
Comprehensive Spectroscopic, Steady State, and Transient
Kinetic Studies of a Representative Siderophore-associated
Flavin Monooxygenase*□S

Received for publication, June 25, 2010, and in revised form, July 21, 2010 Published, JBC Papers in Press, July 22, 2010, DOI 10.1074/jbc.M110.157578

Jeffery A. Mayfield‡, Rosanne E. Frederick‡, Bennett R. Streit‡, Timothy A. Wencewicz‡, David P. Ballou§,
and Jennifer L. DuBois‡1

From the ‡Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556 and the
§Department of Biological Chemistry, University of Michigan, Ann Arbor, Michigan 48109-5606

Many siderophores used for the uptake and intracellular stor-
age of essential iron contain hydroxamate chelating groups.
Their biosyntheses are typically initiated by hydroxylation of
the primary amine side chains of L-ornithine or L-lysine. This
reaction is catalyzedbymembers of awidespread family of FAD-
dependent monooxygenases. Here the kinetic mechanism for a
representative family member has been extensively character-
ized by steady state and transient kineticmethods, using hetero-
logously expressed N5-L-ornithine monooxygenase from the
pathogenic fungus Aspergillus fumigatus. Spectroscopic data
and kinetic analyses suggest a model in which a molecule of
hydroxylatable substrate serves as an activator for the reaction
of the reduced flavin and O2. The rate acceleration is only
�5-fold, a mild effect of substrate on formation of the C4a-hy-
droperoxide that does not influence the overall rate of turn-
over. The effect is also observed with the bacterial ornithine
monooxygenase PvdA. The C4a-hydroperoxide is stabilized in
the absence of hydroxylatable substrate by the presence of
boundNADP� (t1⁄2 � 33min, 25 °C, pH 8). NADP� therefore is a
likely regulator of O2 and substrate reactivity in the sid-
erophore-associated monooxygenases. Aside from the activat-
ing effect of the hydroxylatable substrate, the siderophore-asso-
ciated monooxygenases share a kinetic mechanism with the
hepatic microsomal flavin monooxygenases and bacterial
Baeyer-Villiger monooxygenases, with which they share only
moderate sequence homology and from which they are distin-
guished by their acute substrate specificity. The remarkable
specificity of the N5-L-ornithine monooxygenase-catalyzed
reaction suggests addedmeans of reaction control beyond those
documented in related well characterized flavoenzymes.

Pathogenic microbes have evolved a range of strategies for
co-opting, transporting, and storing the iron they scavenge
from their hosts (1, 2). Central to iron trafficking in many
microbes are siderophores, small molecular weight secondary

metabolites that competitively chelate and repackage host iron
for uptake and/or intracellular storage by the pathogen (3, 4).
Structural diversity in siderophores is important for their spe-
cific recognition by membrane transporters (4, 5). The iron-
ligating portions themselves, however, are far less diverse. Sid-
erophores most often contain one of three bidentate chelating
moieties: hydroxamate, catecholate, or �-hydroxycarboxylate.

Hydroxamate-dependent siderophores have special signifi-
cance in pathogenic contexts. First, they are not bound by sid-
erocalins, mammalian immunoproteins that selectively trap
and thereby remove catecholate siderophores from circulating
blood (6, 7). Hydroxamates are consequently associated with
virulent forms of many bacteria, although they are usually
weaker iron-binders than catecholates (7–11). Second, hydrox-
amate siderophores are acutely important to pathogenic fungi,
which are not known to make catecholate or other types of
chelating moieties. Many fungi, lacking ferritin, use variants
of the same hydroxamate siderophore for both uptake and
subsequent intracellular trafficking and storage functions
(12–14). For viability and virulence, Aspergillus species,
including deadly strains of Aspergillus fumigatus, have been
shown to depend on functional pathways for biosynthesis of
ferricrocin and fusarinine, siderophores involved in extra-
cellular iron uptake and intracellular storage. Significantly,
reductive pathways for mobilizing host iron, identified in
some fungi, cannot compensate for the lost siderophore in
many Aspergillus species (15–17).

Hydroxamate biosynthesis is therefore an attractive target
for medicinally controlling A. fumigatus and possibly other
pathogenic species. Antifungal targets are critically needed in
light of recent sharp increases in hospital-associated infections,
a paucity of effective treatments, and the consequent highmor-
tality associated with invasive forms of Aspergillus (18–21).
Iron trafficking compounds are often proposed for antimicro-
bial targeting in principle, but specific molecular targets have
been difficult to identify in practice (22). Many pathogens, for
example, have multiple iron uptake pathways; if one is inhib-
ited, another may or may not compensate. However, recent
work demonstrated that Mycobacterium tuberculosis cultures
are susceptible to picomolar levels of chemical inhibitors of
MbtA, an enzyme catalyzing biosynthesis of the aryl cap of
mycobactin siderophores (23–25). Like Aspergillus sp., myco-
bacteria have been predicted to depend on variants of the same
siderophore for multiple steps in the uptake, internalization,
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and storage of iron and hence may be especially susceptible to
chemical inhibition of mycobactin biosynthesis.
The biosynthesis of siderophores byA. fumigatusbeginswith

the hydroxylation of L-ornithine (L-Orn),2 which is the first
committed step (Scheme 1). This reaction is catalyzed by L-or-
nithine monooxygenase (OMO), a flavin-adenine dinucleotide
(FAD)-dependent enzyme. L-Lysine monooxygenase, the first
described siderophore-associated monooxygenase (SMO), was
initially identified byMcDougal andNielands (26) as part of the
aerobactin biosynthesis operon. More recently, it was recog-
nized that homologs of OMO and lysine monooxygenase are
found in dozens of siderophore biosynthesis gene clusters (27).
The SMOs have only moderate global homology with

the well characterized families of flavin-dependent mono-
oxygenases, such as the hepatic microsomal flavin-containing
monooxygenases (FMOs), nucleophilic Baeyer-Villiger mono-
oxygenases (BVMOs), and aromatic hydroxylases (28–31).
The FMO and BVMO families share a similar domain orga-
nization with the siderophore-associated monooxygenases
and with the functionally related amine-hydroxylating
YUCCA enzymes from plants (32). These all have FAD- and
NADPH-binding sequence motifs (associated with Ross-
mann folds) near the N termini and the centers of their
sequences as well as a hydrophobic region near their C ter-
mini. Phylogenetic analysis places the SMOs nearest the
FMO and BVMO families but within a novel subclass (33).
However, among the flavin monooxygenases, the SMOs
serve chemically distinct roles, being involved in biosyn-
thetic rather than degradative processes. They almost
certainly require unique ways of promoting highly substrate-
specific hydroxylations. Early work on aerobactin biosynthe-
sis established that SMOs have remarkable specificity for
their substrates (e.g. they can discriminate between L-lysine
and L-ornithine, molecules that differ only by one methylene
unit) (34–41).

Prior work with a bacterial OMO (PvdA) by Lamb and co-
workers (35, 42) led to the conclusion that PvdA might have
mechanistic differences from the cohort of known FAD-depen-
dent monooxygenases. This report provides the most detailed
kinetic mechanistic studies, including both steady state and
transient kinetic data, for any enzyme in the widespread SMO
family. These data and information about the chemical mech-
anism that were derived spectroscopically allow us to suggest
how this class of enzyme controls access of hydroxylatable sub-
strates andO2 to the active site and to begin to devise inhibition
strategies that may have medicinal value.

EXPERIMENTAL PROCEDURES

StandardMethods, Chemicals, and Equipment—All solvents
and reagents were obtained from commercial sources and used
without further purification unless otherwise stated. �-N-Ben-
zyloxycarbonyl-L-ornithine (1; see supplemental Scheme S1)
was purchased fromChem-Impex.meta-Chloroperoxybenzoic
acid (ACROS, technical grade) was dried under vacuum over
P2O5 until m.p. �90 °C before use. Benzaldehyde (Fisher) was
filtered through basic alumina and distilled before use. Molec-
ular biology reagents were from New England Biosciences. An
Eppendorf PCR thermocycler was used for PCRs. Spectropho-
tometric and steady state-kinetic measurements were made
using a Varian Cary 50 spectrophotometer equipped with a
Peltier-style thermostat. Additional steady state kinetic mea-
surements were made using a Clark-type O2 electrode (Yellow
Springs Instruments). Transient kinetics were measured using
a Hi-Tech Scientific DX-2 stopped flow spectrometer with
diode array or photomultiplier tube detection, as described in
further detail below. All reactions were carried out in 100 mM

Tris-SO4 buffer at pH 8, unless otherwise noted. Protein
concentrations were routinely measured by the Bradford
assay. UltrapureMilli-Q water was used in the preparation of
all reagents. All data plots shown in the paper were produced
using Kaleidagraph. Data fits by non-linear regression were
produced by the same software for the steady state data and
by KinetAssyst for the stopped-flow data.

