J. Biochem. 2011,;150(6):659-669 doi:10.1093/jb/mvr103

THE JOURNAL OF
BIOCHEMISTRY

High resolution X-ray crystal structures of L-phenylalanine
oxidase (deaminating and decarboxylating) from
Pseudomonas sp. P-501. Structures of the enzyme-ligand
complex and catalytic mechanism
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The mature form of L-Phe oxidase of Pseudomonas sp.
P-501 (PAOpt) catalyzes the oxygenative decarboxyl-
ation of L-Phe and the oxidative deamination of L-Met,
and is highly specific for L-Phe. The crystal struc-
tures of PAOpt individually complexed with r-Phe
and L-Met and the properties of the active site mutants
were investigated to clarify the structural basis of the
substrate and reaction specificities of the enzyme. The
benzene ring of L-Phe is packed in six hydrophobic
amino acid side chains versus the two hydrophobic
side chains of L-amino acid oxidase (LAQO, pdb code:
2jb2); the distance between the substrate Co atom and
water is shorter in the PAOpt-L.-Met complex than in
the PAOpt-L-Phe complex; and the mutation of substrate
carboxylate-binding residues (Argl43 and Tyr536) causes
the enzyme to oxidize L-Phe and decreases the
charge-transfer band with L-Phe. These results suggest
that (i) the higher substrate specificity of PAOpt rela-
tive to LAO is derived from the compact hydrophobic
nature of the PAOpt active site and (ii) the reactivity
of the PAOpt charge—transfer complex with water or
oxygen determines whether the enzyme catalyzes oxi-
dation or oxygenation, respectively.

Keywords: catalytic mechanism/crystal structure/
enzyme specificity/flavoprotein/putative tryptophan
monooxygenase.

Abbreviations: AB, o-aminobenzoate; DAO, p-amino
acid oxidase; LAO, L-amino acid oxidase; PAM,
phenylacetamide; PPA, 3-phenylpropionate; PPV,
phenylpyruvate; PAO, L-phenylalanine oxidase from
Pseudomonas sp. P-501; PAOpt, the activated form of
proPAO; proPAO, non-catalytic pro-form of PAO;
wt, wild-type.

L-amino acid oxidases (LAOs) are homodimeric flavo-
proteins containing a non-covalently bound FAD mol-
ecule as a cofactor in each subunit. These enzymes
catalyse the oxidative deamination of r-amino acid
substrates to convert them to their corresponding
a-keto acids. This reaction includes production of am-
monia, and hydrogen peroxide. LAOs are generally
non-specific with regard to the amino acid side chain
and accept most of the 20 proteinogenic L-amino acids
as substrates (/—3). Some exceptions have been reported,
such as L-phenylalanine oxidase from Pseudomonas (4),
L-glutamate oxidases from Streptomyces (5, 6) and LAO
from Lechevalieria aerocolonigenes (7). Among these en-
zymes, L-Glu oxidases from Streptomyces (5, 6) and
LAO from L. aerocolonigenes ATCC 39243 (7) are
highly specific for L-Glu and L-Trp, respectively.

L-Phe oxidase (deaminating and decarboxylating,
EC 1.13.12.9: PAO) from Pseudomona sp. P-501 cata-
lyses both oxidative deamination and oxygenative de-
carboxylation, depending on the substrate used (4, 8).
The enzyme has relatively high activity for L-Phe and
L-Tyr, but relatively low activity for L-Met and L-Trp.
Among these amino acids, L-Phe is mainly oxygenated
and L-Met is mainly oxidized. PAO is expressed as a
non-catalytic pro-enzyme (proPAQO) that is activated
by Pronase—trypsin treatment of proPAO to form
the active enzyme (PAOpt) (9). Previously, we reported
the crystal structures of proPAO, PAOpt and the
PAOpt-o-aminobenzoate (AB) complex (/0). Using
these structures, we showed that the cofactor FAD is
accessible by solvent through a funnel and that the
funnel is occupied by the prosequence of proPAO.
This explains the lack of catalytic activity exhibited
by proPAO.

