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Abstract Polyamine oxidases (PAOs) are FAD-depen-
dent enzymes involved in polyamine (PA) catabolism.
Recent studies have revealed that plant PAOs are not only
active in the terminal catabolism of PAs as demonstrated
for maize apoplastic PAO but also in a polyamine back-
conversion pathway as shown for most Arabidopsis PAOs.
We have characterized Oryza sativa PAOs at molecular
and biochemical levels. The rice genome contains 7 PAO
isoforms that are termed OsPAO1 to OsPAO?7. Of the seven
PAOs, OsPAO3, OsPAO4, and OsPAOS transcripts were
most abundant in 2-week-old seedlings and mature plants,
while OsPAOI, OsPAO2, OsPAO6, and OsPAO7 were
expressed at very low levels with different tissue speci-
ficities. The more abundantly expressed PAOs—OsPAO3,
OsPAO4, and OsPAO5—were cloned, and their gene
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products were produced in Escherichia coli. The enzymatic
activities of the purified OsPAO3 to OsPAOS proteins were
examined. OsPAQO3 favored spermidine (Spd) as substrate
followed by thermospermine (T-Spm) and spermine (Spm)
and showed a full PA back-conversion activity. OsPAO4
substrate specificity was similar to that of OsPAOS pre-
ferring Spm and T-Spm but not Spd. Those enzymes also
converted Spm and T-Spm to Spd, again indicative of PA
back-conversion activities. Lastly, we show that OsPAO3,
OsPAO4, and OsPAOS are localized in peroxisomes.
Together, these data revealed that constitutively and highly
expressed O. sativa PAOs are localized in peroxisomes and
catalyze PA back-conversion processes.

Keywords Oryza sativa - Peroxisome - Polyamine -
Polyamine oxidase - Substrate specificity - Tissue
specificity

Abbreviations

AO Amine oxidase

Arg Arginine

AtPAO Arabidopsis thaliana polyamine oxidase
DAS Day(s) after sowing

FAD Flavin adenine dinucleotide
GFP Green fluorescent protein
HvPAO Barley polyamine oxidase
NorSpm Norspermine

N'-AcSpm  N'-acetylspermine

Orn Ornithine

PA Polyamine

PAO Polyamine oxidase

PCR Polymerase chain reaction
OsPAO Oryza sativa polyamine oxidase
PTS Peroxisomal targeting signal
Put Putrescine
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Spd Spermidine

