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ABSTRACT

Le poliammino ossidasi (PAO) sono enzimi FAD-dipemnti che ossidano
le poliammine spermina (Spm) e spermidina (Spd) ®m derivati acetilati a
livello del gruppo amminico secondario. L'identithimica dei prodotti di
reazione delle PAO dipende dall'origine dell’enzimaiflette la modalita di
ossidazione del substrato. In particolare, le PAf@senti nelle piante
monocotiledoni, come la PAO di mais (ZmPAOQO), oss@#atomo di carbonio
interno adiacente al gruppo amminico secondariadghm e della Spd, con
produzione di 1,3-diamminopropano (Dap), perossitioidrogeno e di
un’amminoaldeide ed in tale maniera partecipanouad via catabolica
terminale delle poliammine. Le PAO animali e le repiea ossidasi (SMO)
ossidano, invece, I'atomo di carbonio esterno aite al gruppo amminico
secondario della Spd o della Spm (o dei loro dérigeetilati) producendo
rispettivamente putrescina (Put) o Spd, un’ammiheide e perossido di
idrogeno ed in tale maniera sono coinvolte in uiaadv interconversione delle
poliammine.

In Arabidopsis thalianasono stati identificati cinque geni codificangrp
PAO putative: IAt5g13700(AtPAOY), I'At2g43020(AtPAO2, I'At3g59050
(AtPAO3J, I'At1g65840 (AtPAOY, e I'At4g29720 (AtPAOCS. L'AtPAOL e
'AtPAO5 presentano un’omologia di sequenza conZ@aPAO (la PAO
vegetale maggiormente caratterizzata ed aventdéogalizzazione apoplastica)
rispettivamente del 23% e del 25% ed una probabdalizzazione citosolica.
L'AtPAO2, 'AtPAO3 e I'AtPAO4 presentano un’'omolagicon la ZmPAO del
23%, un’'omologia fra loro che varia tra il 58% 83% ed una localizzazione
perossisomale. Recentemente, € stato dimostraté ARAOL € in grado di
ossidare la Spm, ma non la Spd e che & coinvoltaanvia di interconversione
delle poliammine in maniera simile a alle PAO ariraaalle SMO.

Nel presente lavoro di tesi, & stato effettuato shalio sulle proprieta
biochimiche delle proteine ricombinanti AtPAO2 ePAO4 in seguito alla loro
espressione eterologa HEscherichia coli Tale studio ha dimostrato che le
proteine ricombinanti AtPAO2 e AtPAO4 sono attiva aonfronti della Spm e
della Spd e che producono Spd dall’ossidazione adeflpm e Put
dall'ossidazione della Spd. Questi dati indicaninduche queste due AtPAO
hanno una modalita di ossidazione del substratdesaquella del’AtPAOL e
delle PAO e SMO animali e che sono coinvolte in vigadi interconversione
delle poliammine. L’esistenza di una via di intercersione delle poliammine
in A. thalianae stata dimostrata anchrevivo. Infatti, durante I'incubazione di
protoplasti ottenuti da foglie di. thalianacon Spd o Spm radioattiva & stato
osservato un aumento della quantita di Put o Sgdatiiva. Tale aumento
risulta fortemente inibito in presenza di guazatma inibitore specifico delle
PAO.



Nel presente lavoro, € stato dimostrato anche el@dteine ricombinanti
AtPAO1L, AtPAO2 e AtPAO4 sono in grado di ossidagepbliammine non
comuni termospermina (Termo-Spm) e norspermina-®mn), che sono state
associate alla tolleranza agli stress. In partiegl@ stato dimostrato queste
poliammine non comuni sono per I'AtPAO1 dei sultstnaigliori rispetto alla
Spm facendo ipotizzare che potrebbero essere i substrati fisiologici.
Questo dato & di fondamentale importanza se siidenasche recentemente &
stato identificato un gen@ACAULISY codificante per una proteina capace di
sintetizzare la Termo-Spm dalla Spd e che piante thalianache presentano
una mutazione in questo gerazdulis5)mostrano dei difetti nell’allungamento
dello stelo.

In A. thaliana sono presenti altri quattro geni:At1g62830 (AtLSD1),
I'At3g13682 (AtLSD2)I' At3g10390 (AtLSD3E I'At4g16310 (AtLSD@che
codificano per proteine aventi un dominio ammineidasico. Queste proteine
presentano anche un dominio SWIRM, che & generddmpresente nei
complessi coinvolti nelle modificazioni della crotin@, ed hanno un’omologia
di sequenza con la proteina umana HsLSD1 (KIAAQ6fHg varia dal 26 al
30%. E stato dimostrato che I'HsLSD1, che ha glsst domini funzionali delle
AtLSD, catalizza la demetilazione ossidativa dsithe H3 mono o dimetilato
sulla lisina 4 e fa parte di complessi multiprotémportanti nella regolazione
dell'espressione genica.

Nel presente lavoro, in seguito ad espression®lets inE. coli & stata
effettuata una parziale caratterizzazione biochamilella proteina AtLSD1,
scelta come membro rappresentativo di questa famggnica, ed é stato
dimostrato che questo enzima vegetale ha un’attiiston-demetilasica e
presenta la stessa specificita di substrato dellaspondente proteina umana.
Inoltre, dall'analisi del modello della strutturedimensionale dell’AtLSD1,
eseguito sulla base del cristallo del’HsLSD1, sultato un’elevato grado di
conservazione delle strutture secondarie del’HsL®@lei residui facenti parte
del sito catalitico e sono emerse alcune imporidifférenze che suggeriscono
che ipartnersmolecolari dell’AtLSD1 possano essere differemiquelli della
proteina ortologa umana. Per effettuare un’andbsiprofilo di espressione dei
geniAtLSD sono stati condotti degli esperimenti di RT-PGRquali € emerso
che i livelli di espressione di tali geni risultasomili nei vari organi testati.
Inoltre, allo scopo di approfondire l'analisi delrofilo di espressione
dell’AtLSD], il promotore di tale gene é stato amplificatontite PCR dal
DNA totale estratto da foglie di. thalianaed & stato clonato in un vettore per
I'espressione in pianta, mediata Agrobacterium tumefaciens monte della
sequenza codificante per ¢meen-fluorescent protei(GFP) in fusione con la
B-glucuronidasi GUS. In questo modo & stato ottenuto un costruttoS&ilL
prom::GFP-GUS. Per individuare i geni regolati @dllSD1 tramite analisi
microarray ed esperimenti di immunoprecipitazioralad cromatina € stato
preparato un costrutto per la sovraespression8AteiD1 in A. thaliana In
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particolare, la regione codificante peatl.SD1¢é stata amplificata tramite PCR
utilizzandoprimers sequenza-specifici disegnati in modo tale da ptemme il
clonaggio in un vettore che guidi la sovraespressitelle proteine in pianta e
per aggiungere all'estremita 3' una coda di 6 is&d che faciliti
l'individuazione della proteina. Per isolare i cdegsi nei quali la proteina
AtLSD1 é eventualmente coinvolta attraverso crogpafia di affinita, & stato
preparato anche un costrutto per la sovraespressielta proteina in fusione
con una coda FLAG-HA. Tutti i plasmidi ricombinastno stati utilizzati per
trasformare il ceppo GV301 @i. tumefaciengd i batteri trasformati sono stati
al loro volta utilizzati per trasformare piante Ali thaliana Per determinare i
ruoli fisiologici svolti dalle AtLSD, mutanti inseionali per ognuno dei quattro
geni (Atlsdl, Atlsd2, Atlsd8 Atlsd4 sono stati ottenuti da banche di semAdi
thaliana e sono stati analizzati. In particolare, per conére la presenza
dellinserzione del T-DNA e per identificare le pta mutanti omozigoti per
l'inserzione € stata effettuata un’analisi tranft€R del DNA totale estratto
dalle piante mutanti. In seguito, € stata eseguit@nalisi dettagliata del
fenotipo dei mutantiAtisd che ha evidenziato un fenotipo nel mutaAtésd3
caratterizzato da un ritardo nella fioritura.

Polyamine oxidases (PAOs) are FAD-dependent enzyvhah oxidize the
polyamines spermine (Spm) and spermidine (Spd)oantlleir acetylated
derivatives at the secondary amino group. The otenidentity of PAO
reaction products depends on the enzyme sourcereflatts the mode of
substrate oxidation. In particular, PAOs from mastgtedonous plants, such as
maize PAO (ZmPAO), oxidize the carbon on thedcside of the secondary
amino group of Spm and Spd producing 1,3-diaminpgne (Dap), kD, and
an aminoaldehyde, and are considered involvedé@nnainal catabolic pathway
of polyamines. Conversely, animal PAOs and spernomr@ases (SMOS)
oxidize the carbon on thexoside of the secondary amino group of Spd or Spm
(or their acetylated derivatives) producing putmes¢Put) or Spd, respectively,
in addition to an aminoaldehyde and@4, and are considered involved in a
polyamine back-conversion pathway.

In Arabidopsis thalianafive putative PAO genes have been identified:
At5g13700(AtPAOD), At2g43020(AtPAO2, At3g59050(AtPAO3J, At1g65840
(AtPAOY, At4g29720 (AtPAOYH. AtPAOLl and AtPAO5 have a sequence
homology of 45% and 25%, respectively, with ZmPAe(so far best
characterized plant PAO which has an apoplastialization) and a predicted
cytosolic localization. AtPAO2, AtPAO3 and AtPAO4splay an homology of
about 23% with ZmPAO, an homology of 58-85% to eaxther and a
peroxisomal localization. Recently, AtPAO1 has bsbopwn to oxidize only



Spm and not Spd and to be involved in a polyamenekizonversion pathway
similarly to the animal PAOs/SMOs.

In the present work, a study on the biochemicaperties of recombinant
AtPAO2 and AtPAO4 expressed lscherichia coliwas performed. This study
demonstrated that recombinant AtPAO2 and AtPAO4aateve towards both
Spd and Spm and that produce Spd from Spm andr®ut $pd. These data
indicate that these two AtPAQ®mve a mode of substrate oxidation similar to
that of AtPAO1 and animal PAOs/SMOs and thus thay tare also involved in
a polyamine back-conversion pathway. The existavfca polyamine back-
conversion pathway iA. thalianahas been demonstrated aisovivo. Indeed,
incubation ofA. thalianaprotoplasts with radiolabelled Spd or Spm resuited
the accumulation of radiolabelled Put or Spd, reSpely, which was strongly
reduced in the presence of the PAO-specific inbitguazatine.

In the present work, it was also shown that recoinfti AtPAO1, AtPAO2
and AtPAO4 are able to oxidize the stress relatedonmon polyamines
thermospermine (Thermo-Spm) and norspermine (NomSpn particular, it
was shown that these uncommon polyamines are lseftstrates than Spm for
AtPAOL1, suggesting that these polyamines may beliysiological substrates
of this enzyme. This is of great importance conside that a gene
(ACAULISY encoding for a protein able to synthesize TheB8pm from Spd
has been recently characterizedAin thaliana and theacaulis5 Arabidopsis
mutant presents defects in stem elongation.

In A. thaliana, four more genes have been also identifidtllg62830
(AtLSDJ), At3gl3682(AtLSD2, At3g10390(AtLSD3, At4gl6310(AtLSDY
encoding for proteingith an amine oxidase domain. These proteins Hearaa
SWIRM domain, which is usually present in chromatiadifying complexes,
and display a 26-30% sequence homology with humslitSB1 (KIAA0601).
HsLSD1, which has the same functional domains edatr AtLSDs, has been
shown to catalyse the oxidative demethylation ohaicor dimethylated lysine
4 of histone H3 and to participate in multiproteiomplexes important in the
regulation of gene expression.

In this work, partial biochemical characterizatiohAtLSD1, chosen as a
representative member of this gene family, follayviexpression irk. coli
demonstrated that this plant enzyme has a demsthgetivity with the same
substrate specificity as the corresponding humanrepr. Modeling of the
AtLSD1 three-dimensional structure, using the HsLSE@rystal structure,
evidenced a high degree of conservation of the B4LSecondary structures
and of the residues building up the catalytic sitet also some important
differences which suggest that the AtLSD1 molecylartners are probably
different from those of the human orthologue. Talgse the expression
pattern ofAtLSDs RT-PCR experiments were performed which showatl th
the AtLSD1 AtLSD2 AtLSD3and AtLSD4 transcripts are present at similar
levels in all organs tested. With the aim to go pdgeinto the AtLSD1
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expression pattern, thé&tLSD1 promoter was amplified by PCR from
Arabidopsis total DNA and cloned in akgrobacterium tumefaciedzased
plant expression vector upstream of the sequencedary green-fluorescent
protein GFP) in fusion withp-glucuronidase®US). In this way, an AtLSD1
prom::GFP-GUS construct was obtained. Furthermmradentify the genes
regulated by AtLSD1 through microarray analysis arwhromatin
immunoprecipitation experiments, a construct fotL2D1 overexpression in
A. thalianawas prepared. Indeed, the coding regioAthiSD1was amplified
by PCR using sequence specific primers designedimy to allowAtLSD1
cDNA cloning through the Gateway technology in atee which guides
overexpression of proteins in plasmdto add at the '3terminus of cDNA a
sequence encoding for a 6-His tag to facilitateect&tn. To isolate the
complexes in which AtLSD1 is eventually involveddhgh a two-step affinity
chromatography, a construct for AtLSD1 overexpissin A. thalianain
fusion with a FLAG-HA tag was also prepared. Ak trecombinant plasmids
were used to transform the tumefacien$sV301 strain and the transformed
bacteria were in turn used to transfoAmthalianaplants. To determine the
physiological roles of AtLSDs, insertional knocktauutants for each one of
the four AtLSD genes(Atlsdl, Atlsd2, Atlsd3and Atlsd4 mutants) were
obtained fromA. thaliana seed banks and analyzed. In particular, PCR
analysis of total DNA from mutant seedlings wasfg@ened to confirm the
presence of T-DNA insertion and to identify the liaygous mutant plants for
this insertion. Detailed phenotypic analysis of thilsd mutants was also
performed which evidenced a delayed flowering plhgreforAtlsd3mutant.



1. INTRODUCTION

1.1 Polyamines and polyamine oxidases

1.1.1General characteristics of polyamines

Polyamines are aliphatic polycations of low molecuhass that are found
ubiquitously in all living organisms. The most commpolyamines are the
diamine putrescine (Put), the tri-amine spermidipd), and the tetra-amine
spermine (Spm) (Galston and Sawhney, 1990) (FignInature, there are also
uncommon polyamines, such as 1,3-diaminopropane)(2adaverine (Cad),
norspermidine (Nor-Spd), norspermine (Nor-Spm) atifeermospermine
(Thermo-Spm) (Fig. 1). Nor-Spd, Nor-Spm and The®pon, which are
abundant in the extreme thermophilic bacteriihermus thermophilyshave
also been detected in other bacteria, algae, fargimals and higher plants
(Cohen, 1998). In particular, in the latter, NodSand Nor-Spm have been
found in drought-tolerant cultivars dfledicago sativa Land in heat-tolerant
cotton species (Rodriguez-Garetyal., 1989; Kuehretal., 1990).

Plant polyamines often occur in free soluble fottewever, they can be
also conjugated to low molecular mass moleculesh s hydroxycinnamic
acid, by the formation of an amide linkage or botmdhacromolecules such as
proteins (Martin-Tanguy, 1997).

Common polyamines

NH2-(CH2)4-NH; Putrescine
NH2-(CH2)3-NH-(CH2)4-NH2 Spefmldlne
NH2-(CH2)3-NH-(CH2)4-NH-(CH2)3'NH2 Spefmine

Uncommon polyamines

NH2-(CH2)s-NH; 1,3-diaminopropane
NH2-(CH2)s-NH» Cadaverine
NH2-(CH3)3-NH-(CH2)s-NH, Nor sper midine
NH2-(CH3)s-NH-(CH2)s-NH-(CH2)s-NH, Nor spermine
NH2-(CH2)4-NH-(CH2)s-NH-(CH2)s-NH, Ther mospermine

Fig. 1. Structuresof common and uncommon polyamines



1.1.2 Physiological roles of polyamines

Polyamines are positively charged at physiologjaidl and this property
allows them to interact with negatively charged roamlecules, such as DNA,
RNA, proteins and phospholipids. In this way, pohtyaes are involved in the
regulation of physical and chemical properties @mbranes, stabilization of
nucleic acid structure and modulation of enzymeividigts (Galston and
Sawhney, 1990). They are also known to protect Db/ damage caused by
alkylating reagents, reactive oxygen species (RO8)-rays (Haetal., 1998;
Mackintosh and Pegg, 2000).

Polyamines are also involved in cell cycle progssindeed, polyamine
concentration vary during cell cycle. In particulRut level increases during S
e G2 phases, that of Spd during the entire cyaiethat of Spm mainly during
G1 and S phases (Thomas and Thomas, 2001). Itdmsduggested that Put is
essential for the cell to enter S-phase, possibiynd) the cell through the G1
restriction point prior to DNA synthesis and by ttegulation of cyclin D1
(Wallaceetal., 2003).

Polyamines are also considered to be essentialcédr growth and
differentiation (Cohen, 1998; Igarashi and KashiwaZp00; Thomas and
Thomas, 2001; Hanfregt al., 2001). Inhibition of Spd synthesis, through
deletion of enzymes involved in polyamine biosysibeis lethal at very early
embryonic stages in mice (Wamg al., 2004a) and leads to lethal defect in
embryo development iArabidopsis thalianglants (Imaiet al., 2004; Urano
et al., 2005). These data suggest an important rolepof f&r viability of
eukaryotic cells probably because it is a precusdaihe unusual amino acid
hypusine which in turn is involved in posttrangdatl modification of the
eukaryotic translational initiation factor 5A (elkb(Park, 2006).

On the other hand, polyamines are also involveagaoptotic cell death.
Indeed, several studies suggest that higher orrigyeéyamine levels with
respect to the physiological levels are implicatedapoptosis. Infact, it has
been shown that an excessive production of polyasnian cause apoptosis, at
least in some cell systems (Schippeal., 2000). On the contrary, inhibitors of
Spm biosynthetic enzymes have been shown to indpoptosis in different
cell lines. Data also exist suggesting a proteatle of Spm against apoptosis
(Kanekoetal., 1998; Hashimotet al., 1999; Schippeet al., 2000; Seiler and
Raul, 2005). In particular, it has been demondtrdteat Spm prevents an
increase in caspase 3 activity which generally gules apoptosis. Other
mechanisms that could be on the basis of the pgrateeffect of Spm are
inhibition of endonucleases, stabilization of DNAdaprotection of DNA
against oxidative stresses (Schipetail., 2000; Seiler and Raul, 2005).

In plants, polyamines have been suggested to pigyoitant roles in
morphogenesis, growth, embryogenesis, organ dewelop and leaf
senescence (Kumat al., 1997; Walderet al., 1997; Malmberget al., 1998;
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Liu et al., 2000; Kusaneet al., 2007a). In general, cells undergoing division
contain high levels of free polyamines while cellsdergoing expansion and
elongation contain low levels of free polyaminesl&on and Sawhney, 1995).

In higher plants, polyamines are also implicatedrdaponses to various
types of abiotic stress (Bouchereztal., 1999; Alcazaetal., 2006; Kusanet
al., 2007b; Groppa and Benavides, 2008). In Arabioplants, K deficiency
induces an increase in Put accumulation and sestrdies have established a
specific role of Put in maintaining a cation-anibalance in plant tissues
(Boucheratet al., 1999). Furthermore, iA. thaliang the expression levels of
various enzymes involved in polyamine biosynthes®s increased following
dehydration and cold stress (Pérez-Amaeial., 2002; Urancet al., 2003;
Alcazaretal., 2006; Hummekt al., 2004; Vergnolleet al., 2005). In addition,
different studies reported increase in Spd levewater-stressed and cold-
tolerant tissues, indicating the stress-specifie od this polyamine (Hetal.,
2002; Nayyaret al., 2005). Salinity causes a significant increaseésjul and
Spm levels and a decrease in Put level almostliplaht species studied.
Furthermore, cellular alterations induced by sodalmoride treatment in wheat
roots can be alleviated by exogenous Spd or SpmgMa and Al-Mutawa,
1999). These results would indicate a role for $pd Spm in protecting
plasma membrane under salinity and, thus, enhansaig tolerance. The
protective role of Spd and Spm in plant responsesbiotic stresses was also
demonstrated using transgenic plants overexpregsafgamine biosynthetic
genes (Kasukabet al., 2004; Kasukabest al., 2006) and loss-of-function
mutant plants. In particular, enhancement of Spdh®sis inA. thalianavia a
transgenic approach confers multi-stress toleramze Arabidopsisacl5/spms
mutant plants, which are unable to produce Spmhwgpersensitive to salt and
drought stresses. Arabidopsis|5/spmsmutant plants are also €adeficient
and lose more water compared to control plants, tdue failure of stomatal
closure upon onset of drought (Yamaguehial., 2006; Yamagucheét al.,
2007). These results suggest that the absencenoh®y cause deregulation of
c&” trafficking, resulting in a lack of proper adajmat to high sodium
chloride or drought stresses (Kusagtal. 2007a; Kusanet al., 2007b). It is
plausible that one of the tasks of stress-induadgamines is to modulate the
activity of a certain set of ion channels to admptic fluxes in response to
environmental changes (Shabatal., 2007; Zhaetal., 2007).

In plants, polyamines are also involved in plarthpgen interactions, both
incompatible and compatible ones (Walters, 2003)ing the hypersensitive
response (HR), which follows an incompatible plpathogen interaction and
which consists in rapid ¥, production and cell death at the site of pathogen
entry, an enhanced polyamine synthesis and an agt@paccumulation of Spm
were reported (Torrigiaretal., 1997; Marinietal., 2001). Apolastic Spm may
directly affect cation channel(s) and/or be cataledl to produce KD,.
Changes in KIC&" trafficking and the generation of ,8, can lead to
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mithocondrial malfunction and cell death (Takahastal., 2003; Amirsadeghi
etal., 2007; Kusanetal., 2007a).

Changes in polyamine metabolism were reported digsing compatible
plant-pathogen interactions. In particular, incesagolyamine concentrations
were found in green islands which are formed oreaepr barley leaves
infected by biotrophic fungal pathogens, like rumtd powdery mildew
(Walters, 2000). Green islands surround the indectites and are thought to
represent regions in which a juvenile condition nmintained to ensure
absorption of nutrients by the pathogen (Walte®89). It was suggested that
the increased polyamine concentration in infece@al or barley leaves might
be related to green island formation (Walters, 2003

1.1.3 Polyamine biosynthesis

Intracellular polyamines pools appear to be samitiregulated by various
homeostatic processes that include pathways foyapthe biosynthesis,
catabolism, and transport across the cell membiaadiaceetal., 2003).

In plants, two alternative polyamine biosynthetiathways are present
(Bagni and Tassoni, 2001; L&t al., 2007). In particular, the diamine Put can
be synthesized, starting either from arginine (Atgyough the arginine
decarboxylase(ADC) pathway or from ornithine through the ornitbi
decarboxylase (ODC) pathway (Fig. 2). In the ADGhpay, the Arg is first
decarboxylated by ADC to form agmatine which issaduently converted to
Put by the combined action of agmatine iminohydselaand N-
carbamoylputrescine amidohydrolase. In the ODC weayh Put is the direct
product of ornithine decarboxylation by the actmnODC. Spd and Spm are
formed by the subsequent addition of an aminoprgpylip onto Put and Spd,
respectively, in reactions catalysed by the enzyrspermidine synthase
(SPDS) and spermine synthase (SPMS). The aminopgopyp is transferred
from the decarboxylate@&-adenosylmethionine (dcSAM), which in turn is
synthesized from methionine in two sequential feast catalyzed by
methionine adenosyltransferase ar®&adenosylmethionine decarboxylase
(SAMDC), respectively (Fig. 2).

In A. thaliang the ODC pathway seems to be absent since none geb€
has been identified in the sequenced genome ofptlaist (Hanfreyet al.,
2001), whereas all other polyamine biosyntheticegemave been assignedAn
thaliana genome. In detail, there are twdDC genes ADC1 and ADC2)
(Watson and Malmberg, 1996; Watsetal., 1997), twoSPDSgenes $PDS1
andSPDS2 (Hanzaweet al., 2002), oneSPMSgene (Panicogtal., 2002; Clay
and Nelson, 2005) and at least faBAMDC genes $AMDC]1 SAMDC2
SAMDC3andSAMDC$ (Uranoetal., 2003; Geetal., 2006). Recently, a gene
(ACAULIS50r ACL5) encoding for an enzyme able to produce Thermo-Spm
from Spd has been reported (Knatt al., 2007). Furthermore, a loss-of-
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function mutation orACL5leads to defects in stem elongation (Hanzaval.,
1997) and in vascular development (Clay and Nel2605). Daily application
of Thermo-Spm onto the shoot apex partially resdieddwarf phenotype of
acl5 mutant (Kakehetal., 2008).

In bacteria, both the ADC and the ODC pathwayspaesent. However, in
this case Put can be also synthesized directly fagmatine by agmatinase.
Furthermore, in bacteria f®PMSgene is present thus Spm is not synthesized
(Worthamet al., 2007) (Fig. 2). In animals, Put is prevalentythesized by
the ODC pathway, the ADC pathway being just a mipathway in specific
mammalian tissues (Gilagtal., 1996) (Fig. 2).

Arginase
L-Arginine L-Ornithine
Arginine /\
decarboxylase Ko b
Ornithine
o W decarboxylase
Agmatine
Agmatine \‘co,
iminohydrolase
Methionine
NH Agmatinase v
- Mg-ATP~_J Methionine
N-carbamoyl- > Putrescme| NP, adenosyltransferase
putrescine Mcarbarr;oyl— \ S
L ot PR ::z_ S-adenosyl-methionine
s Methyithio- S-adenosylmethioni
ylmethionine
Sp:;:l'nhdalgg adenosine decarboxylase
W co,
Spermidine Decarboxylated
S-adenosyimethionine
Spermine
th Methylthio-
synthase 24 e
\ 4
Spermine

Fig. 2. Polyamine biosynthetic pathways. Plant pathway is indicated by green bold arrowseB
and red arrows indicate bacterial and animal pageywespectively. Figure taken from Kusaeto
al., 2008.
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1.1.4 Polyamine catabolism

Polyamines are catabolized by the action of twesda of amine oxidases, the
copper-containing amine oxidases (CuAOs) and th®-B&pendent amine
oxidases (PAOs) (Coretal., 2006).

