
J. Biochem. 123, 1097-1103 (1998)
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L-Phenylalanine oxidase from Pseudomonas sp. P-501 was irreversibly inactivated by the
arginine-specific reagents, phenylglyoxal (PGO) and p-hydroxyphenylglyoxal (HPG). The
inactivation by PGO and HPG follows pseudo-first-order kinetics with second-order rate
constants of 10.6 and 15.1 M~1-min~1, respectively, and a single arginyl residue was
modified specifically. The effective protection by substrate L-phenylalanine against the
inactivation by these reagents strongly suggests that the arginyl residue is located in the
substrate binding site. SDS/PAGE analysis of the enzyme modified with [14C]PGO revealed
that the arginyl residue was in the 0 subunit of the enzyme. The fragment containing the
14C-labeled arginyl residue was purified from the enzymatic digests of the labeled /3 subunit
by HPLC and sequenced. The modification of Arg-35 in the 0 subunit was identified. The
sequence around Arg-35 shows homology to the corresponding regions of tryptophan-2-
monooxygenases.

Key words: active site, chemical modification, flavoenzyme, peptide sequencing, phenyl-
glyoxal.

L-Phenylalanine oxidase (PAO) from Pseudomonas sp. P-
501, found by Koyama (1), has unique characteristics, that
is, the enzyme catalyzes both oxidative deamination and
oxygenative decarboxylation of L-phenylalanine simulta-
neously (2, 3). The enzyme has 2 mol of non-covalent FAD
and consists of 2 mol each of a and /3 subunits (4). The
amino acid sequence of the a subunit has been determined
(4), and it was shown that the sequence contains a nu-
cleotide binding domain for FAD (4, 5), but as a whole it
shows no homology to any known protein sequence. These
results suggest that this enzyme may have a novel type of
sequence and structure with unique characteristics.

Among the enzymes with oxygenative decarboxylation
activity, tryptophan 2-monooxygenases [EC 1.13.12.3]
have been well studied (6-9). Though the involvement of a
cysteine residue in the active site of this enzyme has been
demonstrated (7), detailed characterization has not yet
been achieved. On the other hand, there are many analo-
gous enzymes with oxidative deamination activity, and
among them D-amino acid oxidase (DAAO; EC 1.4.3.3) and
the closely related enzyme D-aspartate oxidase (DASPO;
EC 1.4.3.1) have been well characterized (10-14). That is,
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both DAAO and DASPO have at least one arginyl residue
which has a crucial role in the catalytic activity (11, 12).
Furthermore the crystal structure of DAAO (13, 14)
demonstrated the presence of one arginyl residue at the
substrate binding site (13). Although PAO from Pseudo-
monas sp. P-501 catalyzed both oxidative deamination and
oxygenative decarboxylation of L-phenylalanine, the oxy-
genative decarboxylation is the major (~80%) reaction
catalyzed (3). Suzuki et al. (15) proposed from a resonance
Raman study of a reaction intermediate of PAO that the
intermediate is similar to that of DAAO. Based on this
background, we performed the chemical modification of
PAO in the present study, to identify the residue (s) at the
active site.

Phenylglyoxal (PGO) and p-hydroxyphenylglyoxal
(HPG) are specific reagents for arginyl residues (16, 17).
We studied the effect of these reagents on the enzymatic
activity, and found that PAO was irreversibly inactivated
and the inactivation was prevented by L-phenylalanine. We
examined the kinetics of the inactivation of the enzyme
with PGO and HPG. We also labeled PAO with [14C]PGO,
digested the labeled enzyme and analyzed the sequence of
the 14C-labeled fragment. The data suggest that one arginyl
residue of the /? subunit is located at the binding site of the
substrate.

