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The ornithine hydroxylase from Pseudomonas aeruginosa
(PvdA) catalyzes the FAD-dependent hydroxylation of the side
chain amine of ornithine, which is subsequently formylated to
generate the iron-chelating hydroxamates of the siderophore
pyoverdin. PvdA belongs to the class B flavoprotein monooxy-
genases, which catalyze the oxidation of substrates using
NADPH as the electron donor and molecular oxygen. Class B
enzymes include the well studied flavin-containing monooxyge-
nases and Baeyer-Villiger monooxygenases. The first two struc-
tures of a class B N-hydroxylating monooxygenase were deter-
mined with FAD in oxidized (1.9 A resolution) and reduced
(3.03 A resolution) states. PvdA has the two expected Ross-
mann-like dinucleotide-binding domains for FAD and NADPH
and also a substrate-binding domain, with the active site at the
interface between the three domains. The structures have
NADP(H) and (hydroxy)ornithine bound in a solvent-exposed
active site, providing structural evidence for substrate and co-
substrate specificity and the inability of PvdA to bind FAD
tightly. Structural and biochemical evidence indicates that
NADP™ remains bound throughout the oxidative half-reaction,
which is proposed to shelter the flavin intermediates from sol-
vent and thereby prevent uncoupling of NADPH oxidation from
hydroxylated product formation.

The ornithine hydroxylase from Pseudomonas aeruginosa
(PvdA) catalyzes the FAD-dependent hydroxylation of the
ornithine side chain amine using NADPH as the electron donor
and molecular oxygen (1). As a microbial N-hydroxylating
monooxygenase, PvdA is considered to be a member of the
class B flavoprotein monooxygenases, which share the follow-
ing characteristics. 1) FAD is a stably bound cofactor; 2)
NADPH, but not NADH, serves as the electron-donating co-
substrate and remains bound during the oxidative half-reac-
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tion; 3) they are composed of FAD and NADPH dinucleotide-
binding domains; and 4) they are encoded by a single gene (2).
PvdA meets these requirements with some caveats: PvdA does
not stably bind FAD (1), and no previous work documents
structure or confirms NADP™ binding through the oxidative
half-reaction.

The known class B flavoprotein monooxygenases are divided
into three subclasses (2). Microbial N-hydroxylating monooxy-
genases catalyze the hydroxylation of primary amines and
include PvdA (1, 3, 4), the ornithine hydroxylase from Aspergil-
lus fumigatus (SidA) (5, 6), and the lysine hydroxylases (7, 8). A
mechanism for PvdA (Fig. 14) has been proposed previously (4).
In short, NADPH reduces the oxidized flavin in the reductive
half-reaction. In the oxidative half-reaction, ornithine bind-
ingaccelerates the addition of oxygen to the flavin and makes
a short-lived peroxyflavin intermediate (which is slow to
form and long-lived in the absence of ornithine), followed by
the hydroperoxyflavin intermediate. The hydroperoxyflavin
donates the distal oxygen atom to the ornithine, forming
hydroxyornithine and the hydroxyflavin intermediate. The
hydroxyflavin intermediate dehydrates to regenerate the
oxidized flavin. The oxidized nicotinamide cofactor dissoci-
ates with the product such that the cycle can continue. Class
B Baeyer-Villiger monooxygenases include cyclohexanone
monooxygenase (CHMO)? from Acinetobacter sp., which cata-
lyzes the insertion of oxygen in the cyclohexanone ring to form
a lactone via a Criegee intermediate (Fig. 15) (9). For CHMO,
the reactive flavin intermediate is the peroxyflavin, and no
hydroperoxyflavin intermediate is formed in the product-form-
ing cycle. The bacterial flavin monooxygenase from Methyi-
ophaga aminisulfidivorans belongs to the final subclass: the
flavin-containing monooxygenases (FMOs). This subclass
comprises both eukaryotic and prokaryotic monooxygenases
that are able to catalyze hydroxylation of the reactive hetero-
atoms nitrogen, sulfur, phosphorus, selenium, and iodine (2,
10). Bacterial FMO (bFMO) catalyzes hydroxylation via the for-
mation of a hydroperoxyflavin; however, no peroxyflavin inter-
mediate is observed (Fig. 1c).