Spm Spermine

T-Spm Thermospermine

ZmPAO Maize polyamine oxidase

Introduction

Polyamines (PAs) are small aliphatic amines constituting
triamine spermidine (Spd), tetraamine spermine (Spm), and
their diamine precursor putrescine (Put), the most common
PAs widely found in both prokaryotes and eukaryotes
including plants (Alcazar et al. 2010; Cohen 1998; Kusano
et al. 2008; Mattoo et al. 2010; Tabor and Tabor 1985).
Recent studies revealed the presence of another tetraamine,
thermospermine (T-Spm) (Kakehi et al. 2008; Knott et al.
2007; Naka et al. 2010). Those plant PAs have been sug-
gested to play important roles in various physiological
processes such as embryogenesis, cell division, organo-
genesis, flowering and senescence, and also in responses to
environmental stresses (Alcdzar et al. 2010; Groppa and
Benavides 2008; Kusano et al. 2008; Mattoo et al. 2010).
The plant PA biosynthetic pathway has been well eluci-
dated, and all the enzymes involved in PA biosynthesis and
the corresponding genes were identified in Arabidopsis
(Bagni and Tassoni 2001; Fuell et al. 2010; Kusano et al.
2008). PA biosynthesis starts from ornithine (Orn) or
arginine (Arg). Orn is decarboxylated by Orn decarboxyl-
ase to produce Put. Arg is converted to Put via agmatine by
three sequential reactions catalyzed by Arg decarboxylase,
agmatine iminohydrolase, and N-carbamoylputrescine
amidohydrolase. Put is converted to Spd by Spd synthase
through the transfer of an aminopropyl group from decar-
boxylated S-adenosylmethionine, which is synthesized
from methionine in two sequential reactions of methionine
adenosyltransferase and S-adenosylmethionine decarbox-
ylase, respectively. Triamine Spd is further converted to
two tetraamine isomers Spm and T-Spm, and each reaction
is catalyzed by Spm synthase and T-Spm synthase
(ACAULISS or ACLYS), respectively (Alcazar et al. 2010;
Hanzawa et al. 2000; Hanzawa et al. 2002).
Comparatively, knowledge on PA catabolic path-
way(s) in plants is fragmentary (Bassard et al. 2010; Cona
et al. 2006; Tassoni et al. 2000) in regard to mammalian
systems (Seiler 2004; Vujcic et al. 2002, 2003; Wallace
et al. 2003; Wang et al. 2001). Diamine oxidase and
polyamine oxidase (PAO, EC 1.5.3.11) are two enzymes
involved in the PA catabolic process (Bagni and Tassoni
2001; Bassard et al. 2010; Cona et al. 2006). PAO is a
flavin adenine dinucleotide (FAD)-dependent enzyme. It
catalyzes the oxidative deamination of PAs at the
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secondary amino group (Cona et al. 2006; Federico and
Angelini 1991; Wu et al. 2003). The initially characterized
monocotyledonous plant PAOs such as maize PAO
(ZmPAO) and barley PAO (HvPAOs) produced the cor-
responding aldehyde along with 1,3-diaminopropane and
H,0, (Cervelli et al. 2000, 2004, 2006; Cona et al. 2006;
Federico and Angelini 1991), indicating that they are
involved in the terminal catabolism of PAs (Binda et al.
1999; Cona et al. 2005; Tavladoraki et al. 1998). At least
four Arabidopsis PAOs, namely AtPAOlI to AtPAO4,
catalyze the conversion of Spm and T-Spm to Spd and/or
Spd to Put, respectively, which provided evidence for the
existence of a PA back-conversion pathway in plants
(Fincato et al. 2011; Kamada-Nobusada et al. 2008;
Moschou et al. 2008; Takahashi et al. 2010; Tavladoraki
et al. 2006). Thus, plant PAOs can either be active in the
terminal catabolism of PAs or in PA back conversion.
The question arises whether a single plant harbors both
the PA catabolic pathways. From this point of view, we
have focused in this study on a monocotyledonous model
plant, Oryza sativa, examining its seven PAO isoforms and
their gene products at molecular and biochemical levels.
First, the tissue specificity of OsPAOs expression at two
different growth stages of rice plants is addressed. Second,
the cDNAs of the more abundantly expressed three OsPAO
members were cloned and expressed in Escherichia coli.
The PA specificity of the resulting OsPAOs and the reac-
tion products are identified. Lastly, data on the cellular
localization of the three OsPAOs are presented.

Materials and methods
Plant materials and growth condition

Rice plants (Oryza sativa cv. Nipponbare, provided by
Hokuriku Agricultural Experimental Station) were grown
hydroponically in two-fifths strength Hoagland’s solution
#2 [2mM Ca(NO;),-4H,0, 2mM KNO;, 0.8 mM
MgS0,-7H,0, 0.0002% FeSO4-EDTA] in a plant incubator
(NK system, Nippon Medical and Chemical Instruments
Co. Ltd, Tokyo, Japan). To get mature plant samples, seeds
were pre-germinated in an incubator set at 30°C for 2 days,
and then, each seed sown at the center of a plastic basket
filled with tap water. Seven days after sowing (DAS), the
tap water was replaced with a half strength Kimura B
hydroponic solution [0.18 mM (NH4),SO,4, 0.27 mM
MgS0Oy, 0.09 mM KNO;, 0.18 mM Ca(NOs),, 0.09 mM
KH,PO,, 0.02 mM Fe-Na-EDTA, pH 5.0 adjusted with
H,SO,4]. The solution was replaced with normal-strength
Kimura B solution at 21 DAS and exchanged every 2 days.
The rice plants were grown in a greenhouse under natural
lighting conditions (average air temperature, 30°C).
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Real-time RT-PCR analysis

