces in Figure 3C). We attribute
the sixth phase to the release of product (3,4-DHPA) from the
oxygenase. When this phase is incorporated into the original
data, the time courses for absorbance at all wavelengths can be
identified by the six rate constants. The complete reaction
observed is summarized in Scheme 1. After 0.35 s from the start
of the reaction in the stopped-flow spectrophotometer (see, for
example, the peak in the 415 nm trace in Figure 3A), the FAD is
completely oxidized, but only a small fraction has released from
the oxygenase. The spectrum at 0.35 s was plotted from indivi-
dual reaction traces at a series of wavelengths, and it is compared
to the final spectrum of released FAD in Figure 4. The portion of
the spectrum from 410 to 550 nm can also be obtained by
scanning the spectrum during enzyme-monitored turnover
(described in Combined Operation of Reductase and Oxy-
genase). This transient spectrum is a composite of those for
FAD in complex with oxygenase alone and for FAD in a complex
that also includes the product, DHPA. The individual spectra
could be more clearly observed in the reaction inhibited by KCI.
However, because when CI™ is bound to the oxygenase it causes
further changes in the FAD spectrum, the results are more
difficult to quantify. The essential point learned from these
observations, however, is that the spectrum of FAD is more
resolved before it is released from HpaA, and this is consistent
with it being in a nonaqueous more hydrophobic environment
provided by specific interactions with the oxygenase. We could
not reproduce these interactions with HpaA by simply adding
FAD to the oxygenase, because FAD binds only weakly, and the
complex can only be seen transiently just before FAD is released
into solution. Thus, although this complex is not thermodyna-
mically stable, it may be a protein conformation that has
sufficient kinetic stability that it can be resolved experimentally.
The conformational change that releases FAD from the oxyge-
nase is sensitive to the composition of the reaction solution. For
example, in addition to the effect of KCI, it was also found that
the concentration of glycerol in the solution modifies the rate
constant for the release of FAD.

In the single-mix stopped-flow spectrophotometric studies
described above, it was clear that HPA had no detectable
influence on the reaction until the flavin hydroperoxide was
formed. This observation is quite different from the case of C2
from A. baumannii (10), where there was clear evidence that HPA
could bind to C2 after FADH™ was bound. Nevertheless, it is
possible that HPA is bound to the P. aeruginosa oxygenase but
does not interact with the active site. Therefore, we tested the
response of HpaA to HPA in a double-mixing stopped-flow
experiment. In the first mix, an anaerobic solution of oxygenase
and FADH™ was mixed with aerobic buffer and aged for various
time periods (sufficient for the flavin hydroperoxide to be formed
completely). Then in the second mix, an aerobic solution of
HPA (1 mM final) was added to the hydroperoxide. The reaction
initiated by the second mix was monitored by both diode array
spectrophotometry and single-wavelength absorbance changes.
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Scheme 1: Reaction Mechanism of the Oxygenase (HpaA) of HPAH from P. aeruginosa As Deduced from the Experimental Analyses
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FiGure 4: Spectra of FAD bound to HpaA obtained from an
experiment conducted under the same conditions described in the
legend of Figure 3A. The spectrum of the oxygenase with FADH™
and HPA bound is shown as a solid line (note the similarity to the
reduced spectrum in Figure 2). Absorbance traces were collected over a
range of wavelengths from 320 to 500 nm. The dashed line is the
spectrum of FAD released from the oxygenase obtained by scanning
30 s after initiation of the reaction. The spectrum formed by a solid line
with circular data points was obtained by plotting the absorbance
(relative to the final FAD spectrum) 0.35 s after initiation of the reaction.
This spectrum represents oxidized FAD bound to the oxygenase.

Aliquot samples of the reacted mixtures were collected and
analyzed for product using the specific DHPAO reaction (see
Materials and Methods). These experiments showed that there
was approximately one DHPA formed for each FADH™ oxi-
dized. Thus, HPA can bind to the flavin hydroperoxide form of
the oxygenase to initiate hydroxylation. The rapid scanning diode
array spectra showed clearly that mixing oxygenase with HPA
caused a small blue shift of the C4a-flavin hydroperoxide
spectrum in the first 30—50 ms. Unfortunately, later in the time
course this reaction mix was sensitive to some photochemical
reaction(s) of the flavin when using diode array measurement

=28s ks=18s"";

(caused by the high-intensity white light required for the diode
array technique), so the entire reaction could not be monitored in
this manner.

