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Polyamine oxidase (PAO) is a flavin adenine dinucleotide-dependent enzyme involved in polyamine catabolism. Animal PAOs
oxidize spermine (Spm), spermidine (Spd), and/or their acetyl derivatives to produce H,0,, an aminoaldehyde, and Spd or
putrescine, respectively, thus being involved in a polyamine back-conversion pathway. On the contrary, plant PAOs that have
been characterized to date oxidize Spm and Spd to produce 1,3-diaminopropane, H,0,, and an aminoaldehyde and are
therefore involved in the terminal catabolism of polyamines. A database search within the Arabidopsis (Arabidopsis thaliana)
genome sequence showed the presence of a gene (AfPAOI) encoding for a putative PAO with 45% amino acid sequence
identity with maize (Zea mays) PAO. The AtPAO1 ¢cDNA was isolated and cloned in a vector for heterologous expression in
Escherichia coli. The recombinant protein was purified by affinity chromatography on guazatine-Sepharose 4B and was shown
to be a flavoprotein able to oxidize Spm, norspermine, and Nl-acetylspermine with a pH optimum at 8.0. Analysis of the
reaction products showed that AtPAO1 produces Spd from Spm and norspermidine from norspermine, demonstrating a
substrate oxidation mode similar to that of animal PAOs. To our knowledge, AtPAOL1 is the first plant PAO reported to be

involved in a polyamine back-conversion pathway.

Polyamines putrescine (Put), spermidine (Spd), and
spermine (Spm) are small aliphatic amines commonly
found in both prokaryotic and eukaryotic cells with
an essential role during growth and differentiation
(Cohen, 1998; Bagni and Tassoni, 2001; Thomas and
Thomas, 2003; Wallace et al., 2003). In higher plants as
well, polyamines are key players in a range of devel-
opmental processes and are implicated in responses to
various types of abiotic stress (such as potassium
deficiency, osmotic shock, drought, and salt stress)
and plant-pathogen interactions (both incompatible
and compatible; Bouchereau et al., 1999; Walters,
2003).

Several other di- and polyamines are present in
plants and microorganisms, such as the diamines 1,3-
diaminopropane (Dap) and cadaverine. Furthermore,
uncommon polyamines, such as norspermidine
(Nor-Spd), homospermidine, norspermine (Nor-Spm),
homospermine, thermospermine, caldopentamine,
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caldohexamine, homocaldopentamine, and homocal-
dohexamine, are abundant in the extreme thermo-
philic bacterium Thermus thermophilus and have also
been detected in bacteria, algae, fungi, animals, and
higher plants (Cohen, 1998). In plants, a putative role
for these molecules in growth, differentiation, and
stress tolerance has been hypothesized (Rodriguez-
Garay et al., 1989; Bagga et al., 1997; Koc et al., 1998).

Intracellular polyamine pools appear to be sensi-
tively regulated by various homeostatic processes that
include pathways for polyamine biosynthesis, catabo-
lism, and transport across the cell membrane (Wallace
et al., 2003). Polyamine oxidase (PAO) is a flavin
adenine dinucleotide (FAD)-dependent enzyme in-
volved in the catabolic pathway of polyamines (Cona
et al., 2006). It catalyzes the oxidation of Spm, Spd,
and/or their acetylated derivatives at the secondary
amino group (Federico and Angelini, 1991; Wang et al.,
2001; Wu et al., 2003; Cona et al., 2006). The chemical
identity of the products of PAO reactions depends on
the enzyme source and reflects the mode of substrate
oxidation. Plant and bacterial PAOs oxidize the carbon
on the endo-side of the N*-nitrogen of Spd and Spm,
producing 4-aminobutanal and N-(3-aminopropyl)-4-
aminobutanal, respectively, in addition to Dap and
H,O, (Federico and Angelini, 1991). Animal PAOs and
yeast (Saccharomyces cerevisiae) spermine oxidase (Fmsl)
oxidize the carbon on the exo-side of N*mitrogen of
N'-acetyl-Spm, N'-acetyl-Spd, and N',N'*-bis-acetyl-Spm
to produce Spd, Put, and N'-acetyl-Spd, respectively,
in addition to 3-acetamidopropanal and H,O, (Landry
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and Sternglanz, 2003; Vujcic et al., 2003; Wu et al,,
2003). In this catabolic pathway, polyamine acetyla-
t1on is catalyzed by the tightly regulated Spd/Spm
N -acetyltransferase (SSAT), which is the rate-limiting
factor (Wallace et al., 2003). Animal spermine oxidase
(SMO) and Fms1 also oxidize the carbon on the exo-
side of N*-nitrogen of Spm to produce Spd, 3-amino-
propanal, and H,O, (Wang et al., 2001; Vujcic et al.,
2002; Cervelli et al., 2003; Landry and Sternglanz,
2003). Thus, animal PAO and SMO, as well as yeast
Fms]l, are all involved in a polyamine back-conversion
pathway (Seiler, 2004) at variance with plant PAOs
characterized thus far, which are involved in the ter-
minal catabohsm of polyamines. However, the con-
version of N' -acetyl-Spd and of Spd to Put has also
been hypothesized in plants (De Agazio et al., 1995;
Tassoni et al., 2000), although none of the enzymes
purified to date match the catalytic profile of the PAO
involved in the polyamine back-conversion pathway.

Plant PAOs, which are highly expressed mainly in
monocots, have been purified and partially character-
ized in a few species (Federico and Angelini, 1991;
Sebela et al., 2001). PAO from maize (Zea mays;
MPAOQO), the most studied member of this enzyme
class, is a 53-kD monomeric glycoprotein containing
one molecule of FAD (Federico and Angelini, 1991;
Tavladoraki et al.,, 1998; Binda et al., 1999; Sebela
et al.,, 2001). MPAO has been found mainly in the apo-
plast by means of biochemical and immunocytochem-
ical approaches (Federico and Angelini, 1991; Sebela
et al., 2001; Cona et al., 2005). The MPAO gene family
includes three gene copies that encode for identical
secretory proteins (Cervelli et al., 2000). Barley (Hor-
deum vulgare) PAO (BPAO) has also been characterized
and two genes have been isolated (BPAO1 and
BPAQO2), both of which encode proteins bearing a
cleavable N-terminal signal peptide (Cervelli et al.,
2001). Interestingly, contrary to the extracellular local-
ization of MPAO, symplastic localization for BPAO2
has been demonstrated. In particular, it has been sug-
gested that a C-terminal extension of eight amino acid
residues present in a BPAO2 sequence with respect to
the MPAO and BPAOL1 sequences is a signal for protein
targeting into the plant vacuole (Cervelli et al., 2004).

Recently, most biochemical, genetic, and molecular
studies have been carried out in the model plant
Arabidopsis (Arabidopsis thaliana) for reasons of ge-
nome simplicity, short reproductive cycle, ease of
transformation, small plant size, availability of inser-
tional mutants of Arabidopsis plants, and the abun-
dant amount of information available on its metabolic
pathways. In particular, in the last few years, a lot of
information has been gathered on polyamine meta-
bolic pathways in Arabidopsis (Panicot et al., 2002;
Nllingworth et al., 2003; Imai et al., 2004; Alcazar et al.,
2005). However, although several genes encoding for
polyamine biosynthetic enzymes have been character-
ized in Arabidopsis, a gene encoding for a PAO has not
been studied in this plant species. Recently, a gene
encoding for a putative PAO (At5g13700; GenBank
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accession no. NM_121373) with a 45% amino acid
identity with MPAO has been reported in Arabidopsis
(Cervelli et al., 2001), but its biochemical properties are
not known yet. To determine the catalytic properties
and the physiological role of a PAO coming from a
dicotyledonous plant, in general, and from Arabidop-
sis, in particular, we have undertaken a study on this
Arabidopsis gene. Here, we present evidence that this
gene indeed encodes for a PAO, which differs from
MPAO in substrate specificity, catalytic constants, and
mode of substrate oxidation. In particular, we demon-
strate that this enzyme displays a substrate oxidation
mode similar to that of animal PAO, producing Spd
from Spm and Nor-Spd from Nor-Spm. Thus, this
Arabidopsis PAO is involved in a polyamine back-
conversion pathway.

RESULTS
Description of cDNA Encoding for AtPAO1

A search of the Arabidopsis database with the
amino acid sequence of MPAO has revealed the pres-
ence of five cDNAs encoding for putative PAOs. These
include AtPAO1 (formerly APAO [Cervelli et al., 2001];
At5g13700; GenBank accession no. NM_121373; Fig.
1), AtPAO2 (At2g43020; GenBank accession no.
AF364952), AtPAO3 (At3g59050; GenBank accession
no. AY143905), AtPAO4 (Atlg65840; GenBank acces-
sion no. AF364953), and AtPAO5 (At4g29720; GenBank
accession no. AK118203). AtPAO1 has a 45% identity
(67% similarity) at the amino acid level with MPAO
(Fig. 2) and only a 19% to 24% identity (42%-46%
similarity) with the other four putative Arabidopsis
PAOs. AtPAO2, AtPAO3, and AtPAO4 display low
sequence identity (23% identity and 46% similarity)
with MPAO and elevated sequence identity (58%-85%
identity and 72%-88% similarity) to each other. On the
contrary, AtPAOS5 has low sequence identity not only
with MPAO (23% sequence identity and 38% similar-
ity), but also with AtPAO2, AtPAO3, and AtPAO4
(23% identity and 40%—42% similarity). Based on the
high sequence identity with MPAO, we have chosen to
characterize AtPAOL first.