An enzyme similar to PAO was reported to be in-
cluded in the gene sequences of Ralstonia solanacearum
(11, 12) and named putative tryptophan monooxygen-
ase. Recently, the putative tryptophan monooxygenase
gene from R. solanacearum was expressed and charac-
terized to be PAO (I3). Ralstonia solanacearum is
considered to be one of the most important plant
pathogenic bacteria, causing wilt, and leading to
plant death [see reference (/4) for review and refer-
ences therein].

Studies on the mechanisms and structures of flavo-
protein amine-oxidizing enzymes have been reviewed
(15—20). The flavin-dependent oxidase reaction can be
divided into two separate reactions, a reductive half-
reaction and an oxidative half-reaction. In the

© The Authors 2011. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 659



K. Ida et al.

reductive half-reaction, a flavin cofactor oxidizes the
substrate, and the reduced cofactor is subsequently
oxidized by molecular oxygen in the oxidative half-
reaction. Mechanistic studies have focused on substrate
oxidation, and several mechanisms were proposed,
including ‘carbanion’, ‘ionic’ and ‘hydride transfer’
mechanisms. With regard to rL-amino acid oxidase,
recent detailed structural studies on the enzyme re-
vealed that hydride transfer is the mechanism of sub-
strate dehydrogenation (27, 22). In contrast to the
reductive half-reaction, the chemical basis of oxygen
reactivities remains undetermined (/9). However,
recent studies on flavoprotein oxidases and oxygenases
have identified the oxygen trajectory and the oxygen-
binding site in the enzyme and have also identified
the flavin C(4a)-hydroperoxy adduct intermediate in
the oxidative half-reaction (19, 23—29).

On the basis of spectral and kinetic studies, the re-
action of PAO with B-thienylalanine (oxygenase sub-
strate) and L-Met (oxidase substrate) as substrates is
explained by the same kinetic scheme (30). The oxi-
dized form of enzyme binds with substrate to form
the enzyme-substrate complex, which changes to the
purple intermediate, a charge—transfer complex con-
sisting of the reduced enzyme and an imino acid
derived from a substrate, and the charge—transfer com-
plex reacts with molecular oxygen to reform the oxi-
dized form of enzyme and to produce the reaction
products (30, 31) (Scheme 1). To elucidate the reaction
mechanism of the enzyme at the atomic level, crystal
structures of PAOpt individually complexed with
3-phenylpropionate (PPA), L-Phe and L-Met were con-
structed at 1.0—1.25 A resolution, and a site-directed
mutagenesis study of active site residues was per-
formed. Combining the structural and mutagen-
esis studies has allowed us to explain its high
substrate specificity and to propose a reaction mech-
anism of PAO in relation to its oxidase and oxygenase
reactions.

Materials and Methods

Enzyme purification and crystallization

The proPAO protein was expressed in Escherichia coli and purified
as described previously. PAOpt was obtained by treatment of
proPAO with Pronase and trypsin (9). The purity of the enzymes
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Scheme 1 Reaction mechanism of Pseudomonas 1.-Phe oxidase (dea-
minating and decarboxylating). The enzyme contains two FAD
cofactors, but the scheme is expressed per FAD. PAM, PPV and
IMA represent phenylacetamide, phenylpyruvate and imino acid,
respectively.
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was confirmed by SDS—PAGE. The amino acid residue numbering
scheme of PAO is the same as that of the proPAO polypeptide.
A solution of purified protein in 10mM Tris—HCI (pH 8.0) was
concentrated to 10mg/ml in an Amicon Ultra concentrator
(Millipore) at 277 K. Crystallization was performed by the vapour
diffusion method. The enzyme solution (PAOpt) was mixed with an
equal volume of a reservoir solution consisting of 0.1 M HEPES
(pH 7.5) and 1.0 M ammonium sulphate. The crystal has a shape
similar to that of a gold ingot (Supplementary Fig. S1) and has a size
of ~1 mm.