The interaction between HPA and the bound C4a-flavin
hydroperoxide was examined further by single-wavelength double-
mixing measurements, in which the light intensity is sufficiently
low to avoid photochemistry. The absorbance changes at 415 nm
(Figure 5A) show the effect of HPA concentration. These
changes are qualitatively the same as those in the 415 nm trace
in Figure 3A. However, because the hydroperoxide had already
been formed, the first reaction with oxygen is missing. The
concentration of HPA affects the rate of the initial decrease in
absorbance (up to ~80 ms). It required 2 mM HPA to saturate
this phase. Insufficient data were collected to permit a quantita-
tive analysis of the interaction of HPA with the oxygenase, but at
2 mM HPA, the observed rate constant for the interaction was
50—60 s~ '. The hydroxylation phase and the phase resulting in
formation of oxidized FAD are only marginally slower than the
initial interaction with HPA, and thus, both are affected by the
concentration of HPA. The reactions at different HPA concen-
trations finally merge in the slow phase due to flavin release
(Figure SA). Figure 5B compares the rates of formation of FAD
(measured by the absorbance increases at 450 nm) when the
flavin hydroperoxide species was mixed with 500, 8, and 0 uM
HPA. With approximately equimolar HPA (8 uM trace), it is
clear that the rate of formation of FAD is dominated by the
nature of the interaction between HPA and the oxygenase. At this
concentration of HPA, the limiting process could be an equili-
brium that has only a fraction of HPA bound, or a slow rate of a
conformational or other change to form the productive active site
complex with the oxygenase. However, when the traces for 8 and
0 uM HPA are compared (Figure 5B), it is clear that because of
the long half-life of the hydroperoxide, the flavin hydroperoxide
form of the oxygenase is still capable of forming product even at
low substrate concentrations.

Combined Operation of Reductase and Oxygenase.
To conduct efficient catalysis in the cellular environment,
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FiGuRE 5: Kinetic traces observed upon reaction of HPA with the
oxygenase in the form of the C4a-flavin hydroperoxide. This experi-
ment was performed with a double-mix stopped-flow spectrophot-
ometer. In the first mix, HpaA with FADH™ was reacted with oxygen
under the same conditions as described in the legend of Figure 2 to
form the C4a-flavin hydroperoxide. Then, in the second mix, this
component was reacted with different concentrations of HPA. There
were no observable differences due to using aging times ranging from
50 ms to 10 s. The reaction mixture after the second mix contained
7.5 uM FAD, 20 uM oxygenase, 440 uM oxygen, and various con-
centrations of HPA in 50 mM potassium phosphate buffer containing
2.5% glycerol (pH 7.2) at 4 °C. (A) Reaction traces recorded at 415 nm
using the concentrations of HPA indicated. Note the similarity to
the reaction trace at 415 nm in Figure 3A. Three phases showed
some dependence on HPA concentration (see the text). (B) Reaction
traces recorded at 450 nm. The reaction with 0.5 mM HPA has
kinetics similar to those of the traces in panel A. The reaction with
an approximately stoichiometric concentration of HPA (8 uM)
shows that at this concentration of HPA, binding is comparatively
slow and limits the reaction rate for formation of oxidized FAD.

two-component flavin-dependent enzymes must transfer a redu-
ced flavin cofactor from the reductase to the oxygenase without
losing valuable reducing equivalents via side reactions with
oxygen or other oxidizing agents, processes that could generate
potentially dangerous reactive chemical species. In addition, after
carrying out the oxygenation, the oxidized flavin must be
efficiently returned to the reductase to be re-reduced for addi-
tional rounds of catalysis. Two previous studies with different
two-component enzymes (including HPAH from A. baumannii)
have found that the flavin bound to the reductase is transferred
between the proteins during catalysis by diffusion without
requiring formation of a complex between them (6, /2). We used
stopped-flow experiments to test this concept with HPAH from
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FiGUurRE 6: FADH ™ transfer between the reductase and the oxyge-
nase. This process was observed using a stopped-flow instrument. A
solution containing reductase and oxygenase was mixed with an
equal volume of a solution of NADH, and the reaction was followed
by the absorbance at 400 and 460 nm. The final composition of the
reaction mixture was 11 4uM HpaC (determined by the absorbance at
450 nm due to its bound FAD), 15 uM HpaA, and 50 uM NADH in
aerobic buffer [S0 mM potassium phosphate containing 1% glycerol
(pH 7.2) at 4 °C]. At 460 nm, the trace represents the rapid binding of
NADH to the HpaC, followed by the large decrease of absorbance
over ~0.5 s upon the reduction of FAD bound to the reductase. At
400 nm, the trace represents the same phases on the reductase
initially, followed by the increase in absorbance up to 0.5 s due to
the formation of the high-extinction C4a-flavin hydroperoxide on the
oxygenase.