1HNMR and 13CNMR spectra were obtained on a 600-MHz
Varian DirectDrive spectrometer, and free induction decays
were processed using ACD/ChemSketch version 10.04. Chem-
ical shifts (�) are given in ppm and are referenced to residual
solvent. Coupling constants (J) are reported in Hz. High reso-
lution, accurate mass measurements were obtained with a
Bruker microTOF II electrospray ionization time-of-flight
mass spectrometer in positive ion mode. Sample was intro-
duced via flow injection at a rate of 4 �l/min, and mass spectra
were accumulated from 50–3000m/z for 2 min. Infrared spec-
tra were recorded on a Thermo Nicolet IR200 FT-IR, and sig-
nals are reported as wave numbers in reciprocal centimeters
(cm�1). Specific rotations were measured with a Rudolf
Research Autopol III polarimeter at 589 nm and 20 °C. Melting
points were determined in capillary tubes using aThomasHoo-
ver melting point apparatus and are uncorrected. Elemental
microanalyses were performed by Midwest Microlab, LLC
(Indianapolis, IN) and are reported as percentages relative to
the total mass of material.

2 The abbreviations used are: L-Orn, L-ornithine; L-Orn-OH, N5-hydroxy-L-orni-
thine; OMO, N5-L-ornithine monooxygenase; SMO, siderophore-associ-
ated monooxygenase; FMO, microsomal flavin-containing monooxygen-
ase; BVMO, Baeyer-Villiger monooxygenase.

SCHEME 1. Fusarinine biosynthesis, with initiating step catalyzed by
OMO.
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Cloning and Engineering of sidA—Genomic DNA fromA. fu-
migatus was received as a gift from Dr. Ute Möllmann of the
Hans Knöll Institute (Jena, Germany). The sidA gene encoding
OMO (accession AY819708) contains one intron that was
removed for recombinant expression in E. coli. The exons were
amplified in separate PCRs from genomic DNA. The forward
primer for exon 1 (5�-GGCTCTCATATGGAATCTGTTGA-
ACGG-3�) included an NdeI site (underlined). The reverse
primer was 5�-GGTTGAAGATCTCATTCACAAAAGGCG-
AGTCGTCACTG-3�. Another forward primer (5�-CAGTGA-
CGACTCGCCTTTTGTGAATGAGATCTTCAACC-3�) was
utilized for exon 2; the reverse primer (5�-CTCGAGTTATTA-
CAGCATGGCTCGTAG-3�) includes an XhoI site (under-
lined). A mixture of the two exons served as the DNA template
in a subsequent PCR, with the intron-free fragment (1561 base
pairs) as the product. The amplified fragmentwas digestedwith
NdeI and XhoI and ligated into complementary sites on the
pET15b plasmid (AmpR, Novagen). The resultant plasmid
encodes the sidA cDNAwith a thrombin-cleavable,N-terminal
6-histidine tag. The plasmidwas transformed into the Rosetta 2
(DE3) E. coli strain (Novagen) for overexpression of the OMO
protein.
Overexpression and Purification of OMO—Cultures were

grown on an Innova shaker incubator (220 rpm) in Fernbach
flasks containing LB medium (1.5 liters) supplemented with
100 �g/ml ampicillin at 30 °C. The cells were harvested after
30 h by centrifugation (6000 � g, 10 min, 4 °C). The cell pellet
was resuspended in 4ml/g pellet of column binding buffer (100
mM Tris-SO4, pH 7.4, 500 mM NaCl, and 50 mM imidazole).
Cells were sonicated (Branson Ultrasonifier), and the debris
was removed by centrifugation (17,000 � g, 50 min, 4 °C). The
supernatant was sterile-filtered and applied to a column packed
with 10 ml of Ni2�-Sepharose high performance (GE Health-
care) resin pre-equilibratedwithNi2� ions andwashed in bind-
ing buffer. The filtered lysate was passed over the resin (4 °C),
and the columnwaswashedwith 10 columnvolumes of binding
buffer and eluted in a gradient of 0–800mM imidazole in bind-
ing buffer. The most active fractions were collected and con-
centrated in an Amicon Ultra-15 centrifugal filter device
(30,000 molecular weight cut-off). The protein was further
purified and buffer-exchanged on a 300-ml Sephacryl S-200
high resolution (GEHealthcare) gel filtration column run at 0.4
ml/min. The protein solutionwas then concentrated in anAmi-
con Ultra-15 centrifugal filter device (30,000 molecular weight
cut-off) to �2 mg/ml and flash-frozen with liquid N2 for stor-
age at �80 °C. Protein concentrations were routinely deter-
mined by the Bradford assay. Bound FAD was determined as
described below.
Analytical Gel Filtration—Analytical gel filtration used a

Sephacryl S-200 high resolution (GE Healthcare) column (26
mm � 60 cm) equilibrated with 100 mM Tris-SO4 buffer, pH
8.0. A standard curve was generated using gel filtration stan-
dard (Bio-Rad) consisting of protein aggregates (void peak), thy-
roglobulin (bovine; Mr � 670,000), �-globulin (bovine; Mr �
158,000), ovalbumin (chicken;Mr � 44,000),myoglobin (horse;
Mr � 17,000), and vitamin B-12 (Mr � 1350).
Quantification of Bound Flavin—Denaturant (0.1% SDS

from 10% stock) was incubated with a sample of enzyme for

which a spectrum had beenmeasured. Spectra were taken until
no changes were observed, the sample was centrifuged in a
microcentrifuge filter (molecular weight cut-off � 10,000) to
near dryness, and the spectrum of the flow-through was
recorded. The molar amount of released FAD was determined
using �max and � values for free/aqueous oxidized FAD (�max �
450, � � 11,300 M�1 cm�1) (43).
Influence of Halides on the Reaction—Because the amino acid

substrate was supplied as the chloride salt and the hydroxyor-
nithine product as the dibromide (see below), the possible
dependence of the measured rates on [Cl�] and [Br�] was
determined. The initial velocity of NADPH oxidation by OMO
was monitored spectrophotometrically at fixed, subsaturating
concentrations of L-Orn (1mM,�2�Km) andNADPH (75�M)
in air. Subsaturation in the substrate would permit competition
between it and the halide. Halide concentrations in the reac-
tions were varied over 160 �M to 1.0 M, and dose-response
curves were generated.
Equilibrium Binding of NADP�—The dissociation constant

for NADP� to the oxidized enzyme was determined by optical
titration. Fractional equivalents of NADP� were added to
enzyme. To account for the possibility of slow equilibration,
spectra were recorded for several minutes until no further
changes were observed. Following corrections for dilution,
changes in absorbance at the spectral region of maximal differ-
encewere plotted versus [titrant] and fit to a quadratic equation
(see supplemental Fig. S3).
Steady State Kinetic Studies—All reactions were initiated

with enzyme, in the absence of added FAD. Rates were refer-
enced to the concentration of flavin-containing enzyme sub-
unit, where the FAD titer was determined as described above.
Reactions were monitored continuously via the oxidation of
NADPH or the consumption of O2. The reactions used to
determine the steady state mechanism were carried out at
37 °C.
Oxygen consumption was measured using a Clark-type O2

electrode equilibrated to 37 °C for �1 h and calibrated to the
dissolved [O2] in air-saturated water at the given atmospheric
pressure. Desired O2 concentrations were obtained via first
mixing O2 and N2 gases and then equilibrating the samples to
those gas concentrations by purging the enclosed headspace for
3 min, followed by a 2-min equilibration of the solution in con-
tact with the probe (headspace gas was displaced by the probe).
The oxygen probe was used to measure the actual [O2]. Reac-
tion volumes were 1.6 ml, enzyme was added via a gas-tight
syringe, and continuous mixing was provided from a magnetic
stirrer. Additionally, NADPH was essentially held constant
throughout the reactionwith the use of an enzymatic system for
continuous regeneration of NADPH (11 units of glucose
6-phosphate dehydrogenase and 4 mM glucose 6-phosphate)
(44). NADPH oxidation was monitored via UV-visible spectro-
photometry (�NADPH,340 nm � 6220 cm�1 M�1). The enzyme
was added to a cuvette, and the spectrophotometer was zeroed
at 340 nm. NADPH was added and mixed by pipetting (final
volume, 160 �l). The slow NADPH oxidase activity of OMO
wasmonitored for 10 s, and the reactionwas initiated by adding
a small volume of L-Orn stock (HCl salt, Sigma). Rates were
determined from linear regression fits to the initial linear por-
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tion of the curves. Initial ratemeasurements were performed in
triplicate or greater. Average values are plotted with� 1 S.D. as
the error bar.
Kinetic parameters were determined fromplots of initial rate