CuAOs oxidize Put at the primary amino group pradgcl-aminobutanal,
H,O, and ammonia (Cohen, 1998) (Fig. 3). 4-Aminobutamsktlizes
spontaneously to yield'-pyrroline that can be further oxidized to fory
aminobutyric acid (GABA). GABA is subsequently tsaminated and oxidized
to succinic acid, which is incorporated into theeKss cycle, thus ensuring the
recycling of carbon and nitrogen from Put (Cenal., 2006) (Fig. 3).

PAOs catalyze the oxidation of Spm, Spd, and/orir trexetylated
derivatives at the secondary amino group (Federmb Angelini, 1991; Wang
etal., 2001; Wuetal., 2003; Conatal., 2006). The chemical identity of PAO
reaction products depends on the enzyme sourcereflatts the mode of
substrate oxidation. The until now characterized®BArom monocotyledonous
plants oxidize the carbon on teadoside of the K-nitrogen of Spd and Spm,
producing 4-aminobutanal and N-(3-aminopropyl)-direohutanal,
respectively, in addition to Dap and®} (Conaet al., 2006) (Fig. 3). Animal
PAOs and yeastSaccharomyces cerevisjagpermine oxidase (Fms1l) oxidize
the carbon on thexoside of N-nitrogen of N-acetyl-Spm and Nacetyl-Spd
to produce Spd and Put, respectively, in additmr34acetamidopropanal and
H,O, (Landry and Sternglanz, 2003; Vujatal., 2003; Wuet al., 2003) (Fig.
3). In this catabolic pathway, polyamine acetylatis catalyzed by the tightly
regulated Spd/Spm 'Nacetyltransferase (SSAT), which is the rate-lingti
factor (Wallaceetal., 2003). Animal spermine oxidases (SMOs) and Fatsd
oxidize the carbon on thexoside of N-nitrogen of Spm to produce Spd, 3-
aminopropanal, and 4, (Wanget al., 2001; Vujcicet al., 2002; Cervelliet
al., 2003; Landry and Sternglanz, 2003) (Fig. 3). Bi#fopropanal and 3-
acetamidopropanal, produced by polyamine catabolism be metabolized by
an aldehyde dehydrogenase (ADH) to fgsralanine and N-acety-alanine,
respectively, and N-acetflalanine in turn can be converted falanine by
the action of a selective hydrolase (HDL) (Fig. 3).

The animal PAOs and SMOs, as well as the yeast Farglconsidered
involved in a polyamine back-conversion pathwaycsirthey produce a
common polyamine by the oxidation of another comrpotyamine (Seiler,
2004). On the contrary, the untii now characteriz€AOs from
monocotyledonous plants are involved in the terinicatabolism of
polyamines (Fig. 3). Only recently, a PAO frotn thaliana (AtPAO1) has
been shown to be involved in a polyamine back-cmioa pathway similarly
to animal PAOs and SMOs (Tavladorakal., 2006).
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Plant copper-containing amine oxidases

CuAOs are homodimers, each subunit of which coataioopper ion and a
2,4,5-trihydroxyphenylalanine quinone cofactor (TPgenerated by a post-
translational autocatalytic modification of a tyires residue in the active site
(Medda et al., 1995). In plants, and in particular RPisum sativumLens
culinaris and Cicer arietinumseedlings, CuAOs represent the most abundant
proteins of the extracellular fluids (Federico amelini, 1991).

The crystal structure d?isum sativunCuAO (PSAO) (Kumaetal., 1996)
showed that the copper ion, which was found clas¢he TPQ cofactor, is
coordinated by three histidine residues and twaewatolecules present in the
active site. An important characteristic of PSA®@e#idimensional structure is
the conformational flexibility of both the TPQ siddain and the enzyme
surface, which seems to be essential for the datalgaction (Kumaret al.,
1996).

In A. thaliang 12 putative CUAO genes are presé&tAO3 (Alcazaretal.
2006). ATAO1, which shows 48% identity to PSAO,tlie only until now
biochemically characterized (Mgller and McPhers@098). In particular,
recombinant ATAO1 was expressed in insect cellswad shown to oxidize
Put and, with a lower activity, Spd. Furthermotge tanalysis of thdTAO1
expression pattern if\. thalianarevealed that the highest expression level
occurs in lateral root cap cells and in root défatrating vascular tissue.

Plant polyamine oxidases

The best characterized plant PAO is frdea may$ZmPAQO).ZmPAO is a
monomeric glycoprotein of 53 kDa, containing onelenale of FAD and
having an apoplastic localization (Federico and élimj 1991). There are
three genes encoding for ZmPADNPAO1ZmPAO2, ZmPAO3Which show
a conserved gene organization and identical amifb sequence (Tavladoraki
et al.,, 1998; Cervelliet al., 2000). Its crystal structure has been solved to
resolution of 0.19 nm and contains two domains,stifestrate-binding domain
and the FAD-binding domain, which define a remak&a80 A long U-shaped
catalytic tunnel at their interface (Fig. A)he innermost part of the tunnel is
positioned in front of the flavin isoalloxazine gimand forms the catalytic center
(Bindaetal., 1999; Bindaetal., 2001).

ZmPAO shows a typical absorption spectrum of oeidiflavoprotein with
absorption maxima at 280, 380 and 460 nm (Fedenzb Angelini, 1991). It
catalyses the oxidation of Spii{= 1.6 pM;ke = 32.9 §) and Spd K, = 2.1
UM; keat = 50.2 &) with an optimal pH of 6.5 (Polticelét al., 2005). Another
important biochemical characteristic of ZmPAO ig thigh value ofK,, for
oxygen (0.2 mM), which suggests that the oxygenceotration may be a
relevant rate-limiting factoin vivo (Bellelli etal., 1997).
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Fig. 4. Crystal Structure of ZmPAO. The FAD-binding domain is indicated in red, the Stulte
domain is indicated in green and the prostheticugras shown in yellow ball-and-stick
representation. Figure taken from Biretal., 1999.

Furthermore, the aminoaldehydes, 4-aminobutanalNs(8-aminopropyl)-
4-aminobutanal, produced during the reaction fod 8pd Spm respectively,
are competitive inhibitor of the enzyme itself (w; values being 400 uM and
100 pM, respectively) (Federiatal., 1990).

In barley Hordeum vulgarg two PAO genesHvPAO1 and HYPAO2
were isolated which encode for two proteins thatpkdiy a high overall
sequence homology with each other (73%) and witlPZ® (84% and 73%,
respectively) (Cervelliet al., 2001). HYPAOl1 enzyme was purified from
immature caryopsis and was aleovitro synthesized. It oxidizes both Spm and
Spd withK, values of 8.9 uM and of 5.0 uM respectively amqHaof optimum
activity of 7.0 for both substrates similarly to BAO (Cervelliet al., 2006).
The similar catalytic properties shown for HYPAOAdaZzmPAO could be
ascribed to the close phylogenetic relationshigténg between them. On the
contrary, HVPAO2 enzymatic features differ from tbaes of HvPAOL1.
Indeed, despite the elevated sequence homology ebatvHVPAO1 and
HvPAO2, HVPAO2 purified from barley seedlings haspld of optimum
activity (5.5 for Spm and 8.0 for Spd) which isfdient from that of HYPAOL1.
Furthermore, HYPAO2 has a higher affinity for Spy, = 4.8 uM) than for
Spd K, = 560 uM)(Cervellietal., 2001). Recently, it has been demonstrated a
symplastic localization for HYPAOZ2. In particuldtrhas been shown that a C-
terminal extension of eight amino acid residuess@né in the HvPAO2
sequence is a signal for protein targeting intoplaat vacuoles (Cerveléital.,
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2004). On the contrary, the presence in HVPAO1 ofNaterminal signal

peptide specific for the secretory pathway and ldek of the C-terminal
extension present in HYPAO2 could suggest an aptpldocalization for

HVPAO1 similarly to ZmPAO. The differences betweéivPAO1l and

HVPAOQO? in catalytic properties and localization gest that, in barley, the two
PAO genes evolved separately, after a duplicatienie to encode for two
distinct enzymes, and they are likely to play diéf@ physiological roles
(Cervellietal., 2006).

In A. thaliang five putative PAO genes are preseAitsg13700(AtPAOY),
At2g43020 (AtPAOJ, At3g59050 (AtPAO3, Atlg65840 (AtPAO4H and
At4g29720(AtPAOY (Tavladorakietal., 2006). AtPAO1 and AtPAOS have an
amino acid sequence homology of 45% and 25%, ré&spBc with ZmPAO
and a predicted cytosolic localization. AtPAO2, A3 and AtPAO4 display
an homology of about 23% with ZmPAQO, an homology58f85% to each
other and a peroxisomal localization (Kamada-Nobasaal., 2008; Moschou
et al., 2008).Recently, AtPAO1 has been shown to oxidize only JEm =
110 uM:; ke = 2.7 &) and not Spd with a pH value of optimum activify8o0
(Tavladorakiet al., 2006). It has been also demonstrated that AtPAGxL a
mode of substrate oxidation similar to that of aalifRAOs producing Spd from
Spm and thus that it is involved in a polyaminekbeanversion pathway. In
this way, AtPAO1 represents the first plant PAOwhdo be involved in a
polyamine back-conversion pathway (Tavladoetldl., 2006).

Physiological roles of CuAOs and PAOs in plants

CuAOs and PAOs contribute to important physiologpracesses not only
through regulation of cellular polyamine levels laldo through their reaction
products: aminoaldehydes, Dap and mainhOH (Boucherauet al., 1999;
Sebelaet al.,, 2001; Walters, 2003; Conat al, 2006). In particular, 4-
aminobutanal can be further metabolized to GABAg(F3), which is an
important metabolite associated with various pHgsjical processes (including
the regulation of cytosolic pH, carbon fluxes itbk@ citric acid cycle, insect
deterrence, protection against oxidative stresssagmhlling) and is largely and
rapidly produced in response to biotic and abistiesses (Bouché and Fromm,
2004). Dap is a precursor pfalanine and uncommon polyamines (Terano and
Suzuki, 1978; Kocet al., 1998) (Fig. 3), which in plants are associateth w
stress tolerance. B, has a key role in both development and defenceisand
produced in the apoplast and intracellular compantsh by several enzymatic
systems (Apel and Hirt, 2004; Mittletal., 2004; Yesbergenowtal., 2005).

The abundant localization of plant CuAOs and ZmPA® tissues
undergoing lignification or extensive cell wallf&ning events suggests that
these enzymes could influence, throughO production, plant growth and
development by affecting cell wall strengtheningl aigidity (Reaetal., 1998;
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Angelini etal., 1990; Laurenzét al., 2001; Conat al., 2005; Paschalidis and
Roubelakis-Angelakis, 2005). In this regard, a {dasi spatial correlation
between lignin, POD and CuAO levels has been foimahick-pea and
tobacco, supporting a functional correlation betwethe two enzymes
(Angelini etal., 1990; Paschalidis and Roubelakis-Angelakis, 2005

A lot of biochemical, histochemical and immunocytemical evidence also
indicates the involvement of PAO in light-inducedhibition of maize
mesocotyl growth (Conatal., 2005; Laurenzetal., 1999; Conatal., 2003).
Interestingly, the time course of the light-inducedrease in PAO level is
strongly correlated to the inhibition of extensigmowth in the mesocotyl apex
(Laurenziet al., 1999). Exogenously supplied auxin, which is imed in
mesocotyl growth, inhibited the light-induced irgse in PAO expression
level, whereas auxin polar transport inhibitors sgali an increase in PAO
expression level under the same stimulus (Gdiaa, 2003).

Recently, a new role in programmed cell death (P@B3ociated with
developmental differentiation has been proposefohOs and PAOs (Mgller
and McPherson, 1998). Indeed, the considerableepcesof ZmPAO and
ATAOQOL1 proteins in developing tracheary elements sowt cap cells suggests
the possibility of their specific involvement inethPCD of both cell types
(Mgller and McPherson, 1998; Coetal., 2005).

Several studies have shown that in plants, CuUAQ@sR¥Os contribute to
the preformed and inducible defence responses dbetir in the apoplast
following biotic stress, mainly through,B, production. In particular, studies
of the interaction betweerCicer arietinum and the necrotrophic fungus
Ascochyta rabiehave identified different distribution patternsda@xpression
level of CUAO between susceptiblev(Calia) and resistantcy Sultano)
cultivars, the expression level being higher inrgstant cultivar compared to
the susceptible one (Angelingét al.,, 1993). Furthermore, it has been
demonstrated that the defence capacitgvdbultano during interaction witA.
rabiei is strongly impaired by 2-bromoethylamine, a ptteselective,
mechanism-based inhibitor of CuAOs (Retaal., 2002). The involvement of
CuAOs in the extra-cellular cross-linking of stwral proteins or lignin
precursors has also been shown An thaliana during interactions with
nematode parasites (Mglletal., 1998).

H,O, derived from polyamine catabolism has been alsavatto contribute
to HR cell death (Yodat al., 2003). Indeed, it has been reported that in
Nicotiana tabacumplants resistant to tobacco mosaic virus (TMV),PA
expression level increases in tissues exhibiting/filluced HR and that PAO
inhibition by the specific inhibitor guazatine madty reduces HR (Yodet al.,
2003).

Further evidence regarding the participation ofypoline catabolism in
defence mechanisms came from the observation thaO€ are part of the
complex network leading to wound- or herbivore-iceld systemic protection.
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Indeed, in chickpea tissue damage elicits a local systemic increase in
CuAO expression level. Jasmonic acid, which is abilmowound signal,
induces a further increase in CUAO expression JevbEereas salicylic acid, a
crucial component of systemic acquired resistaegests an opposite effect.
Furthermore, inhibitionin vivo of CuAOs by 2-bromoethylamine strikingly
reduces local and systemic wound-inducegdDHaccumulation (Reat al.,
2002).

In several cases, the plant response to abiot&sstrsuch as drought,
salinity, osmotic stress and heat stress, is as&ociwith a stimulation of
polyamine oxidation. In tomato leaf discs treateithwsodium chloride,
polyamine catabolism has been shown to be closelgted to proline
accumulation, which is one of the most commonlyizet metabolic responses
to water stress or salinity in higher plants. Ferthore, treatment with
aminoguanidine, an inhibitor of CuAOs, strongly ibited the parallel
accumulation of proline (Azietal., 1998).

In rape leaf discs, osmotic stress caused by golaie glycol has been
associated with increases in Put, Cad and Dapsesliwell as a decrease in
Spd level. Inhibitor studies have indicated that $fress-induced reduction of
Spd level is due to stimulation of Spd oxidatiord arot to a block in Spd
biosynthesis (Azizet al., 1997). These results support the idea that under
osmotic stress, rape leaf cells are induced toym®dap through activation of
PAO. The specific effect of this end product of yawhine catabolism is not
well understood, but it can involve biosynthesis usfcommon polyamines
and/orp-alanine. Indeed, Dap can be converted to stregsciaded uncommon
polyamines, such as Nor-Spm and Nor-Spd, by thmracif a Schiff-base
reductase/decarboxylase (Fig. 3). In addition, Bap be also converted
alanine through the concerted action of both a Bapotransferase, reported
in bacteria but not yet characterized in plantsl am aldehyde dehydrogenase.
The role of B-alanine in stress responses may be due to itslviewent,
through the action of f-alanine N-methyltransferase, in the productiorg-of
alanine betaine (Fig. 3), an osmoprotectant foargpecies oPlumbaginaceae
adapted to a wide range of adverse stress envimtsniecluding saline and
hypoxic conditions (Hansoet al., 1994; Raman and Rathinasabapathi, 2003).

Polyamine catabolism in plants is also associatétl Wweat stress. For
example, heat stress caused an increase in this BvEAO and ADC in rice
callus (Roy and Ghosh, 1996). This increase wakehign calli raised from a
heat-tolerant cultivar than in those from a heaisge&ve one and correlated well
with the increased levels of free and conjugatdgigmines. Interestingly, PAO
and ADC levels were also well correlated with tieetamulation of uncommon
polyamines under non-stress and stress conditiRog &and Ghosh, 1996).
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1.2 Histones and histone demethylases

1.2.1 Epigenetic modifications of histones

In eukaryotic cells, the basic unit of chromatintli® nucleosome core
particle, a repeating element consisting of anohistoctamer with 146 bp of
DNA wrapped around it. Two copies of each of foigtdnes H3, H4, H2A and
H2B form the core octamer by protein—protein intcms of their globular
domains and crystallographic analysis has revehladthe N-terminal tails of
these histones protrude from the octamer (Legal., 1997).

For many years it was believed that the role abhiss is constraint to their
packaging function and that non-histone proteinsycthe instructions for the
chromatin activity and regulate gene expressionwéi@r, in recent years it
became clear that the nucleosome core particleribateés to the dynamic
remodeling of chromatin during gene activation/ession and carries
important epigenetic information. This informatisasides primarily in the
histone tails, which are subject to various covaleodifications, including
acetylation, methylation, phosphorylation, ubicnation, sumoylation and
ADP-ribosylation (Jenuwein and Allis, 2001; Berg2002). In particular, it has
been suggested that the specific histone tail nuadibns and their
combinations constitute a “histone code” which |les signals for
recruitment of specific chromatin-associated prateiwhich in turn alter
chromatin state and affect transcriptional regata{Junewein and Allis, 2001,
Zhang and Reinberg, 2001).

Acetylation of thes-amino group of Lys residues is one of the firstdme
modifications described to be correlated with tcaipgional activity (Allfreyet
al., 1964; Hebbeset al., 1988). Acetylation influences transcription by
neutralizing the positive charge of the histondstaind thus decreasing their
affinity for DNA. Histones residues found in acettdd form are Lys 9 of
histone H3 (H3K9), H3K14, H3K18, H3K23, H4K5, H4KBI4K12, H4K16
and H4K20 (Fig. 5). Histone acetylation is regutaby the opposing activities
of histone acetyltransferase (HATs) and histone celgdase (HDACS)
(Brownell and Allis, 1996; Kuo and Allis, 1998; Rogt al., 2001). HATs are
classified into two categories (type A and typetBsed on their subcellular
distribution. The type A HATs are nuclear proteindiereas the type B HATs
are cytoplasmic proteins. IA. thaliang AtGCN5, a type A HAT, appears to
interact with the Arabidopsis homologs of the yetanhscriptional adaptor
proteins ADA2a and ADAZ2b. Mutations disruptirgDA2b and AtGCN5
induce various pleiotropic defects An thaliang including dwarfism, aberrant
root development, short petals and stamens, angceedexpression of cold
regulated genes in cold acclimation (Vlachonastad., 2003).
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Fig. 5. Epigenetic modifications of H3 and H4 histones tails. Sites of histonecetylation (Ac,
red), methylation (Me, blue) and phosphorylation ifPgreen circle) are indicated. Asterisks
indicate plant-specific acetylation of H4K20 andrgtspecific methylation of H3K14, H3K18, and
H3K23. Figure modified from Chen and Tian, 2007.

Phylogenetic analysis subdivided HDACs into fowasskes (I - IV). Classes
I, Il, and IV enzymes utilize an active-site metdépendent catalytic
mechanism, whereas class Ill HDACs utilize a NABependent catalytic
mechanism (Frye, 2000; Imait al.,, 2000; Gregorettiet al., 2004). InA.
thaliana, class | HDACs, such as AtHD1 and AtHDAG6, are thest
characterized HDACs. Down-regulation ofAtHD1 induces various
developmental defects, including early senesceseetated leaves, aerial
rosettes, defects in floral organ identity and Hfevering (Wuet al., 2000;
Tian and Chen, 2001, Tiast al., 2005). AtHDAG6 is mainly responsible for
repression of repetitive transgenes and endogergerzes as well as
maintenance of NORs (Nucleolus Organization Regi¢Rsobstet al, 2004;
Chen and Tian, 2007). AtHD1 and AtHDA6 are alsooiwed in plant
responses to pathogens and environmental stredsesdtal., 2005; Chen and
Tian, 2007).

Specific histone residues can be also phosphodylatech as H3S10 and
H3S28 (Fig. 5). Recently, important progresses hbeen made toward
understanding the role of histone phosphorylation important cellular
processes. Phosphorylation of H3S10 has been shownorrelate with
chromosome condensation and segregation and withatfivation of early
response genes (includirgfos and c-jun) in mammalian cells (Nowak and
Corces, 2004) as well as with the induction of $raiption during heat-shock
response irosophila melanogastdivaldi etal., 2007; Hartzog and Tamkun,
2007). Furthermore, H3S10 phosphorylation modulatemscription by
influencing other covalent modifications of thetbise H3 tail. For example,
the phosphorylation of H3S10 can activate transioripby promoting the
H3K14 acetylation by specific type A HATs (Let al., 2001; Hartzog and
Tamkun, 2007). In recent studies, an important @feH3S10 and H3S28
phosphorylationn DNA-damage response processes has been alsessedg
(Ozawa, 2008). Furthermore, it has been recentiyvehthat Thr 11 of histone
H3 (H3T11) is phosphorylated by protein-kinase-@#esd kinase 1 (PRK1)
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during androgen-receptor dependent transcriptidmusT phosphorylation of
H3T11 can be considered as a novel chromatin marktranscriptional
regulation (Metzgeetal., 2008).

Histone methylation involves Lys and Arg residuashsas H3K4, H3K9,
H3K27, H3K36, H4K20, H3R2, H3R17, H3R26 and H4R3g(F5). Lys
residues can be mono-, di-, or trimethylated, whewkrg residues can be either
mono- or dimethylated (Zhang and Reinberg, 2008thylation of H3K9 and
H3K27 have been linked to epigenetic gene silencingeed, methylated
H3K?9 is enriched in heterochromatin and has themd@l to initiate chromatin
condensation and silencing in animals (Petdral.,, 2001). InA. thaliang
mono- and di-methylated H3K9 (H3K9mel and H3K9ma®) enriched in
centromeric and pericentromeric repeats (Genelral., 2002; Jacksoet al.,
2004). Furthermore, irA. thaliana it has been demonstrated that, during
vernalization, H3K9 and H3K27 dimethylation is iaased in discrete domains
within a negative regulator of flowering, tlf e OWERING LOCUS (FLC)
(Bastow et al., 2004; Yanet al., 2004). In contrast to H3K9 and H3K27
methylation, which represses transcription, H3K4thylkation is linked to
transcriptional activity. In particular, i\, thaliana H3K4 methylation is
exclusively localized to euchromatin and is requifer activation ofFLC
expression. Like H3K4 methylation, Arg methylatiohH3 and H4 correlates
with transcriptional activation; for instance, H4R&thylation promotes gene
expression facilitating acetylation of H4 (Zhangldeinberg, 2001).

Ubiquitination is another posttranslational modifion which can also
involve histones residues. This process considfseimttachment of ubiquitin, a
small globular protein of 76 amino acids, to a ¢argubstrate through a series
of steps referred to as activation (E1), conjuga(ie2) and ligation (E3) (Jason
et al, 2002). The major role identified thus far for gitination of cellular
proteins is their targeting to proteasome for degtian (Hochstrasser, 1996).
However, histone ubiquitination has been recentbgosiated to several
processes other than degradation. For instance, #®AH2B ubiquitination,
which involves Lys residues (H2AK119 and H2BK12@®yries during the cell
cycle and its absence during G2/M transition iselveld to be essential for cell
cycle progression (Jasat al, 2002). Furthermore, H3 ubiquitination, which
has been recently reportéd vivo in elongating spermatid of rat testes, could
play a role in histone desplacement (Cle¢nl., 1998; Jasoet al, 2002; He
and Lehming, 2003).

An additional histone modification is sumoylati@nprocess that conjugates
small ubiquitin modifier peptides (SUMO) to Lys idses of histones and is
catalyzed by an enzyme cascade similar to thatufmquitination. It was
reported that histone sumoylation mediates trapsarial repression and in
plants trascriptional repression by histone sumyiais involved in the
regulation of flowering and development (Shiio &idenman, 2003; Jiet al,
2008).
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Furthermore, histone residues can be also ADPyiatesl. In particular,
several studies have indicated that histones cawobalently modified by
mono-ADP-ribose in response to DNA damage. In a&fditt has been shown
the existence of a cross-talk between mono-ADPskitadion and other
posttranslational modifications of histones, sucls acetylation or
phosphorylation. Thus, it is possible that mono-Afili®sylation, along with
other modifications of histone tails, may regulatédbsequent steps in DNA
damage response pathways (Hastsd., 2006).

1.2.2 Histone methylation
Lysine and arginine methylation

Histone methylation is catalyzed by Lys-specific tigdiransferases
(PKMTs) and Arg-specific methyltransferases (PRMTBKMTs catalyze
mono-, di-, and trimethylation of the Lys-amino group in a$
adenosylmethionine (SAM)-dependent manner (Zhardy Reinberg, 2001).
PKMTs consist of two main classes, the SET domaitaining family and the
DOT1 family. The SET domain is a sequence compgisipproximately 130
amino acids and its name is related to the tbremelanogastegenes involved
in epigenetic processes in which it was originaliientified: Su(var)3-9
En(zestepnd Trithorax (Jenuweiret al, 1998). InA. thalianaseveral proteins
with homology to Su(var)3-9 have been identifiedhwW(RYPTONITE (KYP)
being the predominant PKMT (Jacksenal., 2002). KYP methylates H3K9
and thekyp mutant was isolated as a suppressor of gene itprat the
Arabidopsis SUPERMAN (SUP) locus, which is a retpiaf floral homeotic
genes (Jacksost al., 2002). DOT1-PKMTs do not contain a SET domain,
methylate the H3K79 residue within the core domaid are involved in
heterochromatin-mediated silencing (Fextgl., 2002; Ngetal., 2002).