A database search has revealed a high amino acid
sequence identity of AtPAO1 also with three putative
PAOs of rice (Oryza sativa), rPAO1 (GenBank acces-
sion no. XP_470573), rPAO2 (GenBank accession no.
XP_450669), and rPAO3 (GenBank accession no.
XP_450667), being 40%, 43%, and 44%, respectively.
These three putative PAOs from rice also have high
sequence identity with MPAO (73%, 81%, and 79%,
respectively). Interestingly, AtPAO1 has very high
sequence identity (74% identity and 83% similarity)
with a putative PAO from tobacco (Nicotiana tabacum),
the sequence of which has recently been submitted to
the database (nPAO; GenBank accession no. AB200262).
On the contrary, the sequence identity (similarity) of
AtPAO1 with murine SMO (mSMO), murine PAO
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aactccttctcctcectegecccaaccaacaaactaacaaacacctttegcetetetetceta

intron I(73nt) )
ATGTCTACCGCCTCCGTCATCATCATTGGCGCTGGAATCTCCGGAATATCGGCGGCGAAGGTTCTCGTC
M s T A S VvV I I I G A G I S G I s A A K V L V

GAGAACGGAGTAGAAGATGTATTGATACTGGAAGCGACGGATCGGATCGGAGGAAGAATACATAAACAG
E N GV E D VL I L E A T DR I G G R I H K Q

AATTTCGGTGACGTGCCGGTGGAGCTTGGCGCCGGTTGGATTGCCGGTGTCGGTGGTAAAGAGTCTAAT
N F ¢ DV P V EL G A GGW I A G V G G K E S N

CCCGTTTGGGAACTTGCCTCGCGTTTTAACCTCCGTACTTGCTTTTCCGATTACACCAATGCTCGTTTC
P V W E L A 8 R F N L R T C F S8 D Y T N A R F
intron II(81nt) * §

AATATCTACGATCGAAGTGGTAAAATCTTCCCGACGGGAATCGCTTCTGACTCGTATAAAAAGGCGGTT
N I ¥ D R 8 G K I *F P T G I A S D S5 Y K K A V

AtPAOIforl .

GACTCGGCGATTCTCAAGTTARAGAGCCTTGAAGCTCAATGTTCTGGTCAAGTAGCTGAAGAAGCTCCT
p s A I L K L K §$ L E A O C S G Q VvV A E E A P
#intron III(80nt) AtPACIfor2 intron IV (78nt)

TCGTCACCGAAGACGCCAATAGAACTAGCCATTGACTTTATCTTGCATGATTTTGAGATGGCTGAGGTA
s § p K T p I E L A I D F I L H D F E M A E V

P AtPAQlrevZ2

GAGCCAATATCCACTTATGTAGACTTTGGTGARAGAGAGTTCTTGGTTGCTGATGAAAGAGGTTACGAA

E P I §$ T Y V D F G E R E F L V A D E R G Y E
P AtPAOlrevl

EETTTACTTTATAAAATGGCTGAGGAATTTCTCGTTA€CTCACATGGAAATATCTTGGACTACCGCCTC
c L LY KM AU EUE®EPF L V T S H G N I L DY R L

intron V(402nt)

AAACTAAACCAGGTAGTTAGGGAGGTGCAACAGTCTAGGAATGGGGTAGTGGTGAAGACAGAGGATGGT
K L N Q VvV v R E V Q ¢ S R N G V VvV V K T E D G

TCCGTATACGAAGCTAATTATGTGATCGTGTCTGCGAGTATCGGTGTTCTCCAATCTGATCTTCTCTCC
s v Y E A N Y V I V 5 A S I G V L Q s D L L s
intron VI(238nt) S
TTCCAACCCCTTTTACCCAGATGGAAAACAGAAGCTATACAAAAATGTGATGTGATGGTGTACACCAAG
F Q P L L P R W K T E A I Q K C¢C D V M V Y T K

ATCTTCCTGAAATTCCCTCAATGTTTCTGGCCATGTGGTCCTGGTCAAGAGTTTTTCATTTATGCACAC
I ¥ L K F P Q C F W P C G P G Q E F F I Y A H
intron VII (298nt)
GAACAACGCGGCTATTTCACCTTTTGGCAGCACATGGAAAATGCGTACCCGGGCTCTAACATTCTGGTG
E Q9 R G Y F T F W Q B M E N A Y P G S N I L V

GTGACGTTGACCAACGAACAATCAAAGCGCGTTGAAGCTCAATCAGACCAGGAGACGATGAAAGAGGCA
v T L T N E @ $ K R V E A Q $ D Q E T M K E A

ATGAGTGTTCTCAGGGACATGTTTGGGGCCACCATTCCTTACGCAACCGATATTCTTGTCCCCAGGTGG
M 8 VvV L. R Db M F GA T I P Y A T D I L V P R W

TGGAACAACCGGTTTCAACGCGGTAGCTACAGTAATTACCCTATGATATCTGATAATCAGCTTCTGCAA
W N N R F Q R G S ¥ S N Y P M I S DN Q L L Q
intron VIII(73nt)
AATATCAAGGCCCCAGTTGGACGGATATTCTTTACAGGAGAACACACAAGTGAAAAGTTCAGTGGGTAT
N I K A P V G R I ¥ F T G E H T S E K F S G Y

GTACATGGAGGATACCTTGCAGGTATTGACACAAGTAAATCTTTGTTGGAAGAGATGAAGCAGAGTTTG
v H 6 6 Y LA G I DTS K S L L EE MK Q S L

TTGTTACAACCTTTATTGCGCCTTCACCGAGTCTCTTACACTAACACATCAGAAGCCTAATAACTCTCAA
L L ¢ p L L A F T E S L T L T H Q K P N N S Q

*
ATTTACACAAATGTTAAATTTATCTCAGGCACAAGCTAGaaagtagaaacccaacccttttgtttattt
I Y T N V K Fr I 8 G T 8 -