Data collection, structure solution and refinement

Diffraction data sets were collected on NWI2 at the PF-AR
(Tsukuba, Japan) and BL44B2 at the SPring-8 Centre (Hyogo,
Japan). The complexes of PAOpt with PPA, L-Phe and L-Met were
prepared by soaking the crystals in the crystallization buffer contain-
ing 30% glycerol and these ligands. The ligand concentration was
10mM, and the diffraction data were collected after the yellow
colour of the crystal was changed to purple with L-Phe, pale
yellow with L-Met and decreased slightly with PPA. The temperature
of the data collection was 100 K. In all cases, the initial model of the
structures was derived from the proPAO structure (pdb id: 2yr4)
(10). The refinement resolution was 1.10 A for the PAOpt-L-Phe
complex, 1.25 A for the PAOpt-L-Met complex and 1.25 A for
the PAOpt-PPA complex. These structural refinements were carried
out by REFMACS (32) and SHELX (33) with an anisotropic tem-
perature factor. The initial ligand models were the structures of
free L-Phe and L-Met, and refined using REFMACS with default
parameters. The quality of the diffraction data statistics and the
refinement statistics are given in Table 1. The graphic images of
these structures were generated using the PyMOL program (34).
Chimera software was used to match the structures (35). Channels
of the enzyme were identified by the CAVER program (PyMOL
plugin, 36, 37).

Site-directed mutagenesis

Site-directed mutagenesis of residues Argl43 and Tyr536 of proPAO
was carried out using a QuikChange XL site-directed mutagenesis
kit according to the manufacturer’s recommendations (Stratagene).
The desired mutation was introduced on the wt proPAO gene in the
plasmid, pPAO, 5 (9). Hereafter, the term ‘wt’ (wild-type protein)
refers to the recombinant (protein) without mutations. The muta-
genic change was confirmed by sequencing the mutant plasmid gene.
Sequencing was performed by the Genomic Research Department of
Shimadzu-Biotech. The proPAO mutants were expressed in E. coli
BL21(DE3) and purified. The PAOpt mutants R143K, R143A,
Y536F and YS536A were activated from their respective proPAO
mutants and purified as described previously (9).

Assay of enzyme activity

The rate of overall reaction was estimated by measuring the con-
sumption of oxygen dissolved in the reaction mixture with a
Clark-type oxygen electrode (Strathkelvin Instruments). The reac-
tion mixture contained various concentrations of substrate in
20mM potassium phosphate (pH 7.0) at 25°C. The rate (v) was
expressed as the molar concentration of oxygen consumed per
second per molar concentration of the enzyme-bound FAD. The
concentration of enzyme was expressed according to the FAD con-
tent, which was determined by measuring the absorbance at 450 nm,
using the molar extinction coefficient of 11.3mM ~'em™! at 450 nm.
The apparent kinetic parameters were determined from the rates
obtained with various concentrations of L-Phe or L-Met.

Spectroscopy

Absorption spectra were measured at 25°C using a double beam
spectrophotometer, type Ubest-50, from Japan Spectroscopic.
Buffer used was 20 mM potassium phosphate (pH 7.0).

Product analysis

The reaction mixture (3.1 ml) containing an indicated concentration
of L-Phe and enzyme in potassium phosphate buffer (pH 7.0) was
incubated for an indicated time in the reaction vessel equipped with a
Clark-type oxygen electrode. When approximately half of the
oxygen in the mixture was consumed, 380 ul of the mixture was
removed and mixed with 20 pl of 10 M HCIOy, to stop the reaction.



Table 1. Data collection, refinement and model statistics.

X-ray crystal structure of L-phenylalanine oxidase

PPA Phe Met
Data collection
Beamline . PF-AR(NW12) SPring-8 (BL44B2) PF-AR (NW12)
Wavelength (A) 1.0000 0.80000 1.00000
Space group P2,2,2, P2,2,2, P2,2,2,

Unit cell (A)

. a=101.29, h=112.69, ¢ =136.54
Resolution range® (A)

37.56—1.25 (1.32—1.25)

Measured reflections 1,962,049

Unique reflections 415,716

Redundancy 4.7 (4.1)

Completeness (%) 97.3 (87.0)

Rinerge? (%) 6.9 (32.9)

I/o 4.6
Refinement .

Resolution range® (A) 37.56—1.25 (1.32—1.25)

Ruork (%0) 10.3

Rfree (0/0) 13.1
Model Statistics

Rmsds .