PRMTs are separated into two main types. Wheretistigpes catalyze the
formation of monomethyl-Arg, type | PRMTs continte form asymmetric
N,N’-dimethyl-Arg and type Il PRMTs continue to formnsmetric N,N-
dimethyl-Arg (Zhang and Reinberg, 2001). Recernthhas been shown that
AtPRMTS5, a type Il PRMT ofA. thaliang is involved in the vernalization-
induced epigenetic silencing BE.C (Schmitzetal., 2008).

Lysine-specific histone demethylases

Although some histone modifications are highly dyig histone
methylation had been initially regarded as irreNdes However, the recent
discovery of several histone demethylases whichreaerse methylation of
Lys and Arg residues (Bannisteral., 2002; Shietal., 2004) has changed this
point of view.
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Human Lys-specific histone demethylase 1 (HsLSDdsaKIAA0601 and
BHC110) is the first discovered histone demethylaBlsLSD1 acts on
H3K4mel and H3K4me2, respectively, through a FAPetelent mechanism
(Shietal., 2004). The reaction involves two steps. Fitst, histone substrate is
bound and its methylated K4 side chain is oxidibgdhe FAD with resultant
reduction of oxygen. Then, the resulting imine iimtediate is hydrolyzed to
generate the demethylated H3 tail and formaldeheneriset al., 2006)
(Fig. 6; Supplementary Fig. 1).

HsLSD1 was originally identified as a component toénscriptional
repressor complexes. Indeed, HsLSD1 is typicalloeisted with the
transcriptional corepressor protein COREST and WMIAC1 or HDAC2, to
form a stable core subcomplex recruited by sevehabmatin-remodeling
multiprotein complexes (Ballast al., 2001, Shiet al., 2003). For instance,
HsLSD1-CoREST-HDAC core was found in complex witie trepressor
element 1-silencing transcription factor (REST) toediate long-term
repression of neuronal genes in non-neuronal (BH#flasetal., 2005; Ooi and
Wood, 2007).

HsLSD1 is also involved in gene activation processieus highlighting its
multifaceted function in chromatin regulation. Irarpcular, activation of
androgen receptor target genes requires HsLSDI1ndepé histone H3K9
demethylation (Metzgestal., 2005).

The dual role of HSLSD1 in gene repression/actirais also demonstrated
by its role in the fine regulation of growth horngo(Gh) production during
pituitary development (Wanetal., 2007).

H‘ H\
BN=CH, N—H
}ISLSDI
I-A[JHz H,0 HCHO
““*.4 N
HO,. ©0, H O H
HS H.-et H3-K4 H3-K4

A=CH 5 or H

Fig. 6. Mechanism of HsL SD1-catalyzed demethylation of H3K4. The carbon atom that is
oxidized to form formaldehyde is shown in réigure modified from Yanetal., 2006.
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Activation of the Gh gene is regulated by the transcriptional activator
pituitary transcription factor 1 (Pitl) during tlearly phases of development
through recruitment of the HsLSD1-containing MLLixed lineage leukemia
1) coactivator complex. Pitl and its associatedmernis later replaced by the
ZEBL1 (zinc finger E-box binding homeobox 1) tramsitonal repressor which
recruits a corepressor complex containing CtBPe{@inal Binding Protein),
CoREST and HsLSD1, in this way switching @h gene expression. Thus,
HsLSD1 is the key component of two opposing coattiv and corepressor
complexes that fine-tune the temporal expressianifigle target.

An important feature in the HsLSD1-mediated demlatipn process is
that, though HsLSD1 alone can demethylate H3K4ejotides or bulk histones,
the binding of HSLSD1 to the C-terminal SANT domahCoREST renders
HsLSD1 able to catalyze H3K4 demethylation on intagcleosomal particles
and also less prone to proteasomal degradation €Sai., 2005). Another
important characteristic of HsLSD1 is the mechanfigsnsubstrate recognition.
It has been demonstrated that HSLSD1 requiresitsie20 N-terminal amino
acids of the histone tail for productive binding(Reriset al., 2005a). Such a
specific recognition mechanism enables HsLSD1 tnseethe epigenetic
message encoded by the histone tail, as evidengeitheb finding that the
presence on H3 of other epigenetic markers affdstsSD1 catalytic activity,
decreasing or even completely hampering it @lal., 2004; Shiet al., 2005;
Fornerisetal., 2005a; Forneristal., 2006).

The crystal structures of HsLSD1 in free form amd domplex with
CoREST was recently solved (Stavropou&isal., 2006; Cheret al., 2006;
Yang et al., 2006). HsLSD1 is an asymmetric molecule conwmjstf three
distinct structural domains. Two of them, the Nsigral SWIRM domain
(named for its presence in the proteins Swi3, Rse®] Moira) and the C-
terminal FAD-binding amine oxidase domain, closafick against each other,
forming a globular core structure from which th&@dhdomain, named Tower
domain, protrudes as an elongated helix-turn-habxif (Fig. 7).

Insight into substrate binding was obtained fromerg crystallographic
analyses of HSLSD1-CoREST in complex with an histbt3 peptide modified
by the addition of a reactive chemical group (apargyl unit) on the K4 side
chain (Culhaneet al., 2006; Yanget al., 2007). In this way, the peptide
functions as an inhibitor through formation of avalent adduct between its
modified K4 and the flavin. The crystal structurfettis complex revealed that
the peptide binds to the amine oxidase domain, tatpp folded conformation
that enables the substrate-binding site to accorataothe relatively long
stretch of the N-terminal H3 tail. This binding neoghositions the reactive
H3K4 side chain in proximity to FAD. In general,ettarchitecture of the
substrate-binding site is characterized by the gmes of various niches that
accommodate the side chains of the histone peplicmugh formation of
specific interactions (Yanegtal., 2007). The addition of more epigenetic
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SWIRM Tower
domain domain

Amine-oxidase
domain

Fig. 7. Structural biology of HsLSD1 in complex with COREST and a peptide substrate.
HsLSD1 (blue) consists of three domains: the aroiidase domain, the SWIRM domain and the
helical tower domain. HsLSD1 tightly associateshwihe CoREST C-terminal SANT domain
(red). The histone H3 N-terminal peptide (green) bindsplie in the HsLSD1 amine oxidase
domain in proximity to the flavin cofactor (yellowfigure modified from Forneristal., 2008.

markers on the H3 N-terminal tail introduces stedad electrostatic
perturbations which alter this network of interano8 predictably, thus
explaining the negative effect that nearly all epigtic modifications have on
HsLSD1-H3 binding (Fornerist al, 2007; Fornerigtal., 2008).

Recently, it has been reported that HSLSD1 is alsiive toward a non-
histone protein such as the tumor suppressor p5iyitated at Lys 370
residue. Thus blocking its pro-apoptotic activitihis finding leaves open the
guestion of which are tha vivo substrates of the enzyme (Huaigl., 2007).

In A. thaliang four cDNAs: At1g62830Q0 At3g13682 At3g10390
(FLOWERING LOCUS b FLD), At4g16310were identified encoding for
proteins displaying 26-30% sequence homology wisL$D1 and bearing,
similarly to HsLSD1, both a flavin amine oxidasentn and a SWIRM
domain (Shiet al., 2004). Recently, FLD has been shown to inteveth a
plant-specific C2H2 zinc finger-SET domain proteamd to repres$LC
expression (Hetal., 2003; Krichevskyetal., 2007).

Peptidyl-arginine deiminases

Arg methylation is prone to enzymatic conversiorotigh a deimination
reaction (Cuthberét al., 2004; Kubicek and Jenuwein, 2004). The resptmsib
enzymes, termed peptidyl-Arg deiminases or dema$iegd (PADs), are not
very prominent in mammals and comprise only fiventhers (PAD1-PAD4
and PADS6). The described reaction of monomethyl-Aegmination is not a
true reversion of the methyl mark since it generade altered amino acid
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(citrulline) and methyl-ammonium (Supplementary .Fif). PADs can
deiminate unmodified Arg and monomethylated Argichess of H3 and H4
histone tails (Cuthberet al., 2004; Wanget al., 2004b). PAD4, the most
characterized PAD, was reported to suppress timsdription of the estrogen-
regulated genes by citrullination of methylated H3Rand H4R3 (Cuthbest
al., 2004).

Jumonji C domain-containing histone demethylases

Recently, a new family of histone demethylases baen identified.
Although the various members of this family contairmerous domains, such
as PHD (Plant Homeodomain) and Tudor domains, teagh feature a
jumonjiC (JmjC, Japanese for ‘cruciform’) domainspensible for their
demethylase activity, and for this reason they Haeen designated as jumoniji
C histone demethylases (JHDMs) (Tsukatial., 2005).

JHDMs operate on methylated Lys and Arg residues Re(ll)- and 2-
oxoglutarate—dependent dioxygenation and proceesbugh a radical
mechanism involving an iron-oxo intermediate (Seppéntary Fig. 1).
Overall, this reaction results in the demethylatidrthe methyl-Lys or methyl-
Arg moiety to produce succinate and formaldehydthagesulting byproducts
(Anand and Marmorstein, 2007) (Supplementary FigOhe important aspect
of the JHDMs catalytic mechanism, in contrast & thechanism employed by
HsLSD1, is that it does not require a protonatébgen for activity and hence
permits demethylation of trimethylated Lys residues

There are 27 different JHDMs with varying substrspecificity within the
human genome, whereas # thaliana 21 putative JHDMs were identified
(Agger et al., 2008; Luet al., 2008). Human JHDM1A, which is the first
described JmjC domain-containing demethylase, fipaity demethylates
mono- and dimethylated H3K36 (H3K36mel and H3K36nieikadaet al.,
2005). Interestingly, JHDM1B, a close homologueJbfDM1A involved in
transcriptional repression of ribosomal RNA genes e-jun, was recently
reported to bear demethylase activity toward th&K#HBe3 (Frescaet al.,
2007; Koyama-Nasatal., 2007).

In recent studies it has been shown that the varioembers (JMJD2A,
JMJD2B, JMJD2C and JMJD2D) of JMJD2 family, a sufifg of JmjC
domain containing proteins, prevalently catalyzee tdemethylation of
H3K9me3 or H3K9me2 and H3K36me3 or H3K36me2 andaasociated to
prostate cancer (Cloat al., 2006; Kloseetal., 2006; Wissmanet al., 2007).
In addition to the various members of the JMJID2iffgnalso JMJD1A can
demethylate methylated H3K9. However, JMJD1A iscffjfe for H3K9mel
and H3K9me2, in particular at androgen receptagetagenes (Yamangt al.,
2006). The jmjc-containing members of JARID1 fan{iARID1A, JARID1B,
JARID1C, JARID1D) specifically demethylate H3K4meXdespite, the
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similarity in substrate specificity, the various migers of this family have very
different physiological functions probably reflewi their presence in distinct
protein complexes (Christensetal., 2007; Yamanetal., 2007; Jenseetal.,
2005). UTX and JMJD3, which have been recently tified as JHDMs,
function as transcriptional activators and demetteyl H3K27me2 and
H3K27me3 (Aggeret al., 2007). Furthermore, JMJD6, which is essential fo
the early embryogenesis, has been recently repddetlear demethylase
activity toward H3R2me2 and H4R3me2 bathvitro andin vivo (Boseet al.,
2004; Changtal., 2007).

1.3 Arabidopsis thaliana as a model plant

A. thalianais a small dicotyledonous species belonging taBttessicaceae
family, with low economical importance. Howevek, thaliana has several
traits that make it a useful model organism for amthnding the genetic,
cellular and molecular biology of flowering plants.

A. thalianahas a fast life cycle (the entire life cycle besampleted in six
weeks), has very limited space requirements fowtrand maintainance and
is a self-pollinated plant producing many seedsctvtdan be dehydrated and
stored at ambient temperature for long periodsnoé.t With about 125 Mb on
five chromosomesA. thalianahas one of the smallest genomes among plants
which has been completely sequenced by the Arabiddpenome Initiative.
Another property that has made thalianaas the best model system for basic
research in the biology of all multicellular eukatss is that it can be easily
transformed by infection with genetically enginekreAgrobacterium
tumefaciensThis characteristic has permitted the developroémhutagenesis
methods based on random insertionAgfobacteriumT-DNA or transposons
in the plant genome. Using these techniques, raaraion libraries of
insertional mutant alleles if\. thaliana have been created which can be
screened by polymerase chain reaction for insestiona gene of interest
(Alonso et al., 2003; Musketet al., 2003). Furthermore, the sequences of the
insertion sites are available on internet (wwwatdg/cgi-perl/index;
http://signal.salk.edu/) and enable computer segrébr mutants in a gene of
interest and purchase of the corresponding seeds fihe Arabidopsis stock
center (www.arabidopsis.org/abrc/). The availapilif Agrobacterium
mediated transformation techniqualso enables to study gene functionAin
thaliana by RNA interference-based gene silencing and oyeession
strategies (Feng and Mundy, 2006).
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1.4 Aims of the thesis

The main aim of the present work is the study ef physiological roles of
plant PAOs and in particular @f. thalianaPAOs. This study of the PAOs of
the dicotyledonous plart. thalianamay result of great importance considering
that untii now only PAOs from monocotyledonous pdarhave been
characterized and the substrate specificity and rtaeire of the reaction
products of PAOs and thus the physiological rolepethd on the enzyme
source. On the other hand, the several geneticires® available for the model
plantA. thalianawill be very useful instruments for this study.

In A. thalianafive putative PAO genes are preseitPAO1-5(Tavladoraki
etal., 2006). AtPAO1 has been recently shown to belirgbin a polyamine
back-conversion pathway similarly to the animal BA@nhd SMOs and
differently from ZmPAO, which is involved in a teimal catabolic pathway of
polyamines. Furthermore, it was shown that AtPA®lable to oxidize the
stress-related uncommon polyamine Nor-Spm, suggesiat this enzyme may
be involved in plant responses to abiotic stresses.

An important goal of the present work is the hdtegous expression and
the biochemical characterization of the other memshg the AtPAO gene
family. The attention will be focalized to the strage specificity and mode of
catalysis of these enzymes to determine whichhemie physiological substrates
and whether they are also involved in a polyamiaekkconversion pathway
similarly to AtPAO1. The results of this analysisllvcontribute greatly to
elucidate the physiological role of each membetthi$ gene family and to
understand the physiological relevance of the tifl@rént catabolic pathways
of polyamines.

In A. thaliana, four more genes have been also identifiatitg62830
At3g13682 At3g10390 At4gl6310encoding for proteinswith an amine
oxidase domain. These proteins bear also a SWIRMadg which is usually
present in chromatin-modifying complexes, and haweelevated sequence
homology with human HsSLSD1. HsLSD1 has the sametiomal domains as
the four identified Arabidopsis proteins, catalysies oxidative demethylation
of H3K4mel and H3K4me2 and participates in multipio complexes
important in the regulation of gene expressionwHs hypothesized that
At1g62830 At3g13682 At3g10390 and At4gl16310also encode for lysine-
specific histone demethylases, and they were terA@&D1 (A. thaliana
lysine-specific demethylase {LSD2 AtLSD3andAtLSD4 respectively.

In this work, to verify whether AtLSDs indeed haee lysine-specific
histone demethylase activity, the catalytic prapserbf AtLSD1, chosen as a
representative member of this gene family, follayvexpression iic. coli will
be determined. The three-dimensional structure dfSP1 will be also
modeled using the HsLSD1 crystal structure as apleen to evidence
differences and similarities in respect to the harmghologue. Furthermore, to
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determine the physiological roles of this clasenfymes, insertional knock-
out mutants for each one of the foMt. SDswill be isolated and characterized.
Constructs will be prepared for AtLSD1 overexpressin A. thaliana plant,
both to isolate the complexes in which AtLSD1 ietwally involved and to
identify the genes it regulates through microaremalysis and chromatin
immunoprecipitation experiments. Furthermore, ttaobdetailed informations
on theAtLSDsexpression pattern RT-PCR experiments will be peréal and
an AtLSD1 prom::GFP-GUS construct will be prepardthalianaplants will
be transformed with the prepared costructs anchckenized.

2. RESULTS

2.1 Polyamine oxidases of A. thaliana

2.1.1 Description of the PAO genefamily in A. thaliana

A search of the Arabidopsis database with the ansicid sequence of
ZmPAO revealed the presence of five cDNAs encodorgputative PAOS:
At5g13700(AtPAOY), At2g43020(AtPAO2, At3g59050(AtPAOJ, At1g65840
(AtPAO49 andAt4g29720(AtPAOY. AtPAOL has a 45% identity at the amino
acid level with ZmPAO and only a 19% to 24% identitith the other four
putative AtPAOs. AtPAO2, AtPAO3, and AtPAO4 displdgw sequence
identity (23% - 24% identity) with ZmPAO and elesdtsequence identity to
each other. In particular, the sequence identitwéen AtPAO2 and AtPAO3
is higher (85%) than that between AtPAO2 and AtP/A@d between AtPAO3
and AtPAO4 (58% and 50%, respectively). On the reopt AtPAOS has low
sequence identity not only with ZmPAO (22% sequéddeatity), but also with
AtPAO2, AtPAO3 and AtPAO4 (23% identity) (Supplertemy Fig. 2).

Gene structure analysis 8fPAOsrevealed that whil&tPAO1gene has a
similar intron/exon organizatioto that of ZmPAO (Cervelli et al, 2001),
AtPAO2, AtPAOZNd AtPAO4intron/exon organizatiois differentfrom that
of AtPAOlandZmPAQ Furthermore it was shown thatPAO2, AtPAOZ&nd
AtPAO4 genes have a very similar intron/exon organizatalh three genes
containing eight introns with highly conserved piosis (Fig. 8). This, together
with the elevated sequence homology to each otuggests that these three
Arabidopsis genes are recent derivatives from ancomancestor and thus that
they can be considered as members of the samensiibfaAtPAOS5 gene
presents a very different gene organization froat df ZmPAOand the other
AtPAOs lacking any intron.

To determine the possible subcellular localizatmin AtPAO2-5, their
amino acid sequences were analyzed by PSORT (wWwrt.ipss.u-
tokyo.ac.jp). This analysis predicted the preseimcé&tPAO2, AtPAO3 and
AtPAO4 of a sequence for peroxisomal targeting.(Bjgand indeed
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Fig. 8. Representation of AtPAO2, AtPAO3 and AtPAO4 intron/exon structure. Exons are
represented as colored boxes and are indicatednbgmr numbers, whereas introns are represented
as black lines. Boxes with the same color repres@mimon exons among genes.

peroxisomal targeting of all three enzymes has beenrecently demonstrated
(Kamada-Nobusada&t al., 2008; Moschouwet al., 2008). For AtPAO1 and
AtPAOS5, PSORT analysis did not reveal the presafi@y signal for protein
targeting to specific intracellular compartmentughsuggesting a cytosolic
localization. However, AtPAO1 has a very high semgeidentity (74%) with a
PAO fromN. tabacum(NtPAO), which has been shown to have an apoplasti
localization (Yodaet al, 2006), thus leaving open the question of AtPAO1
subcellular localization.

2.1.2Heterologous expression of AtPAO2, AtPAO4 and AtPAOS in
Escherichia coli

With the aim of completing the biochemical charaetgion of AtPAOSs,
the cDNAs encoding for AtPAO2 and AtPAO4, chosenrapresentative
members of the subfamily in which they belong, &BAO5 were obtained
from Arabidopsis leaves (Supplementary Fig. 3).phrticular, the coding
regions of AtPAOswere amplified by RT-PCR from leaves using seqaenc
specific primers AtPAO2-His for/AtPAO2-His rev; AtPAO4-His for/AtPAO
His rev; AtPAO5-His forl/AtPAO5-His revTheseprimers were designed in
such a way as to allow cDNA cloning in the pET N#zxtor for inducible
expression in the cytoplasm Bf coli cells [BL21(DE3) strain]. Furthermore,
to facilitate purification of the recombinant priig a sequence encoding for a
6-His tag was added at thet8rminus of the cDNAs. In this way, the AtPAO2-
PET 17b, AtPAO4-pET 17b and AtPAOS5-pET 17b plasmidse constructed.

Soluble lysates obtained froB coli cells transformed with AtPAO2-pET
17b and AtPAO4-pET 17b plasmids were tested forumedation of the
recombinant proteins through western blot analgsi enzyme activity
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AtPAOL RVEAQSDQETMKEAMSVL-———- RDMF-GATIPYA-———~—————~— TDILVPRWWNNR 362

AtPAO2 DIEKMSDEAAANFAVLQL: -=-=-VQYLVSRWGSDV 400

AtPAO3 DIEKKSDEAAANFAFSQL- —---INYLVSRWGSDI 401

AtpAO4 DLEKLSDEATANFVMLQL--—--- KKMFPDAPDP———===========— AQYLVTRWGTDP 402

ATPAOS ELEKLTDEEI KDAVMTTISCLTGKEVKNDTAKPLT NGSLNDDDEAMKITKVLKSKWGSDP 448

ZmPAO RIEQQSDEQTKAEIMQVL-———- RKMFPGKDVPDA========= ===~ TDILVPRWWSDR 397
P B P * * ook

AtPAOL FQRGSYSNYPMISDNQLLONIKAPVGRIFFTGEHT SEKFSGYVHGGYLAGIDTSKSLLEE 422

AtPAO2 NSMGSYSYDIVGKPHDLYERLRVPVDNLFFAGEAT SSSFPGSVHGAYST GLMAAEDCRMR 460

AtPAO3 NSLGSYSYDIVNKPHDLYERLRVPLDNLFFAGEATSSSYPGSVHGAYSTGVLAAEDCRMR 461

AtPAO4 NTLGC YAYDVVGMPEDLYPRLGEPVDNIFF GGEAVNVEHQGSAHGAFLAGVSASQNCQRY 462

ATPAOS LFRGS YSYVAVGSSGDDLDAMAEPLPKINKKVGQVNGHDQAKVHELQVMFAGEATHRTHY 508

ZmPRO FYKGTFSNWPVGVNRYEYDQLRAPVGRVYFTGEHT SEHYNGYVHGAYLSGIDSAEILINC 457

Y : ke e * 3

AtPAOL MKQSLLLOPLLAFTESLTLTHQKPNNSQIYTNVKFISGTS 462

AtPAO2 VLERYGELDLF--QPVMGEE---GPASVPLLISRL-———- 490

AtPAO3 VLERYGEL----- EHEMEEE---APASVPLLISRM----- 488

AtPAO4 IFERLGAWEKLKLVSLMGNSDILETATVPLQISRM-———- 497

ATPAOS STTHGAYYSGLREANRLLKHYKCNF---

ZmPAO AQKKMCKYHVQGKYD

Fig. 9. Alignment of the amino acid sequence of AtPAOs and ZmPAO. Multialignment was
done using the program ClustalW sequence aligni@dtsichul etal., 1990). Numbering of amino
acid residues is shown at the right side. Resigwesent at an analogous position with respect to
the Cys residue that is covalently linked to theDFin MAOs are indicated by a yellow box.
Peroxisomal targeting signals of recombinant AtPAGPAO3 and AtPAO4 are indicated in red.
The identical residues and the conserved residedalaeled by the symbols * and :, respectively.

assay using Put, Spd and Spm (data not shown). drtalysis showed high
expression levels of recombinant AtPAO2 and AtPA@dout 2-4 mg per liter
of culture) and catalytic activity toward Spd armEh8(Vax SpmM Wmax Spd = 1
for AtPAO2 andVa SpMVmax Spd ~ 50 for AtPAO4).

On the contrary, recombinant AtPAO5 was not detdetady western blot
analysis both in the soluble lysates and in théusion bodies of the bacteria
transformed with AtPAOS5-pET 17b plasmid. Furthereoin the soluble
lysates no PAO activity toward various polyaminessviound although various
conditions for expression and catalytic activity reveused. In particular,
induction of recombinant proteins was performedvatious temperatures
(25°C, 30°C and 37°C) and for various time peri¢tis, 3h, 5h and 24h) and
catalytic activity was tested at various pH valugdd 6.0 to pH 8.0).
Recombinant AtPAO5 expression was also attemptetyuso moreE. coli
strains, the one [BL21(DE3)pLysS strain] permittimgre stringent expression
conditions and thus being useful for the expressibninsoluble or toxic
proteins and the other [BL21-CodonPlus(DE3)-RIPLrais] being
characterized by an enriched tRNA pool. Howevesp @h these cases AtPAOS
heterologous expression was not successful. Téywshether AtPAOS5 can be
produced inPichia Pastoristhe AtPAO5cDNA was amplified using AtPAO5-
pET 17b plasmid as template and sequence-spedifinefs AtPAOS5-His
for2/AtPAO5-His reyand was cloned in the pGARZ vector for heterologous
expression in the culture medium Bf pastoris(X33 strain) However also
using this expression system, expression of recoambi AtPAO5 wasn't
achieved.
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2.1.3Purification and biochemical characterization of recombinant
AtPAO2 and AtPAO4

To purify recombinant AtPAO2 and AtPAO4 from thectmial lysates,
affinity chromatography using a fi charged resin was performed, which
permitted to purify both recombinant proteins teotdophoretic homogeneity
(Fig. 11). To this end, it was of particular im@orte the presence of 40% of
glycerol in all the buffers used during the wholerification procedure to
confer solubility and stability to the recombing@noteins.

Recombinant AtPAO2 and AtPAO4 displayed the chargtic UV-visible
spectrum of the oxidized flavoproteins with thrésa@rbance peaks at 280, 380,
and 460 nm (data not shown) and had an apparemcoial mass of about 54
kDa, which well corresponds to the molecular magmeeted from amino acid
sequence analysis.

Precipitation of purified AtPAO2 and AtPAO4 withidnloroacetic acid
resulted in the release of the FAD into the supemta suggesting a
noncovalent linkage to both proteins. This is ineggnent with the presence in
AtPAO2 of a Ser residue at position 405, a positidnich in monoamine
oxidase A (MAO-A) and MAO-B is involved in covaleinding to the
isoalloxazine ring of the FAD through a Cys resigidmondsoret al., 2004)
(Fig. 9). Indeed, while Cys, His and Tyr residues/éh been shown to be
involved in covalent binding to the flavin ring isome flavoenzymes
(Edmonson and Newton-Vinson, 2001), until now saatovalent linkage has
not been observed for Ser residues.

