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The amino-acid sequence of a putative tryptophan monooxygenase (PTMO) from
Ralstonia solanacearum is homologous with that of proenzyme (proPAO) of rL-Phe
oxidase (deaminating and decarboxylating) (PAQO) from Pseudomonas sp. P-501 in
their overall sequences. PTMO was expressed in E. coli and purified, but had no
catalytic activity to oxidize r-Phe. By treating PTMO with various proteases, the
Pronase-treated PTMO (PTMOp) showed a relatively high activity to oxidize L-Phe,
L-Trp, L-Tyr and rL-Met. Studies on the stoichiometry of the reaction showed that
L-Phe and L-Tyr were mostly oxygenated, that L-Met was mostly oxidized, and both
oxygenation and oxidation of L-Trp was observed. Initial velocity patterns were a
ping-pong type with L-Phe and L-Tyr, and a sequential type with L-Trp and L-Met as
substrate. The spectrum of enzymes with sufficient amounts of these substrates to
reduce the enzyme showed a long wavelength species (purple complex) with L-Phe,
but not with L-Tyr, L-Trp and r-Met. These results lead to the conclusion that PTMO
and PTMOp belong to proPAO and PAO, respectively.

Key words: flavoproteins, proteolytic activation, tryptophan monooxygenase, steady-
state kinetics, stoichiometry of reaction.

Abbreviations: IAA, indole-3-acetic acid; IPTG, isopropyl-p-D-thiogalactopyranoside; PAO, r-phenylalanine
oxidase; PAOpt, PAO activated by Pronase and trypsin; proPAO, noncatalytic proenzyme of PAO; PTMO,
putative tryptophan monooxygenase; PTMOp, PTMO activated by Pronase; X-gal, 5-bromo-4-chloro-3-

indoltl-B-p-galactoside.

INTRODUCTION

L-Phe oxidase (EC 1.13.12.9: PAO) from Pseudomonas sp.
P-501 catalyses both the oxidative deamination and
oxygenative decarboxylation of L-Phe, L-Tyr and 1r-Met
as substrate (I-3). The enzyme was screened from
bacteria in soil for the determination of 1-Phe in a
clinical laboratory (4, 5). The enzyme contains 2mol of
noncovalent FAD (2) and 2mol each of o and B subunits
per mole of enzyme (6). Previously we reported the
sequencing and expression of the 1-Phe oxidase gene
from Pseudomonas sp. P-501 (7). A homology search of
the sequence revealed a putative L-Trp monooxygenase
(PTMO) from Ralstonia solanacearum with 63.5% iden-
tity, but L-Trp 2-monooxygenase with low scores (7, 8).
This protein was the only one with the highest homology
when we began this study, and it is therefore interesting
to see if PTMO is the L-Phe oxidase. During the
preparation of this article, we again performed a
homology search of the proPAO sequence (9), and
another protein homologous to proPAO was found in
the genome sequence of R. solanacearum Race 3Biovar 2
(63.7% identity) (10). The sequence is 82.0% identical to
that of PTMO (Fig. 1).

*To whom correspondence should be addressed. Tel: +81-42-741-
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Ralstonia solanacearum is considered to be one of the
most important plant pathogenic bacteria, infecting
plants through root wounds, causing wilt, and leading
to plant death [see ref. (11) for review and references
therein]. This mode of invasion differs from that of most
bacterial pathogens which cause tumours and galls in
plants (12-14). In tumour- and gall-forming bacteria,
indole-3-acetic acid (IAA) is synthesized and involved in
pathogenesis. Synthesis of IAA occurs by the following
reactions: L-Trp — indoleacetamide — TAA, catalysed by
tryptophan  2-monooxygenase and indoleacetamide
hydrolase, respectively. Various aspects of tryptophan
2-monooxygenase have been extensively studied (15-17).
The R. solanacearum genome contains a putative
indoleacetamide hydrolase in addition to PTMO (8),
and the signalling molecules such as TAA and ethylene
gas are likely to be implicated in the wilting
process (11).

The present work aimed to see if a putative
R. solanacearum tryptophan monooxygenase belongs to
L-Phe oxidase (deaminating and decarboxylating), since
PTMO was the only protein with a highly homologous
sequence with PAO when we started the present work.
This article reports the expression, purification and
characterization of PTMO. The results show that
PTMO is a pro-enzyme proteolytically activated with
proteases, and that the Pronase-activated form (PTMOp)
of PTMO catalysed both the oxidative deamination and
oxygenative decarboxylation of 1-Phe, L-Tyr and
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Fig. 1. Alignment of the amino-acid sequences of proPAO, PTMO, and PAOUW. (¥) Residues conserved between proPAO and