MATERIALS AND METHODS

Materials—PAO was purified to homogeneity from
Pseudomonas sp. P-501 as described previously (1).
Although PAO contains two FAD molecules as the prosthe-
tic group, it is assumed that the oxidation of L-phenyl-
alanine can be catalyzed by an enzyme unit containing one
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molecule of FAD (18). So the concentration of the enzyme
was expressed in terms of enzyme-bound FAD, which was
determined by measuring the absorbance at 465 nm, using
the absorbance coefficient of 11.3 mM"1 -cm"1. PGO mono-
hydrate and 1,2-cyclohexanedione (CHD) was purchased
from Aldrich. Lysyl endopeptidase (3.3 AU/mg), p-hy-
droxyphenylglyoxal (HPG), and 2,3-butanedione (BD),
were from Wako Chemicals. Ultra pure urea was from
Schwarz/Mann. [7-14C]PGO (27.0 mCi/mmol), ACS II
and Amplify were from Amersham.

Enzyme Assay—The activities of the native and modified
enzymes were assayed by measuring the oxygen uptake
using a Clark-type oxygen electrode YSI model 5331 in the
presence of 488 /uM L-phenylalanine at 30°C. The buffer
used was 50 mM potassium phosphate (pH 7.0).

Kinetics of Inactivation of PAO with PGO and HPG—
PAO (2.37 X 10~5 M) was incubated with various concentra-
tions of PGO or HPG at 30°C in 0.2 M sodium borate buffer
(pH 9.0) for different times (0-20 min) in the dark. At the
indicated times of incubation, 5 /x\ aliquots of the mixture
were removed and diluted 100-fold with 50 mM potassium
phosphate buffer (pH 7.0), then the enzymatic activity was
assayed.

Labeling of PAO with [liC]PGO and Measurement of
Radioactivity—PAO (2.37 X 10"5 M) was incubated at 30°C
in 0.2 M sodium borate buffer (pH 9.0) with 10 mM [14C] -
PGO (28.8 dpm/pmol) in the absence or presence of 20 mM
L-phenylalanine for different times in the dark. At the
indicated times of incubation, 5//I aliquots of incubation
mixture were mixed with 2 ju\ of 1 M PGO and the whole
was boiled for 30 s in the sample buffer (10% glycerol,
0.0625 M Tris-HCl, pH 6.8, 2% SDS, and 5% y3-mercapto-
ethanol). SDS/PAGE was carried out with SPU-15S gel
(Atto) according to the manufacturer's protocols. The
molecular weight markers used were SDS-PAGE standard
(Broad) from Bio-Rad. Protein bands were stained with
CBB R-250, and the gel was treated with Amplify. The
dried gel was analyzed by fluorography.

To determine the 14C-incorporation into PAO, 5 /A
aliquots of incubation mixture were precipitated with 7%
trichloroacetic acid and the precipitates were collected on
GF/C filters (Whatman), and washed 3 times with 7%
trichloroacetic acid and then with ethanol. The filters were
dried and the radioactivity was measured.

Isolation of [_" C] PGO-Labeled Peptide—VAO (3.2
nmol, 6.32 X 10"5 M) was incubated with 10 mM [14C]PGO
for 20 min as described above. PGO was added to the
mixture at the final concentration of 295 mM, then the
whole was immediately subjected to reverse-phase HPLC
to separate the a and /3 subunits as described previously
(4) with minor modifications. The labeled /? subunit was
collected and suspended in 50 mM iV-ethylmorpholine
buffer (pH 8.7) containing 8 M urea and incubated at 37°C
for 1 h. The subunit was digested with lysyl endopeptidase
at the substrate/enzyme molar ratio of 30:1 in 50 mM
iV-ethylmorpholine buffer (pH 8.7) containing 4 M urea at
37°C for 7 h. The proteolytic fragments were separated by
reverse-phase HPLC on an Inertsil ODS column (4.6 X 250
mm, GL Sciences) by eluting at 1 ml/min with a linear
gradient of acetonitrile in 0.1% TFA (0-70% for 70 min).

Cyanogen Bromide Degradation—The sample was sus-
pended in 70% formic acid and CNBr in the same solvent
was added to the concentration of 1%. The mixture was

placed in a hood at room temperature for 23 h in the dark.
Amino Acid Sequencing—The amino acid sequences of

peptide fragments were analyzed with a gas-phase sequenc-
er (Shimadzu, PPSQ-10). A sequencer (Applied Biosys-
tems, 470A) was used for sequencing 14C-labeledpeptides.