AtPAO2 AtPAO4
M B N M B N
116 KDa [S—

66 KDa —a. 116 KkDa = %
| —

45 KkDa

35KDa S
45KDa | S
o é

25KDa | — 35KDa | e -
IS KD - O -.
14.4kDFI-

Fig. 11. Analysis of purified recombinant AtPAO2 and AtPAO4. Recombinant AtPAO2 and
AtPAO4, purified fromE. coli using a Ni*- charged resin, were analyzed by SDS-PAGE and
stained by Coomassie Brilliant Blue. B: crude baatextract; N: pooled elution fractions from the
Ni®*-charged resin; M: molecular weight marker.

31



The noncovalent binding of the FAD molecule alsaréaombinant AtPAO4
was somehow unexpected since a Cys residue is npr@seposition 407
(position 405 in AtPAO2) (Fig. 9). This probablyfleets the fact that for
covalent flavinylation some other amino acid resg&lplay a crucial role to
activate the process (Fraageal.,2000).

Analysis of the catalytic constants of purified sethinant AtPAO2 and
AtPAO4 indicated that these enzymes oxidize botin &pd Spd (Table 1), in
agreement with data from the analysis of the badtbrsates. In particular, it
was shown that AtPAO2 has similly,; values for the two substrates (4:’2 S
for Spm and 4.6 5for Spd), and that AtPAO4 haka, for Spm (4.6 3) which
is about 50-fold higher than that for Spd (0%). &, values for Spm and Spd of
recombinant AtPAO2 and AtPAO4 were also determinedietail, K, values
for Spm and Spd of AtPAO2 are 270 uM and 409 uMpeetively, whereas
Km values for Spm and Spd of AtPAO4 are 47 uM and [1BR respectively.
These data suggest that recombinant AtPAO2 and @tPAre less efficient
enzymes K../Km values for Spm being 15.5'smM* and 97.8 § mM?,
respectively) than recombinant ZmPAR.(K. for Spm being 23.9 x £cs*
mM™; Polticelli et al., 2005) and similarly efficient to murine SMO (m&W
kealKm = 50.0 & mM™; Cervelli et al., 2003) and AtPAO1k{./K., for Spm
being 24.5 3 mM?; Tavladorakietal., 2006) in catalyzing Spm oxidation.

Since a peroxisomal localization has been recedgynonstrated for
AtPAO2 and AtPAO4 and considering that the untivreharacterized

AtPAO1 AtPAO2 AtPAO4
] (r at A’m kcat Km ktat Km
s (uM) (C] (uM) (s (M)
Spm 27203 [110+20| 42+1.2 |270+30| 46%1.0 47+ 5
Spd - - 46+1.5 |409+ 40| 0.10£0.03 | 139+ 18

Nl-acetyl-Spm|0.20 £ 0.04 * | 470£20| 0.8+0.2 [233+20] 0.02 = 0.01 ND

Nor-Spm 69+£13* | 9010 | 2.9+£08 ND 0.5+£01 ND

Thermo-Spm | 5711 R0.0£3.00 0.4£0.1 ND 0.10+0.04 ND

Table I. Kinetic constants of substrate oxidation by recombinant AtPAOs. Data are mean +
SEM of at least three indipendent experimeN{3: not determined® Data taken from Tavladoraki
etal., 2006. Enzymatic activity was determined in 100 firis-HCI, at pH 7.5 for recombinant
AtPAO2 and AtPAO4 and in 100 mM Tris-HCI, at pH 800 AtPAO1.
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mammalian PAOs with a peroxisomal localization ptemtly oxidize N-
acetyl derivatives of polyamines (Wangt al, 2003), the activity of
recombinant AtPAO2 and AtPAO4 was also determinsidgiN-acetyl-Spm
as a substrate. It was shown that recombinant AtPAGd AtPAO4 oxidize
N'-acetyl-Spm (Table 1) wittk., values of 0.8 § and 0.02 §, respectively,
which are much lower than that for Spm, suggesdtiag) acetylated polyamines
are not the physiological substrates of these ergym

In a recent work, it has been demonstrated thasttiess-related uncommon
polyamine Nor-Spm is a better substrate than Spnrdoombinant AtPAO1
(Tavladoraki et al., 2006), suggesting that this polyamine may be its
physiological substrate. For this reason, in thesent study it was also
determined the catalytic activity of recombinanPAD2 and AtPAO4 toward
Nor-Spm and shown to be about 2-10 fold lower ttian for Spm (Table 1). In
parallel, the catalytic properties of recombinat? AO2 and AtPAO4, as well
as of recombinant AtPAO1, were determined towardter uncommon
polyamine, Thermo-Spm, since an enzyme able tohsgite this polyamine
has been recently identified ® thaliana(Knott et al., 2007). Data obtained
show that AtPAO1 has a highky, value and a loweK,, value for Thermo-
Spm than for Spm (Table I). On the contrary, AtPA&d2 AtPAO4 have lower
keat Values for Thermo-Spm than for Spm (Table ). iesé&ingly, recombinant
mSMO was not active with Nor-Spm (Tavladorakial., 2006) and Thermo-
Spm (present study), whereas recombinant ZmPAOhaslues for Nor-Spm
and Thermo-Spm of 5.5'Tavladorakiet al., 2006) and 1.0 values which
are much lower than that for Spia= 32.9 &; Polticelli etal., 2005)

The pH dependence of purified recombinant AtPAO@ AtPAO4 catalytic
activity was also examined using Spm and Spd abstrste (data not shown).
The results obtained show for both enzymes antdtit substrates an increase
in the catalytic activity with the increase of tipél reaching a maximum
between pH 7.0 and pH 8.0. In detail, the optimuihfpr AtPAO2 catalytic
activity towards both Spd and Spm is 7.5, whilet ttm AtPAO4 activity
toward Spd is 8.0 and toward Spm is 7.0. At higitdy the catalytic activity of
recombinant enzymes diminishes.

2.1.4Characterization of AtPAO2 and AtPAOA4 reaction products

To determine the mode of substrate oxidation obmgznant AtPAO2 and
AtPAO4, an analysis of the reaction products wagfopmed. In particular, it
was examined whether recombinant AtPAO2 and AtPAQidlize Spm and
Spd in a similar mode to that of ZmPAO, producingpDamong the other
reaction products, or similar to that of AtPAOL1 amimal PAOs, producing
Spd from Spm and Put from Spd.

Analysis by HPLC of AtPAO2 polyamine reaction protiiusing Spd as a
substrate showed the production of an increasinguaimof a compound with
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the retention time of Put in parallel with a desedn the amount of Spd
(Fig.11A). Similarly, analysis of the reaction pumtls using Spm as a substrate
showed the formation of an increasing amount ofoanmound with the
retention time of Spd and of a compound with thiergon time of Put in
parallel with a decrease in the amount of Spm {AB). In both cases, the
formation of a product with the retention time oafwas not observed (Fig.
11A and B). Similar results were obtained with mabinant AtPAO4 (data not
shown).

These data demonstrate that AtPAO2 and AtPAO4 hawede of substrate
oxidation similar to that of animal PAOs and SM@sl are involved, together
with AtPAOL1, in a polyamine back-conversion pathway

2.1.5Determination of the polyamine back-conversion pathway in vivo
in A. thaliana

To demonstrate the existence of a polyamine baokarsion pathway also
in vivo, protoplasts isolated from Arabidopsis leaves wecebated with Spm
or Spdradiolabelled at internal carbon atoms (Fig. 12).the case of a
polyamine back-conversion pathway, the radiolabellSpm should be
converted to radiolabelled Spd and the radiolabie8pd to radiolabelled Put
(Fig. 12). The Dap eventually produced by a terintiaabolic pathway of the
polyamines is not radioactive (Fig. 12), while thdiolabelled aminoaldehydes
produced can be easily distinguished from Spd gmd 8uring analysis of the
polyamines by thin layer chromatography.

During incubation ofA. thaliana protoplasts with radiolabelled Spd, the
production of an increasing amount of radiolabeled was observed (Fig. 13).
This production resulted diminished in the preseotguazatine, a specific
PAOQO inhibitor. Similarly, during incubation oA. thaliana protoplasts with
radiolabelled Spm, the production of an increasingpunt of radiolabelled Spd
and Put was observed (Fig. 13). These results reontiie existence of a
polyamine back-conversion pathwiyvivoin A. thaliana.
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Fig. 11. HPL C analysis of the reaction products generated when Spm or Spd are oxidized by
recombinant AtPAO2. (A) Chromatograms show the analysis of the reactiodyms at t = 0 and

t = 8 min, respectively, using 1 nM of purified oatbinant AtPAO2 and 0.2 mM Spd as amine
substrate. (B) Chromatograms show the analysisefréaction products at t = 0 and t = 8 min,
respectively, using 1 nM of purified recombinanfPAO2 and 0.2 mM Spm as amine substrate.
Aliquots of the reaction mixtures were analyzed folyamine content after addition of an equal
volume of 5% (w/v) perchloric acid containing 0.8 Diaminohexane (Dah; retention time =
25.6 min) as an internal standard. Data are frosingle representative experiment, which was
repeated twice. The retention times of the varipolyamines are: Dap, 18.1 min; Put, 19.7 min;

Spd, 41.4 min; Spm, 55.1 min.
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Spermine

+ +
MH, - (CH,),- CH,-NH-CH, - (CH,), - CH, - NH - (CH, ), - CH, - NH,,

polyamine Terminal
back - conversion catabolism of
pathway polyamines

+
NHz'CHz'(CHz)z'g;lz' NH- (CH,),-CH. - NH, NH; - (CH,).- CH;- NH,
Spermidine 1,3 - Diaminopropane

+ +
NH, - CH, - (CH,),- CH,- NH,

Putrescine

Fig. 12. Schematic representation of radiolabelled Spm and Spd oxidation through a
polyamine back-conver sion pathway and a terminal catabolic pathway. In the figure,Spm, Spd
and Put radiolabelled at internal carbon atomks (re)shhown. In a polyamine back-conversion
pathway, radiolabelled polyamines are produced,red®ein a terminal catabolic pathway not
radioactive Dap is produced.

Fig. 13. Polyamine back-conversion in vivo in A. thaliana. Thin layer chromatography followed
by autoradiography was used to determine the pah@montent in protoplasts frod. thaliana
leaves incubated with radiolabelled Spd or Spmqudis of protoplasts were also pre-incubated
with the PAO-specific inhibitor guazatine beforeddin of the radiolabelled polyamines. As a
control, recombinant AtPAO2 and ZmPAO were incubatéth radiolabelled Spd or Spm.
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2.2 Histone demethylases of A. thaliana

2.2.1Description of the lysine-specific histone demethylase gene family
in A. thaliana

A search of thé\. thalianagenome database using the amino acid sequence
of ZMPAO revealed not only the presence of five @3Mncoding for putative
PAOs (Tavladorakiet al., 2006), but also that of four additional genes
(At1g62830, At3g13682, At3g10390, At4glg3Hfcoding for proteins bearing
both a flavin amine oxidase domain and a SWIRM darfide etal., 2003; Shi
et al., 2004; Krichevskyet al., 2007), the latter domain being involved in
chromatin-modifying complexes (Fig. 14). These eimd display 26-30%
sequence homology with HsLSD1, which also posselsstts a flavin amine
oxidase domain and a SWIRM domain and which speti§i acts on histone
H3K4mel and H3K4me2 in a FAD-dependent oxidativactien. It was
hypothesized that these fofir thalianacDNAs also encode for lysine-specific
histone demethylases, and they were terAddSD1 AtLSD2 AtLSD3 and
AtLSD4 respectively. Interestingly, despite the highusste homology with
HsLSD1, the amino acid sequence homology of the AduSDs with the two
yeast demethylases (SWIRM1 and SWIRM2) (Nicaaal, 2006), for which,
however, histone demethylase activity has not weinbdemonstrated, is very
low (11-18%). AtLSD1, AtLSD2 and AtLSD3 display aiy high overall
sequence homology with each other (48-52%) and AiitlsD4 (25%—30%),
which extends to both the amine oxidase and theRB\Mlomains (Fig. 14).

SWIRM AMINE OXIDASE
52% 67%

ALLSD2 (52%) - l—
54% 67%

ALLSD3 (51%) ——
25% 37%

AtLSD4 (25%) - | il S

20% 43%

HsLSD1 (26%) -_| [T -
—|.

22%

ZmPAO (20%)

Fig. 14. AtLSDs, HsL SD1, and ZmPAO sequence comparison. Schematic representation of the
various domains of AtLSD1, AtLSD2, AtLSD3, AtLSDA@& ZmPAO. Red boxes indicate the
SWIRM domains, green boxes indicate the amine @eédiomains and yellow boxes the Tower
domain. Numbers indicate the percentage of amimd sequence homology, as a whole or by
domain, of the various proteins with respect to2l1.
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To determine the possible subcellular localizatminthe four putative
Arabidopsis histone demethylases, the amino acdigieseces were analyzed
using PSORT (www.psort.ims.u-tokyo.ac.jp). This lgsia predicted the
presence of a nuclear localization signal at pms#ti517-534 of the AtLSD1
amino acid sequence, suggesting sorting to theenscsimilarly to HsLSD1
(Bradleyet al, 2007). This has been recently confirmed by {entexpression
studies of AtLSD1 tagged with green fluorescenttqiro (Krichevskyet al.,
2007). Nuclear localization was predicted alsoAtrSD2 and AtLSD4, while
mitochondrial/chloroplastic  localization was pradit for AtLSDS3.
Furthermore, analysis of the amino acid sequendfdeofour AtLSDs for the
presence of specific sequence motifs did not eviddhe presence of HMG
DNA-binding domains, as has been shown for the ywast demethylases
(Nicolaset al, 2006).

2.2.2Expression pattern of the AtLSD gene family in different
Arabidopsis organs

The expression pattern of t#dL.SD gene family in different Arabidopsis
organs (rosette and cauline leaves, stem, flowersts, and siliques) was
analyzed by semiquantitative RT-PCR using geneifipecprimers
(AtLSD1for/AtLSD1rev; AtLSD2for/AtLSD2rev; AtLSD3#dL.SD3rey
AtLSD4for/AtLSD4rey (Fig. 15). This analysis showed that thA¢L.SD1
transcript is present at similar levels in all égstorgans, even though
expression levels were expected to be higher inflhveers than in the other
tissues considering the proposed role of chromamodeling enzymes in
flowering control (He and Amasino, 2005). Similasults were obtained also
for AtLSD2 AtLSD3 andAtLSD4transcripts (Fig. 15).

These data are in agreement with microarray datair@m from theA.
thaliana database (Genevestigator expression analysis)chwhiowever,
demonstrate the differential expression patterspacific parts or at specific
developmental stages of the various organs, agxample, in the shoot apex
during transition from the vegetative to the inflscence state.

2.2.3Heterologous expression and biochemical characterization of
AtLSD1in E. coli

To verify whether theAtLSD gene family encodes for proteins with a
lysine-specific histone demethylase activity, helsgous expression of
AtLSD1, chosen as representative member of the lyarm E. coli was
attempted using the pET 17b vector. In particulag, coding region ofAtLSD1
was amplified by RT-PCR using the U21563 clone Pbidapsis Biological
Resource Center) as a template and sequence-sppdifiers AtLSD1-His
for/AtLSD1-His rey.
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AtLSD1

uBQSs

Fig. 15. Expression pattern of AtLSD1, AtLSD2, AtLSD3, and AtLSD4 in various Arabidopsis
organs. The expression of the fodtLSDgenes in various Arabidopsis organs (rosette antine
leaves, stems, flowers, roots, and siliques) wadyaed by semiquantitative RT-PCR using gene-
specific primers.UBQ5 expression was used to confirm an equal amourRN#A among the
various samples. Results at the exponential ples28(cycles foAtLSD1 AtLSD2 andAtLSD3

at 30 cycles foAtLSD4 and at 25 cycles fdyBQ5) are shown.

Furthermore, to facilitate purification of the redbinant protein, a
sequence encoding for a 6-His tag was added &' tieeminus of theAtLSD1
cDNA in the AtLSD1-pET 17b plasmid. Western blogjssis using an anti-6-
His tag antibody of bacteria transformed with AtLSPET 17b plasmid and
treated with isopropylB-D-thiogalactoside (IPTG) to induce expression of
recombinant protein confirmed recombinant AtLSDIcuanulation in the
soluble bacterial extracts (data not shown).

To purify the recombinant AtLSD1, affinity chromaraphy using a Ni-
charged resin was performed, which, however, wasufficient to purify the
recombinant protein to electrophoretic homogengity. 16). Thus, the pooled
elution fractions from the Ni- charged resin were further chromatographed on
a HiTrap heparin HP column from which the proteiaswrecovered at a
homogeneity greater than 95% (Fig. 16). The putifigotein displayed the
characteristic UV—visible spectrum of the oxidizBalvoproteins with three
absorbance peaks at 280, 380, and 460 nm (dathowan) and an apparent
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Fig. 16. Analysis of purified recombinant AtLSD1. Analysis of representative protein samples
from each stage of the purification protocol by SPSGE (10% polyacrylamide). B: crude

bacterial extract; N: pooled elution fractions fraime NF*-charged resin; H: pooled elution

fractions from the HiTrap heparin HP column; M: ewilar weight marker.

molecular mass of 94 kDa (Fig. 16), the moleculassnexpected for the
recombinant protein from amino acid sequence aisalys

Precipitation of purified AtLSD1 with trichloroadetacid resulted in the
release of the cofactor into the supernatant, &ittig noncovalent binding to
the protein.

Purified recombinant AtLSD1 was tested for its i#pito oxidize various
methylated H3 peptides and various polyamines usingeroxidase-coupled
assay to quantify D, levels (Forneriset al, 2005a; Fornerigt al, 2005b;
Holt and Baker, 1995). The results evidenced thiatjlarly to HsLSD1, the
recombinant enzyme is able to demethylate H3K4nmeRHBK4mel peptides,
the specific activity with the H3K4me2 peptide leimgher than that with the
H3K4mel peptide (Table I1). Furthermore, the resulilso showed that,
similarly to HSLSD1 (Shet al, 2004), AtLSD1 is not able to oxidize either the
H3K9me2 and H3K27me2 peptides or the common polgasnEpm, Spd and
Put.

The ability of recombinant AtLSD1 to demethylate tH3K4me2 peptide
was also analyzed by a Western blot based assag @asi anti-H3K4me2
methylation-specific antibody to detect the dimédkipn status of the peptide
(Shi et al, 2004). This analysis confirmed that the recomtinprotein
efficiently reduces the dimethylation level of tH8K4me2 peptide (Fig. 17).

40



kcat & Kma
PEPTIDE & M)
H3K4mel 0.5+ 0.06 8.9+08
H3K4me2 0.68 = 0.08 10.7 £ 0.6
AtLSD1
H3K4me2
in 10% glycerol 0.34 =0.08 128+ 1.0
H3K4mel-S10pho no activity no activity
HsLSD1-
| 4 3K S0, t ‘
CoREST H3K4mel 6.5 £0.60 6.1£0.6

Table Il. Kinetic Constants for the Demethylation of H3 Peptides by Recombinant AtL SD1

and HsLSD1 in complex with COREST. # Enzymatic activity of recombinant AtLSD1 and
recombinant HsLSD1 in complex with CoOREST (HsLSDAREST) was determined in 50 mM
Tris-HCI, 30% glycerol, at pH 8.0, using a const@atoncentration at the air-saturated level and a
peptide concentration either saturating (1#W¥ for apparenk., determination) or varying between

2 and 147uM (for apparentK, determination). Data are the mean + SEM of attl¢thaee
independent experimentsThe assay was performed in 50 mM Tris-HCI, 10%etyl, at pH 8.0.
Similar results were obtained in the absence afegtyl.

AtLSD1 -
H3K4me?2 + +

+

Fig. 17. Demethylation of H3K4me2 peptide by recombinant AtLSD1. H3K4me2 peptide was
incubated for 2 h with recombinant AtLSD1 and amaty by Western blot using an anti-H3K4me2
methylation-specific antibody.

The activity of the recombinant enzyme with the H3#2 and H3K4mel
peptides was shown to be higher at pH 8.0 tham&.p or at pH 9.0 (data not
shown) and to increase at higher glycerol concgatra (50% increase in the
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presence of 30% glycerol as compared to that in presence of 0-10%
glycerol) (Table I1). Interestinglyk.,; values of AtLSD1 were shown to be
about 10-fold lower than that of HSLSD1 in freerfofForneriset al, 2005a)

or in complex with CoREST (present study and Fasnet al, 2007) (Table

I1). Misfolding of the recombinant protein can beckided on the basis of
circular dichroism spectroscopy analysis, whichidgated a high secondary
structure content, the-helix/-sheet percentage being 38-44% as calculated
using CONTIN (Provenchef982), K2D (Andradest al, 1993), or SELCON3
(Sreeramat al, 1999) methods.

2.24Characterization of the reaction products of AtLSD1 by mass
spectrometry analysis

Demethylase activity of AtLSD1 was further confimineby mass
spectrometry analysis of its reaction products. Béfrylation of the H3K4mel
and H3K4me2 peptides by AtLSD1 is expected to reggte the unmodified
peptide with the net loss of 14 and 28 Da, respelsti corresponding to the
molecular mass of one or two gHyroup(s). The H3K4mel, H3K4me2,
H3K9me2, and H3K27me2 peptides were incubated puitfified recombinant
AtLSD1 or buffer, and the reaction mixtures werealgped by mass
spectrometry. In the absence of AtLSD1, the H3K4aned H3K4me?2 peptides
display molecular masses of 2268 and 2282, resdgtias expected for these
peptides (Fig. 18A). In the presence of AtLSD1 lioth peptides a new peak
appeared at a molecular mass of 2254, which welesponds to the molecular
mass of the demethylated peptide (Fig. 18A). On dbatrary, the peaks
corresponding to the H3K9me2 and H3K27me2 peptidese found to be
unaffected by incubation with recombinant AtLSD1g(FL8B and C).

2.25Analysis of the ability of AtLSD1 to interpret the histone code

The demethylase activity of AtLSD1 toward the H3Kelimsynthetic
peptide was also tested in the presence of a seowdlification and in
particular of phosphorylated H3S10 residue. As shdw the lack of any
detectable activity of recombinant AtLSD1 toware ttnonomethylated Lys4
and phosphorylated Serl0 H3 peptide (H3K4mel-SI0pfiable II),
phosphorylation of the H3S10 residue totally abwis the AtLSD1
demethylase activity toward the H3K4mel peptideis TTesult suggests that,
similarly to the human demethylase (Fornetisl, 2005a), AtLSD1 is actually
capable of “reading” the histone code, in thatiscdminates between peptides
bearing different covalent modifications on thedeschains to the point that a
single mark makes the difference between a reaatidea nonreactive peptide.
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Fig. 18. Mass spectrometry analysis of methylated H3 peptides after incubation with
recombinant AtL SD1. H3K4mel and H3K4me2 (A), H3K9me2 (B), and H3K27n€2 peptides
were incubated for 4 h with buffer or purified redonant AtLSD1, and reaction mixtures were
analysed by mass spectromethy.collaboration with Prof. M. Eugenia Schinina, itrsity of

Rome "La Sapien

za".
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2.2.6Comparative analysis of the three-dimensional structure of
AtLSD1

It was also obtained the model of the AtLSD1 thdeeensional structure
using the HsLSD1 crystal structure as a templatangyet al, 2006). As
predicted on the basis of the amino acid sequeligenaent, the most striking
difference between the two proteins is the almashplete absence of the
Tower domain in AtLSD1 (Fig. 19). On the other haadcomparative analysis
of the active site structures of AtLSD1 and HsLS®Btealed a high degree of
conservation of the residues building up the sitajor substitutions in AtLSD1
being only Ser for Met332, Tyr for Trp695, and Thgr Phe538 (Fig. 20).
However, none of these residues are involved irectlicontacts with the
substrate-like pLys4Met peptide inhibitor in HsLSHorneriset al, 2007). In
addition, modeling of the complex formed betweea 31 and this substrate-
like peptide inhibitor, made by superimpositiontioé three-dimensional model
of AtLSD1 with the three-dimensional structure bktcomplex formed by
HsLSD1 with the peptide inhibitor, highlighted tlktrict conservation of the
complex network of interactions observed between ghptide inhibitor and
HsLSD1 (Fig. 20). In particular, the acidic patcrhed by Asp375, Glu379,
and the carbonyl group of Cys360, which in HsLSBteracts with the peptide
pArg8 residue, is strictly conserved in AtLSD1 {dees Asp367, Glu371, and
Cys352). Strict conservation is also observed ésidues Asp553 and Asp556
of HSLSD1 which bind the peptide pArg2 residue (AP and Asp449 of
AtLSD1). In addition, several hydrogen bonds whgthbilize the HsSLSD1
complex with the substrate-like peptide inhibitoe also conserved in the
modeled AtLSD1 complex: (1) the hydrogen bond betwAsn383 (Asn375 in
AtLSD1) and the backbone nitrogen atoms of pThribdl pGlyl2; (2) the
hydrogen bond between His564 (His457 in AtLSD1) dahd O atom of
pThr6; (3) the hydrogen bonds between the backimitnegen of pAlal and
Asn540 side chain carbonyl group and Ala539 bac&boarbonyl group
(Asn433 and Ala432 in AtLSD1). Finally, it is alsonserved in the HsSLSD1
Tyr761 residue (Tyr650 in AtLSD1) which interactéwthe pMet4 residue of
the substrate-like inhibitor, the latter residuemnicking the dimethylated Lys4
of the histone H3 tail (Fig. 20) (Forneasal, 2007).