Total RNA was extracted from the respective tissues from
2-week-old rice seedlings or mature plants using Sepasol-
RNA I Super (Nacalai Tesque, Kyoto, Japan). First-strand
cDNA was synthesized with ReverTra Ace (Toyobo Co.
Ltd., Osaka, Japan) and oligo-dT primers. Quantitative
real-time RT-PCR was performed with Fast-Start Universal
SYBR Green Master (ROX) (Roche Applied Science,
Mannheim, Germany) on a StepOne real-time polymerase
chain reaction (PCR) system (Life Technologies Japan,
Tokyo, Japan). The OsPAOs’ primers were designed by
Primer Express® Software Version 3.0 (Applied Biosys-
tems) and are listed in Table S1. They were used for the
two-step real-time RT-PCR that was performed with the
following program: one cycle of 94°C for 10 min, followed
by 40 cycles of 94°C for 15 s and 60°C for 60 s. O. sativa
EF-1a was used as an internal control for the assays. The
amount of cDNA was calculated relative to the signals of a
standard dilution of the respective PCR products using
StepOne™ v2.1 (Applied Biosystems).

Preparation of recombinant OsPAO3, OsPAO4,
and OsPAOS proteins in E. coli

The coding regions of OsPAO3, OsPAO4, and OsPAOS5
were amplified by RT-PCR from total RNA of O. sativa
young seedlings using gene-specific primers: OsPAO3,
5'-ACCGAGCTCATGGCGAACAACAGTTCA-3' (forward,
Sacl site underlined) and 5-CTGAAGCTTTCACAGCCG
GGAGATGAG-3' (reverse, HindIll site underlined);
OsPAO4, 5'-GCGCATATGGATCCCAATAGCCTCA-3
(forward, Ndel site underlined) and 5-TCAGTCGACT
CAGGTCCTGCAAATCTG-3' (reverse, Sall site under-
lined); OsPAOS5, 5'-GGGGGTACCATGGACCAGCCTT
CTAAT-3' (forward, Kpnl site underlined) and 5'-GTT
TCTAGATCACAGCCTGGATATCTG-3' (reverse, Xbal
site underlined). Amplified PCR products were digested
with the respective restriction enzymes and cloned in frame
with the 6 xHis tag of the pCold vector (Takara Bio Inc.,
Shiga, Japan), resulting in pCold-OsPAOs. After confirm-
ing the cloned fragments by DNA sequencing, pCold-Os-
PAOs were transformed into E. coli BL21 (DE3) cells and
the recombinant OsPAO proteins containing the N-terminal
6xHis tag expressed according to the pCold vector manu-
facturer’s instructions (Takara Bio Inc., Shiga, Japan). The
E. coli cells were collected by centrifugation and resus-
pended in 1/10 culture volumes of 50 mM phosphate buffer
(pH 7.0), 300 mM NaCl, 1 mM phenylmethylsulfonyl
fluorideimidazole, 1 mM f-mercaptoethanol, and disrupted
by sonication. After centrifugation at 15,000 x g for
10 min at 4°C, the cleared supernatant was applied to a Ni—
Agarose column to bind the recombinant protein. The

column was washed with washing buffer [25 mM phos-
phate buffer (pH 7.0), 300 mM NaCl, 20 mM, 1 mM
p-mercaptoethanol], and the bound proteins were eluted
with elution buffer [25 mM phosphate buffer (pH 7.0),
300 mM NaCl, 300 mM imidazole, 1 mM f-mercap-
toethanol]. The purified recombinant OsPAO proteins were
immediately dialyzed overnight against 50 mM Tris—HCl
(pH 8.0), 300 mM NaCl.

PAO activity assay

The catalytic activities of recombinant OsPAO3, OsPAO4,
and OsPAOS proteins for the oxidation of Spm, T-Spm,
Spd, Put, Nl—AcSpm, and NorSpm were determined as
described previously (Takahashi et al. 2010; Tavladoraki
et al. 2006). In a typical experiment, 0.5-3 pg protein was
added to a buffered solution (100 mM phosphate buffer,
pH 7.0) containing the substrate (500 pM), 4-aminoanti-
pyrine (100 pM), 3,5-dichloro-2-hydroxybenzesulfonic
acid (1 mM), and horseradish peroxidase (10 U/ml), and
the increase in absorbance at 515 nm was monitored.