P. aeruginosa. An aerobic solution of reductase plus oxygenase
was mixed with an aerobic solution of NADH without HPA. The
result is shown in Figure 6. The absorbance spectrum of the pro-
teins before the reaction was that of FAD bound to the reductase,
as expected on the basis of a consideration of the Ky values for
FAD with each protein individually; similar observations have
been made with other systems (6, /2). Upon mixing, the
absorbance trace at 460 nm had a short lag due to binding of
NADH to reductase (this lag is not visible on the long time scale
of Figure 6), followed by reduction of the FAD (absorbance
decrease) with a rate constant of 7 s ', which is exactly as
observed with reductase alone (above). At 400 nm, there is again
a small fast phase in which the absorbance decreases, followed by
an increase in absorbance with a rate constant of 6.5 s '. At the
end of the second phase, the spectrum of the solution was
recorded to confirm that the FAD was now on the oxygenase
as the C4a-flavin hydroperoxide (data not shown). This reaction
was repeated with the NADH solution saturated with 100%
oxygen, making the final oxygen concentration 3-fold higher
than in the first reaction. The only difference was a slight increase
in the rate of formation of the flavin hydroperoxide, as monitored
at 400 nm (6.8 vs 6.5 s~ '); thus, although the step that forms the
Cda-flavin hydroperoxide is undoubtedly faster at the higher
oxygen concentration, it is limited by the rate of reduction of the
FAD on the reductase. These results are consistent with fast
dissociation of FADH™ from the reductase and fast binding to
the oxygenase; they are not consistent with the apparent rate of
dissociation of FADH™ from the reductase as measured by its
reaction with DCIP (175", as reported above) and the rate of its
binding to the oxygenase in a separate experiment (26 s ', as
reported above) under similar circumstances. These separately
measured rate constants predict a maximum rate of formation of
the flavin hydroperoxide of ~4 s~ (1/7+ 1/17+ 1/26 = 1/k). Itis
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even possible that DCIP can react with the reduced flavin before
it fully dissociates from HpaC, making the value 17 s~ ' greater
than the true value for dissociation. However, full dissociation is
obviously required for the oxygenase to bind the FADH™ and
react it with O, to form the C4a-FAD hydroperoxide. Thus, we
must consider that some specific protein—protein interactions
might occur in the overall reaction of this HPAH.

An important property of all oxygenases is the degree of
coupling achieved in catalysis, that is, in the case of this enzyme,
the ratio of hydroxylated product formed per NADH consumed.
A perfect oxygenase has a ratio of 1; i.e., no reactive oxygen
species are formed. Many oxygenases do not achieve this ideal
goal, and even the most efficient can form reactive oxygen species
under a variety of reaction conditions. We used the following
experiment to measure coupling with this HPAH. First, a
reaction was set up to follow turnover in the combined system
by monitoring the oxidation of NADH with limiting HPA
present. When HPA is exhausted, the consumption of NADH
should nearly cease in an effective system because almost all of
the FAD will be trapped on the oxygenase as the quasi-stable
Cda-hydroperoxide. If the HPA concentration is known, the
amount of NADH consumed to process the HPA can be
measured from the kinetic traces. With a molar ratio of 1— 2,
reductase (5 uM) to oxygenase (10 uM), it was found that
coupling was 0.90, and the residual rate of consumption of NADH
was low, but finite. Product formation was measured by coupling
with DHPAO, which converts the product into an intensely
absorbing chromophore that can be quantified (Materials and
Methods). When NADH was the limiting substrate, product
analysis also showed a coupling of 0.90 as mentioned above.