Analysis of the surface electrostatic potentialAfSD1 as compared to
that of HsLSD1 evidenced a higher negative charaaftdoth the active site
region and the SWIRM domain (Fig. 19). This featuregether with the
absence of the HsLSD1 Tower domain, is probabhbteel to the interaction of
AtLSD1 with different molecular partners. As a nsatbf fact, a BLAST search
using human CoREST as a bait did not retrieve antem in theA. thaliana
genome displaying significant similarity with CORES
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Fig. 19. Schematic representation of the modeled three-dimensional structure of AtLSD1 (A)

and of the crystal structure of HsLSD1 (Yang et al., 2007) (B). The FAD cofactor is shown in
green to identify the active site region. Surfaleeteostatic potential contoured at +10 kT/e and —
10 kT/e is shown in blue and red respectively. Whitcles highlight differences in the surface
electrostatic potential between the two proteins. cbllaboration with Dr. Fabio Polticelli,
University “RomaTre”.

b
Asp375 K\( ’
- Cys360
&

Glu379 Bl \/ Trp695 (f
'
Asn383 ’
F* N — ) Met332
\
o; His564 /
4 {
y ’((\" pA Phe538
.‘f—\\—‘é .
3 ~ )
5 Asp556 < 7 \
\ a | \\\ )
\“.\

Asp553 \" Asn540 \(

TerS;), é,\\z
Fig. 20. Schematic view of the complex formed by HsL SD1 with the substrate-like pLys4M et
peptide inhibitor. HSLSD1 and peptide inhibitor residues contributinghe complex formation
are labeled in black and green, respectively. Easons of clarity, carbon atoms of HSLSD1 are
colored in orange and those of the peptide inhibito green. Active site HsLSD1 residues
nonconserved in AtLSD1 (substitutions being Met332&he538Tyr, and Trp695Tyr) are labeled
in red. Note that none of the nonconserved residitesacts with the peptide inhibitor in the
HsLSD1 complex. In collaboration with Dr. Fabio fe#lli, University “RomaTre”.
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2.2.7Characterization of T-DNA insertional mutants for AtLSD1,
AtLSD2, AtLSD3 and AtLSD4

To study the physiological roles of AtLSDs, Arabidts insertional
mutants forAtLSD1 AtLSD2 AtLSD3andAtLSD4genes were obtained from
the collections of Arabidopsis seeds SALK (Salktitote Genome Analysis
Laboratory collection) and SAIL (Syngenta Arabidigpimsertion Library). In
detail, Atlsd1allele (SALK 142477.31.30.x) contains a T-DNA irigen in the
gene coding sequence (about 1625 bp downstrearheofranslational start
codon),Atlsd2 allele (SALK_135831.43.30.x) contains a T-DNA irt&mn in
the second exon (about 1931 bp downstream of #msltational start codon),
Atlsd3 allele (SALK_015053.35.80.x) contains a T-DNA ir&® in the first
exon (about 783 bp downstream of the translatistadt codon) anditlsd4
allele (SAIL_640_B10) contains a T-DNA insertiontire first exon (about 325
bp downstream of the translational start codorg.(EL).

To confirm the presence of the T-DNA insertion atad identify the
homozygous mutant plants for the T-DNA insertio@RPanalyses using total
DNA extracted from Atlsdl, Atlsd2 Atlsd3 and Atlsd4 seedlings were
performed. In detail, to confirm the presence @& TDNA insertion, a PCR
analysis was performed usinglaDNA left border-specific primer and a gene-
specific primer Bb1/AtLSD1-RP; Lbal/AtLSD2-RP; LBb1/ AtLSD3for
Lb3sailAtLSD4-RB. To select the homozygous mutant plants for tHeNA
insertion, a PCR analysis was performed using twaeespecific primers
designed outside of the 5’ and 3’ ends of the T-DiAertion AtLSD1-
LP/AtLSD1-RP, AtLSD2-LP/AtLSD2-RP, AtLSD3for/AtLSIP3 AtLSDA4-
LP/AtLSD4-RP. Indeed, a T-DNA insertion between these priméess
suppresses PCR amplification due to its elevatedtie and thus in the
presence of a T-DNA insertion the fragment indigatof each WT allele is
absent (Fig. 21; Fig. 22). This PCR analysis readathe presence of
homozygousAtisdl, Atlsd2 andAtlsd3 plants, whereas no homozygodtsd4
plants were found despite the fact that a large bminof mutants were
analyzed. It is possible that homozyg@dlsd4plants are not viable.

RT-PCR analysis of total RNA frorAtlsdl, Atlsd2 and Atlsd3 seedlings
homozygous for the T-DNA insertion, using gene-#fie@rimers AtLSD1-
LP/AILSD1-RP, AtLSD2for/AtLSD2rev, AtLSD3for/AtLSD3, confirmed the
absence of the full-length gene transcripts (F8). 2

To elucidate the biological roles of AtLSDs, theepbtype of homozygous
mutant plants was analyzed in detail under phygiol growth conditions. In
particular, germination percentage, stem lengthf, teorphology, root length,
inflorescence characteristics and flowering timeenanalyzed. Flowering time
was measured by the developmental criterion ohtlmaber of leaves formed,
prior to flowering. HomozygousAtlsd1l and Atlsd2 plants did not show
phenotypical changes. On the contrary, for homoagddlsd3plants a delayed
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flowering phenotype was observed (Table IIl), thasfirming data reported in
other studies (Krichevskgt al, 2007; Jiangt al, 2007).
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—
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’ 1
1 1625 2713 (bp)

Atlsd1 (SALK 142477.31.30.X)
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1 1931 2317 (bp)

AtLSD3 for  LBb1 LP3
T-DNA
ATG

Atlsd3 (SALK 015053.35.80.X)

1 783 2527 (bp)

LP4 Lb3sail RP4
— —
T-DNA

A'rsy

1 325 6628 (bp)

Atlsd4 (SAIL_640_B10)

[

Fig. 21. Schematic rappresentation of the T-DNA insertion site in the Atlsdl, Atlsd2, Atlsd3
and Atlsd4 mutants. Yellow triangles indicate the T-DNA insertion. Exoof AtLSD1 AtLSD2
AtLSD3andAtLSD4genes are represented as blue boxes, whereassi@atre represented as black
lines. Red lines represent the 5' nontranslatedmsgRP1= AtLSD1-RPprimer, LP1 = AtLSD1-
LP primer, RP2 = AtLSD2-Rpprimer, LP2 = AtLSD2-LPprimer, AtLSD3for = AtLSD3foprimer.
RP3 = AtLSD3-RRprimer; RP4 = AtLSD4-Rmprimer; LP4 = AtLSD4-LPprimer.Lbal andLBb1
are T-DNA left border-specific primers for SALK TNA insertion lines, wheredsh3 sailis a T-
DNA left border-specific primer for SAIL T-DNA insgon lines.
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(A) AtLSDI-RP/ ALSDI-RP/ (B) AtLSD2-RP/ ALSD2-RE/
ALSDI-LP LBbI

_ ‘adsprip
M WT Atlsdl WT Atlsdl WT Atlsd2 WT Aﬂsdz
—1725bp
—~900 bp
—~700 bp —724bp
© ALLSD3for/ ALSD3for/ AtLSD4-RP/ ALSD4-RP/
ALSD3-LP LBb _ Casperr  Ib3eail
M WT Atlsd3 WT Atlsd3 WT Atlsd4 WT Atlsd4

—2028 bp
—~ 900 bp —885 bp
—~750 bp

Fig. 22. Genotyping of Atlsdl, Atlsd2, Atlsd3 and Atlsd4 mutants. The genotypes oAtlsdl,
Atlsd2 Atlsd3andAtlsd4 mutants were determined by two sets of PCR raatidhe presence of
T-DNA insertion was determined using a T-DNA lefirBer-specific primer and a gene-specific
primer (LBb1/AtLSD1-RP; Lbal/AtLSD2-RP; LBb1/ AtLSD3idy3sailAtLSD4-RR. The absence
of the fragment indicative of each WT allele wagedmined using two gene-specific primers
designed outside of the 5’ and 3’ ends of each TADNertion AtLSD1-LP/AtLSD1-RP, AtLSD2-
LP/AtLSD2-RP, AtLSD3for/AtLSD3-LP, AtLSD4-LP/AtLSRH®. Total DNA from wild-type
plants (WT) was used as control. M: DNA Marker.

Wild-type Atlsdl Atlsd2 Atlsd3

Leaft number 151+1.8 16.4+2.0 172428 70.1 +£10.5

Table Ill. Total leaf number at bolting for wild-type and Atlsdl, Atlsd2, Atlsd3 mutants.
Values shown are means + SD of total number oftt®sad cauline leaves. Fifteen plants were
scored for each mutant. The experiment was rep#atee times with similar results.
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AtLSDI-RP/ AtLSD2for/ AtLSD3for/
AtLSDI1-LP AtLSDZrev ALSD3-LP

WT  Adsdl ' WT  Aflsd?'' WT  Atlsd3 |

M

= 2028 bp
= 1725 bp

— 444 bp

Fig. 23. RT-PCR analysis of total RNA from Atlsdl, Atlsd2 and Atlsd3 seedlings. The absence
of the full-length gene transcripts in homozygdéuksdl, Atlsd2 andAtlsd3plants was determined
using gene-specific primer&\tLSD1-LFAILSD1-RP AtLSD2fofAtLSD2rey AtLSD3forAtLSD3-
LP). Total RNA from wild-type plants (WT) was used esntrol. The RT reaction was also
performed in absence of reverse transcriptase gatime control (data not shown). M: DNA
Marker.

2.2.8Preparation of trangenic Arabidopsis plants transformed with an
AtLSD1 prom::GFP-GUS construct and with constructs for
AtL SD1 overexpression

To determine in detail theAtLSD1 expression pattern, an AtLSD1
prom:GFP-GUS construct was prepared using the Gatéschnology (Hartley
et al, 2000). In particularAtLSD1 promoter was amplified by PCR from
Arabidopsis total DNA using sequence-specific preneAtLSD1prom
for/AtLSD1prom re} These primers were designed in such a way afidw
AtLSD1promoter cloning via pDONR 221 donor vector into@KFS7 vector
(Karimi et al, 2002), a plant Gateway destination vector inclvhan in frame
fusion between regions coding for enhanced gragardkcent protein linked to
the endoplasmic reticulum-targeting sigragfpER andp-glucuronidasequg
is present downstream of the promoter insertioa @fig. 24). In this way,
AtLSD1 prom-pKGWFS7 plasmid was obtained and charaation of A.
thalianaplants transformed with this construct is in pesy.

Furthermore, to study the AtLSD1 physiological sl construct was
prepared for AtLSD1 overexpression An thaliana plants, using also in this
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case the Gateway technology (Hartketyal, 2000). To obtain the AtLSD1
overexpression costruct, th&tL.SD1 coding region was amplified by PCR
using the AtLSD1-pET 17b plasmid as substrate aogience-specific primers
(overAtLSD1-His for/overAtLSD1-His revThese primers were designed in
such a way as to allo&tLSD1cDNA cloning via pDONR 221 donor vector
into pK2GW?7 vector (Karimet al, 2002), a plant Gateway destination vector
which guides overexpression of proteins in plamslen the control of the
constitutive 35S cauliflower mosaic virus (CaMV)oproter (Fig. 25).
Moreover, to facilitate detection of the proteirsegguence encoding for a 6-His
tag was added at theé &rminus of cDNA. In this way, AtLSD1 His tag-
pK2GW?7 plasmid was obtained and characterizatiorAofthaliana plants
transformed with this construct is in progress. Phenotype of these plants
will be analyzed in detail under physiological caimhs and following stress
treatment. Microarray analysis and chromatin imnpraoipitation experiments
will be also performed using these transgenic plant parallel with the
corresponding insertional mutant plants to deteenthre genes that are under
the control of AtLSD1.

[ oo von] iz |

entry clone destination
LR Recombination vector
Reaction

pDONR 221

= I Y

byproduct expression
clone

Fig. 24. Schematic rappresentation of the Gateway LR reaction performed to obtain the
AtLSD1 prom::GFP-GUS construct. pDONR221: pDONR 221 Gateway donor vector;
pKGWFS7: pKGWFS7 plant Gateway destination vecatit;1, attl 2, attR1, attR2, attP1, attP2,
attB1 andattB2: site-specifiaattachment sites for recombination proteiAsl. SD1prom: AtLSD1
promoter; pUC ori: pUC origin; Km: kanamycin resiste marker; CmR: chloramphenicol
resistance markegcdB: ccdB gene;Egfp enhanced green-fluorescent proteiBNA; gus f-
glucuronidasecDNA; nos prom: nos promoter;noster: nosterminator; LB and RB: left and right
T-DNA borders; SpR: spectinomycin resistance marB&sS ter: terminator of the cauliflower
mosaic virus (CaMV) 35S transcript.
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Considering that HsLSD1, the human hortologue &fSR1, participates in
multiprotein complexes important in the regulatiafi gene expression
(Forneriset al., 2008) and with the aim to isolate the compleikesvhich
AtLSD1 is eventually involved another construct f& HA AtLSD1-
pK2GW?7 plasmid) was prepared for AtLSRerexpression irA. thaliana
plant in fusion with the FLAG and HemoagglutinirtéA) tags. The two tags
will allow isolation of protein complexes through two-step affinity
chromatography. To obtain this construct, th# SD1 coding region was
amplified by a three step-PCR using the AtLSD1-pE/b plasmid as first
template and sequence-specific  primersove(AtLSD1-HA  FLAG
forl/overAtLSD1-HA FLAG for2/overAtLSD1-HA FLAG3@ndoverAtLSD1-
HA FLAG rey and cloned into pK2GW?7 vector (Karimi al, 2002) (Fig. 25).
Characterization ofA. thalianaplants transformed with FLAG HA AtLSD1-
pK2GW?7 plasmid is in progress.

entry clone destination
LR Recombination vector
Reaction

pDONR 221

Ea [ ¥
byproduct expression
clone
ol

T~ [(awsD1His tag

Fig. 25. Schematic rappresentation of the Gateway LR reaction performed to obtain the
AtL SD1 overexpression constructs. pPDONR221: pDONR 221 Gateway donor vecfuik2GW7:
pK2GW?7 plant Gateway destination vectatfL1, attL2, attR1, attR2, attP1, attP2, attB1 and
attB2: site-specificattachment sites for recombination proteiAst. SD1 His tag: AtLSD1cDNA
linked to a sequence encoding for a 6-His tag; FLAG AtLSD1 AtLSD1 cDNA linked to
sequences encoding for the FLAG-HA tandem tags; pWiC pUC origin; Km: kanamycin
resistance marker; CmR: chloramphenicol resistanaeker; ccdB: ccdB gene;nos prom: nos
promoter;noster: nosterminator; LB and RB: left and right T-DNA bordeISpR: spectinomycin
resistance marker; 35S prom: promoter of the dawdr mosaic virus (CaMV) 35S transcript;
35S ter: terminator of the cauliflower mosaic vi(@aMV) 35S transcript.
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3. DISCUSSION

PAOs are involved in fundamental cellular procesaesonly through their
contribution to polyamine homeostasis but alsougtotheir reaction products
(i.e. HO,, Dap, and aminoaldehydes). The nature of reagii@muucts and
substrate specificity of PAOs depend on the sowtdhe enzyme. The
biological significance of such differences betwédle various PAOs and the
specific role of each distinct PAO are not underdtyet. To this end, the
characterization of a major number of PAOs is fundatal. PAOs from
monocotyledonous plants, such as ZmPAO, repredantuntil now best
characterized plant PAOs and have been shown tovibéved in the terminal
catabolism of polyamines. Recently, AtPAO1 (Taviadd et al., 2006) has
been shown to be the first plant PAO involved ipodyamine back-conversion
pathway similarly to animal PAOs and SMOs. Thus, ¢haracterization of the
other A. thaliana PAOs results of great interest to determine whethese
enzymes are also involved in a polyamine back-cime pathway and to go
deeper in the study of the physiological rolesafamine catabolism in plants.
In the present work, it was demonstrated that rédoamt AtPAO2 and
AtPAO4 catalyze the oxidative deamination of Sprd &pd to produce Spd
and Put, respectively, and thus to be involved polyamine back-conversion
pathway similarly to AtPAO1 and animal PAOs and S&0

Very recently, it has been demonstrated that AtP&B@ AtPAO4 have a
peroxisomal localization (Kamada-Nobusaetal., 2008; Moschouet al.,
2008) conversely to ZmPAO which has an apoplasticalization. The
differences between AtPAO2, AtPAO4 and ZmPAO incaliolar localization
and mode of substrate oxidation probably reflecffeddnces in the
physiological roles of these enzymes. On the othand, the peroxisomal
localization of AtPAO2 and AtPAO4, analogous tottlod the most known
animal PAOs, gives direct evidence for peroxisomelication in polyamine
oxidation and back-conversion also in plants. Huspartmentalization could
be of physiological importance considering the afikk nature of PAOS, since
the produced kD, could be efficiently scavenged through the abuhdan
peroxisomal catalase. In AtPAO1, differently fromPAO2 and AtPAO4, no
signal for protein targeting to a specific intrdekdr compartment is present,
thus suggesting a cytosolic localization. It isgible that, while AtPAO2 and
AtPAO4 contribute to polyamine homeostasis, AtPA®linvolved in other
biological processes. However, the very high secgeeilentity (74%) of
AtPAO1 with NtPAO, which has been shown to havepoplastic localization
(Yoda et al, 2006), leaves open the question of AtPAOLl slhee!
localization and physiological roles.

Recombinant AtPAO2 and AtPAO4, similarly to AtPACHSso oxidize N
acetyl-Spm, but much less efficiently than Spm sstjgg that acetylated
polyamines are not their physiological substrafBisus, AtPAOs might be
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involved in a polyamine back-conversion pathwawhich the SSAT probably
does not participate, this being contrary to aniR¥0s, which mainly oxidize
acetylated polyamines. In mammals, polyamines aetykated in order to be
excreted from the cells (Seiler, 1995; \Wal, 2003) and PAOs may have the
role to prevent this transport and to increaseaggtular Spd and Put levels
(Wu et al, 2003). On the contrary, both in mammals andtpléne specific
biological role of a SSAT-independent polyaminekaconversion pathway is
not known yet, but the study of this pathwayAn thalianamay contribute
greatly towards this end. The presence of a SSASem#ent polyamine back-
conversion pathway also iA. thalianacan not be excluded considering that
small amounts of acetylated polyamines are prdsetiis plant. Similarly, in
A. thalianathe existence of a terminal polyamine catabolithway has not
been yet demonstrated and can not be excludednidrrégards, it results of
great importance the biochemical characterizatioAtBAOS5 to determine the
pathway in which it is involved.

In the present work, it was also shown that reconfti AtPAO1, AtPAO2
and AtPAO4 are able to oxidize the stress relatedonmon polyamines
Thermo-Spm and Nor-Spm. In particular, it was shdhat these uncommon
polyamines are better substrates than Spm for AtPA@ggesting that they
may be the physiological substrates of this enzyrhés is of great importance
considering that a genACL5 encoding for a protein able to synthesize
Thermo-Spm from Spd has been recently charactenizadthaliana(Knott et
al., 2007) and thacl5 Arabidopsis mutant presents defects in stem etanga
(Hanzaweaet al., 1997) and in vascular development (Clay and dvgl2005).

In the future, the analysis of the expression patté AtPAO gene family will

be of great importance to understand the role ohatistinct AtPAO and to
verify whether theAtPAOL expression pattern correlates well with Nor-Spm
and Thermo-Spm accumulatiomvivo under physiological or stress conditions.

In A. thaliana, four more genes have been also identifidtllg62830
(AtLSDJ), At3gl3682(AtLSD2, At3g10390(AtLSD3, At4g16310(AtLSDY
encoding for proteingith an amine oxidase domain. These proteins Hearaa
SWIRM domain, which is usually present in chromatiadifying complexes,
and display a 26-30% sequence homology with humsirtSB1 (KIAA0601).
HsLSD1, which has the same functional domains eadatr AtLSDs, has been
shown to catalyse the oxidative demethylation oKéi®iel and H3K4meand
to participate in multiprotein complexes importantthe regulation of gene
expression.

In the present work it was demonstrated that AtLS®a lysine-specific
histone demethylase with a substrate specificityilar to that of HsLSD1. In
particular, it was shown that recombinant AtLSDZ dfically demethylates
H3K4me2 and H3K4mel peptides. On the contrary, otvity toward
H3K9me2 and H3K27me2 peptides and polyamines waswrsh Data
presented in this work represent the first dematisim that also in plants
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histone methylation is a reversible process. TRisan important finding
considering that in plants histone modificationse ainvolved in key
developmental processes, such as the transition ffe vegetative to the
reproductive stage (He and Amasino, 2005), andpsibably contribute to get
a better understanding of the underlying mecharssnif a recently published
study (Krichevskyet al., 2007), the authors failed to detect demethylase
activity of their recombinant AtLSD1. In the liglof the results described in
this work, it must be concluded that this may be do instability and/or
incorrect folding of the recombinant protein und#reir experimental
conditions. Indeed, in this work it was observeal thtLSD1 catalytic activity
resulted greatly enhanced in the presence of iszrg@mounts of glycerol.

A comparative analysis of the AtLSD1 and the HsLSBrhino acid
sequence and three-dimensional structure showeahalbgree of conservation
of the residues building up the active site anéraatting with the pLys4Met
peptide inhibitor, suggesting that electrostatiteliactions are an important
factor in the catalytic activity of both AtLSD1 andsLSD1. Similarly,
phosphorylation of the H3Ser10 residue, anotheromamt epigenetic mark,
totally abolishes the demethylase activity towdrel HH3K4mel peptide of both
enzymes, probably due to unfavorable electrostattizactions which make the
peptide unable to bind the enzymes in a produetiag (Forneriset al, 2005a).
These data suggest that, similarly to the humaret®ytase, AtLSD1 is able to
“read” different epigenetic marks on the histongelminal tail, a finding
which may have an important biological significance

A prominent difference between AtLSD1 and HsLSD1hs lack of the
HsLSD1 Tower domain in the AtLSD1. This domain Heeen shown to be
crucial for the histone demethylase activity of 13§11 (Stavropoulo®t al.,
2006; Chenet al., 2006) and to be involved in HsLSD1-CoREST comple
formation (Cheretal., 2006; Yangetal., 2006), which in turn has been shown
to stimulate the demethylase activity of HsLSD1 dodvnucleosomes (Lest
al., 2005; Shiet al, 2005). In the case of AtLSD1, despite the latkhea
Tower domain, a lysine specific histone demethylasgivity has been
demonstrated. However, AtLSD1 and HsLSD1 diffem#igantly from each
other in catalytic efficiency. In particular, AtLSDisplays a turnover rate 10-
fold lower than that of HSLSD1. From this viewpoibimust be noted that a
Towerless mutant of HSLSD1 has been shown to hawreatly reduced
catalytic activity (approximately 0—10% as compatedhe wild-type enzyme)
(Stavropoulostal., 2006; Cheretal., 2006), indicating that the Tower domain
may be involved in the structural organization lo¢ tactive site. These data
suggest that small structural differences in thevacite of AtLSD1 due to the
lack of the Tower domain could explain the lowdicéEncy of this enzyme in
respect to the human orthologue. However, it i® glessible that AtLSD1
interactsin vivowith other proteins, as some recent data indidétielfevskyet
al., 2007), which may affect its catalytic properta® increase its efficiency.
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Functional partners of AtLSD1 seem to be differfoin those of HsLSD1.
This is supported not only by the absence in thenéo protein of the Tower
domain but also by a peculiar electrostatic po#tmutistribution of the SWIRM
molecular surface. In addition, the sequence siityilaearch using COREST as
a bait does not retrieve any protein in thethalianagenome which displays a
significant sequence similarity with CoREST, ruliogt the possibility that
AtLSD1 interacts with CoREST-like macromoleculesheTissue regarding
functional roles/partners of proteins belongingtlie LSD1 family is further
complicated by recently published data (Huahbgl., 2007) which demonstrate
that HsSLSD1 interacts with p53 to repress p53-ntediatranscriptional
activation and to inhibit the role of p53 in prommgt apoptosis through
demethylation of residue Lys370, a residue locatetthe C-terminal region of
p53. However, p53 C-terminal tail does not disptsignificant sequence
homology with the histone H3 N-terminal tail (daat shown), suggesting that
proteins belonging to the LSD1 family are abledoagnize various substrates,
most likely through differential molecular intericts. This observation
indicates that then vivo functional role of this class of proteins is a very
complex one, depending on the interaction with wwakr partners which may
differ significantly between animal and plant lysispecific demethylases.
Thus, characterization of the complexes in which.S1 is eventually
involved will contribute to define its molecularrpzers and its biological role.
Furthermore, analysis of the expression patterrAthfSD gene family will
contribute to understand the role of each disthitSD.

Very recently it has been reported that in ArabaisgtLSDYAtLSD2or
AtLSD3knockout increases H3K4 methylation level withie BLC, whereas it
does not change H3K9 and H3K27 methylation levdlanget al, 2007).
These data are in agreement with the sperifigitro demethylase activity of
AtLSD1 toward H3K4 demonstrated in the present wamll suggest a similar
substrate specificityin vivo. However, in another recent repo@AtLSD1
knockout has been shown not to change the H3K4 yiagitbn level within the
FLC but to reduce that at H3K9 and H3K27 (Krichevsityal., 2007). The
reason for such different results is not known, ibatay reside in the fact that
knockout of the varioustLSDsmost probably interferes with the activity of
other histone modifying enzymes, since these haea Ishown to participate in
multiprotein complexes in which they function ic@ordinated manner (Lext
al., 2006; Wissmanret al, 2007). This hypothesis could also explain the
increase in the acetylation level of H4 within theC in the AtLSD1 and
AtLSD3 knockout Arabidopsisnutants (Krichevskyet al., 2007; Heet al,
2003)
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MATERIALS AND METHODS

Materials

Put, Spd, Spm, Nacetyl-Spm, 4-aminoantipyrine, 3,5-dichloro-2-
hydroxybenzenesulfonic acid and horseradish peassidvere purchased from
Sigma-Aldrich-Fluka. Guazatine was obtained fromoR#Poulenc Agro-
Italia. Restriction and DNA-modifying enzymes weparchased from New
England Biolabs, Invitrogen, Stratagene and Prom&gher chemicals were
obtained from Sigma-Aldrich-Fluka, Bio-Rad and JBRker.Escherichia coli
strains were purchased from Invitrogen and Novagdchia Pastorisstrain
was purchased from InvitrogeAgrobacterium tumefaciensV301 (pMP90)
strainwas kindly provided by Prof. Felice Cervone (Unaigr of Rome, “La
Sapienza”). All oligonucleotides were synthesizgdivitrogen and PRIMM.
[**C]Spd (N-(3-aminopropyl)-[1,4%C]tetramethylene-1,4-diamine)
trihydrochloride (112 mCi/mmol) and “L]Spermine (N’,N’-Bis-(3-
aminopropyl)-[1,4¥'C]tetramethylene-1,4-diamine)  trihydrochloride (113
mCi/mmol) were purchased from GE Healthcare. Sytittfidhermo-Spm was a
kind gift from Prof. Armin Geyer, Marburg. The shetic human histone H3
peptides with specific modifications H3K4mel (1-24), H3K4mel-S10pho
(1-21 aa), H3K4me2 (1-21 aa), H3K9me2 (1-21 aa),HBK27me2 (21-44
aa) were purchased from Upstate Group Inc. or swighd by Thermo
Scientific. Recombinant HsLSD1 in complex with CARE was Kkindly
provided by Prof. Andrea Mattevi and Dr. Claudiada (University of Pavia,
Italy).