Analysis of reaction products catalyzed by OsPAO3,
OsPAO4, and OsPAO5

To determine the reaction products of PA oxidation, puri-
fied recombinant OsPAO3, OsPAO4, or OsPAOS5 were
incubated with 150 uM PA (Spm, T-Spm, or Spd) in
100 mM Tris—HCI (pH 8.0) at 30°C for various time
points. The reaction was stopped by adding 9 times volume
of 5% perchloric acid. The reaction products were ben-
zoylated and analyzed by HPLC as previously described
(Naka et al. 2010). Briefly, 1 ml of 2 N NaOH was added
to 1 ml of reaction product, mixed, then 10 pl of benzoyl
chloride was added, mixed, and incubated at room tem-
perature for 20 min. After addition of 2 ml saturated
sodium chloride and 2 ml of diethyl ether followed by
strong mixing, phases were separated by centrifugation at
1,500 x g for 5 min at 4°C. Aliquots of the organic solvent
phase (1.5 ml each) were evaporated, and the residue was
resuspended in 50 pl of methanol. The benzoylated PAs
were analyzed with a programmable Hewlett Packard ser-
ies 1100 liquid chromatograph using reverse-phase column
(4.6 x 250 mm, TSK-GEL ODS-80Ts, TOSOH, Tokyo,
Japan) and detected at 254 nm. One cycle of the run
resume is consisting of 60 min at a flow rate of 1 ml/min at
30°C, i.e., 42% acetonitrile for 25 min for PA separation,
increased up to 100% acetonitrile during 3 min, 100%
acetonitrile for 20 min for washing, decreased down to
42% acetonitrile during 3 min, then 42% acetonitrile for
9 min.
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Construction of GFP fusion plasmids, particle
bombardment, and microscopic observation in onion
cells

First, the basal GFP vector was constructed. The coding
region of GFP was amplified by PCR with pGFP2 (provided
by Dr. N.-H. Chua) as a template and the following primer
pair (forward, 5-CTTGGATCCAAGGAGATATAAGAA
TGGGTAAGGGAGAAGAACTTTTC-3'; reverse, 5'-TAT
CCCGGGGCCCCCAGAGCCTCCTTTGTATAGTTCAT
CCATGCCATG-3') in which the underlined sequences was
added for cloning purpose. The BamHI- and Smal-digested
fragment were subcloned into the corresponding sites of the
pBI221 vector (Invitrogen), yielding pBI221GFP. Next, the
internal single Sacl site of OsPAO4- or OsPAO5-coding
region was mutated without changing the amino acid
sequence by two-step PCR using the following primer pairs:
first, PCR with two primer pairs, in case of OsPAO4,
OsPAO4-GFP-SacM-F (5-GGAAGAGTTCTGCAATCG
CAGACC-3/, the mutated site is underlined) and OsPAO4-
GFP-Rv (5-TTGGAGCTCTCAGGTCCTGCAAATCTG
AAGG-3', Sacl site is underlined), and OsPAO4-GFP-Fw
(5-GAACCCGGGATGGATCCCAATAGCCTCAAAA-3,
Smal site is underlined) and OsPAO4-GFP-SacM-Rv
(5-TGCAGAACTCTTCCATGAGGGCAA-3', the muta-
ted site is underlined). Similarly, in case of OsPAOS, first
PCR with OsPAO5-GFP-SacM-Fw (5-ACCTGAACTC
CCAGATTGGAAGCT-3/, the mutated site is underlined)
and OsPAO5-GFP-Rv (5-AATGAGCTCTCACAGCCT
GGATATCTGGAAGGGG-3', Sacl site is underlined),
and OsPAO5-GFP-Fw (5-TATCCCGGGATGGACCAG
CCTTCTAATGGCT-3/, Smal site is underlined) and
OsPAO5-GFP-SacM-Rv  (5-CTGGGAGTTCAGGTTCA
AACTTGA-3’, the mutated site is underlined). Then, sec-
ond PCR on the respective mixtures of the first PCR
products with the usage of the primers, OsPAO4-GFP-Fw
and OsPAO4-GFP-Rv, and OsPAO5-GFP-Fw and
OsPAOS5-GFP-Rv, respectively, was performed. The cod-
ing region of OsPAO3 was amplified by PCR using the
following primer pair: OsPAO3-GFP-Fw (5'-GCCCCCG
GGATGGCGAACAACAGTTCATATG-3', Smal site is
underlined) and OsPAO3-GFP-Rv (5-GGTGAGCTC