tatttattcegtttgagectactettgagtaaactcatgggaagtatttacte
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Figure 1. Nucleotide sequence
and translated protein sequence
of AtPAOT cDNA. Nucleotides
and amino acids are numbered
on the right. Numbering of amino
acids is indicated in italics. Nu-
cleotide sequences in capital let-
ters correspond to the coding
region. Small-lettered sequences
correspond to the 5’- and
3’-untranslated regions. Horizon-
tal arrows indicate the position,
the length, and the orientation of
the oligonucleotides used in ex-
periments of RT-PCR analysis.
Vertical arrows indicate the posi-
tion of the introns. Numbers in
parentheses indicate the length of
introns. The first codon is under-
lined. The asterisk denotes the
stop codon. Symbol § indicates
the positions in the cDNA clone
obtained from RIKEN (clone pda
11656) in which changes in the
nucleotide sequence have been
observed with respect to that re-
ported in the database.
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AtPAOL e e VIIIGAGISGISAAKVLVENG-VEDV 30
MPAO MSSSPSFGLLAVAALLLALSLAQHGSLAATVGPRVIVVGAGMSGISAAKRLSEAG-ITDL 31
mSMO MQSCESSGDSADDPLSRG-------~- LRRRGOPRVVVIGAGLAGLARARALLEQG-FTDV 51
MPAD $3  meemmmmmmsemem e e ————— MAFPG-PRVLVVGSGIAGLGAAQKLCSHRAAPHL 33
Fmsl ATV 5 e oo v o e o o e o e o s s PAKKKVIIIGAGIAGLKAASTLHQONG-IQDC 35
* v
AtPAOL LILEATDRIGGRIHKQNFG-DVPVELGAGWIAGVGGKESNPVWELA-SRFNLRTCFSDYT 88
MPAO LILEATDHIGGRMHKTNFA-GINVELGANWVEGVNGGKMNPIWPIVNSTLEKLRNFRSDFD 90
mSMO TVLEASSHIGGRVQSVRLG-DTTFELGATWIHG---SHGNPIYQLAEANGLLEETTDGER 107
mPAO RVLEATASAGGRIRSERCF-GGVVELGAHWIHGP--SQDNPVFQLAAEFGLLGEKELSEE 90
Fmsl LVLEARDRVGGRLQTVTGYQGRKYDIGASWHHDT---LTNPLFLEEAQLSLNDGRTR--- 89
Yy vyWw y
AtPAOL NARFN---—-—-—=——-— IYDRSGKIFPTGIAS------ DSYKKAVDSAILK---LKS----- 124
MPAO YLAON-========< VYKEDGGVYDEDYVQKRIELADSVEEMGEKLSAT---LHASGRDD 137
mSMO SVGRISLYSKNGVACYLTNRGCRIPKDVVEEFSDLYNEVYNMTQEFFRHGKPVNAESQNS 167
mPAO NQLVDTGGHVALPSMIWSSSGTSVSLELMTEMARLFYGLIERTREFLNE----SETPMAS 146
Fmsl z emmemeeesieeeiee FVFDDDNFIYIDEERGRVDHDKELLLEIVDNEM-----—=-—=——-— 122
v *x v v
AtPAOL LEAQCSGQVAEEAPSSPKTPIELAIDFILHDFEMAE------—--- VEPISTYVDFGEREF 175
MPAO MSILAMORLNEHQPNGPATPVDMVVDYYKFDYEFAEPPRVTSLONTVPLATFSDFGDDVY 197
mSMO VGVEFTREKVRNRIRDDPDDTEATKRLKLAMIQQYLKVESCESSSHSIDEVSLSAFGEWTE 227
mPAO VGEFLKKEISQQVASWTEDDEDTRKRKLAILNTFFNIECCVSGTHSMDLVALAPFGEYTV 206
Fmsl -SKFAELEFHQHLGVSDCSFFQLVMKYLLORRQFLTNDQIRYLPQLCRYLELWHGLDWKL 181
AtPAOL LVADERGYECLLYKMAEEFLVTS—-HGNILDYR--LKLNQVVREVQQSRNG~———====— 222
MPAO FVADQRGYEAVVYYLAGQYLKTDDKSGKIVDPR— LQLNKVVREIKYSPGG--------~— 246
mSMO IPGAHHIIPSGFMRVVELLAEGIPPHVIQLGKP--VRCIHWDQASAHPRGPEIEPRGEGD 285
mPAO LPGLDCILAGGYQGLTDRILASLPKDTVAFDKP— VKT IHWNGSFQEAAFP-~---——-——— 255
Fmsl LSAKDTYFGHQGRNAFALNYDSVVQRIAQSFPONWLKLSCEVKSITREPSK--------- 232
AtPAQl 3z  —mmmmmmmmmmmmm e VVVKTEDGSVYEANYVIVSASIGVLQSDLLS-- 253
MPAD e emete e e s meeieiie e ———] VTIVKTEDNSVYSADYVMVSASLGVLQSDLIQ-- 277
mSMO HNHDTGEGGQSGENPQQGRWDEDE PWPVVVECEDCEVIPADHVIVTVSLGVLKRQYTSF- 344
MPAO ===ecccccccccccccc———=- GETFPVLVECEDGARLPAHHVIVTVPLGFLKEHQDTF- 292
Fmsl =  ———emmemeessee s s se e —— NVTVNCEDGTVYNADYVIITVPQSVLNLSVQPEK 266
* %
AtPAOl @~ @ ——————- FOPLLPRWKTEAIQKCDVMVYTKIFLKFPQCFWPCGPGQEFFIYAHEQ--——— 301
MPAQO  —====ee FEKPKLPTWKVRAIYQFDMAVYTKIFLKFPRKFWPEGKGREFFLYASSR----- 325
msSMO @@= ——————- FRPCLPTEKVAAIHRLGIGTTDKIFLEFEEPFWGPECNSLQFVWEDEA-ESCT 396
mPAO @ —==——-—- FEPPLPAKKAEAIKKLGFGTNNKIFLEFEEPFWEPDCQFIQVVWEDTSPLQDT 345
Fmsl NLRGRIEFQPPLKPVIQDAFDKIHFGALGKVIFEFEECCWSNESSKIVTLANSTNEFVEL 326
AtPAQ]l 2 —mmmmmrmmememsmmm e e s ———— RGYFTFWQHMENAYPGSNILVVTLTNEQSKRVE 334
MPAD = momerssswmesseecescesme s o RGYYGVWQEFEKQYPDANVLLVTVTDEESRRIE 358
mSMO LT o o o e YPPELWYRKICGFDVLYPPERYGHVLSGWICGEEALVME 437
mPAO Al -—=———mm—m————————— SLODTWFEKLIGFLVQ-PSFESSHVLCGFIAGLESEFME 385
Fmsl VRNAENLDELDSMLEREDSQKHTSVTCWSQPLFFVNLSKSTGVASFMMLMQAPLTNHIES 386
AtPAOL AQSDQETMKEAMSVLR---—-—========—===== DMF-GATIPYATDILVPRWWNNRFQ 374
MPAO QQSDEQTKAEIMOQVLR--—~———============ KMFPGKDVPDATDILVPEWWSDRFY 399
mSMO RCDDEAVAEICTEMLR--—-——-—————=—==—==—— QFTGNPNIPKPRRILRSAWGSNPYF 478
mPAO TLSDEEVLLSLTQVLR-~=========c=a==== RVTGNPQLPAAKSVRRSQWHSAPYT 426
Fmsl IREDKERLFSFFQPVLNKIMKCLDSEDVIDGMRPIENIANANKPVLRNIIVSNWTRDPYS 446
H#x *

AtPAOL RGSYSNYPMISDNQLLONIKAPVG---------- RIFFTGEHTSEKFSGYVHGGYLAGID 424
MPAO KGTFSNWPVGVNRYEYDQLRAPVG--—-—-—-—--—---— RVYFTGEHTSEHYNGYVHGAYLSGID 449
mSMO RGSYSYTQVGSSGADVEKLAKPLPYTESSKTAPMQOVLESGEATHRKYYSTTHGALLSGQR 538
mPAO RGSYSYVAVGSTGDDLDLMAQPLP--EDGTGTQLOVLFAGEATHRTFYSTTHGALLSGWR 484
Fmsl RGAYSACFPGDDPVDMVVAMSNGQDS--—-—--——-- RIRFAGEHTIMDGAGCAYGAWESGRR 498
AtPAOL TSKSLLEEMKQSLLLOPLLAFTESLTLTHQKPNNSQIYTNVKFISGTS 472 (100%)

MFPAO SAEILINCAQKKMCKYHVQGKYD------=-—=—=——-—c-c—ecee——= 472 (45%)

mSMO EAARLIEMYRDLFQOQGP——————————=————————— - m 555 (23%)

mPAO EADRLVSLWDSQVEQSRPRL------—-———————————————————— 504 (20%)

Fmsl EATRISDLLE-~——=-rmrree e r e e e e e e e e e e e e —————— - 508 (19%)

Figure 2. Alignment of the amino acid sequence of animal and plant FAD-dependent amine oxidases. Multialignment was done
using the program ClustalW sequence alignment (Altschul et al., 1990). Numbering of amino acid residues is shown at the right
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(mPAO), and yeast Fms1 was found to be low, at 23%
(37%), 20% (39%), and 19% (36%), respectively (Fig. 2).

To determine the possible subcellular localization of
AtPAOQ]1, the amino acid sequence has been analyzed
by PSORT (www.psort.org). This analysis predicted
the presence of an uncleavable signal peptide of 18
amino acid residues with possible transmembrane
regions at the N terminus of the protein. However,
sequence alignment of AtPAO1 with all the other
PAOs that have been sequenced so far has indicated
involvement of this region in FAD binding (Wu et al.,
2003), thus excluding a targeting role. These consider-
ations suggest an intracellular localization for AtPAO1,
whereas in MPAO a signal peptide determines protein
translocation through the secretory pathway with a
final localization in the extracellular space. Further-
more, PSORT analysis of the AtPAO1 sequence did not
reveal the presence of any signal peptide for protein
targeting to a specific intracellular compartment, thus
suggesting cytosolic localization.

The promoter region of AtPAO1 was analyzed for the
presence of putative cis-acting regulatory elements.
This analysis indicated the presence of several light-
responsive elements, as well as putative responsive
elements to ethylene, methyl jasmonate, heat, and
wounding.

Cloning of cDNA Encoding AtPAO1

AtPAO1 c¢cDNA was obtained from the expressed
sequence tag (EST) bank of RIKEN BioResource Center
(Seki et al., 1998, 2002) with the aim of characterizing
the catalytic properties of the corresponding protein.
The sequencing of this cDNA, when compared to the
Arabidopsis genomic sequence, revealed the lack of
one nucleotide at position 859, as well as the presence
of a conservative mutation at position 356 (GGT to
GGC) and a nonconservative one at position 120 (GTT
to ATT; Fig. 1). Consequently, to clone the correct
AtPAO1 cDNA by reverse transcription (RT)-PCR, the
presence of AtPAOI mRNA was initially verified in
various plant organs (leaves, stem, inflorescences) by
RT-PCR analysis using two pairs of internal gene-
specific oligonucleotides (AtPAOIforl/AtPAOIrev]
and AtPAOIfor2 /AtPAO1Irev2; Fig. 1). To obtain a de-
tectable amount of amplification product, a second
amplification step was necessary for all organs tested
using the same or nested primers (datanot shown). This
suggests that AtPAOI mRNA is present only in very
low amounts in these organs of light-grown Arabidop-
sis plants. This has been confirmed by northern-blot

Characterization of a Polyamine Oxidase from Arabidopsis

analysis using a radiolabeled AtPAOI-specific probe,
which repetitively failed to detect AtPAO1 mRNA
accumulation in these organs (data not shown).