Microbiological technigues

Bacterial strains

Escherichia coli DH& (strain for DNA cloning): F-9¢80(acZ)AM15
A(lacZYA-argF) U169recAl endAl hsdR17 (rk—, mk+) phoA supE44 A- thi-1

gyrA96 relAl. Thep80dacZAM15 marker provides-complementation of the
p-galactosidasegene from pUC or similar vectors and, therefoes be used
for blue/white screening of colonies on bacterialtgs containing Bluo-gal or
X-gal.

E. coli BL21 (DE3)(strain for recombinant protein expression):drmpT
hsd$ (rs-mg-) gal dcm (DE3). The DE3 designation means that the strain
contains theADE3 lysogen that carries the gene encoding for TNAR
polymerase under the control of tleeUV5 promoter. Thus, isopropyi-D-
thiogalactoside (IPTG), a molecular mimic of alkitase, is required to induce
expression of the T7 RNA polymerase. This straidéficient in both lon and
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ompT proteases. The lack of these two key proteseshisces degradation of
heterologous proteins.

E. coli BL21 (DE3)pLysSstrain for recombinant protein expression): F-
ompT hsd$(rs-mg-) gal dem(DE3) pLysS (Carf). Deficient in both lon and
ompT proteases. pLysS strains produce T7 lysozgmeduce basal expression
levels of heterologous genes.

E. coli BL21-CodonPlus(DE3)-RIPL(strain for recombinant protein
expression): FompT hsd$ (rg-mg-) gal dem (DE3) endA Hte [argU proL
Canf] [argU ileY leuW Strep/Speq. Deficient in both lon and ompT
proteases. In this strain, the gene that encoddsneclease | gndA, an
enzyme that rapidly degrades plasmid DNA, has beactivated. This strain
also contains extra copies of taegy, ileY, leuWand proL tRNA genes and
thus rescues expression of heterologous protemms forganisms that have
either AT- or GC-rich genomes.

E. coli One Shot® OmniMAX™ 2-F4strain for DNA cloning through
Gateway technology): 'K proAB* lacl? lacZAM15 Tn10(Tef) A(ccdAB)}
mcrA A(mrr-hsdRMS-mcBC) ¢80(acZ)AM15 A(lacZYA-argF) U169endAl
recAl supE44thi-1 gyrA96 relAl tonA parD. The OmniMAX™ 2-T1f strain
presents\(ccdAB) for sensitivity to the toxic effects of theedBgene product,
allowing negative selection of vectors containingdcdBgene.

Agrobacterium tumefaciens GV301 (pMPS&ain: This strain carries a
gene for rifampicin resistance on the chromosontk agene for gentamycin
resistance on the helper plasmid.

Bacterial culture media

LB (Luria Bertani) broth Tryptone (pancreatic digest of casein) 10 g/lasfe
extract 5 g/L and NaCl 10 g/L, pH 7.0. For agatgdal5 g/L agar was used.

Low salt LB broth Tryptone (pancreatic digest of casein) 10 g/Lasfe
extract 5 g/L and NaCl 5 g/L, pH 7.0. It was useddelection with Zeocin.

Preparation of competentEscherichia coli cells

A single colony grown for 16-20 h at 37°C, was inlated into 4 mL LB
broth. After overnight incubation at 37°C with ctargt shaking at 250 rpm, 1.0
mL of the culture was inoculated into 100 mL LB trén a sterile 1-L flask
and grown at 37°C with shaking at 250 rpm to/qp, value of ~ 0.6. The
culture was then transferred aseptically into Egeite-cold 50 mL falcon tubes
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and was cooled to 0°C on ice for 30 min. After cémgation at 1500 x g for 15
min at 4°C, the supernatant was completely remaretl the bacterial pellet
was resuspended gently in 25 mL of ice-cold 70 mACEand the suspension
was stored on ice for 60 min. Cell suspension veasrifuged at 1500 x g for
10 min at 4°C and, after discarding the supernathatpellet was resuspended
in 5 mL of ice-cold 50mM CaGl/ 15% glycerol. Aliquots of competent cell
suspension (100L) were used for transformation or stored at —@Atil use.

Transformation of competentE. coli cells

Before transformation, frozen aliquots of competegits were thawed on
ice. Plasmid DNA (10 to 50 ng) was added into thi®etand the content of the
tube was mixed by swirling gently and incubatedamfor 30 min. Following
incubation, the tube was heated at 42°C for 2 Bhq in the case d&. coli
One Shot® OmniMAX™ 2-T%) and then transferred immediately on ice. Cells
were chilled for 2 min and, after addition of 800 LB broth (250uL LB broth
in the case ofE. coli One Shot® OmniMAX™ 2-T4), the culture was
incubated at 37°C for 1 h with constant agitatiombtain antibiotic resistance.
Following incubation, cells were plated on LB agplates containing
appropriate antibiotics for selection of transfontsaand the plates were
incubated at 37°C for 16 h.

Conditions for heterologous protein expression iik. coli

A single colony ofE. coli cells €. coli BL21 (DE3), E. coli BL21
(DE3)pLysS orE. coli BL21-CodonPlus(DE3)-RIPL cells) transformed with
the expression construct was inoculated into LBttbiantaining appropriate
antibiotics. After overnight growth at 30°C to &gy, value of 0.7 - 1.0, IPTG
was added to the culture to a final concentratignn®M to induce recombinant
protein expression. The culture was incubated 4C2& 30°C or 37°C for
various time intervals (for time-course studiesdoectly at 25°C for 5 h (for
recombinant protein purification). The culture veastrifuged at 1500 rpm and
the cell paste was used to determine expressioalsleand/or to purify
recombinant protein. To determine total expressievel by western-blot
analysis, the cell paste was resuspended in loadufter for SDS-PAGE
analysis and lysed by boiling. To determine recarabt protein accumulation
in the soluble protein fraction, cells were resusfgal in extraction buffer
composed of 50 mM Tris-HCI, pH 8.0, 0.5 M NaCl #PAO1 (Tavladoraki
et al, 2006), 100 mM Tris-HCI, pH 8.0, 0.5 M NacCl, 4084v) glycerol for
AtPAO2, 100 mM Tris-HCI, pH 8.0, 40% (v/v) glycerfdr AtPAO4 and 50
mM Tris-HCI, pH 8.0, 0.1 M NaCl, 10% (v/v) glycerdbr AtLSD1. Cells
transformed with AtPAOS5-pET17 b plasmid were resmsfed in 100 mM
sodium phosphate (pH 6.0 or pH 7.0) or Tris-HCI (p1@ or pH 8.0). In all
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extraction buffers, 1 mM phenylmethanesulfonyl fide (PMSF) was added
and the cells were disrupted by sonication. Afemtdfugation at 6500 x pr
30 min at 4 °C, the clear supernatant (bacteritthe® containing the soluble
proteins was either analyzed for recombinant pmotaccumulation by
immunoblotting or further processed for recombinamdtein purification.The
remaining pellet was extensively washed with thigaetion buffer, by three to
four cycles of sonication/centrifugation to elimi@ahe whole amount of the
soluble recombinant protein and resuspended in BRSE loading buffer to
determine recombinant protein accumulation in isidn bodies.

Preparation of competentAgrobacterium tumefaciens cells

A single colony ofA. tumefaciensGV301 cells was inoculated into LB
broth containing 50 pg mt rifampicin and 50 pg mk gentamycin. After
growth at 28°C with constant shaking at 250 rprand@gg, value of ~ 1.0, the
culture was transferred aseptically into steride-¢old 50 mL falcon tubes and
was cooled to 0°C on ice for 20 min. Culture waentieentrifuged at 2000 x g
for 15 min at 4°C, the supernatant was completeiyaved and the bacterial
pellet was resuspended gently in 30 mL of ice-celdrile water. After
centrifugation, the wash procedure was repeatedetwBacterial pellet was
resuspended in 5 mL of ice cold 10% glycerol andrafentrifugation the new
bacterial pellet was resuspended in 400 pL of add-20% glycerol. Aliquots
of competent cell suspension (40 were either used immediately or stored at
— 80 °C until use.

Electroporation of competentA. tumefaciens cells

Oneyl of a 150 ngiL plasmid DNA was added to a microcentrifuge tube
containing 40uL of thawn on ice competent cells. The mixture \wasibated
on ice for 1 min and then transferred immediatehtoi a prechilled
electroporation cuvette (Biorad). The cuvette wamntplaced into the sample
chamber. The electroporation apparatus (microPwd$sstroporator, Biorad)
was set to 2.4 kV, 25F and the pulse controller was set to 200 ohmserAft
application of the pulse to perform the electrofora the cuvette was
immediately removed from the chamber and 1 mL oftdrBth was added. The
mixture was transferred to a sterile microcentgftigbe and incubated at 28°C
for 3h with constant agitation. After incubatiorglls were plated on LB agar
plates containing appropriate antibiotics for siecof trasformants.



Pichia pastoris strains

P. pastoris strain X-3%for recombinant protein expression): It is thédwi
type strain. This strain allows the expression efombinant proteins from
vectors with Zeocinesistance as the only selectable marker.

P. pastoris culture media

YPD (Yeast extract Peptone Dextrose) brdt¥ yeast extract, 2% peptone
and 2% dextrose (D-glucose).

YPD agar 1% yeast extract, 2% peptone, 2% dextrose (Deglejcand 2%
agar.

Preparation of competentP. pastoris cells

CompetentP. pastoriscells were prepared following the protocol of the
Pichia EasyComp" Kit (Invitrogen). A single colony oP. pastorisX-33 cells
was inoculated into YPD broth. After growth at 30#h constant shaking at
250 rpm to amggo value of 0.6 - 1.0, cells were centrifuged at ¥@Pfor 5 min
at room temperature. The supernatant was complezethpved and the pellet
was resuspended gently in 10 mL of Solution | (8oftsolution containing
ethylene glycol and DMSO). Aliquots of competenit saspension were either
used immediately or stored at — 80 °C until use.

Transformation of competentP. pastoris cells

Transformation of Competet. pastoriscells were obtained following the
protocol of thePichia EasyComp" Kit (Invitrogen). Thawn competent cells
were mixed with 3 pg of linearized plasmid. Afteldétion of 1 mL of Solution
Il (PEG solution), the suspension was mixed by esdrtg and incubated at
30°C for a period of 1 hour during which the vortexwas repeated every 15
min. The tube was heated at 42°C for 10 min anccéfis were splitted into 2
microcentrifuge tubes. 1 mL of YPD medium was adtedach tube and the
cells were incubated at 30°C for 1 hour. At the efdncubation, cells were
centrifuged at 3000 x g for 5 min at room tempewtand the supernatant was
completely removed. Cells were resuspended in 30@fuSolution Il (Salt
solution) per tube and combined into one tube. rAéentrifugation, the pellet
was resuspended in 100 - 150 uL of Solution Illen&formed competent cells
were plated on LB agar plates containing approguattibiotics and incubated
at 30°C for 2 to 4 days.



Conditions for heterologous protein expression ifP. pastoris

Expression in shake flasks was performed followtimg instructions of the
pGAPZu A, B, and CPichia expression vectors for constitutive expression and
purification of recombinant proteins manual (Ineden). A single colony d®.
pastoris X-33 cells transformed with the AtPAO5-pGARX plasmid was
inoculated into YPD broth containing 100 pg ™MEeocin. After growth at
30°C with constant shaking at 250 rpm to Ago value of 2 - 4, cells were
centrifuged and transferred to a new YPD mediunhavit Zeocin. The culture
medium was tested for AtPAO5 expression levels t@ymatic activity assay
and western blot analysis at various days postdiiation.

Technigues for manipulation of nucleic acids

Plasmid vectors

pDrive Cloning Vecto(Qiagen) (Fig. 1): The pDrive Cloning Vector has a
number of useful features designed to facilitatenitlg and analysis of PCR
products. These include a large number of uniqustricdon enzyme
recognition sites and a T7 and SP6 promoter oregite of the cloning site,
allowing in vitro transcription of cloned PCR products as well agusace
analysis using standard sequencing primers. Intiaddithe pDrive Cloning
Vector has a phage f1 origin to allow preparatibsingle-stranded DNA.
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Fig. 1. Map of pDrive Cloning Vector. Representation of the linearized pDrive Cloning féec
with U overhangs. The unique restriction endonwsgegecognition sites on either side of the
cloning site are listed.



The vector allows both ampicillin and kanamycin eséibn as well as

blue/white screening of recombinant colonies. Famtiore, the pDrive Cloning

Vector provides highly efficient cloning of PCR piects through UA

hybridization. The vector is supplied in a linearmh with a U overhang at each
3' end, which hybridizes with high specificity tbet A overhang of PCR

products generated Byaqand other non-proofreading DNA polymerases.

pET-17b expression Vect@ovagen) (Fig. 2): The pET-17b vector carries
an N-terminal T7 Tag sequence followed by a regibmuseful cloning sites.
Target genes are cloned in pET plasmids under a@ootrstrong bacteriophage
T7 transcription and expression is induced by mhong a source of T7 RNA
polymerase in the host cell. Another important ehgeristic of this vector is its
ability to maintain target genes transcriptionalient in the uninduced state.
Target genes are initially cloned using hosts tlatot contain the T7 RNA
polymerase gene, thus eliminating plasmid instgbdue to the production of
proteins potentially toxic to the host cell. Onatablished in a non-expression
host, target protein expression may be initiatedragsferring the plasmid into
an expression host containing a chromosomal copkieof 7 RNA polymerase
gene underdcUV5 control. Expression is induced by the additioRTG or
lactose to the bacterial culture or using an adigétion medium. In addition,
this vector contains an ampicillin resistance geneelection irk. coli

pDONR™ 221 (Invitrogen) (cloning vector) (Fig. 3): It is a @avay donor
vector used for cloning of PCR products. It cordaiwo att sites &ttP1 and
attP2 sites). att sites are bacteriophagi-derived DNA recombination
sequences that permit recombinational cloning efghne of interest. Between
the twoatt sites there is a cassette (Gateway cassette)imiogtéheccdBgene
for negative selection of donor/destination vectimsE. coli (following
recombination and transformation) and a chloramjgloérresistance gene
(CnTY) for counterselection. After the recombinationatém, this cassette is
replaced by the gene of interest. This vector mtssalsorrnB T1 and T2
transcription terminators which protect the clorgghe from expression by
vector-encoded promoters and M13 Forward and M1&Re priming sites
for sequencing of the insert. In addition, this teeccontains a kanamycin
resistance gene for selection En coli and a pUC origin for replication and
maintenance of the plasmid i coli.
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pKGWES7(a plant Gateway destination vector for promotalysis) (Fig.
4). It is a Gateway destination vector fér. tumefaciensnediated plant
transformation (Karimiet al, 2002). This vector contains an origin for
replication inE. coli (ColE1) and irA. tumefaciengpVS1), a pPBR32bomsite
for mobilization fromE. coli to A. tumefaciengnd the two T-DNA borders:
left border (LB) and right border (RB)This vector also possesses a
streptomycin and/or spectinomycin resistance gemepfasmid selection in
bacteria and a kanamycin resistance marker, unfler ttanscriptional
regulation ofnos promoter andnos terminator for selection of transformant
plant cells, is present near the left border of TRBNA. The vector contains
also twoatt sites attR1 andattR2 sites) which are bacteriophagelerived
DNA recombination sequences that permit recombsnati cloning of the
DNA of interest. Between these twadt sites there is a Gateway cassette which
is replaced, after the recombination reaction, bg tDNA of interest.
Downstream of the Gateway cassette an in frameoriusif the genes for
enhanced green-fluorescent proteigff) andp-glucuronidasedqus is present
under the control of the 35S CaMV terminator (T35B) this way, after
ricombination theEgfp-gusfusion is under the control of the promoter of
interest.



Fig. 3. Map of pDONR™ 221 Vector.

pK2GW?7 (a plant Gateway destination vector for proteirerexpression)
(Fig. 5): It is a Gateway destination vector far tumefaciensnediated plant
transformation (Karimiet al, 2002). This vector contains an origin for
replication inE. coli (ColE1) and imA. tumefaciengpVS1), a pPBR32bomsite
for mobilization fromE. coli to A. tumefaciengnd the two T-DNA borders:
left border (LB) and right border (RB)This vector also possesses a
streptomycin and/or spectinomycin resistance gemepfasmid selection in
bacteria and a kanamycin resistance marker, unfler ttanscriptional
regulation ofnos promoter andhos terminator for selection of transformant
plant cells, is present near the left border of TRBNA. The vector contains
also two bacteriophagk-derived att sites attR1 andattR2 sites) to permit
recombinational cloning of the DNA of interest arginoval of the Gateway
cassette. The gateway cassette is present betweerhighly active and
constitutive 35S CaMV promoter (p35S) and the T8b§uide the expression
of the gene of interest after recombination. Doweeah of the p35S, the
tobacco mosaic virus (TMVX2 leader ensures efficient translation of the
inserted coding sequences.



PGAPZA expression vectofinvitrogen) (Fig. 6): The pGARA vector
uses the promoter of the gene encoding the glydengtie-3-phosphate
dehydrogenaseGAP) to constitutively express recombinant proteinsPin
pastoris Proteins can be expressed as fusions to a Crtalnpeptide
containing themycepitope for detection and a poly-His tag for pgafion on
metal-chelating resin. In addition, pGA&X produces proteins fused to an N-
terminal peptide encoding thB8accharomyces cerevisiaefactor secretion
signal. Selection of this vector is based on thenidant selectable marker,
Zeocin, which is bifunctional in both. PastorisandE. coli.
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Plasmid DNA preparation

For small- and large-scale preparation of plasmithrom E.coli, a single
colony was inoculated into 4 mL and 100 mL LB brotespectively,
containing appropriate antibiotics. After overnightubation at 37°C with
constant shaking at 250 rpm, the culture was dagtd at 6000 x g for 15 min
at 4°C. Small-scale preparation of plasmid DNA frtra bacterial pellet was
performed following the instructions of the QIApre®pin Miniprep Kit
(Qiagen), whereas large-scale preparation of pthsbDiNA was performed
following the instructions of the HiSpeed PlasmiedMKit (Qiagen). In the last
case, the final plasmid DNA preparation was coreged by ethanol
precipitation. Ethanol precipitation of DNA was figmed adding 200 mN
NaCl and 2.5 volumes of 100% cold ethanol. Afteimation for 1h at -80°C
or overnight at -20°C, the precipitated DNA wasongared by centrifugation at
18000 x g for 15 min at 4°C. The DNA pellet wassad with cold 80%
ethanol, dried at room temperature and resuspeimdad appropriate volume
of sterile water.

To determine the vyield of the plasmid DNA prepamati DNA
concentration was determined by both quantitativaelysis on an agarose gel
and UV spectrophotometry at 260 nm and 280 nm ¢pkito consideration
that Aysg Value of 1.0 corresponds to a DNA of pf mL? andAged/Asgo Should
be > 1.6 for adequate purity.

Isolation of total DNA from plant tissue

Isolation of total DNA from leaf tissue was obtain®llowing the protocol
of the DNeasy Plant Mini Kit (Qiagen). In detaite$h leaf tissue from.
thaliana (< 100 mg wet weight) was ground to a fine powdereuniifjuid
nitrogen using a mortar and pestle. The tissue powdd liquid nitrogen were
transferred to an appropriately sized tube andidgied nitrogen was allowed to
evaporate. 40QL AP1 buffer and 4.L RNase A stock solution (100 mg/mL)
were added to the tube containing the tissue powddrthe suspension was
vigorously mixed by vortexing. After incubation@&°C for a period of 10 min
during which the mixing was repeated 2 or 3 timk3) uL AP2 buffer were
added to the cell lysate. Following incubation $omin on ice, the lysate was
centrifuged for 5 min at 20000 x g and the supemiatontaining the DNA was
applied to a QlAshredder Mini spin column placedai?2 mL collection tube.
The column was centrifuged for 2 min at 20000 xngl dhe flow-through
fraction was transferred into a new tube withouttutbing the cell-debris
pellet. 1.5 volumes of Buffer AP3/E were addedhe tleared lysate and the
mixture, including any precipitate that may havenrfed, was transferred into a
DNeasy Mini spin column placed in a 2 mL collectitube, which was
centrifuged for 1 min at 6000 x g. The flow-througlas discarded and the
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DNeasy Mini spin column was washed twice with 500 AW Buffer.
Following centrifugation of the DNeasy Mini spinlamn to dry it, DNA was
eluted with 100uL AE Buffer pipetted directly onto the DNeasy menfe.
After incubation for 5 min at room temperature, DA was collected to a
new tube following centrifugation.

Alkali treatment for rapid isolation of total DNA f rom leaf tissue

Rapid isolation of DNA from small amounts of leésue was obtained
following a protocol developed for preparing DNAelates for PCR analysis
from tomato tissues (Klimyulet al, 1993) and adapting the protocol to
Arabidopsis tissues. A young leaf piece Af thalianawas collected into a
sterile microcentrifuge tube containing 40 pL o2®.M NaOH. The sample
was incubated in a boiling water bath for 30 s ambsequently neutralized by
addition of 40 pL 0.25 M HCI and 20 pL 0.5 M TrissHpH 8.0, before
boiling for a further 2 min. Tissue sample or @ltract was used immediately
for PCR analysis or stored at -20°C for severalksee

Restriction enzyme digestion of DNA

The digestion reactions were prepared accordingh& manufacturer’s
instructions and using buffers supplied with theynes. For an analytical
digestion of plasmid DNA, the reaction was perfodnosing 1 pg of substrate
DNA and using a 5-fold excess of restriction enzyomer DNA (5 units per 1
g DNA) and the reaction mixture was incubated=2or 37°C (depending
on the restriction enzyme used) for 1 to 2 h. Fogeé amounts of plasmid
DNA, the reaction was performed in a volume of %0agn 3-6 pg of substrate
DNA using 15 - 30 units of restriction enzyme ahd mixture was incubated
at the appropriate temperature for 3 h. After iratidn, a small aliquot of the
reaction was run on a agarogel to check for digestion.

Agarose gel electrophoresis of DNA

Samples containing DNA were mixed with gel-loadimgffer (6X buffer;
0.25% bromophenol blue, 0.25% xylene cyanol FF, 3Méerol) and loaded
on 1% or 1.5% agarose gel made in Tris-acetate-EDUiffer (40 mM Tris-
acetate, 1 mM EDTA, pH 8.0) and containing ethidioramide (0.5 pg/mL).
The electrophoresis run was performed at 100V is-acetate-EDTA buffer
and the Gene RulBf 1 kb DNA Ladder(Fermentas) was used as molecular
weight marker to estimate the size of the separatadi ethidium bromide
stained DNA fragments which are visualized as fsoent bands under UV
light.
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DNA extraction from agarose gel

DNA fragment of interest visualized as fluorescband under UV light
was extracted and eluted from an agarose gel follpwhe protocol of
QIAquick Gel Extraction Kit (Qiagen). The gel slioentaining the DNA of
interest was transferred into a microcentrifuge etudnd its weight was
determined. Three volumes of Buffer QG were addetl volume of gel (100
mg ~ 100uL) and the sample was incubated at 50°C for abOunih or until
the gel slice has completely dissolved mixing e\ min. After the gel slice
has dissolved completely, 1 gel volume of isoprgpamas added. To bind
DNA, the mixture was applied to a QlAquick spinwoh placed in a 2 mL
collection tube and the column was centrifuged famin at 18000 x g. The
flow-through was discarded and the QIAquick columas washed first with
0.5 mL of Buffer QG and then with 0.75 mL of BufféfE. Following
centrifugation of the empty QIAquick column to dtyDNA was eluted with
EB buffer (10 mM Tris-HCI, pH 8.5) which was addédl center of the
QIAquick membrane. DNA was collected by centrifugat

DNA ligation

Ligation reactions were performed using the T4 DNiase (Promega)
according to the manufacturer’s instructions. Inade50 - 100 ng plasmid
vector, DNA fragment in a 1:3 molar ratio (vectosért DNA), 1uL ligation
buffer 10X, 1uL T4 DNA Ligase (0.5 units) and distilled water #ofinal
volume of 10uL were added into a sterile microcentrifuge tube e mixture
was incubated overnight at 16°C.

In the case of ligation of a PCR product in the ip®rcloning vector
(Qiagen), ligation was performed following the matl of the PCR Cloning
Kit (Qiagen). In detail, JuL (50 ngliL) pDrive cloning vector, DNA fragment
in a 1:5 molar ratio (vector:insert DNA), |o ligation master mix 2X and
distiled water to a final volume of 1@L were added into a sterile
microcentrifuge tube and the mixture was incubatet°C for 2 h.

Polymerase Chain Reaction (PCR)

For DNA cloning, the PCR reaction was carried oithwhe Pfu Turb&
DNA polymerase (Stratagene) in an iCycler thermyaler (Bio-Rad) with the
following parameters: 2 min of denaturation at @5 30 cycles of 95°C for 1
min, 58 °C for 1 min and 72 °C for 1 min per Kb at@imin at 72°C for final
extension.