TCACAGCCGGGAGATGAGCAGT-3', Sacl site is
underlined). The resulting OsPAO3, OsPAO4, and
OsPAOS fragments digested with Smal and Sacl were
subcloned into the same restriction enzyme sites of
pBI221GFP, yielding pBI221GFP-OsPAO3, pBI221GFP-
OsPAO4, and pBI221GFP-OsPAOS5, respectively. The
resulting GFP-OsPAOs constructs were delivered into
onion bulbs by particle bombardment. After incubating the
bulbs at 22°C for 16 h in darkness, the epidermal layers
were peeled off and observed with a fluorescence micro-
scope (BX61; Olympus).

Results
Seven PAO isoforms are present in Oryza sativa

Seven PAO isoforms were revealed from the Oryza sativa
genome analyzing the public database. Here, we numbered
the PAO genes consecutively, in terms of the number of the
chromosome on which the gene is located. Genes located
on the same chromosome were numbered in descending
order by their assigned accession number (Table 1). The
gene products from the corresponding OsPAOs’ cDNAs
were termed OsPAO1 to OsPAO7. Phylogenetic analysis
of the amino acid sequences of the seven O. sativa PAOs,
five Arabidopsis PAOs, and several other plant PAOs was
performed (Fig. 1). Plant PAOs were divided into four
clades; clade I includes Arabidopsis AtPAOI, tobacco
NtPAO (Yoda et al. 2006), and apple MdPAOI. Clade 11
comprises the three rice members, OsPAO2, OsPAO6, and
OsPAO7, along with maize ZmPAO (Tavladoraki et al.
1998), barley HvPAO1, and HvPAO2 (Cervelli et al.
2001). Clade III is built by OsPAOI, Brassica juncea
BjPAO (Lim et al. 2006), and AtPAOS. In clade 1V, three
rice PAOs, OsPAO3, OsPAO4, and OsPAOS were grouped
together with Arabidopsis peroxisome-localized members,
AtPAO2, AtPAO3, and AtPAO4 (Kamada-Nobusada et al.
2008; Moschou et al. 2008). Clade I is dicotyledon-spe-
cific, and clade II members are all derived from mono-
cotyledonous plants. In clades III and IV, both mono- and
dicotyledonous PAOs grouped together.

Table 1 Nomenclature of

seven PAO isoforms found in O. New name Gene locus Accession number Former name

sativa OsPAOI 0s01g0710200 NM_001050573 OsAO4
OsPAO2 050320193400 NM_001055782 -
OsPAO3 050420623300 NM_001060458 0sAO3
0OsPAO4 050420671200 NM_001060753 0sAO1
OsPAOS 050420671300 NM_001060754 0sAO2
OsPAOG6 050920368200 NM_001069545 OsPAO2
OsPAO7 050920368500 NM_001069546 OsPAO3
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Fig. 1 Phylogenetic relationships of seven OsPAOs and other plant
PAOs. Based on amino acid sequence alignment, the unrooted tree
was drawn with the aid of molecular evolutionary genetics analysis
(MEGA) software version 5.0 (Kumar et al. 2008). Seven Oryza
sativa PAOs were highlighted with gray solid lines. Roman letter
indicates the clade. The genes and accession numbers used were as
follows: OsPAOI (NM_001050573); OsPAO2 (NM_001055782);
OsPAO3 (NM_001060458); OsPAO4 (NM_001060753); OsPAOS5
(NM_001060754); OsPAO6 (NM_001069545); OsPAO7
(NM_001069546); AtPAOI (At5g13700, NM_121373); AtPAO2
(At2g43020, AF364952); AtPAO3 (At3g59050, AY143905); AtPAO4
(At1g65840, AF364953); ArPAO5 (At4g29720, AK118203);
ZmPAOI (Zea mays PAOI, NM_001111636); NtPAO (Nicotiana
tabacum PAO, AB200262); HvPAOI (Hordeum vulgare PAOI,
AJ298131); HYPAO2 (Hordeum vulgare PAO2, AJ298132); MdPAO
(Malus domestica PAO, AB250234); BjPAO (Brassica juncea PAO,
AY188087)