Despite low expression levels, the whole coding re-
gion of AtPAO1 was amplified by RT-PCR from Arabi-
dopsis leaves using sequence-specific primers. These
primers were designed in such a way as to allow AtPAO1
c¢DNA cloning in the pPICZaA vector for heterologous
expression in the Pichia pastoris culture medium. The
P. pastoris expression system was chosen because it has
allowed us to obtain high accumulation levels of recom-
binant MPAO in the culture medium (Polticelli et al.,
2005). Also, in this case, two PCR steps were necessary to
obtain an amplification product, which was finally
cloned in the pPICZa A vector (AtPAO1-pPIC construct).
The culture medium and cellular extracts of transformed
P. pastoris cells were examined at various time intervals
for the presence of the recombinant AtPAO1 by western-
blot analysis using an anti-6-His tag antibody and by
enzymatic assays using various polyamines (Spd, Spm,
Put) as substrates and at various pH values (6.0, 7.5, 8.5).
However, these analyses did not show recombinant
AtPAO1 accumulation under any of the various culture
conditions tested (pH of the culture medium, growth,
temperature). The lack of recombinant AtPAO1 accu-
mulation in the P. pastoris expression system could be
due to the presence of A-T-rich regions in the AtPAO1
c¢DNA, which may constitute polyadenylation signals
resulting in the formation of incomplete mRNAs. Insta-
bility of the recombinant protein in this system cannot be
ruled out.

Heterologous Expression of AtPAO1 in Escherichia coli

To determine the catalytic properties of AtPAO1,
heterologous expression in Escherichia coli has also
been attempted using the pET17b vector, which guides
cytoplasmic expression of recombinant proteins. Sol-
uble lysates of transformed bacteria with the AtPAO1-
pET17b plasmid have been tested for PAO activity at
various pH values and using various nonacetylated
and acetylated polyamines as substrates. This analy-
sis has shown the presence of PAO activity using

Spm, Nor-Spm, and N'-acetyl- Spm as substrates (V..
Nor-Spm >V, Spm >>V,__ N'-acetyl-Spm) in the
bacterial cultures treated with 0.4 mm isopropylthio--
galactoside (IPTG) for recombinant protein expression
and not in the nontreated ones. On the contrary, PAO
act1V1ty has not been detected using Put, Spd, and
N'-acetyl-Spd as substrates in the IPTG-treated bacterial
cultures (data not shown). The accumulation levels of

Figure 2. (Continued.)

side. In MPAOs, numbering starts from the first amino acid of the mature protein. The signal peptide of MPAO is underlined.
Percentage of identity refers to AtPAO1. Identical residues are indicated by gray boxes. The position of the Cys residue that is
covalently linked to the FAD in MAQO is indicated by the symbol #. Residues in MPAO putatively involved in the catalytic activity
are labeled by the asterisk symbol (*), and the ones composing the tunnel entrance (carboxylate ring and aromatic portion; Binda
et al., 2001) are labeled by the symbol ¥. MPAO, Maize PAO; mSMO, murine spermine oxidase; mPAO, murine PAO; Fms1,

yeast spermine oxidase.
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recombinant AtPAO1 were higher when the expres-
sion was induced at 24°C (approximately 12 units/L of
culture) than when induced at 30°C (approximately
4 units/L of culture). Furthermore, a preliminary study
on the pH dependence of AtPAO1 enzyme activity in
the bacterial extracts showed the highest enzymatic
activity at pH 8.0 for all three substrates tested.

Purification of Recombinant AtPAO1 from E. coli
Cellular Extracts

Purification of recombinant AtPAO1 from bacterial
extracts has been initially attempted by affinity chro-
matography using a resin charged with Ni**. How-
ever, despite the addition of a sequence encoding for a
6-His tag at the 3’ terminus of AfPAO1 cDNA, recom-
binant protein was not bound on the resin under any
of the binding conditions tested (variations in pH
and/or ionic strength). To verify whether the 6-His tag
was indeed present in recombinant protein, the total
bacterial extracts, the fraction of the total soluble
proteins, and the inclusion bodies have been analyzed
by western-blot analysis using the anti-6-His antibody
(Fig. 3). This analysis proved the presence of a large
amount of recombinant AtPAO1 with an intact 6-His
tag in the inclusion bodies (Fig. 3). On the contrary, the
anti-6-His antibody did not recognize any protein in
the cellular soluble extracts, despite the presence of an
elevated amount of PAO activity in these extracts (Fig.
3). These results suggest that the 6-His tag may be
subjected to proteolysis in the bacterial cytoplasm
while remaining intact in the inclusion bodies.

To purify recombinant protein from bacterial ex-
tracts, a cyanogen bromide (CNBr)-activated Sepharose
on which guazatine was immobilized has also been
used. Guazatine is a potent competitive inhibitor of
MPAO, pig liver PAO, mSMO, and mPAO (Federico
et al.,, 2001; Cona et al., 2004; Bianchi et al., 2006).
Furthermore, preliminary studies indicated that this
compound is also an efficient competitive inhibitor of
recombinant AtPAO1 (see above). This resin allowed
the one-step purification (3 mg/L of culture) of the
recombinant protein to electrophoretic homogeneity
(Fig. 4A). This protein has an apparent molecular mass
of 52.5 kD, which is similar to that predicted for
AtPAOL1 from the amino acid sequence and to that of
recombinant AtPAO1 present in the inclusion bodies
(Fig. 4B). Furthermore, as expected from the analysis
of the amino acid sequence of the two proteins, re-
combinant AtPAO1 migrates faster than recombinant
MPAO expressed in P. pastoris (calculated molecular
mass of 6-His-tagged MPAO is 54.5 kD; Fig. 4A).

The purified protein was tested for the presence of
the 6-His tag through western-blot analysis, using the
same amount of recombinant MPAO expressed in
P. pastoris as a control. The anti-6-His antibody did not
recognize any 6-His-tagged protein in the fraction of
purified recombinant AtPAO1, whereas it recognized
recombinant MPAO (data not shown), thus confirming
that the 6-His tag in recombinant AtPAQO1 is subjected
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Figure 3. Expression of AtPAOT in E. coli. Total cellular extracts (T),
total soluble proteins (S), and inclusion bodies (B) from E. coli trans-
formed with the AtPAOT-pET17b construct have been analyzed by
immunoblotting using an anti-6-His-tag antibody. Expression of re-
combinant protein in E. coli has been induced by 0.4 mm IPTG at 24°C
for 5 h (I). A part of the same culture was allowed to grow for the same
time period in the absence of IPTG (NI) as a control. The various
fractions have been normalized for the volume of the initial culture.
MPAO, Recombinant MPAO expressed in P. pastoris. A representative
experiment, which has been repeated twice, is shown.

to proteolysis. This proteolysis did not cause a detect-
able change in the molecular mass of the enzyme by
SDS-PAGE analysis (Fig. 4), suggesting that the re-
moved proteolytic fragment might be rather small.

The purified protein displayed the characteristic
UV-visible spectrum of the oxidized flavoproteins
with three absorbance peaks at 280, 380, and 460 nm
(Fig. 5, solid line). Addition of saturating amounts of
Spm converted the spectrum of the fully oxidized form
of FAD to that of the fully reduced form (Fig. 5, dotted
line), as indicated by the decrease in the absorbance
bands in the visible range (at 365 and 450 nm). This
suggests that all FAD molecules in the purified en-
zyme are catalytically active. Precipitation of purified
AtPAO1 with TCA resulted in the release of the
cofactor into the supernatant, suggesting a noncova-
lent linkage to the protein. This is in agreement with
the presence of a Ser residue at position 367, which in
MAO-A and MAO-B is involved in covalent binding
to the isoalloxazine ring of the FAD through a Cys
residue (Edmondson et al., 2004). His and Tyr residues
have also been shown to be involved in covalent
binding to the flavin ring in some flavoenzymes
(Edmondson and Newton-Vinson, 2001), whereas un-
til now such a covalent linkage has not been observed
for Ser residues.

Partial Biochemical Characterization of
Recombinant AtPAO1

Analysis of the catalytic constants of purified re-
combinant AtPAO1 has indicated that this enzyme
oxidizes Spm (Table I) but not Spd (data not shown), in
agreement with data from the analysis of the bacterial
lysates. This substrate specificity is different from that
of MPAO, which is active with both Spd and Spm
(Polticelli et al., 2005) and similar to that of mSMO,
which oxidizes only Spm and not Spd (Cervelli et al.,,
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2003). Furthermore, analysis of the catalytic properties
of the purlfled enzyme has determined a k_, value for
Spm of 2.7 s~!, which is approximately 20-fold lower
than that of the recombinant MPAO expressed in
P. pastoris (54 s~ 1. Polticelli et al., 2005) and similar to
that of the recombinant mSMO expressed in E. coli
(4.5 s™1; Cervelli et al., 2003). Biochemical characteri-
zation of recombinant AtPAO1 has also determined a
K., value for Spm of 0.11 mm, which is 100-fold higher
than that of recombinant MPAO (1.6 uMm; Polticelli et al.,
2005) and similar to that of recombinant mSMO
(0.09 mm; Cervelli et al., 2003) for the same substrate.
These data suggest that 'recombinant AtPAOl is a less
efficient enzyme (k /K, = 24.1 s™' mm_ ) than re-
combinant MPAO (k_, /K =239 x 10° s ! mm )
and s1m11ar1y eff1c1ent to mSMO (k../K, = 500 s
mM ') in catalyzing Spm oxidation.