CD Measurement of the Native and Modified PAO in the
Far- Ultraviolet Region—All spectra were measured with a
Jasco J-720 spectropolarimeter with a cell of 1 mm path
length at 10°C. Each spectrum is the result of 8 accumulat-
ed scans. The enzyme was incubated with 10 mM PGO in
the absence or presence of L-Phe for 20 min at 30°C, then a
fivefold molar excess of arginine was added to remove the
remaining PGO. The mixture was extensively dialyzed
against 50 mM potassium phosphate, pH 7.0. The dialyzed
enzyme solution was diluted with the same buffer and
filtered through a 0.2 ^m pore size filter, then the CD
spectrum was measured and the residual activity was
assayed. The concentration of each sample was determined
by measuring the absorbance at 465 nm. The contents of
a -helix and /J-strand were determined by the use of the
application "Secondary structure estimation for protein"
supplied with the apparatus (19).

RESULTS

Inactivation of PAO by PGO and HPG—PAO catalyzes
the oxidation of L-phenylalanine most effectively and that
of tyrosine to a lesser extent (1). These substrates have
phenyl and p-hydroxyphenyl groups, respectively, so we
examined whether PGO and HPG, containing these groups,
inactivate the enzyme. As Table I shows, PGO and HPG
strongly inactivated PAO, though CHD and BD, which are
also arginine-specific reagents, inactivated PAO only
slightly. The results suggest that PGO and HPG interacted
with the enzyme as substrate analogs. This is supported by
the observation that the substrate L-phenylalanine protect-
ed PAO against the inactivation by PGO and HPG (Table I).

Treatment of PAO with PGO and HPG caused a time-
dependent loss of activity. The time courses of inactivation
by PGO and HPG are shown in Figs. 1A and 2A, respective-
ly. The linear plots of the logarithm of residual enzymatic
activity versus the reaction time indicate that the inactiva-
tion with these reagents follows pseudo-first-order kinetics.
When the pseudo-first-order rate constant (&,bs) of inac-
tivation was plotted against the reagent concentration, the
plot was linear (Fig. IB), indicating that the modification is
simply bimolecular, and therefore the inactivation velocity
v is represented by the equation u=£obs[PAO]. The
second-order rate constant of inactivation was determined
to be lO.eM-'-min-' for PGO from the plot. To confirm

TABLE I. The effects of various arginyl specific reagents on
the activity of PAO.

Concentra- _ . . . . Residual activity
Reagents tion Premcubation ( % )

(mM) COnd ' faOnS L-Phe(-) L-Phe(+)°
Control 100 100
Phenylglyoxal 10 20 min, 30°C 11.37 95.51
p-Hydroxyphenylglyoxal 10 20 min, 30°C 5.42 75.47
1,2-Cyclohexanedione 50 30 min, 37°C 87.32 83.94
2,3-Butanedione 50 30 min, 25°C 81.09 102
"The concentration of L-Phe in the preincubation mixture was 20 mM
for PGO, 5 mM for HPG, and 30 mM for CHD and BD.
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Fig. 1. Inactivation of PAO by PGO. (A) PAO was incubated with 0 mM (•), 2 mM (o),
5 mM (•), 10 mM (O), and 20 mM (•) PGO. A part of the mixture was withdrawn at
indicated times and assayed for residual activity as described in "MATERIALS AND
METHODS." (B) The Abbs was plotted against the concentration of PGO and from the slope
of the line the second-order-rate constant was calculated. (C) Log k>bs was plotted against log
concentration of PGO to determine the order of the inactivation reaction.
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Fig. 2. Inactivation of PAO by HPG. (A) PAO was incubated with 0 mM (•), 1 mM (O), 5 mM (•), 10 mM (•), and 20 mM (•) HPG. The
activity of the enzyme was assayed as described in the legend to Fig. 1. (B) and (C) were plotted as in Fig. 1.

that the inactivation is bimolecular, log fc,bs was plotted
against log [PGO]. The plot gave the straight line with a
slope of 1.03 (Fig. 1C), which suggested that one molecule
of phenylglyoxal was needed to inactivate one molecule of
the enzyme unit (20). Similar results were obtained with
HPG, and the second-order rate constant for inactivation
and the reaction order were determined to be 15.6 M"1*
min"1 (Fig. 2B) and 0.70 (Fig. 2C), respectively. As the
inactivation by HPG was similar to that by PGO, the
following experiments were performed using PGO.