Tissue specificity of seven OsPAOs in O. sativa

Using two different growth stages of rice plants, expression
analysis of seven OsPAO members was performed. In two-
week-old seedlings, OsPAO3 was ubiquitous and highly
expressed. Most abundant expression of OsPAO3 was
observed in youngest, fresh leaves (Fig. 2a). OsPAO4 and
OsPAOS transcripts were also abundantly expressed, but
the expression specificity was different. These three PAOs
categorized into clade IV (Fig. 1). Constitutively, low
levels of OsPAOI expression were observed. OsPAO2 and
OsPAO7 expression was observed in root at low levels.
OsPAO6 expression was detected at null levels (Fig. 2a).
The latter three PAO members were grouped to clade II
(Fig. 1). In mature flowering rice plants, the predominantly
expressed members were OsPAO3, OsPAO4, and OsPAOS
(Fig. 2b). Concerning their expression in different tissues,
higher levels of OsPAO3 transcripts were detected in
rachis, node, and lower leaf blade, OsPAO4 in rachis, and
OsPAOS in flag leaf, lower leaf blade, and basal part of leaf

sheath (Fig. 2b). Highest expression of OsPAOI was
observed in rachis. The remaining members—OsPAO2,
OsPAO6, and OsPAO7—were expressed at negligible
levels (Fig. 2b).

Production of OsPAO3, OsPAO4, and OsPAOS5
in E. coli and substrate specificity of their enzymes

The cDNAs of OsPAO3, OsPAO4, and OsPAQOS5, which
were expressed at higher levels among the members, were
cloned into pCold vector (Takara) and the genes expressed
in E. coli as His-tagged proteins. OsPAO3 was purified to
homogeneity (Fig. 3a). Measurement of spectrum absorp-
tion in a range of 300—540 nm of this preparation showed
two absorption maxima at almost 380 and 460 nm, indic-
ative of typical feature of a FAD-contained protein
(Fig. 3b). The enzymatic activity of the recombinant
OsPAO3 was determined with various PAs. OsPAO3 oxi-
dized Spm, T-Spm, and Nor-Spm, but its most preferred
substrate was Spd (Fig. 3c). Put was a poor substrate for
OsPAO3. In Fig. 3d, time-dependent change in the con-
centration of the substrate Spm is shown. This enzyme
likely converts Spm to Spd, then to Put, indicating that
OsPAO3 has a full PA back-conversion activity.

OsPAO4 was also purified to homogeneity (Fig. 4a) and
showed absorption spectra-specific to a FAD protein
(Fig. 4b). OsPAO4 recombinant protein utilized Spm and
T-Spm as favorable substrates (Fig. 4c). When Spm was
used as a substrate for the purified OsPAO4, Spd was
produced in a time-dependent manner (Fig. 4d, data not
shown). Thus, OsPAO4 also seems to function in PA back-
conversion process.

In the case of OsPAOS, the recombinant protein was less
soluble even in the cold-inducible expression system. Thus,
the purity of the preparation was not complete as judged by
SDS-PAGE and spectrum absorption (Figs. 5a, b). How-
ever, we assayed the PA specificity using this preparation.
OsPAQOS shares high identity (76%) with OsPAO4, and
their PA specificity was quite similar, i.e., OsSPAOS pre-
ferred Spm > T-Spm > Nor-Spm while it did not use Spd,
Put, and N'-AcSpm as substrates (Fig. 5c¢). OsSPAO5 con-
verted Spm to Spd in a time-dependent manner, but did not
produce Put (Fig. 5d, data not shown). Thus, we suggest
that the three OsPAOs of clade IV all have the capacity to
back convert PAs.

Cellular localization of OsPAO3, OsPAO4,
and OsPAOS5

Arabidopsis AtPAO2, AtPAO3, and AtPAO4 being cate-
gorized in clade IV in this study were localized in per-
oxisomes (Kamada-Nobusada et al. 2008; Moschou et al.
2008). OsPAO3, OsPAO4, and OsPAOS also belong to this
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Fig. 2 Tissue-specific expression of seven O. sativa PAO genes at two
different growth stages. The transcript levels in the corresponding tissues
were quantified by real-time RT-PCR using gene-specific primers
designed for OsPAOI to OsPAO7 (see supplemental Table S1) and
normalized to a control gene, EF-1a. a 2-week-old seedlings. a, first leaf;
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b, second leaf; c, third leaf; d, fourth youngest leaf; e, leaf sheath; f, root.
b Rice plants at flowering stage. g, flower; i, immature seed; i, rachis; j,
node; k, flag leaf; [, lower leaf blade; m, basal part of leaf sheath; n, root.
The insets have magnified scales in ordinates, i.e., maximum scales are
0.1 (in case of x 6), 0.02 (x30), and 0.002 (x300), respectively