N. Kurosawa et al.

Position * *k % % * * k¥ ¥ ek kx kkkkkkkkkkokokk * * ¥

1
1
1

57
60
56

115
118
115

175
173
116

234
233
230

290
292
290

350
351
349

409
411
407

468
471
467

524
527
527

584
585
587

642
645
647

702
705
707

56
59
55

114
117
114

174
172
169

233
232
229

289
291
289

349
350
348

408
410
406

467
470

523
526
526

583
584
586

641
644
646

701
704
706

714
707
713

GVTVIPRLLGLK-DE-—KKIATTVGEARLSG INYRHPDSALVSYPVAAAAPLGRL-PAGN
GITVMPGLTSMESDTRTQRIISTTIGQARLNGRFYRHPDSALVSYPVAVDNALGAL-PDRA
————PGLTSMESDMRTQQISTT IGDARDTGRFYRHPDSALVSYPVAADNALGTLPPDGH
+HHH+HH e A
* dbkrkekk Fok BEEE B b ¥ * = kEckkk **¥ ¥k ok
YRIAIVGGGAGG I AALYELGRLAATLPAGSGIDVQI YEADPDSFLHD—RPGIKAIKVRG
YNIATVGGGAAGIASLYELSRLAKTLSAGT-MTVTLYESDPDSFLTR-LHAGTQAINVRG
YYIAIVGGGAAGIASLYELSRLAEQLTSGT-ITVTLYESDPDSFLTRKHESAIETIDVLG
+ HHHH A A e+ +
FEEEEEFEE ¥ ** *¥ FkkFREEEREEEE
LKAGRVSAALVHNGDPASGDTIYEVGAMRFPEIAGLTWHYASAAFGDAAPIKVFPNPGKV
LKAGRVSAARVN————QNDTVYEVGAMRFPE I AGLTWHYASVVYGDGAP IKVFPNPGKY
LKAGRVSAARVN————QNDTVYEVGAMRFPE I AGLTWHYASVVYGDDKP IKVFPNPGKV
+++++HH +H+H .
bk bk ok kbkk bk ok bk 2 bk bk bk kk %k % * ¥k **
PTEFVFGNRVDRYVGSDPKDWEDPDSPTLKVLGVVAGGLVGNP—QGENVAMYPTANVDPA
PTEFMFGDR1DRYSGSAPEDWLDRESPARKVFLVVASGLAGAPDSQTPIALFP1GGRDPV
PTEFMFGDRIDRYSGAAAEEWLDPESPARKVFLTVVAGLAGVPEEGTPISLFPIGGRNPA
- A +H+ HHH +
* ¥ * * ¥k *k BkF ¥k Bk ek ¥k ** k¥
KIAATLNAATPPADALERTQTKYWPEFTAQYDGLTLGAAVRETVTVAFEKGT——LPPV
QVAQLLKSETAGPAQLRATQERDWPAF IAAHDGTTLEAAVRRIVTREIGKGA-ASSLPPT

LVATRLKCETTQLEELRATIQYQDWPAF IAAHDGTTLEAAVRRIVTREIGKGTDSSSLRP1
oo+ R R T i o o e S O O

¥ kE k%
DGVLDVDESISYYVELFGRFGFGTGGFKPLYNISLVEMMRLILWDYSNEYTLPVTENVEF
AG-LDPAETINYYVELFGRFGFGTGGFKPLFNISLVEMMRL ILWDYSNEYTLPVEENVEF
GG-LDQAETINYYVELFGRFGFGTGGFKPLFNMSLVEMMRL ILWDYSNEY TLPVEENVEF

B L B B S L

L o *k % Hokk

TRNLFLKAQNVGAGKLVVQVRQERVANACHSGTASA-RAQLLSYDSHNAVHSEAYDFVIL
TAGLYQKALEQGGSRLTVNVRRERVSDVCHSDAARVRQPFYVAYDRAGKLSAPNYDYVIL
ISGLYDKALETGGARLKVKVRLEQVSDACHAESSR—RPFIVSYDRGGKLSVHSYDYVIL
o o e R o S S o O R R
¥k bRk dokbkk * bk kRF ¥ R ¥ ¥ bk
AVPHDQLTPIVSRSGFEHA-ASQNLGDAGLGLETHTYNQVYPPLLLSDSS PMN;\R IVTA
AAPQDQLALAVSRSGYAFGPASLVLGDGALGLGTITIRDALPPLLLSDTSSAPNARIVTA
AAPQNQLALAVSRSGYSATPATLTLGDSALGRETVKFRDGLPPLLLSNTSSAPNARIVTA
R e e e I e st e e e s s aa ==

dohkk dlkkkk ¥ Bk Bk Bk *
lGQIJ-MRSSK\?FATVKTMLIN}-PWPQIRGBPIKAWSDSGLMSWVPSPIVFD—-
LNQLHMVRSSKVFGTIETARLDE-PFVPRLKGQPTKAVVSDSGLAASYVVPSPTEP——

LNQLHMVRSSKVFGT I ETAKLDDASLVPRFKGQPIKAVVSDSGLAASYVVPSPTNPETES
R SRS e B o o o B S

ok dokk * = * ok % bk Rk k%
GQAPEYSSLLASYTWEDDSTRLRHDFGLYPQNPATETGTADGMYRTMYNRAYRYVKYAGA
~GAPRYSSFLASYTWGDDSTRLQHNFGYYPQNPPTSDGTATAMFRTMINRATRNVRDPAE
DAQPRFSSFLASYTWGDDSTRLQPDFGYYPQNPPTSNGTASDMFRTMINRAARNVLDPAN

R o o e e i A AR iR e ns
¥k kkk Kk ¥ %
SNAQP—WWFYQLLAEARTADRFVFDWT TNKTAGGFKLDMTGDHHQSNLCFRYHTHALAA
PAAAPAVWWFSQLLSRVREQDRFVFDWT TNGTAGGFKLDGTGDHHQSNLCFRYHTHALNP