To examine the kinetics of the complete reaction, the technique
of enzyme-monitored turnover (EMT) was used (21). With this
method, the response of the enzyme in steady state is followed
with time from the absorbance due to an intermediate state of the
flavin. In some cases, this approach can lead to new insights into
the function of the enzyme (see, e.g., ref (22)). It was established
above that FADH™ is transferred from the reductase to the
oxygenase. With this HPAH complex, there was no indication of
product inhibition, a situation ideal for EMT. The reactions were
conducted in a stopped-flow spectrophotometer. One syringe
contained an aerobic solution of HpaC (which provided the only
FAD for the reaction) and HpaA, and the other contained an
aerobic solution of HPA with NADH in excess. When the
solutions were mixed, the oxygen concentration was 0.25 mM
and it was the limiting substrate in the reaction. Catalysis was
followed by absorbance at selected wavelengths (see Figure 7A).
The initial phase observed (up to 0.25 s at 450 nm) was due to the
reduction of FAD on the reductase, consistent with observations
of the reductase alone. From 0.25 to 2 s, the reaction proceeded
through an evolving mixture of enzyme forms in the pre-steady
state, before attaining a long period (from 2 to ~50 s) of nearly
constant composition of enzyme species that was consistent with
steady-state turnover at saturating substrate concentrations. In
the final phase, the reaction becomes dependent upon the
concentration of oxygen until all the oxygen is consumed, and
the reaction stops (shown by the decrease in absorbance at all
wavelengths as all of the flavin is converted to FADH™). The
reaction mixture contained essentially saturating substrate con-
centrations for the enzyme, implying nearly V.., conditions. The
number of turnovers occurring during the steady-state period
(~2—50 s) could be calculated by dividing the concentration of
the limiting reagent, oxygen, by the enzyme concentration, and
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FIGURE 7: Enzyme-monitored turnover (EMT) analysis of HPAH
under conditions where substrate concentrations are saturating over
most of the time period of turnover. (A) In this experiment, a solution
containing reductase and a slight excess of oxygenase was mixed in a
stopped-flow spectrophotometer with an equal volume of a solution
of NADH and HPA such that oxygen was the limiting substrate. The
final reaction mixture in the stopped-flow instrument contained
reductase with 10 uM FAD, 15 uM oxygenase, 0.75 mM NADH,
0.75mM HPA, and 0.26 mM oxygen in 50 mM potassium phosphate
buffer containing 2.5% glycerol (pH 7.2) at 4 °C. Selected traces are
shown. The pre-steady-state phase lasted for ~2 s, before the mixture
of enzyme species attained a steady-state concentration that lasted for
~50 s. Finally, the FAD became reduced as oxygen was depleted in
the last segment of the reaction. (B) An experiment similar to that
depicted in panel A in which the concentration of HPA was limiting in
the reaction. The final reaction mixture contained the same compo-
nents as in panel A, but the concentration of HPA was reduced to
0.15 mM. The 415 nm trace is quite different from that in panel A;
when the reaction was complete, the absorbance was high compared
to that in panel A because the FAD was now bound to the oxygenase
as the C4a-flavin hydroperoxide rather than as FADH ™.

the turnover rate (~Vpay) could thereby be estimated by inspec-
tion to be ~0.54 s~ . This value is in excellent agreement with the
transient kinetic analyses discussed above. With both reductase
and oxygenase studied separately, the outstanding slow step was
found to be the release of FAD from the oxygenase with a rate
constant of 0.5 s~'. Consistent with these rate constants, it was
found that approximately 85% of the enzyme during steady state
was present as FAD (based upon the absorbance at 450 nm), not
as FADH™ or as C4a adducts. Furthermore, most of the FAD in
the steady state was bound to the oxygenase, as can be estima-
ted from the absorbance at 480 nm [note the large difference
in absorbance between bound and free FAD at this wavelength
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(see Figure 4)]. From the last phase of turnover (at times of > 505s),
where the composition of enzyme species was dependent upon
oxygen concentration, the K, for O, was estimated to be 4 uM
using standard EMT methods (27).

EMT was repeated using the same conditions described above,
except HPA was made the limiting substrate by using it at an
initial concentration after mixing of 0.15 mM. The absorbance
traces at 450 and 415 nm are shown in Figure 7B. If the traces
were printed in linear time, it would be clear that there was a
significant dependence on HPA concentration. Quantitative
EMT analysis of the HPA dependence gave a K, for HPA of
8 uM and a turnover number of 0.45 s~'. When HPA was
exhausted, the absorbance at 450 nm (Figure 7B) suggested that
the enzyme was reduced (i.e., it had the same absorbance as the
experiment with oxygen limiting). However, the trace at 415 nm
shows that after HPA was exhausted, the enzyme absorbance is
characteristic of the flavin hydroperoxide (nearly isosbestic with
oxidized FAD), not the reduced flavin, and quite different from
the case in which oxygen was limiting (compare panels A and B of
Figure 7). In cells, HPA is likely to be the limiting substrate from
time to time (not oxygen or NADH). This result demonstrates
that the “resting” form of the enzyme in a cell most likely contains
the available FAD as the hydroperoxide on the oxygenase.
Because the oxygenase is likely to be at a greater concentration
[e.g., approximately 120 uM in E. coli (5)] than the free FAD in
the cell [under strict control with a likely upper limit in bacteria
for FAD of ~10 uM (23)], this property results in an effective trap
for free flavin, preventing the reductase from producing FADH™
that otherwise would react with oxygen to form reactive oxygen
species.