Polyamine back conversion in Oryza sativa

873

Relative activity

B
0.2

0.1

300

350

Wavelength (nm)

20
15— ——————————— ]
10— ——————————————
5 __________________________
Spm T-Spm Spd Put N'-Ac  Nor
Spm  Spm
)
a
o
=%
0
£
N IE
3 )
- _
0 min : -
L] L]
] L]
] L]
] L]
L} L]
L} L]
L} L]
' '
L} ]
L} ]
L] []
L] L]
] L]
] L]
", L] *
o L] :
L} L]
Il L] n
[] L]
15 min [ ]
L] L]
] L]
] [}
] []
L]
. : .
. A M
0 5 10 15 20
Time (min)

400 450 500

550

<« Fig. 3 Biochemical characteristics of OsPAO3. a Purification of the

recombinant OsPAO3 protein on SDS-PAGE and visualized by CBB-
staining. b Absorption spectrum of the purified OsPAO3 in a range of
300-540 nm. ¢ PA specificity of the recombinant OsPAO3. The
OsPAO3 enzyme activity was assessed by H,O, production using the
individual PAs as substrates. Activities were displayed relative to the
one detected with Spm that was set as 1. d. HPLC analysis of the
reaction products catalyzed by OsPAO3 when Spm was used as a
substrate

clade (Fig. 1). When these six members were sequence-
aligned, their carboxy-distal sequences displayed putative
type I peroxisomal targeting signals (PTS1). PTS1 is a
C-terminal tripeptide consisting of the consensus sequence
(S/A/C)(K/R/H)(L/M). In plants, the preferred targeting
signal is SKL (highlighted by red asterisks in Fig. 6a;
Reumann et al. 2007; Zolman and Bartel 2004). OsPAO3
and OsPAOS contain the SRL sequences that are identical
with that of AtPAO2. OsPAO4 has the CRT sequence. Thr
is a synonymous substitution of Leu/Met, so we predicted
that OsPAO4 also targets to peroxisomes. To follow this
up, green fluorescent protein (GFP)-fusion approach was
taken. GFP-OsPAOs fusion constructs were biolistically
bombarded into onion bulbs. We employed mCherry-At-
PAO3, provided by Dr. Roubelakis-Angelakis (University
of Crete), as a positive marker for peroxisomes. Green
fluorescence derived from GFP-OsPAO3 localized in small
dotted-like organelles in which red fluorescence derived
from the peroxisome-positive marker construct was local-
ized (Fig. 6b, second column). Green fluorescence derived
from GFP-OsPAO4 and GFP-OsPAOS5 also co-localized
with red fluorescence derived from mCherry-AtPAO3
(Fig. 6b, third and fourth columns). These results provide
evidence in support of O. sativa PAO members belonging
to clade IV as localized in peroxisomes.

Discussion

In the present study, we documented the expression profiles
in various tissues of seven O. sativa PAO genes. We also
characterized the enzymatic features and cellular localiza-
tion of OsPAO3, OsPAO4, and OsPAOS expressed in a
heterologous system. Transcriptional analysis uncovered
that the PAO members that classified into clade II of the
phylogenetic tree, OsPAO2, OsPAO6, and OsPAO7, were
expressed at low levels under given physiological condi-
tions (Fig. 2). The other members of this clade, maize
ZmPAO and barley HvPAO1, were shown to be induced by
wounding (Angelini et al. 2008) and had an ear-specific
expression (Cervelli et al. 2006), respectively. Thus,
OsPAO2, OsPAO6, and OsPAO7 may be expressed either
in restricted tissues/organs or stress-inducible manner.
ZmPAO and HVPAOI1 are apoplastic enzymes, while
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Fig. 4 Biochemical characteristics of OsPAO4. a Purification of the
recombinant OsPAO4 protein on SDS-PAGE and visualized by CBB-
staining. b Absorption spectrum of the purified OsPAO4 in a range of
300-540 nm. ¢ PA specificity of the recombinant OsPAO4. The
OsPAO4 enzyme activity was assessed by H,O, production using the
individual PAs as substrates. Activities were displayed relative to
the one detected with Spm that was set as 1. d HPLC analysis of the
reaction products catalyzed by OsPAO4 when Spm was used as a
substrate