Bond length (A) 0.030
Bond angles (deg) 2.442

Average B-factor (A%

All chains 11.805

FAD 8.667
Ramachandran plot(%)

Allowed region 98.0

Generously allowed region 1.8

Disallowed region 0.2

a

29.20—1.10 (1.16—1.10)

=100.99, b=112.94, c=136.46 a=101.27, b=112.84, c=136.49

36.27—1.25 (1.32—1.25)

3,277,203 2,084,318
615,937 415,723
5.7(5.7) 5.0 (4.9)
98.6 (97.1) 97.4 (98.4)
4.3 (39.8) 7.7 (34.7)
9.1 47
29.20—1.10 (1.16-1.10) 36.27-1.25 (1.32-1.25)
1.1 9.9

13.0 12.8
0.025 0.026
2.154 2.298
11.816 10.515
8.761 6.982
98.0 97.8

2.0 2.1

0.0 0.1

“Values in parentheses correspond to the reflections observed in the highest resolution shell.
meerge:Z,,,\.,Zi\lhk,',—(l wel) | ity i Tniri» Where I'is the observed intensity and ([)is the averaged intensity for multiple measurements.

The mixture was centrifuged to remove the precipitates, and the
supernatant was analysed by HPLC using a TSKgel SUPER-ODS
column (Tosoh, 4.6 mm x 10 cm). Products were eluted at a flow rate
of 1 ml/min with 90 mM potassium phosphate (pH 7.0) containing
10% methanol.

Results

Active site structures of PAOpt-ligand complex

The structures of PAOpt in complex with various lig-
ands were analysed by the X-ray crystallography.
L-Phe and L-Met were used as an amino acid ligand.
PPA was also selected as a ligand, since it is the analog
of Phe and a competitive inhibitor of r-Phe (K;:
13.94+0.2uM). When the PAOpt crystal was soaked
in the crystallization buffer containing L-Phe, the crys-
tal changed yellow to purple (Supplementary Fig. S1),
confirming that the enzyme in the crystal forms a
charge-transfer complex as observed in the solution.
However, we observed that the crystal of the purple
intermediate lost its colour at the region that was
exposed to the X-ray. We tested the stability of the
purple intermediate against X-ray exposure using a
microspectrophotometer, which is coupled to the
BL44B2 beam line at SPring-8, and found that the
crystal remained purple with an X-ray exposure of
2% 10" photons (data not shown). We constructed
the present structural model from X-ray diffraction
data obtained with X-ray exposure of 3.6 x 10'* pho-
tons, but the crystal lost its colour after data collection.
In the case of L-Met, the enzyme changed from yellow
to pale yellow after soaking the PAOpt crystal
with a solution of r-Met. This result supports the

interpretation that L-Met has a weak charge—transfer
band (30).

The superposition of the Ca atoms of the PAOpt
structures in complex with PPA, r-Phe and r-Met
on those of the PAOpt structure (pdb code, 2yr5, 10)
results in RMSD values of 0.13, 0.14 and 0.15 A,
respectively. This suggests that the overall structure
of PAOpt does not change significantly upon binding
of ligands. Therefore, we analysed the ligand-binding
region in the structures. Figure 1A shows the structure
of the binding region of PPA (the structures of the
flavin ring, PPA, and the reaction products are
shown in Fig. 2). PPA is bound to the re-side of the
flavin ring of FAD and the benzene ring of PPA is
surrounded by hydrophobic residues F316, L1319,
L.330, Y335, W538, F617, L619 and W660. The hydro-
phobic environment of the binding site may explain the
high affinity of PPA for the enzyme. Figure 1B and C
show the structures of the binding site of L-Phe and 1-
Met in PAOpt, respectively. The amino acid residues in
the vicinity of the bound amino acids are the same as
those located in the vicinity of PPA. Among these
hydrophobic side chains, there are two H-m inter-
actions in the PAOpt-L-Phe complex. W660 interacts
with H-N, and F617 interacts with H-Cp (Fig. 1D). In
our previous report (/0), we proposed that the side
chains of F617 and W660 form an ‘aromatic cage’
observed in monoamine oxidase (38) and the side
chain of L-Phe is packed in the cage. The 3D structure
of the PAOpt-L-Phe complex supports this proposal
(Fig. 1B). It was found that the electron density map
of the side chain of L-Met is not well defined (Fig. 1C).
The hydrophobic residues (F316, L319 and L619) are
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Fig. 1 Stereo views of the active site of PAOpt-PPA (A), PAOpt-L-
Phe (B), and PAOpt-L-Met (C) complexes, and of the aromatic cage in
the PAOpt-L-Phe complex (D). The carbon atoms of the ligands are
shown in cyan. The water molecule is shown by a red CPK model.
The O and N atoms are coloured red and blue, respectively. The
2Fo-Fc electron density map is contoured at 1 o around the bound
ligands, and the water molecules are hydrogen-bonded to the
ligands.