Substrate Protection—The protection by the substrate
was examined in more detail by incubating PAO with 10
mM PGO in the presence of various concentrations of
L-phenylalanine (Fig. 3). The rate (kobs) of inactivation
decreased with increasing concentration of the substrate,
then reached the limiting value. L-Phenylalanine also
protected PAO against the inactivation by HPG (Table I).
Combining the data with those in Figs. 1 and 2, it is
suggested that the enzyme was inactivated by modification
of a single arginyl residue per enzyme unit at the binding

site of the substrate.
Modification of PAO with \}*C]PGO—PAO consists of 2

mol of each a and p subunits (4), so we labeled the enzyme
with [14C]PGO to identify which subunit is modified. PAO
treated with [14C]PGO in the absence and presence of
L-phenylalanine was analyzed by means of SDS/PAGE
(Fig. 4, A and B) as described in "MATERIALS AND METH-
ODS." As Fig. 4B shows, the /? subunit was labeled in the
absence of L-phenylalanine (lanes 1-5), but the labeling was
almost completely inhibited in the presence of L-phenylala-
nine (lanes 6-10).

Stoichiometry of Incorporation of [u C] PGO into PAO—
The amount of [14C]PGO incorporated into PAO in the
absence of L-phenylalanine was determined at given times
as described in "MATERIALS AND METHODS" and repre-
sented as mol of [14C]PGO incorporated per mol of enzyme
unit (Fig. 5A), and the residual enzymatic activity was
measured under the same conditions except that non-
labeled PGO was used in place of [14C]PGO (Fig. 5A). The
loss of enzyme activity was plotted against the incorpora-
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tion of PGO (Fig. 5B). Extrapolation of the plots to 100%
loss of activity showed that the activity was completely
abolished when 1.02 mol of PGO was incorporated into 1

0.15

5 10 15

[L-Phe] (mM)

20

Fig. 3. Protection against PGO inactivation by L-phenylala-
nine. PAO was incubated with 10 mM PGO in the presence of various
concentration of L-phenylalanine and a part of the mixture was
withdrawn at given times, then assayed for residual activity. The rate
constants (Abbs) of the inactivation were plotted against the concentra-
tion of L-phenylalanine.

unit of PAO. These results and those in Fig. 3 suggest that
the binding site of the substrate is located in the J3 subunit
and a single arginyl residue is present at the site.

Isolation of the Peptide Fragment Containing the [14C] -
PGO-Labeled Arginyl Residue and Sequencing of the
Peptide—To locate the 14C-labeled arginyl residue in the /?
subunit, PAO was incubated with 10 mM [14C]PGO in the
absence and presence of L-phenylalanine, and the reaction
mixture was directly subjected to reverse-phase HPLC to
isolate the 14C-labeled /? subunit. The isolated /? subunit
was digested with lysyl endopeptidase as described in
"MATERIALS AND METHODS," then the proteolytic digests
were fractionated by reverse-phase HPLC (Fig. 6A). One
major 14C-radioactive peak (a retention time of 51.5 min,
indicated by an arrow in Fig. 6B) was observed for the
digests of PAO incubated without L-phenylalanine, but the
radioactivity of the corresponding peak was reduced great-
ly for the digests of PAO incubated with L-phenylalanine
(indicated by an arrow in Fg. 6C). So it is reasonable to
conclude that the peptide in this 14C-radioactive peak
contains the substrate binding site of the enzyme. To
identify the sequence around the labeled arginyl residue,
the 14C-radioactive peak fraction was collected. Before
sequencing the 14C-labeled peptide, we analyzed the N-
terminal sequence of the corresponding peak fraction of the

(A)
L-Phe (-)

M 1 2 3 4 5

L-Phe (+)

116— ^
97— —
66— •

45 —

31 —
14 — -—
6 . 5 — — a

(B)
L-Phe (-)

M l 2 3 4 5

L-Phe (+)
6 7 8 9 10

a

Fig. 4. Incorporation of [!<C]PGO into PAO. The enzyme was
incubated with 10 mM [MC]PGO in the absence and presence of
L-phenylalanine, and a part of the mixture was withdrawn at 0 min
(lanes 1, 6), 5 min (lanes 2, 7), 10 min (lanes 3,8), 15 min (lanes 4, 9),

and 2U mm (lanes 5, 10), then analyzed by SDS/PAGE as described
under "MATERIALS AND METHODS." (A) Stained gel. Lane M,
molecular size marker. The positions of the a and fi subunits are
shown. (B) Fluorogram of the dried gel.