Here, we present two structures of the ornithine hydroxylase
from P. aeruginosa, which are the first structures of a member
of the microbial N-hydroxylating flavoprotein monooxygenase
subclass. The enzyme structures are each mechanistically
relevant ternary complexes, one in the oxidized state and one

2 The abbreviations used are: CHMO, cyclohexanone monooxygenase; FMO,
flavin-containing monooxygenase; bFMO, bacterial FMO; SeMet, seleno-
methionine; r.m.s.d., root mean square deviation.
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FIGURE 1. Reactions catalyzed by ornithine hydroxylase (PvdA) (a), CHMO (b), and bFMO (c). The flavin states are oxidized (Fl,,), reduced (Fl,,,), C4a-
peroxyflavin intermediate (Fl,;oo ), hydroperoxyflavin intermediate (F/,o04), and hydroxyflavin intermediate (Fl,;o,,). For PvdA, the open and closed arrowheads
represent the points in the catalytic cycle for the reduced and oxidized structures, respectively. OHOrn, hydroxyornithine.

in the reduced state. These structures are compared with
those determined previously for CHMO from Rhodococcus
sp HI-31 (11) and bFMO (12), highlighting the diversity of
mechanisms for binding substrate within the members of the
class B monooxygenases. We provide evidence that NADP™
remains bound throughout the oxidative half-reaction for
PvdA. Finally, we postulate that the two structures represent
the reduced structure poised for oxygen binding and cataly-
sis and the oxidized structure prior to product release.

EXPERIMENTAL PROCEDURES

Preparation of Oxidized PvdA and Selenomethionine (SeMet)
PvdA—PvdA was cloned, overexpressed, and purified as
described previously (1). The method for overexpression of
SeMet PvdA was adapted from the protocol of Van Duyne et
al. (13) with several modifications. M9 minimal medium was
inoculated with 10 ml of overnight culture/liter of medium.
The methionine biosynthesis pathway was inhibited by the
addition of 100 mg each of L-lysine, L-phenylalanine, and
L-threonine; 50 mg each of L-isoleucine, L-leucine, and L-va-
line; and 60 mg of pL-selenomethionine per liter of culture.
Fifteen minutes after the addition of the amino acid mixture,
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protein expression was induced with the addition of isopro-
pyl B-p-thiogalactopyranoside to a final concentration of
400 uM. SeMet PvdA was purified using the same protocol as
that used for oxidized PvdA with the addition of 1 mm
B-mercaptoethanol to all buffers.

Crystallization of Oxidized PvdA—Oxidized PvdA crystals
were obtained through the hanging drop vapor diffusion method
with a well solution containing 9.5% (w/v) PEG 8000, 25% (v/v)
glycerol, and 60 mm monobasic potassium phosphate (pH 5.0). A
solution of 16 mg/ml PvdA was incubated with FAD, NADPH, and
L-ornithine to a final molar ratio of 1:3:20:150 (protein/FAD/NA-
DPH/L-ornithine) on ice for 30 min. Three-microliter drops with a
1:1 ratio of protein to well solution were prepared over 600 ul of
well solution. Rod-shaped yellow crystals grew to a size of 200 X
50 X 50 wm in 3 days at 18 °C.

Crystallization of SeMet PvdA—Crystals of SeMet Pvd A were
obtained under similar conditions to those described for oxi-
dized PvdA (8% (w/v) PEG 8000, 15% (v/v) glycerol, and 80 mm
MES (pH 5.5)). To keep a reduced environment, 10 ul of 1 m
B-mercaptoethanol was added to each well. The protein solu-
tion was prepared with FAD, NADPH, and ornithine at the
same ratios as used for oxidized PvdA. SeMet PvdA crystals
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grew to a size of 150 X 40 X 40 um in 5 days at 18 °C ata protein
concentration of 9 mg/ml in 2-ul drops.

Production of Reduced PvdA Crystals—A flake of sodium
dithionite was added to a drop containing oxidized PvdA crys-
tals. The drop and crystals were monitored for a change from
yellow to colorless for 30 min.

Preparation of Crystals for Data Collection—Oxidized PvdA
crystals were harvested and transferred to a mother liquor drop
with 11% (w/v) PEG 8000, 60 mMm monobasic potassium phos-
phate, 20% (v/v) glycerol, 21 mm FAD, 41 mm NADPH, and 166
mM L-ornithine. SeMet PvdA crystals were harvested and trans-
ferred to a cryoprotectant with the same composition as used
for the oxidized PvdA cryoprotectant with the addition of 2 mm
B-mercaptoethanol. Reduced PvdA crystals were harvested and
transferred to a cryoprotectant with the same composition as
used for the oxidized PvdA cryoprotectant with the addition of
sodium dithionite as described above. All crystals were flash-
cooled to 77 K by plunging in liquid nitrogen.