HvPAO?2 localizes in vacuoles (Cervelli et al. 2004, 2006;
Cona et al. 2005). Involvement of ZmPAO in wound
healing was indicated (Angelini et al. 2008). In contrast to
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Fig. 5 Biochemical features of OsPAOS5. a Purification of the
recombinant OsPAOS5 protein on SDS-PAGE and visualized by CBB-
staining. b Absorption spectrum of the purified OsPAOS in a range of
300-540 nm. ¢ PA specificity of the recombinant OsSPAOS. The OsPAOS
enzyme activity was assessed by H,O, production using the individual
PAs as substrates. Activities were displayed relative to the one detected
with Spm that was set as 1. d HPLC analysis of the reaction products
catalyzed by OsPAOS5 when Spm was used as a substrate

the clade II OsPAO members, OsPAO3, OsPAO4, and
OsPAOS5, which belong to clade IV, were constitutively
expressed at high levels (Fig. 2).
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Fig. 6 Subcellular localization of OsPAO3, OsPAO4, and OsPAO5
in onion epidermal cells. a Putative peroxisome-targeting signal
tripeptide sequences located in the C-termini of six members of rice
and Arabidopsis PAOs (OsPAO3 to OsPAOS5 and AtPAO2 to
AtPAOA4) are highlighted by red asterisks. b Peroxisomal localization
of GFP-OsPAO3, GFP-OsPAO4, and GFP-OsPAOS in onion epider-
mal cells. pGFP2 was used as GFP control. Green fluorescence
derived from GFP-OsPAO3, GFP-OsPAO4, and GFP-OsPAOS5 was
co-localized with red fluorescence derived from mCherry-AtPAO3, a
positive marker of peroxisome. Bar = 10 pm

Escherichia coli expressed OsPAO3 protein preferred
Spd > T-Spm > Spm and had a full PA back-conversion
activity (Fig. 3). OsPAO4 and OsPAOS5 showed similar
preference for PA substrates, i.e., Spm and T-Spm but not
Spd, and Put was a good substrate. All the recombinant
proteins—OsPAO3, OsPAO4, and OsPAO5—were able to
carry out PA back conversion. Further, peroxisomal
localization of OsPAO3, OsPAO4, and OsPAO5 was
demonstrated (Fig. 6). It is likely that plant PAOs localized
in peroxisomes function in PA back conversion.

OsPAO4 has a C-terminal tripeptide, CRT, which has
not been verified as a functional plant PTS1 (Babujee et al.
2010; Reumann et al. 2007). Our results indicate that the
C-terminus tricopeptide of CRT may be a functional motif
of PTSI.

We propose a relationship between PAO clade and PA
catabolism reaction mode. Clade I contains PAO members
from dicotyledonous plants, while clade II those from
monocotyledonous plants; clades III and IV are common to
mono- and dicotyledonous PAO members. Previously,
AtPAO2, AtPAO3, and AtPAO4 of the clade IV were
shown to catalyze PA back-conversion reactions (Fincato
et al. 2011; Kamada-Nobusada et al. 2008; Moschou et al.
2008; Takahashi et al. 2010). Here, we presented evidence
that three rice PAOs, OsPAO3 to OsPAQOS, belonging to
clade IV, may function in PA back conversion (Figs. 3, 4,
5). Fincato et al. (2011) detected the PA back-conversion
activity in N. tabacum cells. To consolidate a link between
members of clade I and PA back-conversion activity, it will
be necessary to characterize the reaction processes cata-
lyzed by NtPAO and other clade I members such as
MdPAO. Maize and barley PAOs (ZmPAO and HvPAO,
respectively) that belong to clade II and shown to oxidize
PA in the reaction of terminal catabolism (Cona et al.
2006). We hypothesize that OsPAO2, OsPAO6, and
OsPAQ7, which are classified into clade II, may be
involved in terminal catabolism of PAs.
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