We were able to demonstrate the principle given above by
EMT analysis in the presence of both the oxygenase and the
reductase. When FAD was present in excess of the concentration
of the oxygenase active sites (we tried a 2-fold excess of FAD for
illustration), and HPA was the limiting substrate, the depletion of
HPA failed to limit the rapid consumption of NADH; instead,
NADH consumption continued until all the oxygen was used up.
Thus, conditions such as these, with FAD in excess of the
oxygenase, result in the formation of reactive oxygen species
because during turnover there is a supply of free FADH  in
solution that cannot be trapped by the oxygenase. This situation
probably rarely occurs in a cell, since there is negligible free FAD
available for turnover with the reductase and O..

DISCUSSION

Flavin-dependent hydroxylases generally function by first
reducing the flavin by NAD(P)H, reacting the reduced flavin
with O, to form a C4a-flavin hydroperoxide, and then hydroxy-
lating the substrate. The order of addition of substrates can vary
with individual enzymes. The reductive reactions and the oxyge-
native reactions have quite different catalytic requirements. In
PHBH and in phenol hydroxylase, which are prototypes of the
single-component hydroxylases, significant movement of the
flavin within the protein structure provides the distinct environ-
ments required for the reduction and hydroxylation reactions in
the overall catalysis (3). In contrast, these two roles occur on
separate proteins in the two-component hydroxylases. Using
separate proteins may facilitate adaptation to new substrates
more quickly than with single-component systems that must
coordinate the oxygenase and the reductase functions.

In this paper, we have presented results from experiments
that describe the properties and basic mechanism of HPAH from
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P. aeruginosa to illuminate some similarities and differences
between the function of HPAH from this source and that from
A. baumannii. The structures of the components of HPAH from
A. baumannii (7; P. Chaiyen, personal communication) and of the
components of the HPAH system from T thermophilus (8, 9) will
be mentioned in this discussion. As mentioned in the introduc-
tory section and Results, the essential features of the published
structure of the 7. thermophilus HPAH are very likely present
also in the P. aeruginosa enzyme, and many of these features are
different from those of the A. baumannii enzyme. Although these
comparisons are useful for developing an understanding of
various mechanisms of activating oxygen and regulating these
hydroxylations, we note that there are many two-component
flavin-dependent hydroxylases that are likely to be considerably
different from those discussed here. These include the bacterial
luciferases (2) and the halogenases (24), which contain completely
different oxygenase structures and therefore may have very
different mechanisms.

The larger flavin reductase, C1 from A. baumannii, contains, in
addition to the N-terminal catalytic flavin reductase domain
found in all of the reductases, a C-terminal regulatory domain
that binds HPA (P. Chaiyen, personal communication). The
sequence of the N-terminal domain of Cl is similar to the
complete sequence of the smaller reductases of the alternative
group of two-component enzymes, including that of the P. aeru-
ginosa reductase, HpaC (25). C1 has a tightly bound FMN that is
reduced by NADH 2 orders of magnitude faster when HPA is
bound to the C-terminal domain of the reductase than when it is
absent (/7). This mode of regulation is analogous to that in one-
component hydroxylases, such as PHBH, that do not reduce
flavin rapidly unless the substrate is bound (3). In the absence of
substrate, this property prevents rapid formation of reduced
flavin, which would react with oxygen to waste energy and
produce H,O, and O, °. By contrast, HpaC from P. aeruginosa
is fully capable of using NADH to reduce FAD, even at
micromolar concentrations, and is not regulated by HPA. As is
discussed below, regulation with the P. aeruginosa HPAH
occcurs via the oxygenase, HpaA. Both classes of reductase have
the common property that they bind oxidized flavin more tightly
than reduced flavin, and this property facilitates the delivery of
reduced flavin to the partner oxygenases and the rebinding of the
oxidized flavin products for further rounds of catalysis. A similar
scenario exists in the ActVA-ActVB system that participates in
the biosynthesis of actinorhodin (/2). The transfer of reduced
flavin to the oxygenase is much faster than the overall catalytic
rate with both the A. baumannii (6) and P. aeruginosa enzymes
(see Figure 6). Our data from experiments with the P. aeruginosa
HPAH suggest that there is some form of protein—protein
interaction that facilitates transfer of FADH ™, while no such
requirement exists for transfer of FMNH ™ in the A. baumannii
enzyme (6) or in the ActVA-ActVB system (12).