Interestingly, recombinant AtPAO1 has a k_,/K,,
value for Nor-Spm that is about 4-fold higher than
that for Spm, indicating that Nor-Spm is the best
substrate for recombinant AtPAO1 in vitro (Table I).

Characterization of a Polyamine Oxidase from Arabidopsis

Figure 4. Analysis of the purified recombi-
nant AtPAO1. A, Recombinant AtPAOT1,
<116 purified from E. coli using the resin of
guazatine, was analyzed by SDS-PAGE and
stained by Coomassie Brilliant Blue (APAO).
~ 66 E, Bacterial extract before application to the
guazatine resin. B, Inclusion bodies from
E. coli expressing (1) or not expressing (NI)
~-« 45 recombinant AtPAO1 have also been
analyzed by SDS-PAGE and stained by
Coomassie Brilliant Blue. MPAQO, Purified
P recombinant MPAO expressed in the culture
medium of P. pastoris. M, Molecular mass
marker (MBI Fermentas).

M kDa

On the contrary, recombinant mSMO expressed in
E. coli was not active with Nor-Spm and recombinant
MPAO expressed in P. pastoris was able to oxidize
Nor-Spm with a k_, value of 5.5 s~', which is about
10-fold lower than that for Spm. Recombinant AtPAO1
also oxidizes N'-acetyl-Spm with a keat/ Ky value for
this substrate of 0.5 s ' mm ™!, which is about 150-fold
lower than that for Nor-Spm and 50-fold lower than
that for Spm (Table I).

The pH dependence of purified recombinant en-
zyme catalytic activity has also been examined using
Spm, Nor-Spm (Fig. 6), or N'-acetyl-Spm (data not
shown) as a substrate. The results obtained show simi-
lar pH dependence for all three substrates. In partic-
ular, the catalytic activity increases with the increase in
pH, reaching a maximum at around pH 8.0, similar to
what has been observed with crude bacterial extracts.
At higher pH, catalytic activity of the recombinant
enzyme diminishes (Fig. 6). The pH dependence
of recombinant enzyme catalytic activity for all the
three tested substrates can be described in terms of

Figure 5. Spectra of FAD in the fully oxidized
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0.05

Oxidized enzyme
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and fully Spm-dependent reduced recombi-
nant AtPAOT. Absorbance spectra were re-
corded in 100 mm Tris-HCI, pH 8.0, at 22°C.
To obtain the spectrum of the FAD in the fully
reduced AtPAO1, a saturating amount of Spm
(4 mm) was added in the fully oxidized re-
combinant enzyme.

300 350 400 450
Wavelength (nm)
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Table 1. Kinetic constants of Spm, Nor-Spm, and N'-acetyl-Spm
oxidation by recombinant AtPAOT expressed in E. coli

Substrate Keof K.’ ke /K,
s ! mm s !
Spm 2.7 =03 0.11 = 0.02 24.1
Nor-Spm 6.9+ 13 0.09 = 0.01 81.4
N'-acetyl-Spm 0.2 + 0.4 0.47 = 0.02 0.5

“Enzymatic activity of recombinant AtPAO1 has been determined in
100 mm Tris-HCI, pH 8.0, using a constant O, concentration at the air-
saturated level and an amine substrate concentration either saturating
(for apparent k,, determination) or varying between 50 and 400 um for
Spm and N'-acetyl-Spm and between 10 and 100 um for Nor-Spm (for
apparent K determination). Data are mean * st of at least three
independent experiments.

deprotonation of an ionizable group with a pK, value
of 6.5 to 6.8 responsible for the acidic side of the bell-
shaped dependence (pK;; Fig. 6) and an ionizable
group with a pK, value of 9.1 to 9.2 responsible for the
alkaline side (pK,; Fig. 6). A similar bell-shaped pH
dependence of the catalytic activity has also been
observed for MPAQO (Polticelli et al., 2005) and
mSMO (P. Mariottini, R. Federico, and P. Tavladoraki,
unpublished data). However, whereas the pH of max-
imal catalytic activity of AtPAOL1 is similar to that of
mSMO (pH optimum 8.5), with which the AtPAO1 has
a low sequence homology, it is different from that of
MPAO (pH optimum 6.5), with which the AtPAOL1 has
a high sequence homology.

The AtPAOL1 inhibition constants of a number of
animal and plant PAO inhibitors have also been deter-
mined (Table II). Our data demonstrate that, similar to
MPAO (Cona et al., 2004; Bianchi et al., 2006), guazatine,
N-prenylagmatine, and 1,12-diaminododecane are good
competitive inhibitors of AtPAO1. MDL72527, 1,8-dia-
minooctane, and Spd also competitively inhibit recom-
binant AtPAO1 activity, although with K; values higher
than those of guazatine, N-prenylagmatine, and 1,12-
diaminododecane (Table II). The differences in the K
values between 1,12-diaminododecane and 1,8-dia-
minooctane, which display a similar chain length to
that of Spm and Spd, respectively, reflect the AtPAO1
specificity for Spm and not for Spd.

Characterization of the Reaction Products of AtPAO1

The similarity of AtPAO1 substrate specificity to
that of mSMO (ie. Spm and not Spd oxidation)
prompted us to determine the mode of AtPAO1 sub-
strate oxidation by analyzing the polyamine products.
In particular, it has been examined whether AtPAO1
oxidizes Spm and Nor-Spm in a similar mode to that of
MPAO, producing Dap among the other reaction
products, or similar to that of animal PAO and SMO
producing Spd from Spm and Nor-Spd from Nor-Spm.

Analysis by HPLC of AtPAO1 polyamine reaction
products using Spm as a substrate showed production
of an increasing amount of a substance with the
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retention time of Spd (f = 21.3 min) in parallel with
a decrease in the amount of Spm (t = 24.4 min). The
formation of a product with the retention time of Dap
(t = 16.1 min) was not observed (Figs. 7 and 8).
Similarly, analysis of the reaction products using Nor-
Spm (t = 24.1 min) as a substrate showed the forma-
tion of an increasing amount of a product with a
slightly shorter retention time (¢ = 21.1 min) than that
of Spd (Fig. 8). This product most probably corre-
sponds to Nor-Spd, which, having a charge-to-mass
ratio slightly smaller than that of Spd, should have a
shorter retention time than the latter under our HPLC
conditions. Nor-Spd could not be used as a standard
because it is not commercially available. Interestingly,
in the case of Nor-Spm, the formation of a very small
amount of a product with the retention time of Dap
was also observed (Figs. 7 and 8). As indicated in

Spm
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Figure 6. Catalytic activity of recombinant AtPAO1 as a function of pH.
Apparent k_,, values of recombinant AtPAOT1 purified from E. coli toward
Spm and Nor-Spm were calculated at various pH values using saturating
concentrations of amine substrate and O,. Data are expressed as percent
of maximum activity. Continuous lines represent the best fit of the
experimental data. Each point represents the mean value from at least

three independent experiments and the bars indicate the sE.
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Table Il. Inhibition constants of recombinant AtPAO1 by various plant
and animal PAO inhibitors

Compound K?
UM
Guazatine 0.7 £ 0.4
N-Prenylagmatine 4.0 £ 0.5
1,12-Diaminododecane 11.7 + 0.8
MDL72527 137.3 £ 32.7
Agmatine 147.0 £ 8.2
1,8-Diaminooctane 293.0 = 30.5
Spermidine 546.0 = 40.0

?K; values were determined using Spm as substrate in 100 mm Tris-
HCI, pH 8.0, for all inhibitors except in the case of 1,12-diaminodo-
decane, for which the K; value was determined in 100 mm Tris-HCI,
pH 7.0. The K, for Spm in 100 mm Tris-HCI, pH 7.0, was 200 um. Data
are mean * st of three independent experiments.

Figure 7, less time was necessary for the complete
oxidation of Nor-Spm (about 40 min) than for the
complete oxidation of Spm (about 3 h). This is in line
with the calculated differences in the catalytic con-
stants for these two substrates.