PKAAPSYWWFSRLLSAVREDDRFVFDWSTNGTAGGFKLDSTGDHHQSNLCFRYHTHARNP
FobHE bR B b R bbb

¥ FERk ok Kbk K Kk £ kR bk Ok Rk

SLDNRFFIASDSYSHLGG!LE:GAFISALNAV&GLIVRANRGDVSALSTEARPLVIGLRPV

RLGNRFFLASDSYSHLGGWLEGAFMSAINAVAGLVVAANGGNAGALSNAAREVVTGLRPI

ELGNRFFLASDSYSHLGGWLEGAFMSAINAVSGLIVAANRGDTKALSNAARPVVTGLRPI

A i B L AR SRR SRR A
*

VKVPAAELATSQ

_AP_

~~VPRATE——
+

PTMO, (+) residues conserved between PTMO and PAOUW (R. solanacearum R3B2 UW551) (10).
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L-Trp, and the oxidative deamination of L-Met.
These properties, the structural comparison of PTMO
with proPAO (18), and the steady-state kinetic properties
of PTMOp lead us to conclude that PTMO and PTMOp
belong to proPAO and PAO, respectively.

MATERIALS AND METHODS

Materials—Pfu Ultra High-Fidelity DNA Polymerase
was obtained from STRATAGENE. Protein markers,
Broad Range and Kaleidscope, were from BIO-RAD.
IPTG, X-gal and dANTP mixture were from Takara
Biomedicals. DEAE-Sepharose and Ni-Sepharose 6 Fast
Flow were from Amersham Pharmacia Biotech. All
restriction endonucleases were from Roche. Pronase
and trypsin were from Sigma and Worthington, respec-
tively. Lysylendopeptidase and V8 protease were from
Wako Chemicals. Oligonucleotide primers were obtained
from Qiagen. All other chemicals used were reagent
grade.

Cells, Strains and Plasmid—E. coli clones harbouring
plasmid pBR322 was kindly supplied by Dr Christian
Boucher, France (8). pBR322 contains the open reading
frame of PTMO. pBluescript II KS (+) was from
Stratagene, and pET vector 22b (+) was from Novagen.
Trypton peptone and Bacto yeast extract were from
Difco. Two different bacterial growth media, LB and TP
(19), were used in the present experiments. LB: 5g Bacto
yeast extract, 10g Bacto tryptone, and 10g NaCl were
dissolved in 11 water. TP: 15g Bacto yeast extract, 20g
Bacto tryptone, 8g NaCl, 2g Na,HPO, and 1g KHy;PO,
were dissolved in 11 water, and 1ml of 0.2 g/ml glucose
was added just before use (19). E. coli strains JM109 and
BL21 (DE3) were from Novagen.

Construction of Expression Vector for PTMO—Using
pBR322 as a template, a DNA fragment containing the
PTMO sequence was obtained by PCR using a forward
primer, 5-GTCATATGGGTATTACCGTCAT GCCGG-3
(the Ndel site is underlined), and a reverse primer,
5-AAACTCGAGCGGCGCGATGGGCC GC-3 (the Xhol
site is underlined). The PCR primers were designed on
the basis of the sequence of the PTMO gene (8). PCR
products were inserted into the EcoRV site of pBluescript
vector. Formation of a restriction enzyme site was
confirmed by DNA sequencing. The plasmids were
digested with Xhol and Ndel. The fragments were
purified by agarose-gel electrophoresis, and inserted
into the Ndel-Xhol site of pET 22b(+), and transformed
into E. coli BL21(DE3). The expression vector obtained
was named pPTMO. The sequence of the insert was
confirmed by sequencing the insert. DNA sequencing was
conducted by the Genomic Research Department,
Shimadzu-Biotech.

Expression of Gene Encoding PTMO, and Purification
of PTMO—E. coli BL21(DE3)/pPTMO cells were grown
in 5ml LB medium containing ampicillin (50 pg/ml) for
8h at 37°C. The culture medium (1ml) was added to 11
of TP medium containing 50pg/ml ampicillin and
cultured for 16h at 30°C. The cultured cells were
collected by centrifugation at 6,000rpm for 15min at
4°C and washed with buffer A (20mM Tris—HCI pH 7.9,
500mM NaCl), suspended in buffer A, and lysed by

Vol. 146, No. 1, 2009

25

sonication using a Branson sonicator (Model 250,
5 output, 40 duty cycles) below 7°C under constant
mixing of the cell suspension. Cell debris was removed by
centrifugation and the supernatant was applied to a
His-Bind resin column (Ni Sepharose 6 Fast Flow)
equilibrated with buffer A. PTMO was eluted from the
column by a linear concentration gradient of imidazole in
buffer A. The absorbance of the eluates was monitored at
280 nm, and the fraction containing PTMO was collected.
The purity of PTMO was confirmed by SDS/PAGE. The
protein concentration was determined by measuring the
absorbance at 280 nm assuming an absorbance coefficient
of A19/1em=19.7 (2). The amount of bound-flavin was
determined spectrophotometrically using an extinction
coefficient of 11.3mMem™ at 465nm (2).

Protein Sequence Analysis—The amino-acid sequences
of proteins and peptide fragments were analysed with a
gas-phase sequencer (Shimadzu, PPSQ-10).