Data Collection, Processing, and Structure Determination for
SeMet PvdA—Multiwavelength anomalous dispersion experi-
mental data for the SeMet PvdA crystal were collected at beam-
line 9-2 at the Stanford Synchrotron Radiation Lightsource.
Peak (0.979112 A), inflection (0.979304 A), and remote
(0.918402 A) wavelengths were determined by a selenium fluo-
rescence scan (K-edge, 12.6578 keV). Data (120°) were collected
in 0.5° oscillation images with an exposure time of 5 s. The
detector distance was set to 360.5 mm. Data were indexed and
scaled to 2.8 A resolution using the XDS program package (14).
AutoSolve and AutoBuild from the PHENIX software suite (15)
were used to determine the location of 12 selenium atoms (fig-
ure of merit = 0.42, overall score = 63) and initial phase esti-
mates and to build the initial model. The initial model was built
with 750 residues. Data processing and phasing statistics are
provided in Table 1.

Data Collection, Processing, and Structure Determination for
Oxidized PvdA—Oxidized PvdA oscillation images (0.5° images
for a total of 360 images) were collected at beamline 9-2 at the
Stanford Synchrotron Radiation Lightsource. Ten-second
exposures at a wavelength of 1 A and a detector distance of 200
mm were used. There was no evidence of radiolytic reduction of
the oxidized crystals during the time course of the diffraction
experiment. Data were scaled and indexed to 1.95 A resolution
using XDS (14). Because the SeMet and oxidized crystals were
isomorphous, the initial SeMet model and phase estimate were
used to build the higher resolution oxidized PvdA model using
Refmac5 (16). Further model building and refinement of the
structure were accomplished using Coot (17) and Refmac5
from the CCP4 software suite (16).

Data Collection, Processing, and Structure Determination for
Reduced PvdA—Data for reduced PvdA were collected at
beamline 9-2 at the Stanford Synchrotron Radiation Light-
source. Oscillation images (120° in 0.25° increments) were col-
lected with 5-s exposures at a wavelength of 0.97946 A and a
detector distance of 408 mm. Data were scaled and indexed to
3.03A using XDS (14). Molecular replacement structure deter-
mination was performed with Phaser (18) from the CCP4 soft-
ware suite using chain B of the oxidized structure with FAD,
NADP*, hydroxyornithine, and water omitted from the model.
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Further model building and refinement were accomplished
using Coot (17) and Refmac5 (16).

Oxidized PvdA Crystallographic Model—The final oxidized
PvdA model contains two monomers per asymmetric unit. The
following residues are disordered in the structure: chain A, res-
idues 1-9, 199 -205, 360, and 428 —443; and chain B, residues
1-9, 200-206, and 420-443. Both monomers have FAD,
NADP™, and hydroxyornithine in the active site. The NADP™"
nicotinamide moiety and ribose in the chain A active site are
not modeled due to poor electron density, nor is the nicotina-
mide moiety in chain B. The model includes 376 waters and 4
phosphate molecules. Ramachandran analysis as calculated by
PROCHECK (19) showed good geometry and angles, with
90.8% of the residues in allowed regions and 9.2% in addition-
ally allowed regions.

Reduced PvdA Crystallographic Model—The reduced PvdA
model contains two monomers per asymmetric unit. Both
chains A and B have poor or no electron density for residues
1-8,200-207, and 428 —443. In addition, residues 359 and
360 are disordered in chain B. Both chains contain FADH,,
ornithine, and NADPH in the active site. In contrast to the
oxidized model, the NADPH nicotinamide moiety is mod-
eled in both active sites. Although density for ornithine was
present in the reduced active site, it was not as well defined
as the density of the hydroxyornithine in the oxidized
structure.

Structural Analysis—All root mean square deviations were
calculated using LSQMAN of the DEJAVU program suite (20).
Protein structure figures were generated using PyMOL (21),
and topology diagrams were generated using TopDraw (22).

Inhibition by NADP*—The standard assay buffer contained
100 mM potassium phosphate (pH 8.0), 0.01 mm FAD, and
0-0.15 mm NADPH, with NADP™ concentrations ranging
from 0 to 2 mm. PvdA (1 uMm) was incubated in 1 ml of assay
buffer for 2 min at 25 °C before the reaction was initiated by the
addition of 5 mMm L-ornithine. The NADPH oxidation was mon-
itored at 366 nm (e = 2850 M~ ' cm™ ') using a Cary 50 Bio
spectrophotometer (Varian) and an electrothermal single cell
holder for temperature control (*0.1 °C) at 25 °C for 120 s with
2-s time points according to the protocol described previously
(1). All experiments were conducted in triplicate with standard
deviations as indicated.