I 80

O 0.2 0.4 0.6 0.8 1 1.2
PGO Incorporation (mol/mol enzyme unit)

5 10
Time (min)

Fig. 5. Correlation between the inactiva-
tion of PAO and the amount of PGO incorpo-
rated. (A) "C-Incorporation into PAO after
incubation with 10 mM [UC]PGO for the in-
dicated time was plotted (•), after subtraction
of the background (950 dpm). The residual ac-
tivity with 10 mM PGO was also plotted (•). (B)
The residual activity was replotted against PGO
incorporation.
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Fig. 6. HPLC profiles of theproteolytic fragments of "C-label-
ed 0 subunit. The /3 subunit labeled with [14C]PGO in the absence
(B) and presence (C) of L-phenylalanine was digested with lysyl
endopeptidase as described in "MATERIALS AND METHODS." A
part of the enzymatic digests was analyzed by reverse-phase HPLC.
The amounts of samples analyzed were 1 x 104 dpm for (B) and 5 x 103

dpm for (C). The absorbance of the eluates was monitored at 210 nm
(A), and the eluates were collected in 0.5 ml fractions. The 14C-radio-
activity of each fraction was measured after the addition of 1.5 ml of
ACS II. The retention time of the major labeled peak is represented
by arrows in (A), (B), and (C).

600

o.
•o

'400 •

200

10 20
Cycles

Fig. 7. Edman degradation of CNBr fragments of the labeled
peak fraction. The uC-labeled fragments obtained as in Fig. 6 were
collected, and then degraded by CNBr as described in "MATERIALS
AND METHODS." The resultant mixture was sequenced and the
radioactivity released at each Edman cycle was measured. The
samples analyzed were derived from the modification in the absence
(•) and the presence (A) of L-phenylalanine.

1 10 20 30 f 40 50 60 70 74
AIKVRGLKAGRVSAALVHNGDPASGDTIYEVGAHRFPEIAGLTWHYASAAFGDAAPIKVFPKPGKVPTWFVFGN-

K2 1

Fig. 8. N-terminal sequence of the 0 subunit and the site of the
modified arginyl residue. The arrowhead represents the modified
arginyl residue. K2 represents the peptide fragment derived from the
digests of PAO with lysyl endopeptidase. CN1 and CN2 are the
sequences of the CNBr fragments of K2. F2 and F5 are both
previously determined N-terminal sequences of the CNBr fragments
of the p subunit.

enzyme modified with nonradioactive PGO. From the
sequence obtained and our preliminary sequence analyses
of the /3 subunit (Fig. 8), it is suggested that the 14C-labeled
peptide fragment is the peptide K2 in Fig. 8. If this is the
case, the sequence contains two arginyl residues at the 3rd
and 27th positions from the N-terminus of the peptide. It is
rather difficult to clarify by direct sequencing of the
fragment which arginyl residue was modified, since the
recovery of each Edman cycle is usually 90-95%. So we
degraded the 14C-labeled fragment with CNBr, since the
peptide K2 contains one methionyl residue at position 26.
The CNBr fragments were applied to the sequencer, and
the MC-radioactivity of the fractions obtained after each
Edman cycle was measured. The radioactivity was ob-
served at the first Edman cycle (Fig. 7), but the correspond-
ing fragments of PAO incubated in the presence of L-
phenylalanine showed no radioactivity (Fig. 7). Moreover,
in the sequence analysis of the CNBr fragments, nearly
equimolar amounts of two kinds of PTH-amino acids were
detected at each Edman cycle, and the PTH-amino acids
agreed well with those derived from the CN1 and CN2
peptides (Fig. 8), except that the PTH-Arg was not detect-
ed in the first cycle (data not shown). These results confirm
that the 14C-labeled peptide fragment is the peptide K2 and
the labeled arginyl residue is Arg-35 of the /? subunit (see
Fig. 8).