For PCR analysis of bacterial colonies and of t@&lA from Atlsdl,
Atlsd2 Atlsd3 and Atlsd4 mutant seedlings, the PCR reaction was carried out
with the Drearifag™ DNA Polymerase (Fermentas) in a iCy&efThermal
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Cycler (Bio-Rad) with the following parameters: 2mn of denaturation at 95
°C, 35 cycles of 95°C for 1 min, 58 °C for 1 mindar2 °C for 1 min per Kb
and 10 min at 72°C for final extension.

Primers used for the various PCR performed areatdd in Tables I, Il and
[l

AtPAO2-His for 5-GCATATGGAGTCCAGGAAAAACTCTGATCG-3'

AtPAO2-Hisrev 5-GCGGCCGETAGTGGTGGTGGTGGTGGTG GAGACGA
GATATAAGAAGAGGTACAGAGGC-3

AtPAO4-His for 5-GCCTCGCATATGGATAAGAAGAAGAATTCGTTTCCAG-3'

AtPAO4-Hisrev 5-GGTACGCTCGARTAGTGGTGGTGGTGGTGGTG CAT
CCTGGAGATTTGGAGAGGCACAG-3'

AtPAOS5-Hisforl 5'-GGCTCCCATATGGCGAAGAAAGCAAGAATTGTTATAATCG-3'

AtPAOS5-Hisrev 5'- GTGTACTGCGGCCGCTAGTGGTGGTGGTGGTGGTG
AAAATTACATTTGTAATGCTTGAGAAG-3

AtPAOS5-Hisfor2 5'-GCCTCGGAATTAGCGAAGAAAGCAAGAATTGTTATAATC-3’

AtLSD1-Hisfor 5'-GICTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT
ATGTCAACAGAGACTAAAGAAACCCGACCC-3

AtLSD1-Hisrev 5-GCTCGAGCTAGTGGTGGTGGTGGTGGTG ATCAAAGAT
CTGTCGATTCAGTCTTGCAGC-3'

Table |. Sequences of primers used foAtPAO2, AtPAO4, AtPAO5 and AtLSD1 cDNAs

amplification for cloning in vectors for heterologaus expression inE. coli and/or P. Pastoris.

The underlined regions itPAO2-His for AtPAO4-His forand AtPAO5-His forlprimers indicate
Ndd restriction sites, inPAtPAO2-His revand AtPAO5-His revprimers indicateNotl restriction
sites, inAtPAO4-His revprimer indicateXhd restriction site and ilPAtPAO5-His for2primer
indicate EcoR restriction site. TheAtPAO2-His rey AtPAO4-His rey AtPAO5-His revand
AtLSD1-His revprimers were designed to insert the coding sequémcéno Gly residues (in
orange) followed by a 6-His tag (in blue) prioithe stop codon of the correspondoigNA.

AtLSD1prom for 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGGTCTTG
ATGTCTCCACTACCTGCAG-3'

AtLSD1promrev 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAGCTCTAG
CTCTGTGTGTGATGATGTGAGTGS

overAtLSD1-Hisfor 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGTCAAC
AGAGACTAAAGAAACCCGACCC-3

overAtLSD1-Hisrev 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCTAGTGGT

GGTGGTGGTGGTECCTC-3'

overAtLSD1-HA FLAG forl | 5-CCATACGATGTTCCAGATTACGCTGCTGCTTCAACAGA
GACTAAAGAAACCCGACCCG-3

overAtLSD1-HA FLAG for2 | 5-ATGGATTACAAGGATGACGACGATAAGACCAGCTACC
CATACGATGTTCCAGATTACGCTGCT-3

overAtLSD1-HA FLAG for3 | 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGATTA
CAAGGATGACGACGATAAGACC-3

overAtLSD1-HA FLAG rev 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTAATCAAA
GATCTGTCGATTCAGTCTTGCAGC-3'

Table 1l. Sequences of primers used foAtLSD1 cDNA and AtLSD1 promoter amplification

for cloning in Gateway destination vectors.The underlined regions iMtLSD1prom for
overAtLSD1-His farandoverAtLSD1-HA FLAG forrimers indicateattB1 recombination site
and in AtLSD1prom reyoverAtLSD1-His revand overAtLSD1-HA FLAG reyprimers indicate
attB2 recombination site. In theverAtLSD1-His reprimer the coding sequence for 6-His tag is
evidenced in blue. @rAtLSD1-HA FLAG forloverAtLSD1-HA FLAG forandoverAtLSD1-HA
FLAG for3primers were designed to insert the coding seqeefacghe FLAG tag (in red) and the
HA tag (in green) downstream of the start codothefAtLSD1cDNA.
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AtLSD1-LP -CCCAGCTTTCTCAAGAAACCGCCG-3

AtLSD1-RP -GATGATGACGCTCTTCTTCTAGCAACTCTAAG-3'
AtLSD2-LP -GTGGGACCTGCTTCTGCCTCTGCGTGCG-3
AtLSD2-RP -GATAACGTCATGAACCTTTTGCTGCTTC-3'
AtLSD3-LP -CTTATGCCTCGGGCCTTTGCAGATTGAGC-3'

AtLSD4-RP -CCCTCGGAAATTTTCATCTTCGCAGG-3'
LBbl GCGTGGACCGCTTGCTGCAACT-3’

Lbal GATGGTTCACGTAGTGGGCCATCGC-3’
Lb3sail GAATTTCATAACCAATCTCGATAC-3'

5
5
5
5
5
AtLSD4-LP 5-GTTAATTGTGCGTTCGAATTTGAGAGTTTTG-3
5
5
5
5.

Table Ill. Sequences of the primers used for the PR analysis ofAtlsdl, Atlsd2, Atlsd3 and
Atlsd4 mutant seedlingsLbal, LBblandLb3 sailare T-DNA left border-specific primers.

Gateway cloning technology

DNA cloning using the Gateway technology (Hartlety al, 2000) was
performed following the procedure of the Gateway®cfinology with
Clonase™ Il manual (Invitrogen). The Gateway systakes advantage of the
recombination reactions which involve specific sit@tt sites) and which
enable the bacteriopha@do integrate and excise itself in and out of atdxdal
chromosome. Gateway protocols rely essentially fen BP and LR clonase
reactions (Hartlegt al, 2000). The BP reaction is catalyzed by the Bm@&se
Il enzyme mix that consists of the phage integraisé the integration host
factor. The BP clonase mix transfers a DNA fragnodnibterest, for example a
PCR product, flanked by twattB sites into a donor vector (pDONR) carrying
two attP sites. After recombination of the matchiaiB and attP sites, the
DNA fragment is inserted into the donor backboesulting in an entry clone,
and is flanked by twattL sites (Fig. 7). Entry clones are key substratethe
LR reaction that is catalyzed by the LR Clonasenizyme mix that consists of
integrase, integration host factor, and the phagésienase. The LR clonase
mix transfers the DNA fragment of interest flankeyg two attL sites (in the
entry clone) into a destination vector carrying tvedtR sites. After
recombination of the matchingttL and attR sites, the DNA fragment of
interest is inserted into a novel expression ckome again flanked battB sites
(Fig. 7). To enable directional cloning, the Gatgwactors contain engineered
variants of the originattB, attP, attL, andattR sites so that for exampédtB1
will react specifically withattP1, but not withattP2, attP3. The Gateway
Technology permits rapid and highly efficient triEemsof DNA sequences into
multiple vector systems for protein expression fumttional analysis.

The BP reaction was performed using an equimolayuamof a PCR product
flanked by twoattB sites attB-PCR product) and the donor vector (containig
the attP sites). In particular, iL of pPDONR™ vector (150 ngiL), 1-7 uL of
attB-PCR product, 2iL of BP Clonase™ Il enzyme mix and TE Buffer (10
mM Tris-HCI, pH 8.0, 1 mM EDTA) to a final volumef 40 uL were added
into a sterile microcentrifuge tube and the mixtwas incubated
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attP attl

attB attB attP attL attR attR
=1 ] + =]

BP Clonase Il

aliB-flanked PCR donor E— entry by-product
product or atiB vector clone
expression clone

attl attRt attR aitB attB aitP attP
+ LR Clonase Il +
entry destination — expression by-product
clone vector clone

Fig. 7. Schematic representation of Gateway recombinatioreactions.

overnight at 25°C. After incubation, L of the Proteinase K solution was
added to the reaction and the tube was incubatetDfanin at 37°C.

The LR reaction was performed using also in thieamn equimolar amount
of an attlL-containing entry clone (in TE, pH 8.0) and aftR-containing
destination vector and the LR Clonase™ Il enzyme. nihe reaction was
carried out under the same experimental conditises! for the BP reaction.

The BP and LR reaction products were used to toamsfOne Shot®
OmniMAX™ 2-T1R chemically competenE. coli cells. At the end, LR
reaction products were used to tranfokirtumefaciensompetent cells.

DNA sequencing

DNA sequencing was performed on double-strandednpth DNA using
the automated fluorescent dye terminator techni{gezkin-Elmer ABI model
373A).

Isolation of total RNA from plant tissue

Total RNA was isolated from various plant orgarassétte leaves, cauline
leaves, stems, inflorescences, silique, and roaft$). thalianaplants using
TRIZOL® reagent (Invitrogen) and/or the RNeasy Plant Miii (Qiagen)
according to the manufacturer’s instructions.

For RNA extraction using TRIZOL reagent (Invitrogen), plant tissue
sample was ground to a fine powder under liquidogi&n using a mortar and
pestle and was homogenized using 1 mL of TRIZOlgee&a per 100 mg of
tissue. The homogenized sample was transferred appropriately sized tube
and incubated for 5 min at room temperature to pferime complete
dissociation of nucleoprotein complexes. 0.2 mLcbforoform per 1 mL of
TRIZOL reagent were added to the sample and the was vigorously shaked
by hand for 15 seconds and was incubated at rompédrature for 2 to 3 min.
After incubation, the sample was centrifuged atQIP® g for 15 min at 4°C.
The aqueous phase containing RNA was transferredftesh microcentrifuge
tube and the RNA was precipitated adding to theeags phase 0.5 mL of
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isopropyl alcohol per 1 mL of TRIZOL reagent usedr fthe initial
homogenization. The mixture was then mixed and bated at room
temperature for 10 min. Following incubation, treample was centrifuged at
12000 x g for 10 min at 4°C and the RNA pellet wasshed once with 75%
ethanol. After centrifugation, the RNA pellet waiefly dried and resuspended
in RNase-free water.

For RNA extraction using the RNeasy Plant Mini (iagen), plant tissue
(100 mg) was ground to a fine powder under liqutdogen and transferred to
an appropriately sized tube. 450L Buffer RLC containing 1% p-
Mercaptoethanol were added to the tissue powder thed mixture was
vigorously vortexed and was incubated at 56°C fomid. The lysate was
transferred to a QIAshredder spin column placeal 2hmL collection tube, and
the column was centrifuged for 2 min at full speAéter centrifugation, the
supernatant of the flow-through was carefully tfaned to a new
microcentrifuge tube without disturbing the celbds pellet in the collection
tube and 0.5 volume of ethanol (96-100%) were addetthe cleared lysate.
The mixture was immediately mixed by pipetting am@s transferred,
including any precipitate that may have formed,ato RNeasy spin column
placed in a 2 mL collection tube. The column wastigiiged for 15 s at 8000
x g and the flow-through was discarded. The columas washed once with
700puL of RW1 Buffer and twice with 500L Buffer RPE. After centrifugation
of the empty column at full speed to dry it, the Rivas eluted with 30-5QL
of RNase-free water and collected to a new tubedmgrifugation at 8000 x g
for 1 min.

To extract total RNA from the siliques, a methoddified from the RNeasy
Plant Mini kit was used (Gehrigt al,, 2000). In particular, PEG 20,000 mol wt
(2% w/v) was added to the RLC buffer containing g9%lercaptoethanol to
improve the integrity and yield of isolated RNA.

To determine the yield of the total RNA preparati®NA concentration
was determined by UV spectrophotometry at 260 nch 280 nm taking into
consideration thaf,eo value of 1.0 corresponds to a RNA of g mL? and
Ased/Azgo Should be > 1.8 for adequate purity.

Agarose gel electrophoresis of RNA

For RNA Electrophoresis, agarose gel was prepasetyul% agarose, 1X
MOPS running buffer (20 mM MOPS pH 8.0, 1 mM EDTA,mM sodium
acetate pH 5.2) and 37% formaldehyde. Samples ioimgaRNA were mixed
with 3 volumes of gel-loading buffer (1X MOPS rungibuffer pH 8.0, 50%
formamide, 6% formaldehyde and Bromophenol Bluejl dnug ethidium
bromide and were incubated at 65°C for 5 min. Afteubation, the samples
were loaded on agarose gel and the electrophanasisas performed at 80V
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in 1X MOPS running buffer pH 7.0. At the end, thed gas visualized on a UV
transilluminator.

Reverse Transcription Polymerase Chain Reaction (R"'PCR) and
Semiquantitative RT-PCR

RNA samples were treated with RNase-free DNaseawitfbgen) to avoid
amplification from genomic DNA following the manufarer's instructions.
The first cDNA strand was synthesized from total Rfdllowing the protocol
of the the SuperScript Il first-strand synthesistem for RT-PCR (Invitrogen)
and using random primers (random hexamers). Each/iner mixture was
prepared adding 1-8L of total RNA (up to 5ug of total RNA), 1uL of
random hexamers (50 ng/), 1 uL of 210 mM dNTP mix and RNase-free water
to a final volume of 1QL. The mixture was incubated at 65°C for 5 min and
was then placed on ice for at least 1 min. For €Rbi/primer mixture, a
cDNA synthesis mix containing L of 10X RT buffer, 4uL of 25 mM MgCl,

2 uL of 0.1 M DTT, 1uL of RNaseOUT (40 W) and 1uL SuperScript Il

RT (200 UfL) was prepared. The cDNA synthesis mix (llQ was added to
each RNA/primer mixture and the cDNA synthesis veasried out in a
iCycler'™ Thermal Cycler (Bio-Rad) with the following paratees: 10 min at
25°C, 50 min at 50°C and 5 min at 85°C. After ¢hdlon ice, luL of RNase

H was added to the reaction. Following incubation 20 min at 37°C, the
mixture was stored at -20°C or immediately used”GR.

For RT-PCR analysis of total RNA froéitlsdl, Atlsd2 and Atlsd3 mutant
seedlings, the PCR reaction was carried out wid Ereanfag™ DNA
Polymerase (Fermentas) in a iCy&¥rThermal Cycler (Bio-Rad) with the
following parameters: 2 min of denaturation at @5 35 cycles of 95°C for 1
min, 58 °C for 1 min and 72 °C for 1 min per Kb at@imin at 72°C for final
extension.

For semiquantitative RT-PCR analysis @ftLSD genes in various
Arabidopsis organs, aliquots of reverse-transcriRBid\ were amplified by 25,
28, 30, 35, or 40 PCR cycles. PCR amplification wasried out with the
BIOTAQ DNA polymerase (Bioline) in a iCyclBf Thermal Cycler (Bio-Rad)
with the following parameters: 1 min of denaturatat 94 °C, annealing at 58
°C and extension at 72 °C for 1 min. To confirma@&cmounts of RNA among
the various sample4JBQ5 expression was used. Results at the exponential
phase (usually at 28 cycles fAtLSD], AtLSD2andAtLSD3 at 30 cycles for
AtLSD4 and at 25 cycles fdadBQ5) were analyzed.

Primers used for semiquantitative RT-PCR analysishown in Table IV.
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AtLSD1for 5'-CAACAGAGACTAAAGAAACCCGACC-3’

AtLSD1rev 5-CGGCGGTTTCTTGAGAAAGCTGGG-3

AtLSD2for 5'-CCGAGGAGGAACAGGAG AAAAGTAAG-3

AtLSD2rev 5'-AGTACCCTCTTCAGGAATATAAGGAGCAA-3’
AtLSD3for 5'-GCACCAAAGAAACGAAGGAGAGGACG-3'

AtLSD3rev 5-GCCGAATCTAAGAGACTACTACAATGTTTAGGAATC-3
AtL SD4for 5-CAGCGCCAGGGTTTTTCTGTAACC-3

AtLSD4rev 5-TCTCAGCCGTTGAAGGCCATATTCT-3

UBQ5for 5-GGAAGAAGAAGACTTACACC-3'

UBQSrev 5-AGTCCACACTTACCACAGTA-3

Table IV. Sequences of primers used for semiquantitive RT-PCR analysis ofAtLSD genes in
various Arabidopsis organs.

Plant manipulation

Plant material and growth conditions

The Columbia (Col-0) ecotype &. thalianawas used as the wild-type.
Atlsdl, Atlsd2 and Atlsd3 mutants were obtained from the SALK Institute
(SALK_142477.31.30x, SALK_135831.43.30.x and SALK5053.35.80.x,
respectively; Alonset al, 2003).Atlsd4 mutant was obtained from the SAIL
collection (SAIL_640_B10; Sessiors al, 2002). Insertion mutant information
was obtained from the SIGnAL website at http://aiggalk.edu. Plants were
grown in soil and/otin vitro in a growth chamber at a temperature of 23°C
under long-day conditions (16 h of light and 8 tdafk) and 75% RH.

For in vitro growth, seeds were surface sterilized by washirsg With 70%
(v/v) ethanol for 2 min and then with 50% bleacimtadning 0.2% (v/v) Triton
X-100 for 10 min.After rinsing several times with sterile water, deavere
sown in Petri dishes containing ¥ kurashige and Skoog (MS) medium,
including Gamborg B5 vitamins (Sigma-Aldrich-Flukegupplemented with
2% (w/v) sucrosaand 0.8%(w/v) plant agar (Duchefa). Plates were placed in
horizontal or vertical position in the growth chaanb

For plant transformation, plants were planted instemed potting soil. To
prevent the soil in larger pots from falling intwoculation medium, soil was
mounded slightly above the rim of plant containeseeds were planted and
soil was then covered with tulle (veil) fabric asecured by a rubber band. To
obtain more floral buds per plant, inflorescencesrevclipped after most
plants had formed primary bolts, relieving apicahmihance and encouraging
synchronized emergence of multiple secondary bBlants were transformed
when most secondary inflorescences were about dri@all (4-8 days after

clipping).
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Protoplast preparation

Arabidopsisleaf tissues were incubated at 25 °C for 2.5-3 th wentle
shaking at 50-75 rpm in enzymatic solution contagn2% Cellulase, 0.25%
Macerozyme R-10 and Driselase 0,5% ig dedium (B5 medium including
Vitamins, 136.92 g/L sucrose, 250 mg/L xylose, 25@L NH;NOs, 750 mg/L
CaCb-2H,0, 63.3 mg/L CaHPO2H,0, 25.35 mg/L NakP(;-2H,0, 1 mg/L
NAA, 0.2 mg/L 6-BAP, 0.1 mg/L 2,4-D, pH 5.6). Thepiated protoplasts were
filtered through a 88um nylon mesh and centrifufggdd min at 100 >g. The
pelleted protoplasts were gently resuspended arnshewdhtwo times with
washing buffer (9 g/L NaCl, 18.4 g/L Cg£0.4 g/L KClI, 1.0 g/L glucose). The
protoplasts were resuspended to 1 XcdIs/mL in K; medium.

Transformation of A. thaliana plants

A. thalianaplant transformation was performed using the fldip method
A. tumefacien&V301(pMP90) cells transformed with the expressionstruct
of interest were grown at 28°C with constant shgkmstationary phase in LB
broth containing appropriate antibiotics. Cells avbarvested by centrifugation
at 5500 x gfor 20 min at room temperature and then resusperided
infiltration medium (5.0% sucrose and 0.05% Silwet7) to a finalAgyo Of
approximately 0.8 prior to use.

For floral dip, the inoculation medium was addedatbeaker, plants were
inverted into this suspension such that all aboeewyd tissues were
submerged, and plants were then removed after 1 ahigentle agitation.
Dipped plants were then placed in a plastic tray @svered with a tall clear-
plastic dome to maintain humidity. Plants were lefta low light or dark
location overnight and returned to the growth chamthe next day; care
was taken to keep domed plants out of direct shhligfter removing the
dome, plants were grown for a further 3-5 weeksl giliques were brown
and dry, keeping the bolts from each pot togethed aeparated from
neighboring pots using tape and/or wax paper. Seesie harvested and
stored in microfuge tubes and kept at 4°C. Forc$iele of transformants,
sterilized seeds were plated on selection platatgiong %2 x MS mediunm] %
(w/v) sucrose.8%(w/v) plant agar and 50 pg riflkanamycin monosulfate.
Petri plates were placed in the growth chamber @adsformants were
identified as kanamycin-resistant seedlings proagigjreen leaves and well-
established roots within the selective medium. $fammants were grown to
maturity by transplanting, preferably after the elepment of 3-5 adult leaves,
into heavily moistened potting soil.
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Biochemical techniques

Protein purification

Recombinant AtPAO2, AtPAO4 and AtLSD1 were purifiedm bacterial
extracts by affinity chromatography using a’Niharged resin (Amersham
Biosciences). In detail, bacterial extracts contajrthe recombinant proteins
were applied to the Rfi-charged resin equilibrated in extraction buffeee(s
Conditions for heterologous protein expressiotiircol). The resin was then
washed first with 10 volumes of extraction buffadahen with 100 mM Tris-
HCI, pH 8.0, 40% (v/v) glycerol for AtPAO2 and At or with 50 mM Tris-
HCI, pH 8.0, 50 mM NacCl, and 10% (v/v) glycerol fatLSD1.

Recombinant AtPAO2 and AtPAO4 were eluted with 108 Tris-HCI,
pH 8.0, 40% (v/v) glycerol, 300 mM imidazole andniediately dialysed
against 100 mM Tris-HCI, pH 8.0, 40% (v/v) glycerwding centrifugal filter
devices (Millipore).

Recombinant AtLSD1 was eluted with 50 mM Tris-H@H 8.0, 50 mM
NaCl, 10% (v/v) glycerol, and 100 mM imidazole. Tfmactions enriched in
recombinant AtLSD1 were pooled, diluted 5-fold wBB mM Tris-HCI, pH
8.0, and 10% (v/v) glycerol, and chromatographedaoHiTrap heparin HP
column (Amersham Biosciences) equilibrated in 50 ms-HCI, pH 8.0, 10
mM NacCl, and 10% (v/v) glycerol. Elution was perfegd with a nonlinear
gradient of NaCl (50 mM2M) in Tris-HCI, pH 8.0, and 10% (v/v) glycerol.
AtLSD1-containing fractions (fractions of 200 or(dthM NaCl) were dialyzed
against 50 mM Tris-HCI, pH 8.0, and 10% (v/v) gls@eand concentrated
using centrifugal filter devices (Millipore).

Recombinant AtPAO1 was purified from bacterial agtr by affinity
chromatography using guazatine (a good competRi#® inhibitor; Federico
et al,200% Conaet al, 2004 Bianchiet al, 2006) bound on CNBr-activated
Sepharose 4B (Amersham Biosciences). In detaitebat extract was applied
to the guazatine-Sepharose 4B resin prepared aslks by Tavladoraket al
(2006). After binding, the column was washed with&M Tris-HCI, 0.5 M
NacCl, pH 8.0, and with 50 mM Tris-HCI, pH 7.0. Thecombinant AtPAO1
was eluted with 50 mM 1,12-diaminododecane in 50 mlN4é-HCI, pH 7.0,
and immediately dialyzed against 50 mM Tris-HCI, BH), using centrifugal
filter devices (Millipore).

Recombinant proteins were quantified by absorpsipectroscopy using an
extinction coefficient of 10790 Mcm® at 458 nm and stored at 4 °C. The
purity of the recombinant enzyme was determine®bg-PAGE analysis and
by the ratiM28dA453.
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SDS PAGE and Western blot analysis

SDSPAGE was carried out according to the method ofniaé (1970)
Recombinant proteins from bacterial extracts werbjected to SDSAGE
(10% polyacrylamide) and analyzed either by staginiith Coomassie Brilliant
Blue or by Western blot using a mouse anti-6-Hisnawbonal antibody
(Sigma-Aldrich-Fluka) and a rabbit anti-mouse amtiyp coupled to horseradish
peroxidase (Amersham Biosciences). In the lattesecaproteins were
transferred to a nitrocellulose membrane (Schleiéh&chuell) using a Mini
Trans-Blot apparatus (Bio-Rad), following the maatéirer’s instructions. The
detection of the labeled proteins was done withhamiluminescence kit
(Boehringer-Mannheim).

Circular dichroism spectroscopy

CD spectra were recorded at 25 using a Jasco J-600 spectropolarimeter
and quartz cells having 0.05 cm path length. Redoanh AtLSD1 was at a
concentration of 0.3 mg/mL in 15 mM Tris-HCI and 3%v) glycerol, pH 8.0.
Instrumental ellipticity was converted into mearsideie molar ellipticity §]
(deg cm dmol®) after spectrophotometric determination of the tgiro
concentration. For each sample, nine CD spectifzeifiar-UV region (198-250
nm) were recorded and averaged. Secondary strgoiuges estimated by using
CONTIN, K2D, and SELCON3 algorithms provided by tfree software
Dicroprot2000 (Deleage and Geourjon, 1993).

Determination of enzyme catalytic parameters

The catalytic parameter&{ andk.y) of recombinant AtPAO1, AtPAO2
and AtPAO4 and recombinant AtLSD1 and HsLSD1-CoRESEre
determined using purified proteins through an eratyenactivity assay based
on a horseradish peroxidase-coupled reaction (Huoitl Baker, 1995;
Tavladorakiet al, 2006). In detail, the catalytic parameters aforabinant
proteins were determined by following spectrophattrinally the formation of
a pink adduct g5 = 2.6 x 16 M'cm?), as a result of oxidation of 4-
aminoantipyrine and 3,5-dichloro-2-hydroxybenzemuié acid catalyzed by
horseradish peroxidase in the reaction buffer &2 he reaction buffer was
100 mM Tris-HCI buffer, pH 7.5 for AtPAO2 and AtPAQ100 mM Tris-HCI
buffer, pH 8.0 for recombinant AtPAO1 and 50 mM sfHCI and 30%
glycerol, pH 8.0 (except as otherwise indicated)rcombinant AtLSD1 and
HsLSD1-CoREST. For recombinant AtLSD1 and HSLSDREST, K
values were calculated using saturating conceatratiof methylated H3K4
peptides (147uM) and keeping the concentration constant at the air-
saturated level (appareity). K, values were determined from Michaelis-
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Menten plots and nonlinear least-squares fittinglath was performed using
Graphpad Prism software.