The oxygenase C2 from A. baumannii is a homotetramer with
subunits of 422 amino acids, while the HpaA oxygenase from
P. aeruginosa is a homodimer with each subunit containing 520
amino acids. The amino acid sequences show possible distant
evolutionary relationships; however, gaps are required in the
A. baumannii sequence to permit alignment, and there is little
identity to the P. aeruginosa sequence. Nevertheless, as men-
tioned in the introductory section, structures of both oxygenases
show similar patterns of folding, indicating that they are likely to
have derived from a common origin. The important differences in
the structures occur in the details of the binding of the flavin
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FiGuRre 8: Tllustration of three large loops in the structure of the
oxygenase from 7. thermophilus (adapted from Protein Data Bank
entry 2Y'YJ) that are not found in the structure of the oxygenase from
A. baumannii (7). FAD is shown in green, blue, and red, and HPA
(labeled 4HP) is shown in orange. Loop A (between strands 85 and 56
and interacting with part of FAD) is colored scarlet, loop B (between
strands 8 and 9 and interacting with HPA) cyan, and loop C
(between strands 10 and 311 and possibly interacting with the flavin
hydroperoxide) gray. Some potential hydrogen bonds are shown as
dotted lines.

cofactor, the binding of HPA, and the residues in the active site.
Three prominent loops in the central domain between S-sheet
strands in the T. thermophilus oxygenase HpaB (8) are directly
involved in the structural differences (Figure 8). The P. aerugi-
nosa oxygenase HpaA sequence suggests that it has similar loops,
but these loops do not exist in the C2 A. baumannii oxygenase.
The isoalloxazine ring of the flavin is bound in a similar slot in
both HpaB and C2 (between the central S-sheet domain and the
o-helical C-terminal domain). However, in HpaB, the AMP
portion of FAD has a binding pocket partly formed by loop A in
Figure 8 (scarlet) that is not found in the A. baumannii oxygenase.
This loop has several residues that interact with the AMP moiety,
including R151 and Q148 (R164 and Q157 in HpaA) that form a
H-bond to the phosphate, to provide the specificity for FAD that
has also been found in the P. aeruginosa oxygenase (see Results).
However, in C2, the ribityl phosphate is exposed to solvent (7),
which explains why the protein is equally active with FMNH ™ or
FADH (the specificity for FMN in the A. baumannii HPAH is
derived from the reductase, C1). Therefore, if C2 is coupled with an
FAD reductase, it will readily catalyze the formation of DHPA (10).

In HpaB, significant movements of two loops accompany the
binding of FAD, causing the formation of the binding site for
HPA and leaving the pyrimidine portion of the isoalloxazine
exposed to solvent (8). When HPA is bound, further movement
of the loops occurs, which blocks access of the active site to
solvent. This led to the suggestion that in catalysis HPA binds to
the complex of HpaB with its reduced flavin, which does happen
with C2 (10). This speculation does not correspond to our
experimental results. We see binding of HPA only after the
Cda-hydroperoxide has formed. We note that the crystals for the
structures were obtained with a very high concentration of FAD
rather than FADH™ (8).

Both of the two-component HPAH enzymes bind HPA over
the re face of the isoalloxazine in similar orientations that are
suitable for hydroxylating the 3-position of the substrate
(Figure 8). The orientation of the substrate is different from that
in the one-component flavoenzymes (26), but the relative orien-
tation of the substrate for attack by the flavin hydroperoxide is
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probably not very different. The residues that bind HPA are quite
different for the two classes of two-component oxygenases. With
HpaB, movement of loop B (Figure 8, cyan) causes it to close
over and cover the active site and also to provide interactions
with HPA via S197 and T198 (S197 aligns with S210 in HpaA and
T198 is not conserved, but Q212 in HpaA may serve a similar
role); loop B does not exist in C2. Binding of FMNH ~ and HPA
by C2 involves only very minor changes in the orientation of a
small number of protein residues, whereas binding of HPA and
FADH™ by HpaB involves significant conformational changes in
loops A and B, as mentioned above (Figure 8 and ref §). These
features in the structures provide a foundation for understanding
the differences in the kinetic mechanisms of the two different
oxygenases and provide some insight into the way that protein
evolution has achieved the same chemical catalysis with one- and
two-component hydroxylases.