Far- Ultraviolet CD Spectroscopy—To see if the loss of
the enzymatic activity with PGO was due to a large
structural change, we analyzed the far-ultraviolet CD
spectrum of the enzyme modified with PGO as described in
"MATERIALS AND METHODS." The residual activity was
assayed after dialysis of the modified enzyme, and the
activity was 93% for the control sample, 5% for PAO
modified in the absence of L-phenylalanine, and 66% for
PAO modified in the presence of L-phenylalanine. From the
spectrum shown in Fig. 9A, the native enzyme was esti-
mated to contain 38% a helix and 41% /3 strand. The
enzyme modified with PGO in the absence (Fig. 9B) and
presence (Fig. 9C) of L-phenylalanine showed almost the
same spectra as that of the native enzyme, implying that
the modification of PAO did not induce a large change of the
secondary structure of the enzyme.

DISCUSSION

PAO catalyzes both oxidative deamination and oxygenative
decarboxylation of L-phenylalanine. In order to identify the
active site residues, we modified PAO with arginyl-specific
reagents, focusing on PGO and HPG (Table I and Figs. 1 and
2). These reagents inactivated PAO irreversibly, and
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Fig. 9. Far-ultraviolet CD spectra of native
and modified PAO. The spectra of the native
PAO (A), the modified enzymes in the absence
(B), and the presence (C) of L-phenylalanine
were measured as described in "MATERIALS
AND METHODS." The concentrations of PAO
used were 3.45 //M for (A) and 3.63 /*M for (B)
and (C).

200 250 200 2 50 200 250
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 10. Sequence comparison
of the conserved regions around
the Arg-35 of PAO-£ with corre- (A)
sponding regions of several
tryptophan 2-monooxygenases
(TR2M). (A) TR2M from five
different sources. Abbreviations:
AGRRA (23), from Agrobacterium
rhizogenes; AGRT3 (24) and
AGRT4 (25, 26), from Agrobacter- (B)
ium tumefaciens; AGRVI (27),
from Agrobacterium vitis; PSESS
(28), from Pseudomonas syringae.
(B) DAAO from six different
sources is shown. Abbreviations:
FUSSO (29), from Fusarium
solani; PIG (30), from pig kidney;
HUMAN (31), from human kid-
ney; RABIT (32), from rabbit kidney; MOUSE (33), from
arrowhead represents the modified arginyl residue in PAO
homologous with those of PAO-/J.