RESULTS

Overall Architecture—Initial phase estimates for PvdA were
determined by multiwavelength anomalous dispersion phasing
using a selenomethionine-substituted form of the protein
(Table 1). The SeMet model was used as a starting point for
structure refinement of the oxidized protein using a 1.9 A iso-
morphous data set. The asymmetric unit contains two mono-
mers of PvdA, related by a non-crystallographic 2-fold axis. The
interface between the monomers buries ~950 A2 as calculated
by PROTORP (23), which is in the range for homodimer for-
mation (24); however, the biological assembly is assumed to be
the monomer because dynamic light scattering observations
provide a hydrodynamic radius indicative of a monomer in
solution (1). Each monomer of PvdA comprises three well
defined domains linked by flexible loops (Fig. 2). The FAD-
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TABLE 1
Data collection and refinement statistics

All data were collected at beamline 9-2 at the Stanford Synchrotron Radiation Lightsource. Values in parentheses are for the highest resolution shells: 2.84 to 2.7 A for SeMet

data, 2.0 to 1.9 A for oxidized data, and 3.19 to 3.03 A for reduced data.

SeMet
Peak Inflection Remote Oxidized Reduced
Data collection
Wavelength (A) 0.9791 0.9793 0.9184 1.000 0.9795
Space group 14,22 14,22 14,22
Unit cell (A) a=>b=130.94, c = 316.50 a=b=130.94, c = 318.52 a=b=128.16,c = 316.51
Resolution range A) 36.6-2.7 36.8-1.9 39.26-3.03
Completeness (%) 99.7(98.4)  99.7(97.6)  99.7(98.4)  99.5(97.5) 99.4(96.0)
Total reflections 275,715 275,906 275,985 741,798 246,515
Unique reflections 37,946 37,964 37,949 108,180 26,002
Il 17.1 (4.4) 17.1 (4.5) 19.0 (4.6) 15.3 (4.1) 25.1 (5.8)
R, (%)° 9.1 (42.1) 9.1 (42.8) 8.8 (42.9) 6.7 (41.2) 8.0 (40.7)
Multiplicity 7.3 (7.3) 7.3 (7.3) 7.3 (7.3) 6.9 (6.5) 9.5(9.2)
No. of refined selenium sites 12
Anomalous correlation between half-sets” 0.36 0.33 0.16
Mean figure of merit® 0.42 0.97 0.91
Mid-slope of anomalous probability? 1.2 1.2 1.1
Refinement

Resolution range (A) 36.74—1.90 39.26-3.03
No. of reflections 102,726 23,360
R-factor® 19.2 21.5
R,.. 21.7 27.1
No. of protein/non-hydrogen atoms 6561 6541
No. of ligand and solvent atoms 584 220
Ramachandran allowed (%) 100 100
r.m.s.d. bond length (A) 0.0154 0.0162
r.m.s.d. bond angle 1.56° 1.89°
Average B (A?)

Protein 32.0 59.0

Ligands 27.4 68.0

Water 33.5 Not applicable

“Ryym = S|I = (D|/Z], where I is the observed intensity and (I) is the statistically weighted absolute intensity of multiple measurements of symmetry-related reflections.
Anomalous correlation between half-sets = 3|[FPH = FP| — FH_,.|/S|EPH]| reported for all centric reflections.

¢ Mean figure of merit = (a3P,e"*/3P,), where a is the phase and P, is the phase probability distribution.

4 Mid-slope of anomalous probability = (|FH|/|[EP + EH| — |[FPH]|) reported for all reflections.

¢R =3|F, — |FJ/2|F,| (R from the working set and Ry, from the test set). Ten percent of the reflections were reserved for the calculation of Ry,

FIGURE 2. Stereoview of the overall architecture of PvdA. The FAD-binding domain is shown in blue, the NADPH-binding domain in red, and the ornithine-
binding domain in yellow. Strands are denoted by letters A-P, starting from the N terminus. Helices are counted from the N terminus, 7-72.