(vi) versus substrate concentration fit to the Michaelis-Menten
equation, vi/[E] � kcat[S]/(Km � [S]), where [E] represents the
concentration of FAD-bound subunit. In order to obtain the
most unbiased fit results, unweighted curves were fit by nonlin-
ear regression to the full collection of data points, with three
replicates at each [S] (45, 46). Errors reported in values for kcat
orKm are sums of the least square differences between the com-
puted and actual curves. By examining the dependence of kcat
and kcat/Km on the concentration of a fixed variable substrate, it
can be established whether the enzyme forms with which the
fixed variable substrate and the variable substrate combine are
reversibly or irreversibly connected in the kinetic mechanism.
If Km/kcat and 1/kcat values vary with 1/[fixed variable sub-
strate], it can be concluded that there is a reversible connection.
For an irreversible connection, 1/kcat varies, whereas Km/kcat
stays the same. This approach is analogous to traditional linear-
ization of data through double reciprocal plots, where inter-
secting line patterns indicate a reversible connection between
the variable and fixed variable, and parallel line patterns indi-
cate an irreversible connection. However, comparing parame-
ters derived directly from fits to Michaelis plots avoids the
errors associated with double reciprocal plots (47).
Rapid Reaction Studies—Reduction of the enzyme by

NADPH and reoxidation byO2 in the presence/absence of sub-
strate were studied by stopped-flow spectrophotometric tech-
niques at 25 °C in single and sequential mixing modes. For all
experiments, the enzyme was placed inside a gas-tight tono-
meter and made anaerobic via repeated cycles of evacuation
and purging with purified and hydrated argon gas. Solutions
before mixing consisted of 20–40 �M FAD-containing enzyme
subunit. These were mixed with an equal volume of reactant
solution prepared in the same buffer from a second syringe. For
anaerobic experiments, the solution in the second syringe was
equilibratedwith argon via bubbling; alternatively, this solution
was equilibrated with air or bubbled with a defined N2/O2 gas
mixture.
Reactions with NADPH—The anaerobic reduction of OMO

(10�M enzyme plus 10–200�MNADPH, final concentrations)
was monitored at 440 nm via a photomultiplier tube detector.
Additional measurements were made with 200 �M NADPH
plus either 200�MNADP� or 5mM (saturating) L-Orn, in order
to determine their effect on the reduction rate. For subsequent
experiments, reduced enzyme solutions were prepared anaero-
bically in a tonometer by titrimetric addition of 1 eq of NADPH
via a titration syringe.
Reactions of ReducedOMOwithO2—Allmeasurementswere

made using diode array detection. The single mixing mode was
initially used to monitor reduced enzyme after mixing with
buffer that contained defined concentrations of either O2 alone
or O2 and L-Orn in combination. Subsequently, the sequential
mixingmodewas used for two types of experiments. In the first,
NADPH-reduced enzyme was mixed with anaerobic solutions
of L-Orn (0.5 and 5 mM). Following a set delay time (�15 ms),
the reaction was mixed with aerated buffer. This type of exper-

iment was used to determine the binding rate of L-Orn. In the
second type, NADPH-reduced enzyme and aerated buffer were
mixed and incubated for 5 s in order to allow for the formation
of the flavin-oxygen reaction intermediate. The resulting solu-
tion wasmixed with buffers containing various [L-Orn]. Details
of individual experiments, including the concentrations used,
are given in “Results” (Rapid Kinetic Studies) and figure legends.
Synthesis of L-Orn Derivatives—Amino acid derivatives 2–5

(supplemental Scheme S1) were prepared according to a liter-
ature protocol. All characterization data matched the previ-
ously reported data (48).
N5-Hydroxy-L-ornithine Dihydrobromide (6)—Hydroxyl-

amine 5 (400mg, 1.26mmol) was dissolved in amixture of 33%
(w/v) hydrogen bromide-acetic acid (10ml) and stirred for 1.5 h
at room temperature. The product was precipitated as an off-
white solid by the slow addition of diethyl ether (50 ml). The
solid was washed several times with diethyl ether and then dis-
solved in water (50 ml) and washed with diethyl ether (2 � 25
ml). The water was removed using high vacuum rotary evapo-
ration (1 mm Hg), which gave 6 as a hydroscopic white foam
(363 mg, 93%): 1H NMR (600MHz, CD3OD, �) 4.09 (t, J � 6.08
Hz, 1H), 3.33 (t, J � 7.38 Hz, 2H), 2.11–1.90 (m, 4H); 13C-NMR
(150 MHz, CD3OD, �) 171.23, 53.35, 51.27, 28.61, 20.85; IR
(KBr): 3427, 2949, 1738, 1617, 1501 cm�1; HRMS-ESI (m/z):
[M � H]� Calcd. for C5H13N2O3, 149.0921; found 149.0929;
[�]20D �7.5° (c 0.53, H2O).
N5-Hydroxy-L-ornithine Monohydrobromide (7)—The dihy-

drobromide salt 6 (150mg, 0.484mmol) was dissolved in water
(1.0 ml), and the solution was adjusted to pH 4.5 with pyridine.
The water was removed using high vacuum rotary evaporation
(1 mm Hg), which gave a clear oil. The oil was dissolved in
methanol, and after the addition of diethyl ether, the monohy-
drobromide salt 7 precipitated as a white solid (105 mg, 95%):
m.p. 161–164 °C dec (lit. 174–176 °C dec, crystals from water-
ethanol); 1H NMR (600 MHz, CD3OD, �): 3.69 (t, J � 5.72 Hz,
1H), 3.27–3.20 (m, 2H), 1.97–1.81 (m, 4H); 13C NMR (150
MHz, CD3OD, �): 174.07, 55.22, 51.89, 29.52, 21.36; IR (KBr):
3423, 2987, 2854, 1614, 1544 cm�1; HRMS-ESI (m/z):
[M � H]� Calcd. for C5H13N2O3, 149.0921; found 149.0935;
[�]20D �9.6° (c 0.52, H2O); Anal. Calcd. for C5H13BrN2O3: C,
26.22; H, 5.72; N, 12.23. Found: C, 26.03; H, 5.43; N, 11.90.

RESULTS

Protein Characterization—Soluble OMOwas overexpressed
in E. coliwith typical yields of 20 mg of pure protein per liter of
culture (supplemental Fig. S1 andTable S1). Bright yellow puri-
fiedOMOwas isolated with�0.6 FAD released (per subunit, as
determined by Bradford assay) following incubation of the pro-
tein with 0.1% SDS. Previously isolated siderophore-associated
monooxygenases, by contrast, had almost no bound FAD, con-
sistent with the relatively low measured affinities of those
SMOs for FAD:KD� 26�M (41), 9.9�M (35), and 30�M (36). In
earlier work with SMOs, 10 eq of FAD were routinely added
immediately prior to activity measurements in order to
increase the concentration of active enzyme (34–36, 38–41),
possibly leading to off-enzyme reactions of free FAD and
NADPH.
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The UV-visible spectra for free and enzyme-bound FAD
were similar in appearance (supplemental Fig. S2), although the
extinction coefficient determined for the enzyme-bound FAD
(12,500 M�1) is larger than that for the free flavin (11,300 M�1).
Analytical gel filtration (against globular protein standards)
gave an estimated nativemolecularmass of 105 kDa, suggesting
that, if globular,OMOexists as a homodimer (expressedmono-
mer � 58.9 kDa). The average specific activity over three sepa-
rate purifications for OMO was 657 � 55 nmol of NADPH
min�1 mg�1 (50 mM Tris-SO4, pH 8, 37 °C). This value is com-
parable with the specific activity measured for the expressed
P. aeruginosa ornithine monooxygenase (528 � 8 nmol of
NADPH min�1 mg�1, 100 mM potassium phosphate, pH 8,
24 °C) (35).
Dissociation Constant for NADP�—The affinity of the oxi-

dized enzyme for NADP� was determined by spectrophoto-
metric titration. Difference spectra (at 390 nm) were fit
to a quadratic equation, yielding KD � 4.6 � 0.34 �M