~4 A apart from the Ce atom of L-Phe and ~5 A apart
from the S6 atom of L-Met (Fig. 5B). These observa-
tions suggest that the side chain of rL-Met is much
easier to move than that of r-Phe.

Structures of substrates in the PAOpt active site
The configuration of the bound substrate was analysed
by measuring the bond angles around the Co atom,
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Flavin

H3

Fig. 2 Structures of flavin ring, PPA, PPV and PAM.

since we considered that it is better to measure the
bond angle around the Cao atom to estimate the extent
of sp? and sp® configurations. The sum of the angles
will be 360° (=120° x 3) for the ideal planar sp* con-
figuration, and 328.5° (=109.5° x 3) for the ideal tetra-
hedral sp® configuration. In the structure of the
PAOpt-L-Phe and PAOpt-.-Met complexes, the
angles around the Co atom do not correspond to
those of an ideal tetrahedron (L-Phe: ZNCaC =
111.4°, ZNCaCp =115.1°, £CCaCp=115.0°; L-Met:
/NCaC=111.3°, /NCaCB=112.1°, 2CCaCp=
113.2°) and the sum of the angles were calculated
to be 341.5° and 336.6°, respectively. These values
mean that the PAOpt-L-Phe and PAOpt-L.-Met com-
plexes contain ~38% and ~8% of imino acid, respect-
ively. This is equivalent to containing ~62% and
~92% of the respective L-amino acids. These values
are probably overestimated, since we modelled the
ligand structure by REFMACS5 with default par-
ameters as described in ‘Materials and Methods’
section.

The bond angles around the Ca atom of the bound
L-Phe show the tetrahedral sp® configuration in the
LAO-L-Phe complex (pdb code: 2iid for crLAO) (21).
The authors suggested that when the crystal is soaked
with L-Phe, the product imino acid is released from the
enzyme, and another -Phe molecule binds to the site
before oxidation of the reduced flavin occurs. As for
the yDAO-D-Ala structure (pdb code: 1cOp) (39), the
authors calculated the occupancy of p-Ala and imino-
pyruvate to be >2 : 1, by comparing the Co—N bond
length of the bound p-Ala with the corresponding
length of the free p-Ala (1.47 A) and with the carbonyl
bond (1.21 A). We collected the diffraction data for the
crystal of the purple intermediate. The crystal was
cooled during the data collection by flushing with
liquid nitrogen gas. It is therefore impossible for an-
other L-Phe to bind to the active site of enzyme as
proposed for LAOs (27, 22). It is conceivable that
the X-ray irradiation induces reduction of the imino
acid to re-form the original substrate, although we
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Fig. 3 Spectral change in the PAOpt mutant by the addition of 2mM
L-Phe under aerobic conditions. The final concentration of enzyme
was 15.4uM for wt (A), 19.4uM for R143K (B) and 22.2 uM for
Y536F (C) mutant enzymes. To the enzyme solution in 20 mM
potassium phosphate (pH 7.0), L-Phe was added at the final
concentration of 1 mM, and the whole was mixed and the spectral
changes were measured. The temperature was 25°C. Solid line,
before addition of L-Phe; dash line, just after addition of L-Phe; dash
dot line, 30 min after addition of L-Phe.

do not have any evidence that irradiation affects the
imino acid.

Structures of isoalloxazine ring in the PAOpt ligand
complexes

The structure of isoalloxazine ring was reported to
change with its redox state of the flavin models and
yDAO (39, 40). Based on the structures of PAOpt in
complex with and without various ligands, the
N(5)—C(4a) lengths of the flavin ring in PAOpt, and
the PAOpt-PPA and PAOpt-AB (pdb code: 2yr6) com-
plexes, which contain the oxidized flavins, were found
to be 1.39, 1.36 and 1.37 A, respectively. The lengths of
the flavin ring in the PAOpt structure in complex with
L-Phe and r-Met, which contain the reduced flavins,
were found to be 1.37 A and 1.40 A, respectively.
These results suggest that the N(5)—C(4a) length does
not change with the redox state of the PAOpt flavin
ring. The oxidized isoalloxazine ring is more planar
than the reduced ring in the model study (40).
Therefore, we determined the dihedral angle around
the N(5)—N(10) axis of the isoalloxazine ring atoms