To further confirm Spd production by AtPAO1-
catalyzed Spm oxidation, an indirect enzymatic assay
was performed. In detail, native MPAO was added in
the AtPAO1 reaction mixture at the end of the reaction
when all Spm was oxidized, as shown by the equimo-
lar production of H,0O, and by HPLC analysis of the
reaction products. Addition of a saturating amount of
MPAO, which specifically oxidizes Spd and Spm, in
the reaction mixture further produced an equimolar
amount of H,O, in relation to the initial amount of
Spm. Moreover, HPLC analysis of the reaction prod-
ucts showed that addition of MPAO eliminates the
AtPAOL reaction product with the retention time of
Spd, producing a substance with the retention time of
Dap (data not shown).

DISCUSSION

Experimental data indicate that PAOs are involved
in fundamental cellular processes, not only through
their contribution to polyamine homeostasis but also
through their reaction products (i.e. H,0,, Dap, and
aminoaldehydes). In particular, in animal cells, H,O,
produced from polyamine degradation may cause
characteristic changes in redox signaling, leading to
modulation of cell proliferation or apoptosis (Ha et al.,
1997; Hu and Pegg, 1997). In plants, H,O, produced
from polyamine degradation by apoplastic PAO is
involved in cell wall development during plant
growth and in response to biotic and abiotic stress
(Cona et al., 2006). Furthermore, H,0O, derived from
polyamine oxidation in plants has been shown to
contribute also to hypersensitive response-induced
cell death (Yoda et al., 2003). Dap produced by plant
PAO is a precursor of uncommon polyamines and
B-Ala (Terano and Suzuki, 1978; Koc et al.,, 1998),
which in plants are associated with stress tolerance
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(Rodriguez-Garay et al.,, 1989; Hanson et al., 1994).
B-Ala may also be produced from 3-acetamidopropa-
nal and 3-aminopropanal, which are produced
from the oxidation of Spm, N'-acetyl-Spd, and
N'-acetyl-Spm by animal PAOs. Interestingly, a role in
the biosynthesis of pantothenic acid (a metabolic precur-
sor of important cofactors of several metabolic en-
zymes, such as CoA and acyl carrier protein) through
B-Ala production has recently been proposed for yeast
Fms1 (White et al., 2001). Furthermore, 4-aminobuta-
nal also produced by oxidation of Spd in plants can be
further metabolized to y-aminobutyric acid, which is
an important metabolite associated with various phys-
iological processes (Bouché and Fromm, 2004). The
nature of the reaction products and the substrate
specificity of PAO depend on the source of the en-
zyme. The biological significance of such differences
and the specific role of each distinct PAO are not
understood yet. To this end, the characterization of a
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Figure 7. Time course of polyamine oxidation by AtPAOT and of
reaction product accumulation. Purified recombinant AtPAO1 (1 nm)
was incubated with 0.15 mm of Spm or 0.25 mm of Nor-Spm for up to
3 h or 40 min, respectively. Aliquots were analyzed for polyamine
levels at various time intervals. Data are from a single representative
experiment, which was repeated twice. Each point represents the mean
value from two independent analyses of polyamine levels and the bars
indicate the s.
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Figure 8. HPLC analysis of the reaction products generated when Spm or Nor-Spm is oxidized by recombinant AtPAOT.
Chromatograms A and B show the analysis of the reaction products at t = 0 and t = 2 h, respectively, using 1 nm of purified
recombinant AtPAO1 and 0.15 mm Spm as amine substrate. Chromatograms C and D show the analysis of the reaction products at
t= 0and t= 40 min, respectively, using 1 nm of purified recombinant AtPAOT and 0.25 mm Nor-Spm as amine substrate. Samples
were analyzed for polyamine content after addition of an equal volume of 5% (w/v) perchloric acid containing 0.12 mm Dah as an
internal standard. Data are from a single representative experiment, which was repeated twice. The retention times of the various
polyamines are: Dap, 16.1 min; Put, 16.6 min; Dah, 18.1 min; Spd, 21.3 min; Nor-Spm, 24.1 min; and Spm, 24.4 min.

major number of PAOs is fundamental. In plants,
PAOs from monocotyledonous plants represent the
most characterized plant PAOs, whereas little is
known about PAOs from dicotyledonous plants.
Thus, the characterization of polyamine catabolism
in Arabidopsis, a dicotyledonous plant used widely as
a plant reference system for several years, will greatly
contribute to understanding the structural bases for
the differences in biological function between plant,
yeast, and animal PAOs.

Recombinant AtPAO1 catalyzes oxidative deami-
nation of Spm and Nor-Spm, producing Spd and
Nor-Spd, respectively, thus constituting a plant PAO
for which involvement in a polyamine back-conversion
pathway has been shown; other plant PAOs until now
characterized determine a terminal catabohsm of pol-
yamines. Recombinant AtPAO1 also oxidizes N'-acetyl-
Spm, but much less efficiently than Spm. Thus, AtPAO1
might be involved in a polyamine back-conversion
pathway in which the SSAT probably does not partic-
ipate, this being similar to SMOs and contrary to
animal PAOs, which mainly oxidize acetylated poly-
amines. The specific biological roles of the three cat-
abolic pathways (i.e. terminal polyamine catabolism,
SSAT-dependent back-conversion of polyamines, SSAT-
independent back-conversion of polyamines) have not
been determined.

Identification of the polyamine oxidation products
demonstrated that, in the case of Nor-Spm, AtPAO1
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catalyzes not only oxidation of the carbon on the exo-
side of the N'*nitrogen but also on the endo-side,
although with a low efficiency. Our biochemical and
structural data do not allow us to understand why
AtPAOL1 oxidizes Nor-Spm in two different ways but
Spm only in one. This may reflect a flexible mode of
Nor-Spm binding in the AtPAQOL1 catalytic site. Two
ways of substrate oxidation have also been observed
for Fmsl. In partlcular, whereas Fms1 oxidizes Spm,
N'-acetyl-Spm, and N'-acetyl-Spd at the carbon on the
exo-side of the N*-nitrogen, it oxidizes N® —acetyl Spd
at the carbon on the endo-side of the N*mitrogen
(Landry and Sternglanz, 2003). It would be interesting
to know whether the double mode of polyamine
oxidation has any physiological relevance or not.
Analysis of the catalytic properties of the recombi-
nant AtPAOT1 in vitro has evidenced that Nor- Spm is
a better amine substrate (k. t/ K =81.4s 'mM ') than
Spm (k.,./K,, = 24.1s"' mm ) This raises the impor-
tant question as to which is the most relevant substrate in
vivo. To gain further insight into this matter, it is neces-
sary first to verify whether Nor-Spm and other uncom-
mon polyamines are present in Arabidopsis under
physiological or stress conditions and then whether
AtPAO1 expression pattern correlates well with accu-
mulation of these polyamines. AtPAO1 participation in
vivo in a catabolic pathway involving uncommon poly-
amines may suggest a role for this enzyme in the plant
response mechanisms to environmental stress.
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AtPAOQL1 differs from the other plant PAOs charac-
terized so far not only in the mode of substrate
oxidation but also in substrate specificity. In particular,
AtPAOI1 oxidizes Spm, but not Spd, contrary to MPAO
(Polticelli et al., 2005), BPAO1 (P. Mariottini and A.
Cona, personal communication), and BPAO2 (Cervelli
et al., 2001), which oxidize both of them. Furthermore,
recombinant AtPAO1 has a k_, value for Nor-Spm
about 3-fold higher than that for Spm, whereas recom-
binant MPAO has a k_, value for Nor-Spm that is
about 10-fold lower than that for Spm. These differ-
ences in substrate specificity between AtPAO1 and
MPAO, together with the differences in localization
and mode of substrate oxidation, may reflect differ-
ences in the physiological role.

Analysis of the amino acid sequence of AtPAO1
demonstrated that, despite the differences in substrate
specificity and mode of substrate oxidation from
MPAO, AtPAO1 has conserved most of the residues
constituting the MPAO catalytic site. In particular,
residues Glu-170, Lys-300, Tyr-298, and Tyr-439 (num-
bering of mature MPAO) are conserved in AtPAO1
and residues Phe-403 and Tyr-169 (numbering of ma-
ture MPAO) are conservatively substituted with other
aromatic residues (Phe-403Tyr and Tyr-169Phe). Only
residue Glu-62 (numbering of mature MPAO) results to
be remarkably different, being substituted in AtPAO1
with an Ala residue. However, because the Glu-62GIn
substitution in MPAO did not significantly alter the
catalytic properties of the enzyme (Polticelli et al.,
2005), it seems improbable that only this substitution
determines the different catalytic properties of
AtPAOL1 as compared to MPAO. On the other hand,
although AtPAO1 and mSMO have similar catalytic
properties (substrate specificity, mode of substrate
oxidation, pH optimum of catalytic activity, and k_,,
value), the two enzymes have a low sequence similar-
ity in the residues making up the catalytic site. In
particular, both Glu-62 and Glu-170 (numbering of
mature MPAQ) are substituted in mSMO with His
and GIn, respectively, and several of the aromatic
residues present in the catalytic site are substituted
with nonaromatic ones, as, for example, Tyr-439Thr,
Tyr-298Asn, and Tyr-169GIn (numbering of mature
MPAOQ). These data, together with data available from
the analysis of MPAO and Fmsl crystal structure
(Binda et al., 1999, 2001; Huang et al., 2005), multiple
sequence alignment of various FAD-dependent PAO,
and site-directed mutagenesis experiments (Polticelli
et al., 2005), are not sufficient to uncover the determi-
nants of substrate specificity and catalytic mecha-
nisms. To this end, more information is definitely
necessary. It is likely that several amino acid residues
together form the architecture of the catalytic site and
establish interactions with the substrate, thus deter-
mining the catalytic properties of the enzyme.