(supplemental Fig. S3).
Influence of Halides on the Reaction—Some FAD-dependent

enzymes, including PvdA (35), are inhibited by halides (49).
Moreover, the substrate and product were used as amino acid
salts (chloride and dibromide, respectively). In order to assess
the possible inhibitory effects of either Cl� or Br�, specific
activity was measured in the presence of increasing concentra-
tions of each (potassium salt). Dose-response curves were
obtained by plotting the enzyme fractional activity (vi/v0),
where vi is the initial velocity in the presence of halide and
v0 is velocity in its absence, as a function of log[halide]
(supplemental Fig. S4). The resulting plots are sigmoidal in
shape. The inflection point of the sigmoidal curve gives the
concentration of halide at which activity is reduced by 50%
(IC50). Each curvewas fit to a sigmoidal function of the form y�
ymin � (ymax � ymin)/(1 � (x/IC50)H), where H represents Hill
slope. This yielded IC50(Cl�) � 59 mM; IC50(Br�) � 108 mM

(50). Hence, neither halide is expected to have an appreciable
influence on the reaction at the concentrations used in this
study.
Synthesis of N5-Hydroxy-L-ornithine (L-Orn-OH)—The syn-

thesis ofN5-hydroxy-L-ornithine (L-Orn-OH) followed an indi-
rect heteroatom oxidation method starting from commercially
available �-N-benzyloxycarbonyl-L-ornithine, 1 (supplemental
Scheme S1) (48, 51–53). Because full spectroscopic character-
ization of L-Orn-OH has not been reported, it was isolated and
fully characterized as the dihydrobromide salt, 6, and the cor-
responding monohydrobromide salt, 7 (54, 55). The dihydro-
bromide salt, 6, was used as the source of L-Orn-OH for all
experiments in this report (supplemental Fig. S5 and S6).
Steady State Kinetics of the Forward Reaction—As expected

for a monooxygenase, the reaction was essentially irreversible
in the forward direction.Km values for each substrate were first
estimated at 25 °C from plots of the initial rate (vi/[E], where
[E] � [enzyme-bound FAD]) versus [substrate] with the other
two substrates at very high concentrations (Table 1). The very
low Km values for NADPH and O2 were near the mea-
surable limits using either the UV-visible (NADPH) or polaro-
graphic (O2) assays.More accurate values for these numbers (at
37 °C) were derived from replots of 1/kcat values (determined

from fits to hyperbolic plots measured at several fixed variable
concentrations of a second substrate) against 1/[S]. The x inter-
cept of the 1/kcat replot is 1/Km,S (where S represents fixed
variable substrate) and the y intercept gave 1/kcat at an extra-
polated infinite concentration of S (Table 1, top). Using the
initially measured Km, saturating concentrations for each sub-
strate were set to be �10 Km in the experiments described
below.Note that air-saturated purewater at 25 °C and 1 atmhas
an [O2] � 260 �M. Nearly the same [O2] was measured for 50
mM Tris-SO4 buffer, pH 8, at the same temperature.
In order to determine the nature and order of substrate

interactions with the enzyme, initial rates were plotted as a
function of the concentration of one of the substrates at each
of several fixed concentrations of the second substrate with
the third substrate fixed at an essentially saturating concen-
tration. Each of the plots was fit to the Michaelis-Menten
equation (supplemental Figs. S7–S10). Values for Km, kcat, and
Km/kcat (and their associated errors) from the fit to each plot are
tabulated in supplemental Tables S2–S5, and the conclusions
are summarized here. When [NADPH] was varied and O2 was
the fixed variable ([L-Orn] was fixed at the saturating concen-
tration of 13 mM), the resulting double reciprocal plots
appeared parallel; however, the relationship among the mea-
sured values of Km,NADPH/kcat was difficult to determine accu-
rately due to the low Km,NADPH and the rapid initial rates
(supplemental Fig. S7 and Table S2). The value for 1/kcat clearly
increases with 1/[O2]. When the same data were measured in
the presence of a fixed, subsaturating [L-Orn] (0.6 mM), the
measured values ofKm,NADPH/kcat clearly increasedwith 1/[O2]
(supplemental Fig. S8 and Table S3). Hence, NADPH and O2
appeared to react with irreversibly connected forms of enzyme
when L-Orn is saturating, and this changes to reversibly con-
nected enzyme forms in the presence of subsaturating L-Orn.
These results are consistent with a sequential mechanism with
NADPH reacting with the enzyme (to reduce the flavin), fol-
lowed by the binding of [L-Orn] and then O2. Alternatively,
L-Orn and O2 could react randomly with the enzyme following
its reaction with NADPH. In the latter case, saturation with
L-Orn would enforce the NADPH, L-Orn, O2 order and, as in
the sequential case, cause the other two substrates to appear
irreversibly connected.
When [L-Orn] was varied, [NADPH] was the fixed vari-

able, and O2 was saturating (air), the resulting values of
Km,L-Orn/kcat decreased, and 1/kcat increased with 1/[NADPH]
(supplemental Fig. S9 and Table S4). This indicates that the two
varied substrates bind enzyme forms that are reversibly con-
nected in the reaction. The fact that at saturating concentra-

TABLE 1
Steady state kinetic parameters for OMO measured at 37 and 25 °C

Variable substrate Km kcat kcat/Km

M s�1 M�1 s�1

Measured at 37 °C
L-Ornithine 4.9 � 0.7 � 10�4 1.7 � 0.1 3.4 � 0.5 � 103
NADPH 4.6 � 0.5 � 10�6 1.9 � 0.4 4.2 � 0.5 � 105
O2 1.8 � 0.1 � 10�5 1.9 � 0.1 1.1 � 0.1 � 105

Measured at 25 °C
L-Ornithine 5.8 � 0.4 � 10�4 0.611 1.1 � 0.1 � 103
NADPH 2.6 � 0.6 � 10�6 0.599 2.3 � 0.5 � 105
O2 1.6 � 0.1 � 10�5 0.614 3.8 � 0.5 � 104
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tions of O2 there was not a parallel pattern suggests that O2 is
either the first or (more likely) last substrate to add or that the
enzyme form to which it adds is irreversibly separated from the
NADPH- and L-Orn-combining forms. Because Km,L-Orn/kcat
also decreased with 1/[O2] at saturating NADPH (supple-
mental Fig. S10 and Table S5), the O2- and L-Orn-combining
enzyme forms must also be reversibly connected. Collectively,
the data indicate that the substratesmost likely add sequentially
in the order NADPH, L-Orn, and O2, a conclusion further cor-
roborated below. Steady state patterns and conclusions are
listed in Table 2.
Dead End and Product Inhibition—True product inhibition

occurs when the product combines with the product-releasing
enzyme form and backs up the forward reaction, altering the
steady state concentrations of the various reactive enzyme
forms. By contrast, when a product simply mimics and thereby
competes with its cognate substrate, pure competitive dead end
inhibition is observed. Saturation in the cognate substrate elim-
inates the dead end inhibitory effect. If a product acts as both a
dead end and product inhibitor, it should bind to both the prod-
uct-releasing and cognate substrate-binding enzyme forms.
Saturation in the cognate substrate in that case should elimi-
nate dead end but not product inhibition.
We sought first to determine whether NADP� acts as a dead

end inhibitor relative to NADPH, as a product inhibitor, or
both. When NADP� was used as a fixed variable inhibitor
against NADPH ([L-Orn-OH] � 0, O2 saturating, and L-Orn (5
mM) saturating), a pure competitive pattern was clearly
observed, indicating thatNADP� andNADPHbind exclusively
to the same enzyme form (supplemental Fig. S11). This result is
consistent with NADP� being the last product to leave the

enzyme and NADPH the first to add, such that both species
bind to the oxidized enzyme (Scheme 2, species 1). If a second,
product-releasing enzyme form could also reversibly bind
NADP� (e.g. the FAD-C4a-hydroxide that is converted to
E-FADox by dehydration; Scheme 2, species 6), a noncompeti-
tive pattern would have been observed.
Inhibition by L-Orn-OH is likewise purely competitive (KI �

475�M;Table 3)with the cognate L-Orn substrate ([NADP�]�
0, O2 � air saturation, and [NADPH] � 10Km) (supplemental
Fig. S12B). These measurements were carried out by monitor-
ing spectrophotometrically for NADPH disappearance. Slope
and intercept replots (Km/kcat and 1/kcat versus [L-Orn-OH]) in
this case were linear. The simplest interpretation of these
results is that competition between L-Orn and L-Orn-OH
occurs via a single site on the same enzyme form under the
given conditions, presumably the E-FADred(NADP�) complex
(Complex 1).
When L-Orn is at 3Km (1.5 mM), uncompetitive inhibition by

L-Orn-OH against varied [NADPH] is observed (supplemental
Fig. S12B) with KI � 1400 �M (Table 3). Therefore, under these
conditions, L-Orn-OHbinds an enzyme form that is not revers-
ibly connected to the NADPH-binding form (i.e. neither E-
FADoxnor theE-FADred(NADP�) complex). L-Orn-OH there-
fore appears to be able to interactwith two forms of the enzyme.
The higher affinity interaction (with E-FADred(NADP�))
appears to be mostly saturated with L-Orn when [L-Orn] � 1.5
mM, and was consequently not evident in the NADPH/L-
Orn-OH inhibition experiments. The lower affinity site is also
not apparent in the L-Orn/L-Orn-OH experiments, possibly
because the two values for KI are close in magnitude (�0.5 mM

and 1.4 mM). It is unclear from these experiments which
enzyme form is responsible the lower affinity L-Orn-OH/en-
zyme interaction. However, because the L-Orn hydroxylation
step is probably not reversible, it is unlikely that L-Orn-OH
binds the product-releasing form to bring about reversal of the
reaction and true product inhibition. L-Orn-OH more likely
inhibits the enzyme via binding to some other enzyme form,
which we propose is the C4a-hydroperoxide (see below).