X-ray crystal structure of L-phenylalanine oxidase
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Fig. 4 HPLC analysis of products formed after incubation of L-Phe
with the wt and mutant enzymes. After incubation of L-Phe with the
wt (B), R143K (C) and Y536F (D) mutant enzymes, reactions were
stopped by additing HCIOy at a final concentration of 0.5 M as

described in ‘Materials and Methods’ section. (A) standard, L-Phe;
PPV, phenylpyruvate; PAM, phenylacetamide.

C(4), N(5), N(10) and C(6) in the PAOpt structures
determined in the present and previous studies. The
angles show that the flavin ring is bent ~6° in the
PAOpt-PPA and PAOpt-L-Phe complexes, and ~15°
in PAOpt, and the PAOpt-AB and PAOpt-L-Met com-
plexes. From these results, there are no direct correl-
ation between the structure of the flavin ring and its
redox state, rather the structure of the flavin ring
changes with ligand used.

Site-directed mutagenesis of Arg143 and Tyr536

Three-dimensional structures of PAOpt showed that
Argl43 interacts with the carboxylate group of sub-
strates and of PPA (Fig. 1). Sobrado and Fitzpatrick
(41, 42) reported that for tryptophan 2-monooxy-
genase, the site-directed mutation of the active site resi-
dues, Argd98 and Tyr4l3 alters the activity of the
enzyme so that it oxidizes the substrate L-Trp. These
residues interact with the carboxylate group of r-Trp.
The corresponding residues are Argl43 and Tyr536 in
PAO. Therefore, the site-directed mutants of these resi-
dues were prepared and characterized as described in
‘Materials and Methods’ section. The R143A and
Y 536A mutant enzymes were found to have no activity
while the R143K and Y536F mutants were found to
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Fig. 5 Stereo view of the active site of the PAOpt-L-Phe complex
superimposed on the active site of the roLAO-L-Phe (A), PAOpt-L-
Met (B), PAOpt-AB (C) and PAOpt-PPA (D) complexes. The carbon
atom of the PAOpt-L-Phe complex was coloured black and that of
the other complexes were coloured white. The amino acid residue of
roLAO (pdb code: 2jb2) was shown by adding the subscript ‘ro’.

have ~400- and ~17-fold lower activity than the wt
enzyme, respectively (Supplementary Table S2).
Upon addition of L-Phe to the R143K and Y536F
mutants, a charge-transfer band becomes weakly ob-
servable in the case of the Y536F mutant, but not for
the R143K mutant (Fig. 3). This indicates that the
interaction of the substrate carboxylate group with
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Y536 H NH,

Scheme 2 A proposed mechanism of the substrate dehydrogenation.

the guanidinium group of Argl43 provides fine orien-
tation of the imino acid with respect to the reduced
isoalloxazine ring. To further assess the effect of the
mutation on the enzyme, the reaction products of these
mutants were analysed. Figure 4 shows that the wt
PAOpt produces higher amounts of phenylacetamide
(PAM) than phenylpyruvate (PPV) as expected, but
PAM was not produced by the R143K and Y536F
mutants. There is an unknown peak at ~4.5min,
which has been assigned as phenylacetate. We expect
that this compound is produced by oxidation of PPV
with H,O,, because the peak also appears upon mixing
of PPV with H,O, in the reaction mixture (data not



shown). The Y536F mutant was found to display
a weak charge-transfer band similar to that observed
with the wt type enzyme mixed with L-Met (30). These
data lead us to conclude that the enzyme activity is
altered to oxidize L-Phe as a result of the mutations.

Discussion

Substrate specificity

PAOpt has relatively high activity with respect to L-
Phe and L-Tyr, and relatively low activity with respect
to L-Met and L-Trp (Supplementary Table S1). This
suggests that the benzene ring of the side chain has
an important influence on the activity. As described
in the Results, the active site pocket is composed of
eight hydrophobic amino acid side chains. The benzene
ring of L-Phe is well fitted in the pocket. However, the
side chain of L-Met does not fit well within the active
site pocket and is more mobile than r-Phe (Fig. 5B),
explaining the lower activity with L-Met as compared
with L-Phe. The relatively lower activity with respect to
L-Trp (~20% of the activity for L-Phe, Supplementary
Table S1) might be due to the bulky side chain of
L-Trp, which does not fit well within the pocket.