The fact that AtPAO1, SMO, and Fms1 oxidize Spm,
but not Spd, is of great interest and leads to us to
hypothesize a distinct role for these two polyamines in
specific intracellular sites. It is possible that Spm oxi-
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dation by these enzymes is required for the production
of Spd, which in turn may be necessary for other
metabolic pathways, as, for example, for the biosyn-
thesis of hypusine, a compound essential for cell
growth (Park et al., 1981; Chattopadhyay et al., 2003).

The presence of a putative PAO in tobacco plants
with a sequence similarity to AtPAOL1 of 83% is also of
great interest. Such an elevated sequence similarity
between the two enzymes allows us to hypothesize
similar catalytic properties and leaves open the possi-
bility that nPAO could also be involved in a polyamine
back-conversion pathway. If this proves to be the case,
the biochemical characterization of more PAOs from
dicotyledonous plants would be necessary to examine
the possibility that the presence of a polyamine back-
conversion pathway is a specific characteristic of these
plants.

In conclusion, to our knowledge, AtPAO1 is the first
plant PAO shown to be involved in a polyamine back-
conversion pathway. Although some data on this
pathway in Arabidopsis already exist (Tassoni et al.,
2000), further study is required to understand its
physiological role.

MATERIALS AND METHODS
Materials

Put, Spd, Spm, N'-acetyl-Spd and N'-acetyl-Spm, 1,8-diaminooctane,
1,12-diaminododecane, agmatine, 4-aminoantipyrine, 3,5-dichloro-2-hydroxy-
benzenesulfonic acid, and horseradish peroxidase were purchased from
Sigma-Aldrich-Fluka. Guazatine was obtained from Rhone-Poulenc Agro-
Italia. Restriction and DNA-modifying enzymes were purchased from New
England Biolabs, Invitrogen, Stratagene, and Promega. Other chemicals were
obtained from Bio-Rad and J.T. Baker. All oligonucleotides were synthesized
by Invitrogen. N-prenylagmatine was a generous gift from Prof. M. Botta
(University of Siena, Italy; Cona et al., 2004) and MDL72527 from Dr. M. De
Agazio (Consiglio Nazionale delle Ricerche, Montelibretti, Rome).

Sequence Analysis and cDNA Acquisition

EST database searches were performed using BLAST (Altschul et al., 1990).
Multiple sequence alignment of the amino acid sequences was done using
the program ClustalW (Thompson et al., 1994). The cDNA encoding for the
putative Arabidopsis (Arabidopsis thaliana) PAO (AtPAOI1; At5g13700;
GenBank accession no. NM_121373) was obtained from the EST bank of the
RIKEN BioResource Center (clone pda 11656). Scans of promoter sequences
for putative regulatory elements were performed using the PlantCARE
database (http:/ /sphinx.rug.ac.be:8080/PlantCARE).

RT-PCR

Total RNA was isolated from various plant organs (leaves, stems, inflo-
rescences) of Arabidopsis (ecotype Columbia) plants using TRIZOL reagent
(Invitrogen) according to the manufacturer’s instructions. Poly(A™) RNA was
prepared from total RNA using the Oligotex mRNA kit (Qiagen). First-strand
cDNA was synthesized from total or poly(A*) RNA using the SuperScript
first-strand synthesis system for RT-PCR (Invitrogen) and an oligo(dT) primer.
When total RNA was used for RT-PCR, RNA samples were first treated with
RNase-free DNase I (Invitrogen) to avoid amplification from genomic DNA.
The ¢cDNA encoding AtPAO1 was obtained from first-strand cDNA using
gene-specific oligonucleotides. PCR amplification was carried out with the Pfu
Turbo DNA polymerase (Stratagene) for cDNA cloning or the EurobioTaq
DNA polymerase (Eurobio) for AtPAO1 expression studies in vivo in a DNA
GeneAmp PCR System 2400 (Perkin-Elmer) with the following parameters:
5 min of denaturation at 94°C; 30 cycles of 94°C for 1 min, 58°C for 2 min, and
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72°C for 2 min; and 10 min at 72°C for final extension. When necessary, for
further amplification, a 10-uL aliquot of the PCR was used in a nested PCR
using the same or a more internal pair of sequence-specific oligonucleotides.
For AtPAO1 expression studies in various plant organs, nested PCR was per-
formed initially using the pair of sequence-specific oligonucleotides AtPAO1for1
(5'-GCCTTGAAGCTCAATGTTCTGGTCAAGTAGC-3") and AtPAO1Irevl
(5'-GAGGCGGTAGTCCAAGATATTTCCATGTGAGG-3'), and then the pair
AtPAOTfor2 (5'-GTCACCGAAGACGCCAATAGAACTAGCC-3")/AtPAOTrev2
(5'-CATTCGTAACCTCTTTCATCAGCAACCAAGAAC-3'). The forward and
reverse oligonucleotides were designed to include introns in the amplification
product from genomic DNA (introns III and IV in the case of the AtPAO1Ifor1/
AtPAO1rev] pair and intron IV in the case of the AtPAO1Ifor2 / AtPAO1Irev2 pair;
Fig. 1) to distinguish the RT-PCR amplification products from the genomic
DNA amplification products.

Preparation of the Construct for AtPAO1 Expression
in Pichia pastoris

For AtPAO1 expression in the culture medium of Pichia pastoris, the
sequence encoding the AtPAO1 protein was amplified from first-strand cDNA
using the sequence-specific oligonucleotides AtPAOIfor4 (5'-GGGTATC-
TCTCGAGAAAAGAGAGGCTGAAGCTATGTCTACCGCCTCCGTCATCAT-
CATTGGC-3') and AtPAO1Trev4 (5'-CGGATGCGGATCCTCTAGACCTCAAT-
GATGATGATGATGATGGCTTGTGCCTGAGATAAATTTAAC-3') designed
to insert restriction sites Xhol and Xbal, respectively, necessary for AtPAO1
cDNA cloning in the pPICZaA vector (Invitrogen). The underlined regions in
AtPAO1for4 and AtPAO1Irev4 oligonucleotides indicate Xhol and Xbal sites,
respectively. In particular, the AtPAO1for4 and AtPAOIrev4 primers were
designed to clone the AtPAO1 cDNA flush with the Kex2 cleavage and to
insert, at the 3’ terminus of AtPAO1 cDNA, a 6-His-tag sequence prior to the
stop codon. The PCR product was purified using the QIAquick gel extraction
kit (Qiagen) and cloned in the pGEM-T Easy vector (Promega) yielding the
AtPAO1-pGEMT-I construct. Sequence analysis of this plasmid revealed two
nonconservative mutations at positions 315 and 1,351, which have been
corrected through two cycles of site-directed mutagenesis using the Quik-
Change site-directed mutagenesis kit (Stratagene), thus obtaining the plasmid
AtPAO1-pGEMT-III. Subsequently, the correct AtPAO1 cDNA was excised
from plasmid AtPAO1-pGEMT-III by digestion with restriction enzymes Xhol
and Xbal and ligated into the corresponding sites of the pPICZaA vector to
give the AtPAO1-pPIC plasmid. This construct was then linearized with Sacl
and used to transform P. pastoris strain X-33 according to the Pichia EasyComp
kit (Invitrogen). Transformants were plated onto YPDS medium (Invitrogen)
and selected on 100 ug mL™" zeocin.

Expression of AtPAO1 in P. pastoris

Expression in shake flasks was performed following the instructions of the
EasySelect Pichia expression kit (Invitrogen) and as described by Polticelli
et al. (2005). Aliquots of the culture were sampled each day to determine
expression levels both in the culture medium and the cellular extracts.

Expression of AtPAO1 in Escherichia coli

The pET17b vector (Novagen) was used to construct an AtPAO1 prokary-
otic expression system. To clone AtPAO1 cDNA between restriction sites Ndel
and Xhol of this vector, AtPAO1 cDNA was amplified using the AtPAO1-
pGEMT-III plasmid as a template and the sequence-specific oligonucleotides
AtPAOTfor6 (5'-GTGTATCTCATATGTCTACCGCCTCCGTCATCATCATTGG-3")/
AtPAOIrev6 (5'-CGGATGCCTCGAGCTAATGATGATGATGATGATGGCTT-
GTGC-3'). The underlined regions in oligonucleotides AtPAOIfor6 and
AtPAO1rev6 indicate Ndel and Xhol sites, respectively. The AtPAOTrev6 primer
was designed to insert, at the 3’ terminus of AtPAO1 cDNA, a 6-His-tag cod-
ing sequence prior to the stop codon of the AtPAO1 cDNA. The amplified
AtPAO1 cDNA was subcloned into the pGEM-T Easy vector, sequenced, and
then cloned in the pET17b plasmid yielding the construct AtPAO1-pET17b.
This plasmid was then used to transform E. coli BL21 (DE3) cells.