SCHEME 2. Kinetic mechanism for OMO.

TABLE 2
Summary of steady state kinetic patterns observed for substrate
interactions

Variable Fixed variable Fixed Pattern Figure

NADPH L-Ornithine O2, saturating Intersecting Fig. S7
O2 L-Ornithine NADPH, saturating Intersecting Fig. S8
O2 NADPH L-Ornithine, subsaturating Intersecting Fig. S9
O2 NADPH L-Ornithine, saturating Parallel Fig. S10
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NADPH Oxidase Activity—Slow NADPH Oxidase activity
was observed in the absence of L-Orn. This occurred with a
measured kcat � 0.90 min�1 or 0.015 s�1 (25 °C, pH 7.4). Km
values were below the estimated threshold for which either
could be measured by UV-visible or O2-electrode methods
Km(O2) � 10 �M; Km,NADPH � 5 �M (data not shown).
Rapid Kinetic Studies of OMO with NADPH—Anaerobic

samples of oxidized OMO (10 �M FAD) were reduced with a
large stoichiometric excess of NADPH (200 �M final concen-
tration, also anaerobic) in the stopped-flow instrument in order
to determine the pseudo-first order rate constant for the reduc-
tion (Fig. 1). After a lag time that may correspond to NADPH
associating with the enzyme, conversion to the reduced form
was observed via the loss of absorbance due to oxidized flavin
(i.e. at 450 nm). A rate constant kobs � 0.67 s�1 for reduction
was determined by fitting a sum of two exponentials to the
curve, where the first exponential function is for the lag and the
second is for the reduction. The value for reduction was very
close to the turnover number for the complete reaction mea-
sured at 25 °C (kcat � 0.6 s�1, 25 °C; Table 1 (bottom) and
Scheme 2). The rate constant and the apparent first order char-
acter of the reaction were unchanged when lower and even
slightly substoichiometric (compared with FAD) amounts of

NADPH were used. The lack of a response to changes in
[NADPH], even when slightly less than 1 eq is used, suggests
that the Kd for oxidized enzyme/NADPH is very small rela-
tive to the [NADPH] used and can be estimated as � 1 �M.
The rate of reduction was also measured in the presence of a
saturating amount (5 mM) of L-Orn and 100 mM NADPH.
L-Orn had minimal effects on the reduction. The reaction
and equation below describe the interactions.

E-FAD 	 NADPH L|;
Kd,NADPH

E-FAD�NADPHO¡
kred

E-FADH��NADP�

REACTION 1

kobs 
 kred[NADPH]�	Kd,NADPH 	 [NADPH]
 � kred (Eq. 1)

Rapid Kinetic Studies of the Reaction of Reduced OMO with
O2 in the Absence of L-Orn—The formation and decay of the
hydroperoxide intermediate were both monitored by stopped-
flow UV-visible spectroscopy. A two-peaked spectrum with a
�max near 450 nm is characteristic of oxidized flavin on the
enzyme. Reduction of the enzyme with 1 eq of NADPH causes
the yellow sample to turn clear, leading to a relatively feature-
less spectrum (data not shown). Anaerobic samples of OMO
(10–20 �M FADH�) reduced with stoichiometric quantities of
NADPH were mixed with buffer that had been equilibrated
with various concentrations of O2. The C4a-hydroperoxide
(typically monitored at 370 nm) was subsequently seen to form
relatively slowly (Fig. 2), with a kobs that varied linearly with
[O2] and passed through the origin (second order k� 2.5� 104
M�1 s�1; Fig. 2, inset). A very similar rate constant was mea-
sured for FMO (k � 2 � 104 M�1 s�1) at pH 8.0 and 15 °C (56).
By contrast, at 0.6 mM O2, the analogous BVMO intermediate
was observed to form within the mixing time of the stopped-
flow instrument (1–2 ms) (57).
The apparent C4a-hydroperoxide converted to the oxidized

flavin with an isosbestic point near 400 nm and a first order rate
constant kobs � 0.021 s�1 (Fig. 2). This value is independent of
[O2] and very close to the turnover number for the uncoupled
reaction measured at 25 °C (kcat � 0.025 s�1). Therefore, this
step appears to limit the rate of the futile cycling thatwould lead
toH2O2 production. The lifetime for the C4a-hydroperoxide in
pig liver FMO has been measured at pH 7.2 and 4 °C at �100
min (56).When theOMOC4a-hydroperoxidewas generated at
pH 7 and 4 °C, we noted that conversion to the oxidized form
was complete within 2.5 h (data not shown). Hence, the OMO
intermediate can also be described as long lived. Adding excess
NADP� (150 �M or about 10Km,NADPH, 5 KD,NADP� measured
relative to the oxidized enzyme) only slightly increased the
measured half-life (data not shown). Finally, the dependence of

FIGURE 1. Reduction of OMO by NADPH. The reaction mixture contained 10
�M enzyme at 25 °C. Absorbance was measured in photomultiplier mode at
450 nm, and traces were fit to the sum of two exponentials. Observed rates
were 0.58, 0.67, and 0.60 s�1 at 10 (long dashed line), 100 (solid line), and 200
(short dashed line) �M NADPH, where the trace at 100 �M NADPH contained 5
mM L-ornithine.

COMPLEX 1

TABLE 3
Summary of product inhibition patterns and inhibition constants

Variable Product inhibitor Conditions Pattern/Mode KIia (��Is) KIsa Figure

�M �M

NADPH NADP� 6 mM L-ornithine, air O2 Competitive/Intersecting on y axis NAb 156.5 � 11.8 S11A
L-Orn NADP� 70 �M NADPH, air O2 Uncompetitive/Parallel 343.6 � 18.6 NA S11B
L-Orn L-Orn-OH 150 �M NADPH, air O2 Competitive/Intersecting on y axis NA 474.5 � 83.3 S12A
NADPH L-Orn-OH 1.5 mM L-ornithine, air O2 Uncompetitive/Parallel 1433.2 � 36.4 NA S12B

a Inhibition constants for the intercepts (Kii) and the slopes (Kis) were determined by taking the horizontal intercept of linear replots of the intercepts and slopes against inhibitor
concentration.

b NA, not applicable.
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the half-life for C4a-hydroperoxyflavin/FAD conversion on
boundNADP�was examined by chemically reducing an anaer-
obic sample of OMO with an equivalent of dithionite. Upon
re-exposure to air, the reduced enzyme appears to convert
directly and swiftly to FADox without an observable hydroper-
oxide intermediate (supplemental Fig. S13).
Rapid Kinetic Studies of the Reaction of Reduced OMO with

O2 in the Presence of L-Orn—The formation and decay of inter-
mediates were monitored during the reaction of O2 with OMO
that had been stoichiometrically reduced with NADPH, this
time in the presence of L-Orn. Mixtures with varied [L-Orn] in
O2-saturated buffer or varied [O2] in the presence of 5 mM

L-Orn,were used. The formation of theC4a-hydroperoxidewas
in each case slow enough to detect but was�5-fold faster in the
presence of 5 mM ornithine than without ornithine. Each time
course fit well (at 370 nm) to a single exponential curve. The
measured values for kobs showed a linear dependence on [O2]
(Fig. 3A and inset) and a hyperbolic dependence on [L-Orn],
with half-maximal kobs occurring atKd(app) � 680 �M ornithine
(maximal kobs � 82 s�1) (Fig. 3B). This apparent Kd is close to
the Km,L-Orn measured in the steady state (580 �M). The second
order rate constant describing the O2 dependence at saturating
L-Orn was k � 1.3 � 105 M�1 s�1 (Fig. 2).