binding domain is the largest of the three domains (250 resi-
dues) and is folded into an «/B-nucleotide-binding architec-
ture. This domain is composed of residues from three separate
segments belonging to the N and C termini: residues 1-171,
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356 -396, and 405—443. The NADPH-binding domain is com-
posed of 144 residues, and also folds into an «/B-nucleotide-
binding fold. This domain includes residues 170 —245 and 285—
355. The smallest domain is the ornithine-binding domain,
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FIGURE 3. Schematics and topology diagrams of CHMO (Protein Data Bank code 3GWD) (a), PvdA (b), and bFMO (code 2VQ?7) (c). The FAD-binding
domains are shown in blue/purple, the NADPH-binding domains in red/pink, and the substrate-binding domains in yellow/tan. In the schematics, the proteins
arealigned by the orientation of FAD, shown as yellow sticks. NADPH is shown as blue sticks, and the product (PvdA only, hydroxyornithine) as green sticks. In the
PvdA topology diagram, the BaB-motif for dinucleotide binding is shown in a lighter shade (light blue, FAD; pink, NADPH), and the loop containing the

consensus sequence is a similarly colored dashed line.

comprising 45 residues (248 —285 and 398 — 404) that form four
small helices.

PvdA Is Structurally Distinct from Other Class B Mono-
oxygenases—A protein structural comparison using the service
Fold at the European Bioinformatics Institute (25) suggested
that PvdA shared approximately similar structural homology
with a wide range of flavin-dependent enzymes, with none sig-
nificantly more similar than the class B monooxygenases.
Least-squares superpositioning of bFMO (the most similar
from this subclass) and PvdA using LSQMAN (20) indicated a
root mean square deviation (r.m.s.d.) of 1.8 A over 213 aligned
Ca atoms of the possible 414 modeled a-carbons in the PvdA
structure, with the predominance of the structural similarity in
the FAD-binding domain (r.m.s.d. of 1.6 A for 163 Co atoms)
and some similarity in the NADPH-binding domain (r.m.s.d. of
2.0 A for 58 Car atoms). A structural alignment between closed
CHMO (the most similar from the Baeyer-Villiger monooxyge-
nase subclass) and PvdA provided a r.m.s.d. of 1.8 A over 263
Ca atoms aligned. The structural similarity was highest in the
FAD-binding domain (r.m.s.d. of 1.7 A for 157 Ca atoms) and
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NADPH-binding domain (r.m.s.d. of 2.0 A for 93 Ca atoms),
with some structural similarity in the substrate-binding
domains (r.m.s.d. of 2.2 A for 13 Ca atoms). A side-by-side
comparison of PvdA with FMO and CHMO, as well as a topol-
ogy comparison, is shown in Fig. 3. It is immediately evident
that PvdA is a smaller protein. Whereas the topologies of the
individual FAD- and NADPH-binding domains share similari-
ties expected for Rossmann-like domains, they are distinct
among the three proteins. Furthermore, FMO does not possess
a substrate-binding domain, as found in both PvdA and
CHMO.

FAD-binding Domain—The FAD molecule is in an elongated
conformation with the isoalloxazine-flavin ring structure at the
interface of all three domains. The architecture of the FAD-
binding domain is an «/B-fold characteristic of the glutathione
reductase structural family of flavoproteins (26). In PvdA, this
domain comprises two 3-sheets and five helices. The central
sheet contains five parallel strands that are flanked on one side
by a three-stranded antiparallel sheet and on the other by the
helices (Fig. 3). The nucleotide-binding consensus sequence
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FIGURE 4. Stereo diagrams of the solvent-accessible surface of the reduced PvdA structure, highlighting that the ligands make up significant portions
of the “surface” of this structure. Protein surface is white and partially transparent, FAD is yellow, NADPH is red, and ornithine is green. The ligands are shown
as sticks, but the amino acids are not. a and b are related by a 120° rotation about the y axis.