Assay of Enzyme Activity—The rate of the overall
reaction was estimated by measuring the consumption
of oxygen dissolved in the reaction mixture with a
Clark-type oxygen electrode (Strathkelvin Instruments).
The reaction mixture contained various concentrations
of substrate in 20mM potassium phosphate buffer, pH
7.0at 25°C. The reaction was initiated by addition of the
enzyme. Before measurements, the initial concentration
of molecular oxygen in the reaction mixture was adjusted
to the desired value by bubbling oxygen or nitrogen gas
through the reaction medium. The temperature of the
reaction mixture was controlled at 25°C by circulation of
water at a constant temperature through a jacket around
the reaction vessel. The rate of the overall reaction (v/e,)
is expressed as moles of oxygen consumed per second per
mole of the flavin moiety of enzyme. To estimate kinetic
parameters, the least-square regression method was
used (20).

H;O0, and NHj; Measurements—Hydrogen peroxide
produced by the oxidation of substrates was measured
as follows. The reaction mixture (400ul) in a cuvette
contained 1mM substrate, 200l of the o-dianisidine
solution and 4 pl peroxidase (10 mg/ml) in 20mM Tris—
HCI (pH 8.0) at 25°C. The reactions were monitored at
500nm, and after oxygen uptake had ceased, the change
of Asop was measured to determine the amount of the
oxidized dianisidine formed by wusing the extinction
coefficient of o-dianisidine to be 6.36mM 'ecm™ at
500nm (21). The solution of o-dianisidine used was
prepared by dissolving 10mg of o-dianisidine in 1ml
ethanol, and the solution was centrifuged for 5min at
14,000 rpm. The supernatant was collected and diluted
by the addition of a 19-fold excess of deionized water (7).

The amount of ammonia was measured enzymatically
using the L-glutamate dehydrogenase-coupled method.
The reaction mixture (100 ul) contained 100 M L-amino
acid, 0.5mM o-keto glutarate, 0.5mM NADPH, 50nM
PTMOp and 1pl glutamate dehydrogenase (10pg) in
20mM Tris—HCI (pH 8.0). At given times, the absorbance
at 340nm was measured, and the amount of ammonia
formed was determined using the extinction coefficient
of NADPH (6.2mM™em™) at 340 nm.

Reversed-Phase High Performance Liquid
Chromatography—When 1-Phe and L-Trp were used as
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substrate, the amounts of products formed were deter-
mined by high performance liquid chromatography (I,
15, 22). The products analysed were phenylacetamide,
phenyl pyruvic acid, indoleacetamide and indole pyruvic
acid. The reaction mixture was comprised of 200puM
substrate amino acids, 50 nM PTMOp and 20mM
potassium phosphate (pH 7.0) in a total volume of 1ml,
and incubated for 15min at 25°C, and the reaction was
stopped by adding 1ml of perchloric acid. After centrifu-
gation of the mixture, 200l of the supernatant was
loaded on a chromolith™ RP-18¢ ODS-Hypersil column
(4.6 x 100mm) and eluted with a linear gradient of
acetonitrile containing 0.1% trifluoroacetic acid. The
absorbance at 220 or 280nm was monitored to detect
the products using a Jasco LC-1500 apparatus (Jasco,
Tokyo).

Absorption Spectra—Absorption spectra were mea-
sured in a double beam spectrophotometer, type
V-520-SR or type V560, from Japan Spectroscopic.

Structural Model-Building—The structural model of
PTMO was built by using a computer analysis available
on the World Wide Web, Geno3D (PoleBio-Informatique
Lyonnais, http:/pbil.ibcp.fr) (23). Model analyses were
performed with PyMOL (http:/pymol.sourceforg.ne).

RESULTS

Expression of PTMO Gene in E. coli—Preliminary
experiments showed that the PTMO gene was expressed
well as a soluble protein under the conditions similar to
those used in the expression of the proPAO gene. That is,
E. coli BL21 (DE3) cells harbouring pPTMO were
cultured overnight in TP medium in the absence of
IPTG at 30°C, and the cells harvested from the culture
medium were used to prepare PTMO as described in
MATERIALS AND METHODS section. The amount of purified
PTMO was~ 15mg from 4.5g wet weight of E. coli cells
(11 of TP medium). The purified PTMO showed a single
band on the SDS-PAGE gel (Fig. 2) and a typical
flavoprotein spectrum with maxima at 389 and 468 nm.
The protein did not show activity to oxidize L-Phe, but
showed activity after Pronase treatment of PTMO, as
described in the following section.

Proteolytic Activation of PTMO—First, we tried
various proteases, such as trypsin, chymotrypin, lysylen-
dopeptidase and V8 protease to activate PTMO. After
incubation of PTMO (16.7pg) with 1.6ug of these
proteases in 1ml of 50mM Tris—-HCI (pH 8.0) for 2.5h
at 25°C, part of the incubation mixture was assayed
using L-Phe as substrate. In the proteases used, Pronase
was most effective for activation. Trypsin, chymotrypsin,
V8 protease and lysylendoprotease also activated PTMO,
but the activity obtained using these proteases was~ 5%
of that with Pronase. Therefore, we treated PTMO with
Pronase to prepare the active PTMO. To find the better
conditions to prepare the Pronase-activated PTMO
(PTMOp hereafter), PTMO (10mg) was incubated with
Pronase (1mg) in 1ml of 50mM Tris-HCI (pH 8.0) at
25°C, then part of the incubation mixture was taken to
assay the enzyme activity at 0.5, 1, 2, 4, 6, 8 and 24 h.
The enzyme activity rose progressively to reach a plateau
at 4h and remained constant thereafter up to 24h.