The conversion of the C4a-hydroperoxide species to the oxi-
dized flavin (Fig. 4A) occurred in what appeared to be three
consecutive exponential phases that were most easily observed
near 390 nm (time course data not shown). It was not possible
to cleanly deconvolute all three phases in all of the experiments.
However, in the presence of high concentrations of O2 and
L-Orn, the individual rates could be distinguished sufficiently
that the first two rate constants could be reasonablywell fit. The
values obtained are reported in Scheme 2. The initial phase
probably corresponds to hydroxylation of the amine with con-
comitant formation of the C4a-hydroxyflavin species. This spe-
cies has a �max slightly blue-shifted relative to that of the C4a-
hydroperoxide. Notably, the apparent (but not genuine)
isosbestic point linking the C4a-hydroperoxide (�max � 370
nm) and FAD shifts from 400 to 380 nm when L-Orn is present
(Figs. 2B and 4A), suggesting thepresenceof an intermediatewith
a shorterwavelength�max. At�0.6mMO2, the rate constant for
the hydroxylation varies between 5 and 8 s�1, depending on
[L-Orn].

The second phase corresponds to the dehydration of the
hydroxyflavin to yield FAD. This step also appears to have some
dependence on [L-Orn] and occurs at 1.5–3 s�1. This apparent
dependence is probably caused by the similarity in the rates of
hydroxylation and dehydration, making the two steps difficult
to parse, particularly at lower [L-Orn]. The last phase occurs
with only a very small absorbance change and consequently
could not be fit accurately. This step could correspond to
release of the hydroxylated product and/or the oxidized
NADP� cofactor. A single exponential was also fit to the 450
nm traces over the entire time course between the maximiza-
tion of the C4a-hydroperoxide and FAD peaks, in an effort to
quantify the dependence on [L-Orn] of the composite interac-
tion of L-Orn with C4a-hydroxperoxide. A similar fitting pro-
cedure was used for data recorded for analogous experiments
with FMO (57). A plot of the resulting kobs values versus [L-Orn]
can be fit to a hyperbolic curve with an apparent Kd of 2.2 mM

(Fig. 4B). Hence, both the rates of formation and the subse-
quent conversion of the C4a-hydroperoxy species to the oxi-
dized FADdemonstrated dependence on [L-Orn].We note that
this Kd, which is for the binding of L-Orn to the C4a-flavin
hydroperoxide, is�3-fold larger than the apparentKd for bind-
ing to reduced OMO (0.68 mM).

In order to further define the interactions of L-Orn with both
the reduced enzyme and the C4a-hydroperoxide species, two
types of sequential mixing stopped-flow experiments were car-
ried out. First, reduced enzyme was mixed anaerobically with
saturating (5 mM) L-Orn and allowed to age for various times

FIGURE 2. A, formation of the C4a-hydroperoxyflavin�NADP� complex. Spec-
tra are shown at 0.004, 0.071, 0.139, 0.307, 0.577, 0.960, and 2.355 s after
mixing the NADPH-reduced enzyme with air-saturated buffer (final [O2] �
0.130 mM) in the stopped-flow instrument. Inset, oxygen dependence of the
rate of C4a-hydroperoxyflavin formation in the absence of L-Orn. C4a-hy-
droperoxide formation was monitored at 370 nm under pseudo-first order
conditions with varying [O2]. Values for kobs determined from fitting single
exponentials to the data are plotted versus [O2]. The second order rate con-
stant determined from this plot was 2.5 � 104

M
�1 s�1. Reaction mixtures

contained 10 �M reduced enzyme�NADP� at 25 °C. B, conversion of the C4a-
hydroperoxyflavin�NADP� complex to oxidized FAD. Spectra at 2.63, 11.25,
18.6, 29.4, 60.3, and 142.5 s after mixing from the experiment in Fig. 2 are
shown.
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before mixing with O2-saturated buffer. If equilibration of the
reduced enzyme�L-Orn complex were incomplete in the
selected time delay, the subsequent reaction with O2 should
not all occur at the faster, L-Orn-promoted rate. However, the
rate of C4a-hydroperoxide formation was unaffected by an
enzyme�L-Orn incubation time as short as 15 ms, even when a
lower concentration of L-Orn (0.5 mM or �Km) was used (data
not shown). Hence, the reduced enzyme and L-Ornmust equil-
ibrate very rapidly (i.e. within 15 ms).
Second, the reaction of L-Orn with a preformed C4a-hy-

droperoxide intermediate was probed directly (Figs. 5 and 6).
Reduced enzyme was mixed with air-saturated buffer, and the
solution was aged until the C4a-intermediate completely
formed (5 s). It was then mixed with buffer containing various
concentrations of L-Orn, and the subsequent reactions were
monitored. The data appeared to be very similar to the conver-
sion of theC4a-flavinhydroperoxide to oxidized flavin observed
in the single mixing experiments described above (Figs. 3 and
4), in which reduced enzyme was simultaneously mixed with
L-Orn and O2. Three consecutive exponential phases were also
apparent in the data. Traces at 393 nm following formation of
the C4a-hydroxide at various L-Orn concentrations are shown
in Fig. 6A. The first phase was most pronounced near 390 nm.
The second phase was slower and corresponded to a large
change in the absorbance near 450 nm (oxidized FAD) (as seen
in Fig. 5B). The third phase again resulted in only subtle absor-
bance changes and most likely corresponds to product release
from the oxidized enzyme. Traces at 393 nm fit well to three
exponentials with rate constants identical to those identified

FIGURE 3. A, formation of the C4a-hydroperoxyflavin�NADP� complex in the
presence of L-Orn. Spectra are shown at 0.004, 0.019, 0.034, 0.049, 0.071,
0.079, 0.011, and 0.026 s after mixing the NADPH-reduced enzyme with air-
saturated buffer containing 5 mM L-Orn (final [O2] � 0.130 mM). The reaction
mixture contained �10 �M reduced enzyme�NADP� complex at 25 °C. Inset,
oxygen dependence of the rate of C4a-hydroperoxyflavin formation in the
presence of saturating L-Orn. The conversion of the reduced enzyme�NADP�

complex to the C4a-hydroperoxyflavin was monitored at 370 nm in the pres-
ence of 5 mM L-Orn and varying (pseudo-first order) [O2]. Values for kobs were
determined from fits of single exponential curves to the data and plotted
versus [O2]. The second order rate constant determined from this plot was
1.3 � 105

M
�1s�1. B, kinetic traces illustrating the O2 dependence of the reac-

tion of reduced enzyme�NADP� complex with O2 in the presence of L-Orn.
Absorbance traces at 370 nm show the reduced enzyme�NADP� complex

reacting with varying [O2] to form the C4a-hydroperoxyflavin. Final oxygen
concentrations were 0.06, 0.13, 0.3, and 0.6 mM. The kinetic trace at 450 nm
illustrates the formation of the oxidized FAD that occurs as the C4a-hydroper-
oxyflavin disappears, a reaction that shows no dependence on [O2].
C, dependence of the rate of C4a-hydroperoxide formation on [L-Orn] at fixed
oxygen. The conversion of reduced enzyme�NADP� complex to the C4a-hy-
droperoxyflavin was monitored at 370 nm at various (pseudo-first order)
[L-Orn] at fixed/saturating O2. Rate constants were determined from single
exponential fits to the first portion of the curves. The apparent Kd and maxi-
mal kobs determined from this plot were 680 �M and 82 s�1. Each reaction
mixture contained 10 �M reduced enzyme�NADP� complex with 0.3 mM O2 at
25 °C.