(GXGXXQ) is located in a conserved dinucleotide-binding
BaB-motif, which in flavin-binding domains forms a dipole-
charge interaction between the N terminus of the helix and the
diphosphate moiety of FAD. However, the loop between strand
A and helix 1 in PvdA is not the characteristic tight turn
(GXGXXG) but has three amino acids (GXGXXG). Further-
more, the sequence is not completely conserved in PvdA, with
the final residue being an asparagine (GXGXXN). This aspara-
gine (Asn-22 of helix 1) forms a hydrogen bond from the side
chain nitrogen to the backbone carbonyl of Gly-17 (the first
glycine of the consensus sequence). The side chain oxygen of
Asn-22 forms a hydrogen bond with the side chain nitrogen of
GIn-395 of strand P. This hydrogen bond network may serve to
stabilize the longer loop between strand A and helix 1. Finally,
unlike the other class B monooxygenases, the FAD cofactor is
not as buried in the dinucleotide-binding cleft (Fig. 4) but is
solvent-exposed, most probably explaining why PvdA does not
bind FAD tightly.
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NADPH-binding Domain—The NADPH molecule is also
bound in an elongated conformation at an analogous position
to that of FAD in the o/B-nucleotide-binding architecture of
the NADPH-binding domain. As with the FAD-binding
domain, the NADPH-binding domain contains a central sheet
of five parallel strands that are flanked on one side by a three-
stranded antiparallel sheet and on the other by helices (Fig. 3). A
five-residue turn (residues 214—-218) that connects strand I
with helix 6 forms the analogous interaction loop for nucleotide
binding. There is not sufficient electron density to model nico-
tinamide in the A or B chain or the nicotinamide ribose in the A
chain. This flexibility in binding of the co-substrate is sugges-
tive of motion in the active site that is required for catalysis.
Two interactions provide structural evidence for the specificity
of NADPH over NADH for PvdA (1). Arg-240 forms two
hydrogen bonds with the phosphate of the adenine ribose, and
the guanidinium forms a stacking interaction with the adenine
moiety of the NADPH. An equivalent interaction is present in
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CHMO (Arg-210) and bFMO (Arg-234), which are both
NADPH-specific. Ser-286 also hydrogen bonds with this phos-
phate, equivalent to Ser-210 in bFMO. The equivalent interac-
tion in CHMO is hypothesized to be Lys-329, for which there is
biochemical evidence for cofactor specificity (27); however,
although this lysine is proximal to the phosphate group, there
are no direct interactions in either the open or closed CHMO
structures (11).

Ornithine-binding Domain—The ornithine-binding domain
is smallest of the three domains, composed of four helices form-
ing a bundle. The helices are derived from the loop connecting
strand P and helix 12 of the FAD-binding domain (helix 11) and
from the loop connecting strand ] and helix 10 of the NADPH-
binding domain (helices 7-9). Whereas PvdA was incubated
with FAD, NADPH, and ornithine prior to crystallization, there
is clear density for the hydroxylated product, and this molecule
has thus been modeled as hydroxyornithine. The hydroxyorni-
thine lies in the cleft at the interface between the FAD- and
ornithine-binding domain (Fig. 5,  and c). A network of hydro-
gen bonds and salt links includes five residues, two from the
FAD-binding domain (GIn-64 and Lys-69) and three from the
ornithine-binding domain (Asn-254, Thr-283, and Asn-284),
that with two waters stabilize hydroxyornithine in the active
site 5.5 A away from the C4a atom of the isoalloxazine ring of
FAD (Fig. 5¢). Three of the stabilizing residues, GIn-64, Lys-69,
and Asn-254, are located in flexible loops, whereas Asn-254 is
located in helix 7 and Thr-283 in helix 9. GIn-64 forms a hydro-
gen bond with the newly formed hydroxyl group on the
hydroxyornithine side chain. Asn-254 forms hydrogen bonds
with both the carboxylate and amine of the ornithine main
chain, and Lys-69 forms a salt bridge with the carboxylate, pro-
viding a clear basis for the exclusive L-amino acid specificity
observed for this enzyme (1).

Reduced PvdA Structure—There are no large structural dif-
ferences between the oxidized and reduced structures of PvdA.
Indeed, superimposing the two structures in LSQMAN results
inar.m.s.d. of 0.4 A for all Ca atoms (supplemental Fig. S1). The
most significant differences between the two models lie in the
active site itself (Fig. 5, b and d). Whereas there is no electron
density for the nicotinamide moiety in the oxidized PvdA struc-
ture, the nicotinamide moiety has well defined electron density
(for an ~3 A structure) in both monomers of the reduced struc-
ture. The second significant difference between the two active
sites is the poor electron density of the substrate in the reduced
structure compared with the very well defined electron density
of the product in the oxidized model. (There is no electron
density for the hydroxyl group of the product, and this molecule
is thus modeled as the ornithine substrate in the reduced struc-
ture.) This would suggest lower occupancy for ornithine bind-
ing in the active site when FAD is reduced. Two amino acid side
chains have altered their conformations between the oxidized
and reduced structures. GIn-64 is slightly rotated away from the
ordered nicotinamide ring and has no hydrogen-bonding part-
ner with the substrate (as opposed to the product). Asn-284 has
rotated but remains hydrogen-bonded with the N°-amine of
the ornithine side chain. Finally, the reduced structure was
determined to 3.03 A, and thus, no ordered water molecules are
observed in the active site.
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NADP™ Is a Competitive Inhibitor of NADPH—Inhibition
assays indicated that NADP™ is a competitive inhibitor of
NADPH using the NADPH oxidation assay (Fig. 6), providing
evidence that NADP* remains bound during the oxidative half-
reaction. These data are consistent with those for the ornithine
hydroxylase of A.fumigatus, for which it was argued that
NADPH is the first substrate to bind and NADP " is the last
product to dissociate (6).