N. Kurosawa et al.
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Fig. 2. SDS/PAGE of PTMO and PTMOp. Lane 1, PTMO.
Lane 2, PTMOp. M, molecular weight maker.

Therefore, to prepare PTMOp, we usually incubated
PTMO with Pronase for 3-4h under the condition
described above. PTMOp was purified by a chromato-
graphic procedure using a Hi-Trap DEAE-FF column
(Amersham Biosciences). From 10 mg of PTMO, 8.6 mg of
the purified PTMOp was obtained. As Fig. 2 shows,
PTMO was cleaved into two main polypeptides, o and
B subunits. Gel-filtration chromatography of the purified
PTMOp was performed using Superdex 200 prep grade
(Amersham, 120 ml) in 20 mM Tris—HCI (pH 8.0) contain-
ing 150mM NaCl. The protein was eluted as a single
peak with Mr 162,000, suggesting that PTMOp is
comprised of two moles of each subunit, oyfs.
N-terminal sequence analysis of PTMOp suggested two
sequences, AINVRGLKAGRVSA (218/241/184/209/92/160
/237/196/276/169/79/235/39/240) and STTIGQARLNG (48/
85/78/160/111/105/220/94/180/140/139), comparing the
amount of PTH amino acids of each Edman cycle with
the amino-acid sequence of PTMO (Fig. 1). In these
sequences, the numbers in parentheses after each
sequence are pmoles of PTH amino acids recovered in
each Edman cycle starting at the N-terminal amino-acid
residue. The molecular mass of PTMOp was determined
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PTMO |GITVMPGLTSMESDTRTQRIVSTTIGQARL----SFLTRLE:\GTQVAINVRGLK --------------- TGLRPIAPLEVH(J
Pronase treatment for 3 hr
|GITVMPGLTSMESDTRTQR]]/
PTMOp  [STTIGQARL----SFLTRLH [AINVRGLK----------ooee- TGLRPIAPLH
a B

Scheme. 1.

Table 1. Stoichiometry of the PTMOp-catalysed reaction
Amino acid

Amino acid added (nmol) NH; formed (nmol) Oxidation (%)
Exp. 1 L-Phe 25 0.63+0.21 2.54+0.9
L-Tyr 11 0.85+0.24 7.7+0.22
L-Trp 25 9.744+0.73 39.0+2.9
L-Met 10 11.7+0.21 117.7+2.1
Amino acid
Amino acid added (nmol) H,0, formed (uM) Oxidation (%)*
Exp. 2 L-Phe 1.0mM 8.8+2.3 3.4+0.9
L-Tyr 1.0mM 5.6+0.3 2.240.1
L-Trp 1.0mM 91.2+11.9 35.3+4.6
L-Met 1.0mM 267 +45 103.5+17.4
Amino acid
Amino acid added (nmol) Phenylacetamide formed (nmol) Phenylpyruvic acid formed (nmol)
Exp. 3 L-Phe 200 uM 18.84+0.3 (93.8+1.3) 1.2+0.3(6.2+1.3)°

Indoleacetamide formed (nmol) Indolepyruvic acid formed (nmol)
L-Trp 200 M 12.5+£0.4 (62.7+£1.9)° 7.5+0.4 (37.3+£1.9)°
The values were calculated from four determinations in Exp. 1, five determinations in Exp. 2 and eight determinations in Exp. 3. In Exp. 3, one-

tenth of the reaction mixture was analysed. “Oxidation (%) was calculated by assuming that the initial concentration of oxygen in the reaction
mixture was 258 uM. The amount of L-Phe or L-Trp added was 20 nmol, and the ®“numbers in parentheses are the percentage of oxygenation

and oxidation reactions, respectively.

using the purified protein. The mass spectrum showed
two major peaks with masses of 9,191.1 and 64,499.8.
Combining these results with the N-terminal sequences,
the sequence of the o subunit is from Ser21 to Glul07,
and that of the B subunit from Alall2 to Glu708. The
molecular weight of each subunit was calculated as 9,191
for the o subunit and 64,485 for the B subunit from the
sequences, which agree well with the corresponding
masses. These results allowed us to propose that PTMO
is proteolytically activated, as shown in Scheme 1. This
activation process is similar to that of proPAO. But, in
the case of proPAO activation, the most effective activa-
tion was observed with Pronase-trypsin treatment with
a low yield of PAOpt (less than 5%) (7), but PTMO was
efficiently activated with high yield (80%).