In both types of two-component HPAH systems, the first step
in the oxygenation reaction is to bind reduced flavin to the
oxygenase. Under similar experimental conditions and with the
flavin and oxygenase at ~10 uM, this process for C2 is very
fast (>500 s~ ') (10) but with HpaA was easily measured in
the stopped-flow spectrophotometer [26 s~" (see Results)]. The
~20-fold difference in rate for the two oxygenases may be
partially due to the conformational changes that are required
in the T. thermophilus type (8), but not in the 4. baumannii type.
Both C2 and HpaB provide a cavity (H,O is present in the
structure of HpaB) near the C4a position that can accommodate
oxygen to form the hydroperoxide. With reduced flavin bound,
both C2 and HpaA react rapidly with oxygen to form the C4a-
flavin hydroperoxide in the absence of HPA. C2 can also react
with oxygen when HPA is bound, but the reaction is ~10-fold
slower than in its absence (/0). We found no evidence of HpaA
binding HPA before reacting with oxygen (see Results), but
evidence was clear for interactions with HPA after formation of
the C4a-flavin hydroperoxide.

HpaA and C2 form remarkably stable hydroperoxides in the
absence of HPA. This is most likely due to several factors. First,
both restrict solvent access to the C4a and N5 positions. The one-
component aromatic hydroxylases like PHBH, which do not
form stable hydroperoxides, isolate only the C4a and N5 posi-
tions of the flavin from solvent when 4-hydroxybenzoate is
bound and the flavin is reduced; stabilization of the C4a-
hydroperoxide is not important in the absence of substrate
because due to slow reduction of the flavin, very little forms (26).
In addition, both C2 and HpaB (and presumably HpaA) appear
to form H-bonds to N5 of the isoalloxazine ring that may be
significant in the stabilization of the flavin hydroperoxide. In
HpaB, T185 coupled to D247 forms a hydrogen bond to the N5
proton of the reduced isoalloxazine ring (Figure 8). In general, an
H-bond to N5 is not found in those one-component hydroxylases
that do not stabilize the hydroperoxide in the absence of substrate
(e.g., PHBH). In contrast, the recent structure of a one-compo-
nent flavin monooxygenase that does stabilize the hydroperoxide
without substrate clearly has an H-bond to N5, and it is formed
by the essential nicotinamide from NADP that is bound in the
active site (27). It is notable that the hydroperoxide of HpaA is
more stable (7-fold longer half-life) than that for the C2
oxygenase. Perhaps HpaA has a stronger H-bond to N5 of the
flavin hydroperoxide than does C2. Such a stronger H-bond may
even be responsible for the considerably larger extinction coeffi-
cient for the C4a-FAD hydroperoxide formed in HpaA com-
pared to those for other flavoprotein hydroxylases (see Figure 2).
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Arginine 100 of HpaB is likely to form a hydrogen bond with the
Cda-hydroperoxide and thus also may contribute to its stability.
Another possibility for the increased stability of the C4a-hydro-
peroxide in HpaA is that loop B (Figure 8), even in the absence of
HPA, makes contact of the flavin with solvent less probable.
Unfortunately, crystal structures of static equilibrium conditions
are not sufficient to resolve these possibilities.

The two model HPAH oxygenases display very comparable
hydroxylation kinetics under similar experimental conditions.
The rate constant for hydroxylation by HpaA is 28 s~ compared
to 20's~! for C2 under the same conditions (/0). These reactions
are only 2—3-fold slower than those of the one-component model
enzyme, PHBH. However, both oxygenases prefer to bind HPA
to the flavin hydroperoxide state of the oxygenase, a catalytic
strategy quite different from that of many of the one-component
enzymes, which usually bind substrate before forming the flavin
hydroperoxide. [Note, however, that the microsomal flavin
monooxygenase and the Baeyer—Villiger oxygenase, cyclohexa-
none monooxygenase, bind substrate after the hydroperoxide has
formed (3, 73).] The structures show that the sensitive C4a, N5
region of the isoalloxazine can remain solvent free, while HPA
can bind over the re face of the flavin by the rearrangement of
residues on that face of the flavin. It would be fascinating to know
the configuration of the hydroperoxide group in the protein
cavity during the transient process of HPA binding.