DISCUSSION

This work provides the first structure of the N-hydroxylating
monooxygenase subclass of the class B flavoprotein monooxy-
genases and allows for comparisons with enzymes from the
other two subclasses. The global architecture is mostly consis-
tent between the three subclasses, with two Rossmann-like
dinucleotide-binding domains, one each for FAD and NADPH
binding. The NADPH-binding domain is inserted into the
FAD-binding domain, and an active site crevice is formed
between the two. Even a cursory glance at Fig. 3 shows that the
topology and domain arrangement between the three sub-
classes are distinct. The most obvious consideration is the sub-
strate-binding domain. bFMO does not have a clearly delin-
eated substrate cavity, whereas CHMO has a pocket derived
from an apparent segment insertion of five helices in the
NADPH-binding domain. The substrate-binding domain of
PvdA is derived from two inserts, one from the FAD-binding
domain and one from the NADPH-binding domain.

PvdA shows a clear biochemical preference for NADPH,
with no activity with NADH (1). Arg-240 and Ser-286 provide
interactions with the adenine phosphate, in keeping with this
observation. Fig. 5 illustrates the multiple interactions with the
ornithine substrate and hydroxyornithine product. The hydro-
gen-bonding pattern corroborates the biochemical evidence
for substrate specificity (1): amino acids of shorter length do not
serve as substrates, and the a-amine and carboxylate of orni-
thine can acquire ligand-binding interactions for only the
L-form of the amino acid. Lysine (one methylene group longer)
allows for NADPH oxidation, but no hydroxylated product is
formed. In light of this model, it would be assumed that lysine
binds similarly to ornithine using the same interactions at the
main chain carboxylate and amine. As a consequence, this
binding may cause the side chain amine to advance too far into
the active site, no longer in a favorable position for hydroxyla-
tion. Furthermore, this binding would most likely promote the
premature release of NADP™ and cause the observed uncou-
pling with this substrate (1).

Importantly, this work provides the first structures of a class
B enzyme in which three of the ligands (FAD, NADPH, and
substrate/product) are bound simultaneously. Because FAD
does not bind stably to PvdA in solution, it was highly fortuitous
to observe FAD-bound PvdA crystals. Moreover, occupancy of
the FAD-binding cleft no doubt facilitates the correct binding
of both NADP(H) and (hydroxy)ornithine. The reduced struc-
ture has FADH, and NADPH (which are presumed to be
reduced as a consequence of the observed bleaching of the dis-
tinct yellow color of the crystals when sodium dithionite is pres-
ent in the soaking and cryoprotection solutions) and ornithine
at low occupancy. The oxidized structure has oxidized FAD,
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FIGURE 6. NADP™ is a competitive inhibitor of NADPH. Shown is a double-
reciprocal plot of NADPH oxidation as a function of NADPH concentration.

NADP* was used at concentrations of 0 um (O), 500 um (CJ), 1000 um (<), and
2000 uMm (X).

0.03 0.04 0.05

NADP¥, and the hydroxyornithine product. Previous struc-
tures of the class B enzymes all contain FAD, but none have
both NADP(H) and substrate. Several structures of yeast and
bacterial FMOs have been reported with NADP(H) or substrate
but not both (12, 28 —-30). Two structures have been reported
for CHMO (two conformations with NADP™" bound) (11), as
well as a structure for phenylacetone monooxygenase from
Thermobifida fusca (a Baeyer-Villiger monooxygenase) with
only FAD bound (31).