Growth of Transformed Bacteria and Expression
of Recombinant Protein

A single colony of E. coli BL21 (DE3) cells transformed with the plasmid
AtPAO1-pET17b was inoculated into Luria-Bertani broth containing 100 ug
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mL ™" ampicillin for overnight growth at 30°C to an Ay, value of 0.7 to 1.0.
IPTG was added to the culture to a final concentration 0.4 mM to induce
recombinant protein expression. The culture was incubated at 25°C or at 30°C
for various time intervals (for time-course studies) or directly for 5 h (for
recombinant protein purification). The culture was centrifuged at 3,000¢ and
the cell paste was used to determine expression levels and/or to purify the
recombinant protein. To determine total expression levels by western-blot
analysis, the cell paste was resuspended in loading buffer for SDS-PAGE
analysis and lysed by boiling (total bacterial extracts). To determine recom-
binant protein accumulation in the soluble protein fraction, the cell paste was
resuspended in 50 mm Tris-HCl, 0.5 m NaCl, pH 8.0, and disrupted by
sonication. After centrifugation at 13,000¢ for 30 min at 4°C, the cleared
supernatant, containing only the soluble proteins, was analyzed for recom-
binant protein accumulation by immunoblotting and/or enzyme activity
assays. The remaining pellet was extensively washed with 50 mm Tris-HCl,
0.5 M NaCl, pH 8.0, by three to four cycles of sonication/centrifugation to
eliminate the whole amount of the soluble recombinant protein and resus-
pended in SDS-PAGE loading buffer to determine recombinant protein
accumulation in inclusion bodies.

Purification of Recombinant AtPAO1

Purification of recombinant AtPAO1 was carried out by affinity chroma-
tography using guazatine (a good competitive PAO inhibitor; Federico et al.,
2001; Cona et al.,, 2004; Bianchi et al., 2006) bound on CNBr-activated
Sepharose 4B (Amersham Biosciences). The E. coli cell paste was resuspended
in 0.05 culture volumes of 50 mm Tris-HCI, 0.5 M NaCl, pH 8.0, and disrupted
by sonication. After centrifugation at 13,000¢ for 30 min at 4°C, the clear
supernatant was applied to the guazatine-Sepharose 4B resin. After binding,
the column was washed with 50 mwm Tris-HCI, 0.5 M NaCl, pH 8.0, and with
50 mm Tris-HCI, pH 7.0. The recombinant AtPAO1 was eluted with 50 mm
1,12-diaminododecane in 50 mwm Tris-HCI, pH 7.0, and immediately dialyzed
against 50 mm Tris-HCl, pH 8.0, using centrifugal filter devices (Millipore).

Preparation of Guazatine-Sepharose 4B Resin

CNBr-activated Sepharose 4B was treated with 1 mm HCI, equilibrated in
100 mm NaHCO,, 0.5 M NaCl, pH 8.3 (binding buffer), and then incubated
with guazatine (7 mg mL ™" of resin) under slow agitation at 4°C for 16 h. The
resin was washed with 10 volumes of binding buffer and incubated with
100 mm Tris-HCI, pH 8.0, at 4°C for 16 h to inactivate the excess of CNBr
groups. The resin was washed with three cycles of alternating pH, each cycle
consisting of a wash with 100 mm sodium acetate, 0.5 M NaCl, pH 4.0, and a
wash with 100 mm Tris-HCl, 0.5 M NaCl, pH 8.0. Finally, the resin was
equilibrated in 50 mMm sodium phosphate buffer at pH 8.0 and stored at 4°C.

Determination of AtPAO1 Catalytic Parameters

The catalytic parameters (K, and k) for the oxidation of Spm,
N'-acetyl-Spm, and Nor-Spm by E. coli-expressed recombinant AtPAO1 were
determined from purified protein by following spectrophotometrically the
formation of a pink adduct (55 = 2.6 X 10°M ' cm "), as a result of oxidation
of 4-aminoantipyrine and 3,5-dichloro-2-hydroxybenzesulfonic acid catalyzed
by horseradish peroxidase in 100 mm Tris-HCl buffer, pH 8.0, at 25°C (Holt
and Baker, 1995). One unit of enzyme represents the amount of enzyme cata-
lyzing the oxidation of 1 umol of substrate/min. k., values were calculated
using saturating concentrations of amine substrates (4 mm) and keeping O,
concentration constant at the air-saturated level (apparent k_,,). K, values for
recombinant AtPAO1 for Spm, Nor-Spm, and N'-acetyl-Spm were determined
from Michaelis-Menten plots using 7 X 102 units of enzyme, a constant O,
concentration at the air-saturated level, and amine substrate concentrations
varying between 50 and 400 uM for Spm and N'-acetyl-Spm and between 10
and 100 um for Nor-Spm (apparent K, ). Nonlinear least-squares fitting of data
was performed using Graphpad Prism software. K; studies were performed
using Spm as a substrate in 100 mm Tris-HCl, pH 8.0, with guazatine,
N-prenylagmatine, 1,8-diaminooctane, Spd, N,Nl—bis(Z,3—butadieny1)-1,4-bu—
tanediamine (MDL72527), and agmatine as inhibitors and in 100 mm Tris-HCI,
pH 7.0, with 1,12-diaminododecane as inhibitor (this substance is scarcely
soluble at pH 8.0). K; values were determined from the plot of Ki¥ as a
function of inhibitor concentration and from the Dixon plot (Dixon, 1953)
using Graphpad Prism software.
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Studies of the pH dependence of recombinant AtPAO1 activity were
conducted in 100 mm Tris-HCl buffer (for pH range 7.0-9.5) or in 100 mm
sodium phosphate buffer (for pH range 5.0-7.5) at 25°C using O, concentra-
tion at the air-saturated level and 4 mm of amine substrate. Best fit of the
experimental data was carried out by the steepest descent method, using an
equation to simulate a 2-pK dissociation equilibrium (Eq. 1):

A= Ana(=%pKi ([H')/ (K +[H']) + %pKo(H')/ (K +H'])) (1)

where A is the catalytic activity of the enzyme, A, is the maximal catalytic
activity, K; and K, are the equilibrium dissociation constants, %pK; and %pK,
are the relative contributions of each pK to the activity curve, and %pK; +
%pK, = 1.

SDS-PAGE and Western-Blot Analysis

SDS-PAGE was made according to the method of Laemmli (1970)
and western-blot analysis was performed utilizing a mouse anti-6-His mon-
oclonal antibody (Sigma-Aldrich-Fluka). An anti-mouse antibody coupled to
horseradish peroxidase (Amersham Biosciences) was used as the secondary
antibody and the detection of the labeled proteins was done with a chemi-
luminescence kit (Boehringer Mannheim).

Analysis of Polyamine Products of Spm and Nor-Spm
Oxidation by Recombinant AtPAO1

A reaction mixture of 2 mL in 100 mm Tris-HCI, pH 8.0, containing purified
recombinant AtPAOL1 at 1 nm final concentration and either 0.15 mm Spm or
0.25 mm Nor-Spm was prepared. Aliquots of 100 uL of the reaction mixture were
removed at various time intervals and analyzed for polyamine content after
addition of an equal volume of 5% (w/v) perchloric acid containing 0.12 mm
1,6-diaminohexane (Dah) as an internal standard. A reference solution contain-
ing Dap, Put, Spd, Nor-Spm, and Spm was also prepared and treated as above to
establish retention times and signal intensities for each compound and the
internal standard during the following HPLC analysis. Polyamines were quan-
tified after derivatization with dansyl chloride according to Smith and Davies
(1985) with minor modifications. Dansylated polyamines were separated by
HPLC (Spectra System P 2000; Thermo Finnigan) on a reverse-phase C18 column
(Spherisorb S5 ODS2, 5-um particle diameter, 4.6 X 250 mm) using a discon-
tinued methanol to water gradient (40%—60% methanol in 2 min, 60%-95%
methanolin 20 min, 95%-100% in 2.5 min, 100% for 1.5 min, 100%-40% in 6 min at
aflow rate of 1.5 mL min ). Eluted peaks were detected by a spectrofluorometer
(Spectra System FL 3000; excitation 365 nm, emission 510 nm), recorded, and
integrated by an attached computer using Thermo Finnigan Chrom-Card 32-bit
software. The retention times are as follows: Dap, 16.1 min; Put, 16.6 min; Dah,
18.1 min; Spd, 21.3 min; Nor-Spm, 24.1 min; and Spm, 24.4 min.

DNA Sequencing

DNA sequencing was performed on double-stranded plasmid DNA using
the automated fluorescent dye terminator technique (ABI model 373A; Perkin-
Elmer).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NM_121373, AF364952, AY143905,
AF364953, AK118203, XP_470573, XP_450669, XP_450667, and AB200262.
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