PAO-P

TR2M AGRRA

TR2M AGRT3

TR2M AGRT4

TR2M AGRVI

TR2M PSESS

DAAO FUSSO

DAAO PIG

DAAO HUMAN

DAAO RABIT

DAAO MOUSE

DASPO BOVIN

1 10 20 30 J 40 50 60 70

1:AIKVRGLKAGRVSAALVHNGDPASGDTIYEVGAMRFPEIAGLTWHYASAAFGDAAPIKVFPNPGKVPTWFVF-GN

247:DVT.Y£ASDRLGGKLWS.GF-KSAPNV.A.M --RSESCLFFYLKKHGLOSVGL S.D.ALFYR.R

262:DVTIYEAGDRVGGKLWS.AF-KDAPGWA.M --PAASCLFFFLERYGLSSMRP T.D.DL.YE.C

262:0VTIYEASDRVGGKLWS.AF-RDAPSWA.M --PAAFCLFFFLERYGLSSMRP T.D.YL .YQ.V

233:DVTIFEA.NWGGR.HT.FF-KGEPSVCA.L --RSQACLFYLLEYLGINAMTK T.D.GLYYR.R

64:DWLYESRDRIGGRVWSQVF.QTRPRY.A.M --PSA.GLFHYLKKFGISTSTT. .D. .V.D.ELHYR.K
* ****** ***** * * *

271:IANRIMQRIVEVRPEIANGKGVKGLSVIRHAVGM.PWRKDGVRIEEEKLDDETWIVHNYGHSGWGYQGSYGCAEN

249:EINNIQDHNTIWEGCCRLEPTLKDAKIVGEYTGF.PVRPQVRLEREQLRFGSSNTEVIHNYGHGGYGLTIHWGCA

249:ELNNIQDHNTIWEGCCRLEPTLKNARIIGEATGF.PVRPQIRLEREQLRTGPSNTEVIHNYGHGGYGLTIHWGCA

249:EGNSTDDHNTIWKGCCSLEPTLKDARIVGEWTGF.PVRPQIRLGREQLSAGPSKTEVIHNYGHGGYGLTIHWGCA

248:GLNSVRDHNTIWKSCCKLEPTLKNARIVGELTGF.PvRPQvRLEREWLRFGSSSAEVIHNYGHGGYGLTIHWGCA

244:LSPDAEISKEILSRCCALEPSLRGAYDLRERVGL.PTRPGVRLEKELLAQDSRRLPVVHHYGHGSGGIAMHV»GTA

mouse kidney. DASPO from bovine kidney was denoted as BOVIN (34). The
Positions of deletions are indicated by -. The residues indicated by dots are

kinetic studies of the inactivation indicated that a single
arginyl residue per enzyme unit was involved in the
catalytic activity (Figs. 1C, 2C, and 5B). The substrate
L-phenylalanine protected PAO from modification by PGO
and HPG (Fig. 3), so this arginyl residue is thought to be
located in the binding site of the substrate. By labeling PAO
with [14C]PGO, we showed that this arginyl residue is
located in the /? subunit (Fig. 4), and identified it as the 35th
residue from the N-terminus of the /? subunit (Figs. 6-8).

The sequence shown in Fig. 8 was searched for the
homology with sequences in the SWISS-PROT protein
sequence database (21) using the BLAST program (22).
Interestingly, the sequence around Arg-35 appears to have
two homologous regions with that of tryptophan 2-mono-
oxygenase (Fig. 10A, Glu-Xaa-Gly-Ala-Met-Arg35-Phe-
Pro and Phe-Pro-Asn-Pro-Gly-Xaa-Val-Xaa-Thr). The
amino acid sequences of tryptophan 2-monooxygenase
from several organisms have been reported (23-28) and
these homologous regions are conserved except for Asp-125
of tryptophan 2-monooxygenase from Pseudomonas syrin-
gae (TR2M PSESS) {28). As for tryptophan 2-monooxy-
genase, the presence of a reactive thiol in the active site (7)
and the involvement of a histidyl residue as a carbanion (9)
have been demonstrated, but the two conserved sequences
do not include a cysteinyl or histidyl residue. As PAO is

thought to be included in the same subgroup as tryptophan
monooxygenase (7), it is suggested that the region contain-
ing the conserved sequences may have some role in recogni-
tion and/or binding of the substrate.

PAO should have similar characteristics to the enzymes
that catalyze the oxidative deamination of amino acids.
Among these enzymes, DAAO and DASPO are reported
each to have one arginyl residue located at the active site
(11, 12). Though DAAO has the opposite stereospecificity
to PAO, resonance Raman spectra of purple intermediates
of PAO suggested that a reaction intermediate of PAO
resembles that of DAAO (15), so there may be some
common structural feature at the active site. Therefore the
N-terminal sequence of PAO, which contains Arg-35, was
aligned with the sequences of these enzymes with respect to
their essential arginyl residues (29-34), but the sequences
around this residue are different from that of PAO (Fig.
10B). Moreover, PAO catalyzes the oxidative deamination
of L-phenylalanine to a lesser extent (20%) (3), so it is
conceivable that Arg-35 in PAO has a role different from
that of the essential arginyl residue in DAAO. Further
structural and mechanistic studies of this enzyme are
required to characterize the active site of PAO.

The authors are indebted to Dr. H. Koyama, Kikkoman Corp., for his
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kind gift of the enzyme used. We are also indebted to Dr. Y.
Kawamura-Konishi of our laboratory for her help in the CD measure-
ment and the interpretation of the spectra, Mr. K. Aoki for the
sequence analyses of radiolabeled fragments, and Mr. A. Ishizaki for
his technical assistance.
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