NADP™ has been shown to stabilize the oxygen intermedi-
ates of the mammalian FMOs (32, 33), SidA (6), and CHMO (9).
A hypothesis for how this is accomplished was presented with
the structure of bFMO (12). A model of the C4a-hydroper-
oxyflavin was generated in which the oxygen of the flavin
intermediate is within hydrogen-bonding distance of the
ribose 2'-hydroxyl of the nicotinamide ribose of NADP™, an
NADP*-binding mode that is shared by the reduced structure
of PvdA. Recent structures of the same enzyme from a different
group led to a counterproposal that the enzyme actually uses a
ping-pong mechanism because the NADP " -binding site over-
laps with the determined substrate (indole)-binding side (28).
Both groups cite the importance of a tyrosine residue (the same
residue, Tyr-207 or Tyr-212, depending on the numbering by
the authors) for organization of the nicotinamide in the active
site. It should be noted that the bEMO structure with indole
bound could be determined only in an active site variant
enzyme in which this tyrosine was changed to serine. The var-
iant form was inactive and showed a significant conformational

Ornithine Hydroxylase Structures

change in the loop containing this residue after mutation. Arg-
337 in phenylacetone monooxygenase (31) is located in a simi-
lar position to Tyr-207/212 in bFMO and has been hypothe-
sized to be important in organizing the nicotinamide ring in the
active site and hydrogen bonding to the hydroperoxyflavin
intermediate. There is no comparable bulky or charged residue
in the active site of PvdA or CHMO.

The PvdA active site is the most solvent-exposed of the
known class B enzyme structures. Indeed, the active site is
closed only by the binding of FAD, NADP*, and ornithine (Fig.
4). Protection of the flavin intermediates from water is required
for catalysis, and we therefore propose that a general role of
NADP™ in the oxidative half-reaction is to shelter the active site
from solvent, thereby preventing uncoupling of the reaction in
the form of hydrogen peroxide elimination rather than
hydroxylation of ornithine. The open active site of PvdA
explains the biochemical observations that FAD is not bound
stably and that NADPH oxidation is very readily uncoupled
from production of hydroxylated product (1, 4). The open
active site also leads us to question one of our previous obser-
vations (4). Without a conformational change to close the cleft
that binds ornithine, it seems unlikely that a long-lived peroxy-
flavin intermediate is possible in the absence of ornithine.
There is crystallographic support for this idea: no crystals
formed in the absence of ornithine, suggesting that there is a
different conformational state without ornithine.

Asn-78 of bFMO has been suggested to be important in sta-
bilizing flavin oxygen intermediates, with several mutants crys-
tallized and tested kinetically (30). The N78D variant is the
most interesting, as this change converts the enzyme from a
monooxygenase to an oxidase. In PvdA, this amino acid is a
glutamine (Gln-64); however, in CHMO and phenylacetone
monooxygenase, this residue is an aspartic acid (Asp-59 and
Asp-66, respectively). The hypothesis that an uncharged amino
acid at this site is required for flavin intermediate stabilization
may not be broadly applicable to all class B enzymes. Alter-
nately, the aspartic acid in CHMO and phenylacetone
monooxygenase could represent an adaptation necessary to
carry out the Baeyer-Villiger reaction, in which the peroxyflavin
intermediate is reactive with substrate and not the hydroper-
oxyflavin intermediate, as is the case for FMOs and N-hydroxy-
lating monooxygenases.

CONCLUSIONS

NADP™ remains bound to PvdA through the oxidative half-
reaction. In the reduced structure, the nicotinamide ring is in a
conformation that would indicate that reduction of the flavin
has occurred and the ring has retracted to allow for oxygen
binding. In the oxidized structure, the nicotinamide (and even
one of the nicotinamide riboses of the two monomers) does not
have electron density, indicating conformational flexibility.
Nicotinamide mobility may allow for several binding modes

FIGURE 5. Comparison of the oxidized and reduced active sites of PvdA. a and b, electron density maps (gray cages) of the active sites are 2F, — F_maps
contoured at 1.50 for the oxidized and reduced structures, respectively. Oxygen atoms are red, nitrogen atoms are dark blue, and phosphorus atoms are orange.
Carbons are colored as per the molecule: PvdA, slate blue or gray; FAD(H,), yellow; ornithine, green; and NADP(H), bright blue. There is no density for the
nicotinamide moiety of NADP ™ in the oxidized form of the enzyme. c and d, stereo views of the active site of the oxidized and reduced structures respectively,

using the same color scheme. Hydrogen bonds are shown as dashed lines.
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throughout the catalytic cycle. This may be somewhat analo-
gous to the mobile flavin of the class A enzymes (enzymes with
a single dinucleotide-binding domain that release NAD(P)™"
immediately after flavin reduction), in which the flavin has been
observed in “in” and “out” positions and is therefore hypothe-
sized to move during catalysis (34-36). We propose that
NADP ™ must remain bound throughout the catalytic cycle to
form a closed active site suitable for formation of the flavin
intermediates.
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