Enzymatic  Properties of PTMOp—The results
described above lead to the notion that PTMOp belongs
to 1-Phe oxidase (EC 1.13.12.9) purified from
Pseudomonas sp. P-501. To clarify this idea, we char-
acterized the enzymatic properties. First, we tested the
substrate specificity of the enzyme. The activity of
PTMOp was determined with 20 kinds of 1mM L-amino
acids in 20mM Tris—HCI (pH 8.0) at 25°C. The activity
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(vle,) was 89.5+6.8, 47.3+83, 495+26 and
28.7+4.4s7! for L-Phe, L-Tyr, L.-Trp and L-Met, respec-
tively, and less than 5% of that of L-Phe for r-Lys, L-His
and 1-Thr, and the other 131-amino acids did not show
activity. Moreover, D-Phe showed no activity. Thus,
L-Phe is clearly the best substrate, followed by L-Tyr,
L-Trp and r-Met.

Stoichiometry of the Reaction Catalysed by PTMOp—
PAO catalyses both the oxidative deamination and
oxygenative decarboxylation of L-Phe. Therefore, we
analysed the reaction catalysed by PTMOp using r-Phe,
L-Tyr, L-Trp and L-Met as substrate. The reaction was
monitored by measuring the amounts of hydrogen
peroxide and ammonia formed for these amino acids.
As for L-Phe and 1-Trp, the amounts of a-keto acids and
amides formed by the enzyme reaction were determined
by HPLC. Table 1 shows the results obtained. L-Phe and
L-Tyr were mostly oxygenated, and rL-Met was mostly
oxidized. But, »-Trp was oxidized nearly 40% and
oxygenated nearly 60%.

Effect of pH on the Activity of Enzyme—Effect of pH on
enzyme activity was determined by measuring the
oxygen uptake in 50mM buffer in the presence of
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Fig. 3. Effect of various concentrations of L-Phe, L.-Met and
oxygen on the reaction rate of PTMOp. (A) Plots of e/v versus
1/[L-Phe]. The oxygen concentration is 137 M (open rhombus),
259 uM (open square), 350uM (open triangle), 525uM (open
circle), and the infinite oxygen concentration (filled circle). The
enzyme conontration is 20nM. The reaction mixtures 20 mM
potassium phosphate buffer, pH 7.0. B: plots of e/v versus 1/[Os].
1-Phe concentration is 20pM (open rhombus), 30uM (open
square), 50uM (open triangle), 100uM (open circle) and the

0.2mM 1-Phe and 10 nM PTMOp at 25°C. The buffers
used were sodium acetate for pH 3.5-5.5, potassium
phosphate for pH 6.0-8.0, pyrophosphate for 8.0-9.5 and
borate-NaOH for pH 9.5-11.0. Optimum pH was around
pH 7.0, and almost the same activity was observed at pH
6.5-7.5 (data not shown). The optimum pH of PAO was
reported to be wider than that of PTMOp, that is, pH 6-9
(2). Following the experimental conditions of PAO, some
of the experiments described above were performed at
pH 8.0, but the following were done mostly at pH 7.0.
The Steady-State Kinetics—The rate of overall reaction
was determined at pH 7.0 by measuring the oxygen

infinite L-Phe concentration (filled circle). C: Plots of e,/v versus
1/[L-Met]. The oxygen concentration is 262 uM (open rhombus),
353uM (open square), 532uM (open triangle), 635uM (open
cirlce) and the infinite oxygen concentration (filled -cirlce).
D: Plots of slope versus 1/[0g]. 1.-Met concentration is 20 pM
(open rhombus), 30 uM (open square), 50 uM (open triangle),
100 uM (open circle) and the infinite 1.-Phe concentration (filled
circle).

uptake at various concentrations of L-amino-acid sub-
strates and oxygen. The double reciprocal plots between
e /u versus 1/[S] at various concentrations of oxygen gave
a series of parallel straight lines with 1-Phe (Fig. 3A).
Similar results were obtained when the same set of data
was replotted versus 1/[05] (Fig. 3B). Secondary plots of
Y intercepts from Fig. 3B (or Fig. 3A) versus 1/[L-Phe]
(or 1/[0s]) gave a straight line, respectively, and were
used to determine values for the steady-state kinetic
parameters (Table 2). Straight parallel lines were also
observed for the plots of e,/v versus 1/[L-Tyr] or 1/[O5] at
various Oy or L-Tyr concentrations, respectively (data not
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Table 2. Kinetic parameters estimated from steady-state kinetics.

Substrate Ve, (5712 K. S(pM) Vile, (s7HP KOy (uM)
L-Phe 5754290 (1,850°) 118 +59 (100°) 765 +272 3817 +1412 (1,840d)
L-Tyr 255464 (3,570) 715422 (4,000) 344+34 1740 £+ 1960 (3,145)
L-Met 53.6 +4.2 (286) 112421 (2,200) 479+1.8 80.7+17.7 (1,258)
L-Trp 57.9+9.1 34.3+2.2 33.5+1.5 38.9+17.1

2Values determined from the plots of e,/v versus 1/[S] at the infinite concentration of L-amino acid. ®Values determined from the plots of eofv
versus 1/[0,] at the infinite concentration of oxygen. “Values in parenthesis are those reported for PAO (24). “Values in parenthesis are
calculated from the data reported for PAO, though X-O, complex was not assumed (24).

shown). From the plots, steady-state kinetic parameters
were determined (Table 2).