To elucidate why LAO from Rhodococcus opacus
(roLAO, pdb code: 2bj2, 22), in contrast to PAO, is
non-specific with respect to the amino acid side chains,
the structure of the roLAO-L-Phe complex was super-
imposed on that of the PAOpt-L-Phe complex
(Fig. 5A). The CB and N atoms of L-Phe in both the
PAOpt complex with L-Phe and the roLAO complex
with L-Phe interact with the aromatic cage residues via
H-m bonds, but the bond lengths in roLAO are longer
than those of PAOpt. In addition to the cage residues,
the benzene ring of L-Phe in PAOpt is surrounded by
six hydrophobic residues, F316, 1.319, L330, Y335,
W538 and L619, but in roLAO, the benzene ring of
L-Phe appears to interact weakly with two hydropho-
bic residues, F222 and 1465. Therefore, the benzene
ring of L-Phe is more closely packed in the active site
of PAOpt than in the active site of roLAQO. Thus, the
active site pocket of roLAO can individually accom-
modate the 20 proteinogenic amino acids (/—3).
Moreover, the trajectory of the substrate is gated by
the hydrophobic residues in the channel in PAOpt,
but substrate freely diffuses through the channel in
roLAO. These facts explain the observation that
PAOpt is highly specific while roLAO is unspecific
with respect to the side chains of the amino acids.

Dehydrogenation of substrate

In the active site of PAOpt, the positive charge of Arg
143 is neutralized by binding with the carboxylate ion
of substrate. To accommodate the hydrophobic nature
of the active site, pKa of the substrate amino group
must be decreased to form the unprotonated form of
amino acid at neutral pH. The shift of pKa value
(ApKa=2~3.5) of substrate amines to the acid pH
was reported for trimethylamine dehydrogenase (43),
monomeric sarcosine oxidase (44) and monoamine oxi-
dase (45). Therefore, the unprotonated form of amino
acid substrate is assumed to be the reactive substrate
in the present study. As described in ‘Results’ section,
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the isoalloxazine ring in the PAOpt substrate complex
is in the reduced form, and the bound substrate is in
the form of a mixture of the substrate and its corres-
ponding imino acid. The bound substrate is ~60% of
the amino form in the PAOpt-L-Phe complex, and
~90% of the amino form in the PAOpt-L-Met com-
plex. The conformation of the isoalloxazine ring does
not change greatly with changes in the redox state of
the ring. Therefore, we discuss the reaction mechanism
by assuming that the amino acid substrate is interact-
ing with the oxidized flavin in the PAOpt-L-Phe and
PAOpt-L-Met complexes (Fig. 1B and C). From the
structural studies of yDAO (39) and LAOs (21, 22),
it has been proposed that ‘hydride transfer’ is included
in the mechanism of dehydrogenation on the basis of
the following facts. The Ca-H of the bound amino acid
points toward the flavin N(5) atom and no functional
group is present in the active site that could act as an
acid-base catalyst for Ca-H bond cleavage in the sub-
strate. The distance between the N(5) atom of the iso-
alloxazine ring and the Co atom of the bound amino
acid in the PAOpt complex with L-Phe and L-Met were
3.12 and 3.29 A, respectively. These distances are short
enough to allow direct transfer of hydride to the flavin
N(5) atom (Fig. 1B and C). Moreover, there is no
functional group capable of acting as an acid-base
catalyst in the active site. These facts lead to the pro-
posal that PAOpt dehydrogenates r-Phe and L-Met
using the hydride transfer mechanism (Scheme 2).