FIGURE 4. A, conversion of the C4a-hydroperoxyflavin�NADP� complex to
oxidized OMO in the presence of L-Orn. 10 �M reduced enzyme�NADP� com-
plex containing 5 mM L-Orn was mixed with air-saturated buffer (final [O2] �
0.3 mM at 25 °C). The C4a-hydroperoxyflavin species (�max � 370 nm) formed
and subsequently converted to the oxidized flavin. Only the spectra showing
the latter conversion are shown (recorded 0.04, 0.30, 0.50, 1.10, 2.00, and
7.00 s after mixing). B, dependence of the conversion of the C4a-hydroperox-
ide to oxidized FAD on L-Orn at fixed/saturating O2. The conversion of the
C4a-hydroperoxyflavin to the oxidized FAD shown in A was monitored at 450
nm at various (pseudo-first order) L-Orn concentrations. Values for kobs were
determined from single exponential fits to the curves. The apparent Kd and
maximal kobs determined from this plot were 2.2 mM and 1.8 s�1.
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from the singlemixing data above (Figs. 3 and 4). Singular value
decomposition of the entire data set (via SpecFit) using the
measured rate constants yielded a set of three component spec-
tra that bear remarkable similarity to those measured here
for the C4a-hydroperoxide and the oxidized flavin as well as a
blue-shifted spectrum typical of a C4a-flavin hydroxide (Figs.
5B and 6).
The rate constants for the hydroxylation and dehydration

steps, obtained with this double mixing experiment and in the
single mixing experiments described above, both were depen-
dent on [L-Orn]. Single exponentials were fit independently
over the full time course of these experiments at 450 nm, where
kobs depended hyperbolically on [L-Orn] (apparent Kd � 2.1
mM; Fig. 5, B and C). The apparent Kd for the C4a-hydroperox-
ide and L-Orn measured in both this experiment and the anal-
ogous single mixing experiment in which L-Orn and O2 were
added to the reduced enzyme concurrently are nearly the same.
These results suggest that the hydroxylation reaction in either
case is the same, occurring after the binding of L-Orn to the
C4a-hydroperoxide.
In further support of this conclusion, experiments in which

L-Orn and O2 were independently presented to the reduced
enzyme showed that either the Ered�L-Orn complex or the
reduced enzyme alone is capable of reactingwithO2. These two
pathways yield the C4a-hydroperoxide at rates equal to 1)
k[Ered�L-Orn][O2] and 2) k�[Ered][O2], where k/k� is �5. Given
the apparent Kd for Ered�L-Orn of 0.68 mM, [Ered�L-Orn] � 1470
M�1 [Ered][L-Orn]. The ratio of rate 1 to rate 2 is therefore equal
to [L-Orn] (7350 M�1). This suggests that the two rates are
equal and their associated pathways are equally populated at
[L-Orn] � 140 �M or when �20% of the reduced enzyme is
occupied by L-Orn (according to themeasuredKd). The L-Orn-
facilitated pathway gains importance proportionally at concen-
trations above 140 �M. For example, at Km,L-Orn � 0.5 mM, the
L-Orn pathway would be preferred �3.7:1. This suggests that
the pathway in which L-Orn associates with the reduced
enzyme and facilitatesO2 activation is preferentially in use over
much of the L-Orn concentration range probed in this paper.

DISCUSSION

Flavin monooxygenases that catalyze theN-hydroxylation of
the side chain of ornithine, lysine, or other primary amines are
essential for the biosynthesis of hydroxamic acids. These acids
act as bidentate chelating moieties in the siderophores used by
hundreds of organisms (27). Although these enzymes are now
known to be widespread and appear to constitute a distinct
subclass of flavin monooxygenases (28), they have undergone
little mechanistic study until recently (35, 42). Their encoding
genes are essential for survival and/or virulence inmany species
of pathogenic fungi, notably deadly strains of A. fumigatus and
intracellular Histoplasma capsulatum (15–17). Serious fungal
infections, particularly in their invasive forms, are associated
with highmortality rates due to a dearth of effective treatments
(18). We consequently chose to examine the OMO enzyme
from A. fumigatus as a representative of its class. The larger
family of N-hydroxylating monooxygenases also includes
enzymes involved in the biosynthesis of the plant hormone,
auxin. Low overall sequence conservation between these

FIGURE 5. A, conversion of a preformed C4a-hydroperoxyflavin�NADP� com-
plex to oxidized OMO in the presence of L-Orn. 10 �M reduced
enzyme�NADP� complex in the absence of L-Orn was mixed with air-satu-
rated buffer (final [O2] � 0.3 mM at 25 °C) and aged until the C4a-hydroper-
oxyflavin intermediate fully formed (5 s). The preformed intermediate was
then mixed with 5 mM L-Orn in the same buffer. Spectra shown were
recorded 0.161, 0.352, 0.487, 0.622, 1.050, and 7.125 s after the second
mixing. B, kinetic traces showing the reaction of C4a-hydroperoxide to
oxidized FAD at 450 nm. Reactions were monitored at 450 nm. Final
[L-Orn] � 0.0625, 0.25, 0.5 1.25, 2.5, 5.0, and 25.0 mM. C, dependence of the
conversion of the C4a-hydroperoxide to oxidized FAD on L-Orn at fixed/
saturating O2. The conversion of the C4a-hydroperoxyflavin to the oxi-
dized FAD shown in A was monitored at 450 nm at various (pseudo-first
order) L-Orn concentrations. Values for kobs were determined from single
exponential fits to the curves. The apparent Kd and maximal kobs deter-
mined from this plot were 2.3 mM and 2.5 s�1, respectively.
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enzymes and other flavin monooxygenases, their roles in bio-
synthetic rather than degradative processes, and their unusu-
ally acute substrate specificity suggest that they may be mech-
anistically or structurally distinct from either of the known
families of flavin monooxygenases. We therefore undertook an
extensive mechanistic study of OMO to define the place of
NMOs in the larger scheme of flavin enzymes and to begin to
address the feasibility of using the enzyme as an antifungal
target.
All known flavin monooxygenases activate dioxygen to pro-

duce the substrate-hydroxylating species, a flavin C4a-hy-
droperoxide (or peroxide) adduct. The reactive species must
then be directed toward the desired substrate and at the same
time protected from releasing H2O2 to form oxidized flavin.
The two major classes of well characterized flavin monooxyge-
nases differ according to how they achieve the regulatory func-
tions that avoid releasing H2O2. In the aromatic hydroxylases,
of which para-hydroxybenzoate hydroxylase is the best studied
example (58), regulation occurs at the level of flavin reduction.
Rapid reduction occurs only following the binding and depro-
tonation of the substrate, an event that triggers a protein con-
formational change that brings FAD and NADPH into an opti-
mal position for hydride transfer. Thus, unless a substrate is
present, the flavin is not effectively reduced, and reaction with
O2 cannot occur. Additional movements of the flavin enclose it
and the substrate into a solvent-protected pocket, where the
C4a-hydroperoxide can safely form and react with substrate. By
contrast, the hepatic FMOs and bacterial BVMOs regulate their
reactivity at the level of the C4a-hydroperoxide itself, which
when formed is quite stable and releases H2O2 only very slowly
in the protein’s interior (56–57, 59–61). Such a mechanism
suits the biological role of the FMOs in hydroxylating and
thereby increasing the aqueous solubility of xenobiotic com-
pounds. Consistent with this role, these enzymes hydroxylate a
broad variety of nitrogen- and sulfur-containing nucleophiles
and even halides (37). The reactive species is understood to sit
in a solvent-protected pocket that is able to exclude charged

(and therefore endogenous) metab-
olites in favor of a broad spectrumof
neutral xenobiotics.
By contrast, SMOs are generally

known to have acute substrate spec-
ificity, even distinguishing L-orni-
thine from L-lysine despite the fact
that the two differ by just onemeth-
ylene group (35, 41). It therefore
came as a surprise thatOMOshared
so many mechanistic features with
the decidedly omnivorous FMOs.
OMO, like the bacterial PvdA (42)
and the FMO/BVMO enzymes,
showed no substrate-dependent
enhancement in the rate of FAD
reduction, ruling out a possible sub-
strate-gated regulatory mechanism
of the kind identified in para-hy-
droxybenzoate hydroxylase. Fur-
thermore, retention of NADP� on

the enzyme following reduction stabilizes theC4a-hydroperox-
ide intermediate in the hepatic FMOs and the BVMOs (56–57,
59–60) and, as shown here, also in OMO. A quasi-stable
hydroperoxide was observed only in the presence of NADP�

(Fig. 2). In the absence of hydroxylatable substrate, decompo-
sition of this species to form oxidized FAD and H2O2 is rate-
limiting and slow in all of these enzymes. Exposure of dithion-
ite-reduced FMO (56) or OMO to air resulted in the rapid
production of oxidized FAD without observable intermediates
(supplemental Fig. S13). Consistent with retention of NADP�

on the enzyme throughout the oxidative half-reaction, NADP�

showed a pattern of pure competitive inhibition with NADPH,
indicating that the NADP�-releasing and NADPH-binding
enzyme forms are the same. The same pattern was observed by
Poulsen and Ziegler (44) in early work with FMO.
Both steady state and transient studies of OMO also indi-

cated important differences in the way it and the FMO or
BVMO enzymes interact with their hydroxylatable substrates.
Steady state kinetic data for OMO showed a pattern of sub-
strate interactions suggesting ordered binding of NADPH,
L-Orn, and O2. This is different from what was observed or
would be predicted for either the FMO-like or aromatic
hydroxylases and initially appeared to indicate a unique mech-
anism. Transient kinetic and product inhibition data subse-
quently shed light on these results. First, as in PvdA, it was
noted that the rate of formation of the C4a-hydroperoxide is
regulated by the presence of substrate (42). The effect is mild,
however, particularly when compared with the 105-fold
enhancement in the rate of FAD reduction in the presence of
substrate observed for para-hydroxybenzoate hydroxylase
(62). Studies of the reaction between E-FADred(NADP�) and
O2 showed that the second order rate constant increased
roughly 5-fold in the presence of saturating L-Orn. However,
because formation of the C4a-hydroperoxide is not the rate-
limiting step in catalysis (see Scheme 2), enhancing the rate of
this step has no effect on the rate of turnover. It is therefore
unclear whether the observed rate acceleration serves a biolog-

FIGURE 6. A, kinetic traces illustrating the reaction of a preformed C4a-hydroperoxide with variable concentra-
tions of L-Orn. The C4a-hydroperoxide was generated by mixing 10 �M reduced enzyme�NADP� complex (in
the absence of L-Orn) with air-saturated buffer (final [O2] � 0.3 mM, 25 °C) and aged 5 s. It was then mixed with
various L-Orn concentrations in the same buffer. The data measured at 393 nm are shown, illustrating three
consecutive exponential processes. Final [L-Orn] for the traces shown is 1.25, 2.5, 5.0, and 25.0 mM. B, singular
value decomposition of the complete set of data shown in Fig. 5A, using the rate constants fit to the three
kinetic phases highlighted in A. Three constituent spectra were determined, resembling previously measured
spectra for C4a-hydroperoxide (dotted line), C4a-hydroxide (solid line), and oxidized FAD (dashed line).
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ical role. The dependence of the rate constant for formation of
the C4a-hydroperoxide on [L-Orn] was hyperbolic with an
apparentKd � 0.6mM, very similar to themeasuredKI (0.5mM)
for L-Orn/L-Orn-OH inhibition (see below) as well as Km,L-Orn.
(0.5 mM). This similarity suggests that each measured quantity
is due to the same interaction between protein and L-Orn. In
the case of Km, identity with the apparent Kd and KI could be
observed if L-Orn achieves equilibrium with E-FADred-

(NADP�) rapidly. A rapid equilibriumwas indeed identified via
double mixing kinetic experiments.
Evidence for the interaction of a second enzyme form with

L-Orn likewise came from both transient kinetics and product
inhibition. The reaction of a preformed C4a-hydroperoxide
with L-Orn resulted in generation of hydroxylated product,
demonstrating that the intermediate formed in the absence of
L-Orn is catalytically competent. Moreover, the intermediate
reacted with L-Orn with identical kinetics whether L-Orn was
present prior to C4a-hydroperoxide formation or was added to
the preformed intermediate. In either case, the reaction dem-
onstrated a saturable dependence on [L-Orn] (Kd(app) � 2.1
mM). The conversion of the C4a-hydroperoxide to the hydrox-
ide and then to oxidized flavin occurred via a series of single
exponential processes that were identical in each type of exper-
iment. These observations, coupled with the fast off-rate for
L-Orn from the FADred(NADP�) complex, suggest that with
low concentrations of L-Orn present, the molecule that is
hydroxylated most likely adds to the enzyme in its C4a-hy-
droperoxide form.
Further evidence for the interaction of L-Orn with both

FADred(NADP�) and a second enzyme form came from prod-
uct inhibition. The N5-hydroxyornithine product of the reac-
tion was shown to act as a competitive inhibitor with L-Orn,
indicating that the two vie for the same reduced, NADP�-
bound enzyme form. By contrast, at higher but non-saturating
concentrations of L-Orn, L-Orn-OH is uncompetitive with
NADPH, suggesting that a second enzyme form can also bind
L-Orn-OH. This form is presumably the C4a-hydroperoxide.
The KI for L-Orn-OH and this enzyme form is 1.6 mM, very
similar to the measured Kd(app) of 2.1 mM cited above, suggest-
ing that these two constants indeed describe the interaction of
the same enzyme form with L-Orn/L-Orn-OH. Notably, the
affinity of the substrate/product for this form is somewhat less
than for the reduced enzyme.
A simple analysis of the relative rates of the L-Orn-promoted

and -unpromoted pathways for C4a-hydroperoxide formation
suggests that the former pathway is preferred at [L-Orn] � 140
�M,which includes all of the concentration range probed in this
study. The ambient concentrations of L-Orn inside the cytosol
of A. fumigatus are not known, although ornithine is produced
exclusively in the mitochondrion and actively transported into
the cytosol, where siderophore biosynthesis takes place. It is
possible that concentrations in this range could be reached,
particularly if ornithine transport occurred in response to iron
stress. It is unclear whether the L-Orn binding sites on the
FADred(NADP�) and C4a-hydroperoxide species are physi-
cally in the same or different locations. The kinetic and spec-
troscopic data are consistent with either two physically inde-
pendent binding sites for L-Orn, one allosteric and the other

catalytic, or a single binding site that has differing L-Orn affin-
ities depending on whether the enzyme is in its FADred-

(NADP�) or C4a-hydroperoxide (NADP�) form. If the former
description is true, then it is possible that other effectors that
could stimulate C4a-hydroperoxide formation are available in
the cell. If the latter is more accurate, then the reaction with
L-Orn andO2 is best described as random.The observed depen-
dences of both the rates of C4a-hydroperoxide formation and
conversion to FAD on [L-Orn] are consistent with either
description. Deciphering these two possibilities will be the sub-
ject of future work.
By the same token, the physical mechanism by which L-Orn

accelerates C4a-hydroperoxide formation is unknown. It is
possible that binding of the positively charged L-Orn could
lower the barrier for the formation of the flavin semiquinone/
superoxide radical pair (63). This would most likely require the
regulatory and catalytic binding sites to be physically one and
the same. It is also possible that L-Orn could dynamically
induce a structural change that would promote access of the
reduced flavin toO2 or that would bring the C4a position closer
to an enzyme or NADP�-supplied positive charge. Interest-
ingly, the turnover rates of FMOs have long been known to be
accelerated by allosteric effectors, including octylamine (61).
The nature of the effector interaction with substrate is
unknown, but because it influences the turnover rate, it would
need to have its effect on a rate-limiting step (i.e. either
hydroxyflavin dehydration orNADP� release at the end of each
turnover). Studies of recombinant, chimeric forms of FMOs
indicated that the substrate- and octylamine-binding portions
of the FMO enzymes are probably remote from one another
(64).
The ability of the C4a-hydroperoxide to form a measura-

ble complex with its substrate is unusual. It has been dem-
onstrated that the FMOs in their C4a-hydroperoxide forms
do not reversibly form complexes with their hydroxylation
substrates but instead react by a second order mechanism
(57, 65). For OMO, saturation in the plot of kobs versus
[L-Orn], measured under pseudo-first order conditions for
the reaction of the C4a-hydroperoxide and L-Orn, indicates
that a complex does indeed form. Moreover, this enzyme
form is subject to inhibition via the binding of L-Orn-OH.
The difference in pKa for the amine substrate (�10) and
hydroxylamine product (�5) indicates that the latter has a
neutral side chain, whereas the former is positively charged
at neutral pH. The fact that L-Orn-OH is able to serve as an
inhibitor with a KI similar to the substrate Kd (for either
L-Orn binding interaction) suggests either that the substrate
is deprotonated in the active site or that the side chain charge
is not relevant to the binding interaction. Future work will
focus on understanding the interaction of substrate-like
molecules with the two L-Orn-binding enzyme forms. Such
an understanding is essential for exploring possible inhibi-
tion strategies as well as for understanding the remarkable
specificity of OMO and its homologs for their substrates.

CONCLUSIONS

The OMO from A. fumigatus is a representativeN-hydroxy-
lating monooxygenase involved in siderophore biosynthesis.
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We have shown that it forms a quasi-stable C4a-hydroperoxide
solely in the presence of bound NADP�. The formation of this
species is modestly accelerated by the interaction of the reduced
enzyme with a molecule of substrate. Although the effect is easily
detected, it is probably insufficient to explain howOMO achieves
its remarkable substrate selectivity or how it regulates the reaction
with O2. The effect could be more pronounced in other NMOs.
On the other hand, in contrast to FMOs, the C4a-hydroperoxide
of OMO appears to bind L-Orn reversibly, potentially offering a
means of screening for appropriate substrates.
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