The data obtained with 1.-Met and L-Trp were different
from those described for 1L-Phe and »-Tyr. The double
reciprocal plots of e,/v versus 1/[L-Met] or 1/[0s] at
various Og or 1L-Met concentrations, respectively, gave
lines intersecting at the left of the ordinate (Fig. 3C and
D). Secondary plots of Y intersects from Fig. 3D
(or Fig. 3C) versus 1/[L-Met] (or 1/[Og]) gave a straight
line, respectively, and were used to determine values
for the steady-state kinetic parameters (Table 2).
Similar data were obtained with L-Trp, and values for
the steady-state kinetic parameters were similarly
obtained. The parameters obtained are summarized in
Table 2.

Absorption Spectra—1-Phe was added to the oxidized
form of enzyme at a final concentration of 1mM in
20mM Tris—HCI buffer (pH 8.0) under aerobic condi-
tions, and the spectrum was measured immediately after
the addition of -Phe. The spectrum of the oxidized form
of enzyme changed to a typical purple complex observed
with PAO, having a characteristic broad absorption band
around 550nm (Fig. 4) (24). This broad band decayed
very slowly to the reduced level. On the other hand,
when L-Tyr, L-Trp or L-Met were mixed at a final
concentration of 1mM with PTMOp, the yellow colour
of enzyme disappeared before the spectral measure-
ments. These spectral properties of PTMOp are different
from those observed with PAO (24).

DISCUSSION

The present work aimed to see if a putative tryptophan
monooxygenase of R. solanacearum belongs to L-Phe
oxidase (deaminating and decarboxylating), since PTMO
was the only protein having a highly homologous
sequence with PAO, though we noticed another protein
(in R. solanacearum R3B2 UW551) homologous with
PAO (see Fig. 1) during the preparation of this manu-
script. The results described in the above section lead us
to conclude that PTMO and PTMOp belong to proPAO
and PAO, respectively.

Role of PTMO in Pathogenesis—The present results
show that PTMO and PTMOp belong to proPAO and
PAO, respectively. As Table 1 shows, PTMOp catalyses
the formation of indoleacetamide from rL-Trp, though the
activity is relatively low. Therefore, the role of PTMOp
is probably to produce indoleaceamide, leading to the
synthesis of IAA. Unlike tumour- and gall-forming
bacteria (12-14), which contain the active »-Trp 2-
monooxygenase, R. solanasearum produces inactive
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PTMO, which is proteolytically activated to form
PTMOp. It is not known if PTMO is activated in the
cell of R. solanasearum. For the preparation of PAO,
autolysis of Pseudomonas sp. P-501 is essential, and the
addition of Pronase to the lysate increased the yield of
PAO (I). These facts indicate that PAO is expressed as
an inactive form proPAO in the bacterial cell. Therefore,
it is conceivable that PTMO is activated in the host plant
xylem tissue after secretion from the bacteria, and
catalyses the formation of indoleacetamide, thus leading
to the formation of TAA.

Properties of PTMO—The 3D structures of proPAO
showed us the unique nature of the proteolytic activation
of the enzyme (9). That is, the prosequence occupies the
‘amino-acid channel’ which leads amino-acid substrate
from the outside of enzyme protein to the interior flavin
site. The problem in the preparation of the activated
form of PAO (PAOpt) was its low yield (less than 5%).
When we stocked a solution of PAOpt with low activity
for several weeks at 4°C, we noticed that PAOpt began to
show enhanced activity. On the other hand, we obtained
PTMOp with high yield (~80%). The difference in the
nature of this pro-enzyme is likely to have derived from
the difference in the interaction of prosequence with
the amino-acid residues surrounding the prosequence.
To clarify this point, we constructed a 3D structure of
PTMO using Geno3D (23) and a 3D structure of proPAO
as template (2YR4.pdb). As Fig. 5A shows, the overall
structure of PTMO matches well with that of proPAO,
especially their secondary structure and N-terminal
region. In the prosequence of proPAO, the structure of
G1 to R7, which occupies the amino-acid channel, merges
well with that of the corresponding sequence of PTMO
(Fig. 5B), and the amino-acid residues interacting with
G1 to P6 are similar to each other. But the side chain of
R7 in proPAO interacts with four amino-acid residues,
A210, G211, G215 and N216, but G7 of PTMO does not
interact with the corresponding residues, A208, S209,
G213 and A214. Therefore it is highly possible that these
interactions of Arg7 in proPAO continue to bind the
propeptide with the channel even after proteolytic
cleavage, thus inhibiting the enzyme activity, and lead-
ing to low yield of preparation of PAOpt. On the other
hand, the prosequence in PTMO does not have this
interaction, then the propeptide is released easily from
PTMOp after proteolytic cleavage, thus PTMOp was
prepared with high yield. This consideration might be
tested by site-directed mutagenesis studies of R7G
mutation of proPAO or G7R mutation of PTMO.

Construction of a structural model of the N-terminal
region of PAOUW was not successful by Geno3D, since
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Fig. 4. Spectral change of PTMOp with 1mM L-amino
acids in 20mM Tris-HCl (pH 8.0). Spectra were obtained
before (A) and after addition of L-Phe (B), L-Tyr (c), L-Trp (d) and
L-Met (e) at room temperature under aerobic conditions.
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the N-terminal sequence of PAOUW (10) does not have
five residues found in N-terminal sequences of proPAO
and PTMO (Fig. 1). The five residues sequence occupies
the amino-acid channel in the proPAO and PTMO
structures; therefore, it is interesting to know whether
or not the sequence (PGLTS) of PAOUW has a role
occupying the channel. This will be clarified by struc-
tural and functional analyses of PAOUW.