Oxidative deamination and oxygenative
decarboxylation

Kinetic studies (30) suggest the reactivity of the
charge—transfer complex with molecular oxygen deter-
mines the reaction specificity (Scheme 1). Therefore,
we consider the protein structure around the ligands,
and the distances between the isoalloxazine ring, the
water molecule and each of the ligands in the PAOpt-L-
Phe and PAOpt-L-Met complexes. When the imino
acid leaves the reduced FAD moiety, it reacts with
water to form the corresponding keto acid and ammo-
nia. There are two water molecules at the active site
(Fig. 1A, C; Wal and Wa2 in Fig. 5B). One is located
near the side chain of K478 (Wal), and the other is
near the T313 side chain (Wa2). There is no electron
density near the K478 side chain in the PAOpt-L-Phe
complex, but there is electron density identified as a
water molecule in the structure of the PAOpt-L-Met
complex (compare Fig. 1B with C). In the previous
work, we proposed on the basis of the PAOpt-AB struc-
ture (pdb code: 2yr6) that the oxygen molecule binds to
the Wal site (Fig. 5C). Therefore, we suggest that mo-
lecular oxygen resides in the vicinity of Wal and the
candidate water molecule, which reacts with the imino
acid, is Wa2 (Fig. 5B). The distance between the Co
atom and Wa2 in the PAOpt-L-Met complex (4.29 A)
is shorter than that of the PAOpt-L-Phe complex (4.36
A) (Fig. 5B). From these results, we propose that the
distance between the Co atom of amino acid substrates
and Wa2 is relatively short and that the imino inter-
mediate reacts with Wa2 to initiate the oxidative de-
amination reaction. The results obtained with the
mutants support the idea. It is conceivable that the
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Scheme 3 A catalytic mechanism of t oxidative deamination and oxygenative decarboxylation of L-Phe.

proper positioning of the Ca atom in the PAOpt-L-Phe group, and does not interact with the main chain O
complex is determined by the side chains of R143, atom of G659. As a result, the distance from water
Y536, the main chain O atom of G659, and the aro- molecule (Wa2) to the C2 atom (4.21 A) becomes
matic cage (Fig. 1D). PPA does not have an amino shorter than the distance from Wa2 to the Ca atom
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1322 ,

Fig. 6 Substrate and oxygen channels at the active sites of PAOpt. The substrate and oxygen channels have been proposed previously (/0), and
are represented as Substrate C and Oxygen C, respectively. The tunnels were identified for the structure of the PAOpt-L-Phe complex.

of L-Phe (4.36 A, Fig. 5D). Although the active site
structures of the R143K and Y536F mutants in com-
plex with L-Phe are not known, it is clear that one of
the three interactions of the carboxylate group of L-
Phe with the active site residues is lost as a result of the
mutation. Therefore, the distance of the Ca atom of L-
Phe from Wa2 might be shortened. The idea is sup-
ported by the fact that no or weak charge-transfer
band were observed with the mutants (Fig. 3B and
C), suggesting a weak interaction between the imino
group and the flavin ring. This weak interaction in-
creases the distance from the flavin ring to the imino
group, thus shortening the distance from the Co atom
of the imino intermediate to Wa2.

The flavin C(4a)-hydroperoxide adduct has been
observed in oxygenases during the oxidative
half-reaction of the reduced flavin with molecular
oxygen (26, 29, 46, 47). As for flavoprotein oxidases,
Sucharitakul et al. (28) observed a typical C(4a)-hydro-
peroxyflavin spectrum with an absorption maximum
of about 400 nm during the oxidative half-reaction of
pyranose 2-oxidase of Trametes multicolor. Mattevi
(19) reviewed the oxygen reactivity of flavoprotein oxi-
dases, and showed that there are properly positioned
positive charges in their active sites. We previously
suggested that oxygen-binding at the PAOpt active
site occurs near the Lys478 and Metl42 residues
(Fig. 5C) (10). Fig. 6 shows the results of the tunnel
analysis of PAOpt-L-Phe complex by CAVER (36, 37).
There is a sufficient space to accommodate an oxygen
molecule at the region of the channel, which makes
contact with N(5) of the flavin ring, the methyl
group of M142, and the ¢ amino group of K478
(Fig. 6). These interactions contribute to the process
of binding of the oxygen molecule (/9). Therefore we
wish to propose the reaction mechanism set forth in
Scheme 3 to explain the oxidative deamination and
oxygenative decarboxylation, including the C(4a)-
hydroperoxyflavin adduct. We believe that this is an
appropriate mechanism although we did not detect the
adduct during the oxidative half-reaction of the
reduced PAOpt with molecular oxygen.

Supplementary Data

Supplementary Data are available at JB Online.
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