Kinetic analysis of C2 (10) showed a two-step binding pro-
cess for HPA, with the initial interaction being quite weak (Kyq =
0.35 mM). With HpaA, we found that it took 1-2 mM HPA to
reach the limiting rate of 50—60 s~ for the binding of HPA
(Figure 5A). Given that this rate reaches a limiting value, the
binding process for this oxygenase must also involve at least two
steps, with the first equilibrium characterized by a large Ky. In the
processes following hydroxylation, the kinetics of the two
enzymes are significantly different. C2 releases the product with
a rate constant of ~8 s~ and subsequently releases FMN (or,
possibly, the flavin hydroxide) with a rate constant of 8.3 s~ .
This order of events makes C2 sensitive to inhibition by HPA
(K7 = 41 uM), because this substrate forms a dead-end complex
with the flavin hydroxide (10), a process that also occurs with
many of the one-component enzymes, as originally described for
PHBH (28). HpaA has an active site that permits loss of water
from the flavin hydroxide with a rate constant of 18 s~' (by some
as yet unknown mechanism), followed by product dissociation at
257! and, finally, dissociation of FAD from the nonaqueous
oxygenase active site at 0.5 s~ (see Results). Although the last
steps (presumably involving the reversal of the protein conforma-
tional changes occurring with FADH ™ and HPA binding to start
the reaction) are comparatively slower with the P. aeruginosa
enzyme, this enzyme is not sensitive to HPA inhibition. This
observation reinforces the earlier conclusion that HPA mainly
binds only to the flavin hydroperoxide form of the enzyme,
whereas C2 can bind HPA before reacting with oxygen.

Finally, how do these HPAHs compare when operating as a
two-component enzyme with reductase and oxygenase at ap-
proximately the same concentrations? In the detailed study of the
A. baumannii enzyme (6), it was found that the turnover number
of the reaction was 2s ' at 4 °C, with a coupling ratio of 0.86, and
that both the reductase and oxygenase activities were regulated
by HPA concentration. Under the high-HPA concentration
conditions generally used for assays, the last step in the oxygenase
reaction (loss of water from the flavin hydroxide) was inhibi-
ted by HPA, and this governed the overall rate. It was clearly
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established for the A. baumannii HPAH system that the highest
degree of coupling NADH and oxygen consumption to product
formation occurred when the FMN concentration was less than
or equal to the concentration of the oxygenase, C2. With the
P. aeruginosa enzyme, the turnover number for the reaction was
~0.54 5~ " at 4 °C (Figure 7), with a coupling ratio of at least 0.90.
Neither reductase nor oxygenase activities were regulated by the
HPA concentration. The release of FAD from the oxygenase was
the rate-determining step in catalysis, and this process was sen-
sitive mostly to reaction conditions (such as inclusion of glycerol
and/or various concentrations of salt) unrelated to substrates.
The reductase had to be present at concentrations similar to those
of the oxygenase to avoid any influence of the rate of FAD
reduction on the overall turnover number of the system (results
not shown). With the P. aeruginosa enzyme, it was clear that
effective catalysis (i.e., with little or no uncoupling in which
NADH consumption produced H,0,) could proceed provided
that the FAD concentration in the reaction remained lower than
the concentration of active sites in the oxygenase (see Results).
This FAD could come simply from the reductase in the mixture
or could be added separately, whether the reductase was initially
saturated with FAD or not. In the environment of the cell, where
ample NADH is usually present, when HPA is at low concentra-
tions this HPAH probably contains FAD largely as the quasi-
stable C4a-hydroperoxide bound to the oxygenase (Figure 7B)
and also depends upon the stabilization of the flavin hydroper-
oxide as a means of regulating catalysis and avoiding production
of reactive oxygen species. In the case of the A. baumannii enzyme
in a cell that contains NADH but no HPA, catalysis by the
reductase and the oxygenase, as well as transfer of FMNH™
between the two proteins, becomes very slow compared to the
reactions with HPA present (6). Thus, some of the available FMN
probably resides on both the reductase and the oxygenase; this
hypothesis has not been tested. Successful formation of the product
by the two-component enzymes depends on the capture of the
HPA by the oxygenase before the hydroperoxide decomposes.
Presumably, evolutionary pressure has resulted in rather stable
C4a-flavin hydroperoxides to ensure that good coupling occurs.

The details of how these two-component flavin-dependent
hydroxylases activate their substrates and carry out aromatic
hydroxylations are not understood to the extent that we know
about the single-component hydroxylases such as PHBH. Some
specific questions for the two-component systems that remain
follow. From where does the proton that protonates the flavin
peroxide formed in the reaction between reduced flavin and
oxygen come? How is the aromatic ring of HPA activated toward
electrophilic attack from the hydroperoxide? Is the flavin hydro-
peroxide activated as occurs in PHBH? These questions may have
different answers in each type of HPAH, given that they have
different residues in the active site.
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