Catalytic Mechanism of PTMOp—To compare the
kinetic parameters of PTMOp with those of PAO, the
available data for PAO are for 1-Phe, 1-Tyr and 1-Met as
substrate (Table 2). From these parameters, (Vile Ky
values are roughly estimated. The value for r-Phe of both
enzymes is higher than that for .-Tyr and r-Met, and the
value for L-Phe of PAO (1.85x 10°M1s™1) is ~4 times
higher than that of PTMOp (4.9 x 105 M s™), suggesting
that the catalytic efficiency to L-Phe is higher with PAO
than with PTMOp.

All0 G211
A208 5209

FAD

Fig. 5. Structural model of PTMO. (A) The stereo view of
the superimposition of PTMO monomer (green) and
proPAO monomer (pink, 2YR4.pdb). FAD is shown in a
yellow sphere. N-terminal pro-sequences are shown as red stick
(GITVMPGL, PTMO) and blue stick models (GVTVIPRL,

G115 N216
G113 A214

proPAO). (B) The superimposition of pro-sequence of PTMO
(red stick) and of proPAO (blue stick). The side chain of R7
(proPAO) interacts with A210, G211, G215 and N216, but G7
(PTMO) does not interact with the corresponding residues (A208,
S-209, G213, A214).
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The steady-state rates of the overall reaction of
PTMOp were explained by the ‘Ping-Pong’ mechanism
with L-Phe and L-Tyr as substrate, and by the ‘sequential’
mechanism with »-Trp and 1-Met as substrate as
described in the RESULTS section. But as reported for
PAO (24), the steady-state kinetic data for all substrates
used, such as 1-Phe, B-2-thienylalanine, .-Tyr and r-Met,
were explained by the ‘Ping-Pong’ mechanism.

Considering the similarity of the kinetic properties of
PTMOp with those of PAO in the case of rL-Phe, we
assumed the following mechanism of reaction to explain
the steady-state kinetic data for L-Phe, L-Tyr, L-Trp and
L-Met as substrate (S),

k+1 k+2
Eox + S];i’EOx . S;eﬁX — Eeq +P
-1 —2
ks k4
X+ Oz;ejx . 02—>ng + Q
-3

where E., X and E,,q represent the oxidized form of
enzyme, the reduced form enzyme—imino acid complex
and the reduced form of enzyme, respectively. In this
scheme, the step, X — E,.q, is slower than the other
steps, so the step is not considered to be involved in the
overall reaction. We assumed the purple intermediate
during the reduction of enzyme with 1L-Tyr, L-Trp and
L-Met, though we did not observe its presence in the
present experiments. Moreover, we did not observe
directly the oxidation of X to E,, so we assumed a
complex X-Oy in the scheme. From the scheme, a
reciprocal of the rate of overall reaction per enzyme
unit concentration (v/e,) can be expressed as:

€ _kiztkia katkis (Riptko)k stk
v kpokis  ki1kiofS] kyok 3k, 4[O2]
k_1k_s(k_3+ki4)

k i1k ok 3k 4[S][O2]

The presence of the fourth term in the equation explains
that the families of lines intersect to the left of
the ordinate as shown in Fig. 3B for r-Met, which
indicates a sequential mechanism of catalysis. On the
other hand, when X is formed irreversibly (k_5=0), the
fourth term becomes zero in Eq. 1. Thus we get
the following equation:

ey

€ _ kio+kiy N ko1 +ki2 n ks +kiyg @)

v kipkyy o kpikio[S] 0 ky3ki4[Os]

This equation explains the reciprocal plots for 1-Phe
(Fig. 3A), which indicates a Ping-Pong type of catalysis.
This is the catalytic mechanism proposed for PAO (24).

The maximum velocity (V/e,) at infinite concentra-
tions of L-amino acids and oxygen can be expressed from
Eqgs 1 and 2 by the following equation:

Vm _ k+2k+4

eo  kiat+kiy

This means that the maximum velocity obtained from
the e,/v versus 1/[S] plot at an infinite concentration of
oxygen (column 2 in Table 2) should agree with that
obtained from the e,/v versus 1/[Og] plot at an infinite
concentration of L-amino acid (column 4 in Table 2).
The values in Table 2 show that the maximum velocities
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obtained from the different plots agree fairly well, thus
supporting the mechanism proposed. The prominent
point in the kinetic parameters is that the values for
the oxygenase substrate (1-Phe, 1-Tyr) were higher than
those of oxidase substrate (L-Met, L-Trp).

A putative Trp monooxygenase is concluded to belong
to L-Phe oxidase (deaminating and decarboxylating) in
the mechanism of activation, the stoichiometry of the
reaction catalysed, the substrate specificity and the
optimum pH. Though the catalytic mechanism proposed
above for L-Phe and L-Tyr as substrate agrees well with
that proposed for PAO (24), the spectral property
of PTMOp for L-Tyr was different from that of PAO.
The mechanism and its spectral property were different
from that of the native PAO when 1L-Met was used as
substrate. These might be derived from differences in the
active site between these enzymes. This will be clarified
by comparative studies of these enzymes from structural
and mechanistic aspects.
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