Studies of the pH dependence of recombinant AtPA®PAO4 and
AtLSD1 activity were conducted in 100 mM Tris-HCUffer (for pH range
7.0-9.5) or in 100 mM sodium phosphate buffer ffidrrange 5.0-7.5) at 25°C.

Histone demethylation assay by western blot analysi

H3K4me2 peptide (0.29 mM) was incubated with padfirecombinant
AtLSD1 (0.02 mM) in 50 mM Tris-HCI, pH 8.0, and 3084Vv) glycerol for 2 h
at room temperature. The demethylase activity dfS&11 was evaluated by
Western blot analysis using a rabbit anti-H3K4méfbgtate Group Inc.)
methylation-specific antibody. For Western blot Iges, proteins were
separated by SDBAGE (15% polyacrylamide), electrophoretically starred
to a polyvinylidene difluoride (PVDF) membrane (Imbilon PSQ; Millipore)
at 150 mA for 45 min, and incubated first with trebbit anti-H3K4me2
methylation-specific antibody and then with a gaati-rabbit antibody coupled
to horseradish peroxidase (Vector Laboratories,).Inthe detection of the
labeled proteins was done with a chemiluminescekite (Boehringer-
Mannheim).

High-Performance Liquid Chromatography analysis ofpolyamines

Analysis of the polyamine products of Spm and Spddaiion by
recombinant AtPAO2 and AtPAO4 was performed asrilesd by Tavladoraki
et al (2006). In detail, a reaction mixture containipgrified recombinant
AtPAO2 or AtPAO4 at 1 nM final concentration an@ 0nM Spm or Spd in
100 mM Tris-HCI, pH 7.5 was prepared and aliquotsrevanalyzed for
polyamine content at various time intervals afediion of an equal volume of
5% (w/v) perchloric acid (PCA) containing 0.15 miMs-diaminohexane (Dah)
as an internal standard. Polyamines were derivatizavith dansyl chloride
according to Smith and Davies (1985) and separhiedHigh-Performance
Liquid Chromatography (HPLC) (Spectra SystemP 200@&rmoFinnigan) on
a reverse-phase C18 column (Spherisorb S5 ODS#H) patrticle diameter, 4.6
x 250 mm) using a discontinusdlution A [acetonitrile, methanol and water in
a ratio 3:2:5 (v:v)] tesolution B [acetonitrile and methanol in a ratio 3:2 (v/v)]
gradient (78% solution A for 5 min, 78%-36% solutid in 42 min, 36%-20%
in 3 min, 20%-10% in 10 min, 10%—78% in 10 min &laa rate of 1.0 mL
minY). Eluted peaks were detected by a spectrofluoren{Spectra System FL
3000; excitation 365 nm, emission 510 nm), recorded integrated by an
attached computer using Thermo Finnigan Chrom-CG#+bit software. To
establish retention times, a reference solutiortainimg Dap, Put, Dah, Spd
and Spm treated as above was first analyzed.
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Analysis of polyamine content of Arabidopsis protofasts using Thin-
Layer Chromatography

Protoplasts prepared frofn thalianaleaves and resuspended igidedium
(ata final concentration of 1.5 x 1@rotoplasts/mL)were incubated with
7 uM of [C]Spd or F*C]Spm. For inhibition experiments, protoplasts wiere
parallel incubated with 50 uM guazatine. Aliquofgmtoplasts were removed
at various time intervals and homogenized with %%)(PCA containing 0.15
mM Dah. Polyamines were derivatized by dansyl é¢tigrseparated by thin
layer chromatography (TLC) in a solvent systemtdbmform/triethylammine
(25:2, vlv) and visualized under UV light. To ddtesdioactivity, the silica gel
TLC-plates (AL SIL GWhatman) were exposed to radiographic film for 2 to
days.
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SUPPLEMENTARY FIGURES
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Supplementary Fig. 1. Enzymatic Mechanisms to Remove Histone Methylatio (A) Human
lysine-specific demethylase 1 (HsLSD1) specificadlgts on mono- and dimethylated Lys4 of
histone H3 in a FAD dependent oxidative reactiofotm an imine intermediate that is hydrolyzed
to produce formaldehyde and thenmodified lysine. The formation of the imine intexdiate
requires a protonated nitrogen (shown in greemyefore restricting this reaction to mono- and di-
methylated lysine substrates. (B) Arg methylatiam de by cleaved at the guanidino C-N bond
(shown in orange) by peptidyl-Arg demethylases (BARo generate citrulline and methyl-
ammonium. (C) Jumonji C histone demethylases (JHDMsnove methyl groups on lysine
residues through a hydroxylation-based reactionukdda et al, 2005). JHDMs catalytic
mechanism, not requiring a protonated nitrogerafiivity, permits demethylation of trimethylated
Lys residues. Figure modified by Kubicek and Jerion2004.
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EDMSIAQAFS— —~ELRLEGLAHNVLQWYLCRMEGWF AADAET

NDMSVLQGIS---—---IVLDRNP--—-—--- ELRQEGMAYEVLQWYLCRMEAWFAVDANL
STSVGSFLKSGFDAYWDSISNGGEEGVKGYGKWSRKSLEEAIFTMFSNT QRTYT SADELS
RDDMSILAMQ- =RLNEHQPNGPATPVDMVVDYYKFDYEF AEPPRVTSLQNTVPLA

TYVDF GEREF -~ LVADERGYE CLLYKMAEEF LVTS=~HGNILDYRLKLNQVVREVQQSRNG
=LDIRVG-HRVTKIVRRYNG-
=LDIRLS-HRITKISRRYSG=
==LDIRLN-HRVTKVVRTSNNK
=LPQGVIQLNRKVTKIEWQSNE
TFSDFGDDVY=FVADQRGYEAVVYYLAGQYLKTDDKSGKIVDPRLOQLNKVVREIKYSPGG

VVVKTEDGSVYEANYVIVSASIGVLQS---~-DLLSFQPLLPRWETEAIQKCDVMVYTKIF
-GTIKFGPKLPEWKQEAINDLGVGIENKII
~GMITFEPKLPQWKQEAINDLGVGIENKII

VIVAVEGGTNFVADAVIITVPIGVLKA----NLIQFEPELPQWKTSAISGLGVGNENKIA
VKLHF SDGSVVFADHVIVTVSLGVLKAGIETDAELFSPPLPDFKSDAIRRLGYGVVNELF
VTVKTEDNSVYSADYVMVSASLGVLQS----DLIQFKPKLPTWKVRAIYQFDMAVYTKIF
LKFPQCFWPCGPGQEFFIYAHEQRG= =YFTFWQHMENAYPGSNI K

LHFEKVFWP=-~-=-KVEFLGVVAETSY~- =GCSYFLNLHKAT-GHPVLVYMPAGQLAK
LNFDNVFWP=~==NVEFLGVVAETSY~ =GCSYFLNLHKAT~SHPVLVYMPAGQLAR
LRFDRAFWP===NVEFLGMVAPTSY======~. ACGYFLNLHKAT-GHPVLVYMAAGNLAQ
VEMSQRKFP---SLQLVEDREDSEF RFVKI PWWMRRTATITPIHSNSKVLLSWFAGKEAL
LKFPRKFWPEGKGREFFLYASSRRG— -YYGVWQEFEKQYPDANVLLVTVTDEESR

DLEKLSDEATANFVMLQL---—- KKMFPDAPDP-—=====rsms s AQYLVTRWGTDP
ELEKLTDEEI KDAVMTTISCLTGKEVKNDTAKPLTNGSLNDDDEAMKITKVLKSKWGSDP

RIEQQSDEQTKAEIMQVL— —RKMFPGKDVPDA- -TDILVPRWWSDR
FQRGSYSNYPMISDNQLLQNIKAPVGRIFFTGEHTSEKFSGYVHGGYLAGIDTSKSLLEE
NSMGSYSYDIVGKPHDLYERLRVPVDNLFFAGEATSSSFPGSVHGAYST GLMAREDCRMR
NSLGSYSYDIVNKPHDLYERLRVPLDNLFFAGEATSSSYPGSVHGAYSTGVLAREDCRMR
NTLGC YAYDVVGMPEDLYPRLGEPVDNIFFGGEAVNVEHQGSAHGAFLAGVSASQNCQRY
LFRGSYSYVAVGSSGDDLDAMAEPLPKINKKVGQVNGHDQAKVHELQVMFAGEATHRTHY

FYKGTFSNWPVGVNRYEYDQ LRAPVGRVYFTGEHTSEHYNGYVHGAYLSGIDSAEILINC
MKQSLLLQPLLAFTESLTLTHQKPNNSQIYTNVKFISGTS 462 (45%)
-GPASVPLLISRL- 490 (23%)
-APASVPLLISRM: - 488 (24%)
IFERLGAWEKLKLVSLMGNSDILETATVPLQISRM - 497 (24%)
STTHGAYYSGLREANRLLKHYKCNF - - 533 (22%)
472 (100%)

85
114
115
115
96
87

124
158
159
159
156
134

165
204
205
205
216
187

222
255
256
257
271
246

278
311
312
313
331
302

321
360
361
362
388
355

362
400
401
402
448
397

422
460
461
462
508
457

Supplementary Fig. 2. Alignment of the amino acid sequence of AtPAOs ahZmPAO.
Multialignment was done using the program Clusta®guence alignment (Altschet al., 1990).
Numbering of amino acid residues is shown at thletrside. In ZmPAO, numbering starts from the
first amino acid of the mature protein. Percentafédentity refers to ZmPAO. The identical

residues and the conserved residues are indicgated iand blue, respectively.
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AtPAO2 AtPAO4 AtPAOS

M + - + - + -

1500 bp —»

Supplementary Fig. 3. Amplification of AtPAO2, AtPAO4 and AtPAO5 cDNAs.

cDNAs of AtPAOswere obtained by RT-PCR from Arabidopsis leavese RT reaction was
performed in the presence of reverse transcritglsand in absence of the enzymg. (M: DNA
Marker.
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ABSTRACT: Arabidopsis thaliana has four genes with close homology to human histone H3 lysine 4
demethylase (HsLSD1), a component of various transcriptional corepressor complexes that often also
contain histone deacetylases and the corepressor protein CoREST. All four Arabidopsis proteins contain
a flavin amine oxidase domain and a SWIRM domain, the latter being present in a number of proteins
involved in chromatin regulation. Here, we describe the heterologous expression and biochemical
characterization of one of these Arabidopsis proteins (AtLSD1) and show that, similarly to HsLSDI, it
has demethylase activity toward mono- and dimethylated Lys4 but not dimethylated Lys9 and Lys27 of
histone 3. Modeling of the AtLSD1 three-dimensional structure using the HsLSD1 crystal structure as a
template revealed a high degree of conservation of the residues building up the active site and some
important differences. Among these differences, the most prominent is the lack of the HsLSD1 Tower
domain, which has been shown to interact with CoOREST and to be indispensable for HSLSD1 demethylase
activity. This observation, together with AtLSD1 peculiar surface electrostatic potential distribution, suggests
that the molecular partners of AtLSD1 are probably different from those of the human orthologue.

In eukaryotes, the histone N-terminal tails are subjected
to multiple covalent modifications, such as acetylation,
methylation, phosphorylation, ubiquitination, sumoylation,
and ADP-ribosylation (/—3). These histone modifications
act in a combinatorial manner, thus defining a “histone code”,
to control chromatin state and gene expression (4—6). Among
these modifications, histone lysine acetylation is the best
characterized. This modification is generally associated with
transcriptional activation and is dynamically regulated by
histone acetyltransferases and deacetylases (4). Histone
methylation mediated by multiple classes of methyl trans-
ferases has emerged as another important mechanism which
regulates chromatin structure and function (4, 7, 8). Five
lysine residues on the tails of histones H3 and H4 (H3K4,1
H3K9, H3K27, H3K36, and H4K20) as well as K79 located
within the core of histone H3 have been shown to be target
sites for methylation (6, 9). Methylation at these sites has
been linked to both transcriptional activation and repression,
as well as DNA-damage response (6, /0), demonstrating a
widespread role for histone methylation in various aspects
of chromatin biology. Histone lysine residues can be me-
thylated in three different modes, i.e., mono-, di-, or tri-
methylation. These differentially methylated lysine residues
could serve as docking sites for different effector proteins

* This work was supported by the University Roma Tre, the Ital-
ian Ministry of University and Research (COFIN-PRIN 2005, p.c.
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and/or platforms for chromatin modifiers including histone
methylases, deacetylases, or remodeling activities, which then
could result in potentially diverse functional outcomes (/7).
Arginine residues within the tails of histones H3 (R2, R17,
R26) and H4 (R3) can also be methylated, and this generally
leads to transcriptional activation (72).

Although some histone modifications, such as acetylation,
phosphorylation, and ubiquitination, are highly dynamic,
histone methylation had been regarded as irreversible.
However, the recent discovery of several histone demethy-
lases which can reverse methylation of arginine and lysine
residues has altered this view of histone methylation (71,
13—17). PAD4/PADI4 was the first reported histone arginine
demethylase that demethyliminates monomethylarginine to
produce citrulline (/3, /4). Human lysine-specific demethy-
lase 1 (HsLSDI), also known as KIAAO0601, has been
recently identified as the first histone demethylase that
specifically acts on mono- and dimethylated Lys4 of histone
H3 (H3K4mel and H3K4me2, respectively) in a flavin
adenine dinucleotide (FAD) dependent oxidative reaction
(15). More recently, a new family of histone demethylases
has been discovered which contains a jumonji C domain
capable of removing methyl groups on lysine residues by
hydroxylation-based demethylation (17, 16, 17).

! Abbreviations: H3K4, Lys4 of histone 3; HsLSD1, human lysine-
specific demethylase 1; H3K4mel, monomethylated H3K4; H3K4me2,
dimethylated H3K4; FLC, flowering locus C; FLD, flowering locus
D; H3K4me1-S10pho, monomethylated Lys4 and phosphorylated Ser10
of H3; AtLSDI1, Arabidopsis thaliana lysine-specific demethylase 1;
FAD, flavin adenine dinucleotide; ZmPAO, Zea mays polyamine
oxidase; IPTG, isopropyl f-D-thiogalactoside.
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HsLSDI comprises an N-terminal SWIRM domain and a
C-terminal flavin domain which displays homology with
members of the amine oxidase family (/5). The HsLSD1-
catalyzed reaction regenerates the methyl-free lysine with
concomitant release of formaldehyde and H,O,. HSLSD1 has
been found in association with the corepressor protein
CoREST, the histone deacetylases 1 and 2, the PHD-domain-
containing protein BHC80, and the HMG-domain-containing
protein BRAF35, among others (/8-20), and recent studies
suggest that its specificity and activity can be modulated by
its interacting factors (/9-217). However, the molecular
mechanism by which this regulation is achieved still remains
unclear. The crystal structure of HSLSD1, determined in free
form or in complex with an HsLSD1-stimulatory domain of
human CoREST and substrate-like peptide inhibitors, pro-
vided the structural framework to explain its catalytic
properties and the active role of CoREST in substrate
recognition (22—27). Furthermore, mutagenesis studies showed
that DNA binding by the CoREST domain is crucial for the
demethylation of H3K4 within nucleosomes by the HSLSD1—
CoREST complex (24). Biochemical assays have also shown
that HsLSD1 is able to “read and interpret” the histone code
discriminating between peptides bearing different covalent
modifications (5, 28).

In plants, little is known about histone tail modifications
in general and about histone methylation/demethylation
processes in particular. Available data provide evidence that
Arabidopsis euchromatin, in general, is enriched in H3K4me2,
while heterochromatin is depleted in H3K4me?2 but enriched
in H3K9me?2 (29, 30). Furthermore, it has been demonstrated
that the acceleration of flowering by prolonged cold, a
process called vernalization, causes changes in histone
methylation in discrete domains within a negative regulator
of flowering, the flowering locus C (FLC), increasing H3K9
and H3K27 dimethylation and decreasing H3K4 dimethy-
lation (37). On the other hand, it has been shown that an
Arabidopsis homologue of HSLSD1, termed flowering locus
D (FLD) and shown to interact with a plant-specific C2H2
zinc finger-SET domain protein (32), represses the FLC by
histone deacetylation (33).

In plants, despite the growing information available on
histone methylation, the existence of an enzyme which is
able to revert histone methylation has not been demonstrated
yet. Here, we report the first biochemical characterization
of a plant lysine-specific histone demethylase. More specif-
ically, a lysine-specific histone demethylase from Arabidopsis
thaliana homologous to HSLSD1 was expressed in a bacterial
heterologous system, and the catalytic properties of the
recombinant enzyme were determined. The three-dimensional
structure of this Arabidopsis histone demethylase was also
modeled using the HSLSDI crystal structure as a template
and analyzed in comparison with the human orthologue.

MATERIALS AND METHODS

Materials. 4-Aminoantipyrine, 3,5-dichloro-2-hydroxyben-
zenesulfonic acid, and horseradish peroxidase were pur-
chased from Sigma-Aldrich-Fluka. Restriction and DNA-
modifying enzymes were purchased from New England
Biolabs, Invitrogen, Stratagene, and Promega. The synthetic
human histone H3 peptides with specific modifications
H3K4mel (1-21 aa), monomethylated Lys4 and phospho-
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rylated Serl0 (H3K4mel-S10pho) (1-21 aa), H3K4me2
(1-21 aa), H3K9me?2 (1-21 aa), and H3K27me2 (21-44 aa)
were purchased from Upstate Group Inc. or synthesized by
Thermo Scientific. Recombinant HsLSD1 was kindly pro-
vided by Prof. Andrea Mattevi and Dr. Claudia Binda
(University of Pavia, Italy).

Sequence Analysis and cDNA Acquisition. EST database
searches were performed using the basic local alignment
search tool (BLAST) (34). Multiple sequence alignment of
the amino acid sequences was done using the program
CLUSTAL W (35). The cDNA encoding for the putative A.
thaliana histone demethylase (A7LSD1; At1g62830; GenBank
accession number NM_104961) was obtained from the DNA
Stock Center of the Arabidopsis Biological Resource Centre
(U21563 clone) and completely sequenced to exclude
sequence changes compared to the corresponding A. thaliana
genomic sequence.

Expression of Recombinant AtLSD1 in Escherichia coli.
The pET17b vector (Novagen) was used to construct an
AtLSD] prokaryotic expression system. To clone AtLSD]
cDNA between restriction sites Xbal and Xhol of this
vector, the whole coding region of the AtfLSDI cDNA was
amplified using the U21563 clone (Arabidopsis Biological
Resource Center) as a template and the sequence-specific
oligonucleotides AtLSDIforl (5-GTCTAGAAATAATTT-
TGTTTAACTTTAAGAAGGAGATATACATATGTCA-
ACAGAGACTAAAGAAACCCGACCC-3")/AtLSDIrevl
(5’-GCTCGAGCTAGTGGTGGTGGTGGTGGTGTCCTCC-
ATCAAAGATCTGTCGATTCAGTC TTGCAGC-3"). The
underlined regions in AtLSDIforl and AtLSDIrev] oligonucle-
otides indicate Xbal and Xhol restriction sites, respectively. The
AtLSDIrevl primer was designed to insert the coding sequence
for two Gly residues and a 6-His tag prior to the stop codon of
the A7LSDI cDNA. The amplified A7LSDI cDNA was sub-
cloned into the pDrive vector (Qiagen), completely sequenced,
and then cloned in the pET17b plasmid yielding the construct
AtLSDI1-pET17b. This plasmid was then used to transform E.
coli BL21 (DE3) cells. Expression of recombinant AtLSD1 was
induced by 0.4 mM isopropyl f-D-thiogalactoside (IPTG) at
25 °C for 5 h. Cells were resuspended in extraction buffer [50
mM Tris-HCI, pH 8.0, 0.1 M NaCl, 10% (v/v) glycerol, | mM
phenylmethanesulfonyl fluoride] and disrupted by sonication.
After centrifugation at 13000g for 30 min at 4 °C, the clear
supernatant (bacterial extract) containing the soluble proteins
was either analyzed for recombinant protein accumulation by
immunoblotting or further processed for recombinant protein
purification.

Purification of Recombinant AtLSDI from Bacterial
Extracts. Recombinant AtLSD1 was purified from bacterial
extracts by affinity chromatography. In detail, bacterial
extracts were applied to a Ni?>*-charged resin (Amersham
Biosciences) equilibrated in extraction buffer. The resin was
washed first with extraction buffer and then with 50 mM
Tris-HCI, pH 8.0, 50 mM NaCl, and 10% (v/v) glycerol.
The protein was eluted with 50 mM Tris-HCI, pH 8.0, 50
mM NaCl, 10% (v/v) glycerol, and 100 mM imidazole. The
fractions enriched in recombinant AtLSD1 were pooled,
diluted 5-fold with 50 mM Tris-HCI, pH 8.0, and 10% (v/v)
glycerol, and chromatographed on a HiTrap heparin HP
column (Amersham Biosciences) equilibrated in 50 mM Tris-
HCI, pH 8.0, 10 mM NaCl, and 10% (v/v) glycerol. Elution
was performed with a nonlinear gradient of NaCl (50 mM—2



4938  Biochemistry, Vol. 47, No. 17, 2008

M) in Tris-HCI, pH 8.0, and 10% (v/v) glycerol. AtLSD1-
containing fractions (fractions of 200 or 400 mM NaCl) were
dialyzed against 50 mM Tris-HCI, pH 8.0, and 10% (v/v)
glycerol and concentrated using centrifugal filter devices
(Millipore). Recombinant protein was quantified by absorp-
tion spectroscopy using an extinction coefficient of 10790
M~ cm™! at 458 nm (36) and stored at 4 °C. The purity of
the recombinant enzyme was determined by SDS—PAGE
analysis and by the ratio Asgp/Aass, which was about 10. Using
this two-step purification protocol, a yield of 1 mg/L of
culture has been obtained.

CD Spectroscopy. CD spectra were recorded at 25 °C
using a Jasco J-600 spectropolarimeter and quartz cells
having 0.05 cm path length. Recombinant AtLSD1 was at a
concentration of 0.3 mg/mL in 15 mM Tris-HCI] and 3%
(v/v) glycerol, pH 8.0. Instrumental ellipticity was converted
into mean residue molar ellipticity [6] (deg cm? dmol ™) after
spectrophotometric determination of the protein concentra-
tion. For each sample, nine CD spectra in the far-UV region
(198-250 nm) were recorded and averaged. Secondary
structures were estimated by using CONTIN, K2D, and
SELCON3 algorithms provided by the free software Dicro-
prot2000 (37).

Determination of AtLSD1 and HsLSD1 Catalytic Param-
eters. The catalytic parameters (K, and k) of recombinant
AtLSD1 and HsLSD1 were determined using about 2.0 uM
purified protein in a 300 uL reaction volume by following
spectrophotometrically the formation of a pink adduct (es;5s
=26 x 10* M™" cm™), as a result of oxidation of
4-aminoantipyrine and 3,5-dichloro-2-hydroxybenzenesulfon-
ic acid catalyzed by horseradish peroxidase in 50 mM Tris-
HCI and 30% glycerol, pH 8.0 (except as otherwise
indicated) at 25 °C (5, 36, 38). k.y values were calculated
using saturating concentrations of methylated H3K4 peptides
(147 uM) and keeping the O, concentration constant at the
air-saturated level (apparent k.. K, values were determined
from Michaelis—Menten plots using variable concentrations
of peptides (2-147 uM) and a constant O, concentration at
the air-saturated level (apparent Ki,).

Demethylation Assay by Western Blot Analysis. H3K4met2
peptide (0.29 mM) was incubated with purified recombinant
AtLSD1 (0.02 mM) in 50 mM Tris-HCI, pH 8.0, and 30%
(v/v) glycerol for 2 h at room temperature. The demethylase
activity of AtLSD1 was evaluated by Western blot analysis
using an anti-H3K4met2 (Upstate Group Inc.) methylation-
specific antibody.

Demethylation Assay by Matrix-Assisted Laser Desorp-
tion/lonization (MALDI) Mass Spectrometry. H3K4mel,
H3K4me2, H3K9me?2, and H3K27me2 peptides at a con-
centration of 0.2 mM were incubated with purified recom-
binant AtLSD1 (0.02 mM) in 50 mM Tris-HC, pH 8.0, and
10% (v/v) glycerol for 4 h at room temperature. An aliquot
of each sample (1 uL) was mixed with the a-cyano-4-
hydroxy-trans-cinnamic acid matrix solution (10 mg/mL in
70% acetonitrile containing 0.2% trifluoroacetic acid) in
different ratios (1:3, 1:5, 1:10); 1 uL of each mixture was
deposited onto a MALDI target plate and allowed to dry on
air. MALDI-TOF MS analyses were performed in a Voyager-
DE STR instrument (Applied Biosystems, Framingham, MA)
equipped with a 337 nm nitrogen laser and operating in
reflector mode. Mass data were obtained by accumulating
spectra from 200 laser shots with an accelerating voltage of
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20 kV. All mass spectra were externally calibrated using a
standard peptide mixture (Sequizyme; Applied Biosystems).

SDS—PAGE and Western Blot Analysis. SDS—PAGE was
carried out according to the method of Laemmli (39).
Recombinant AtLSD1 from bacterial extracts was subjected
to SDS—PAGE (10% polyacrylamide) and analyzed either
by staining with Coomassie Brilliant Blue or by Western
blot using a mouse anti-6-His monoclonal antibody (Sigma-
Aldrich-Fluka) and a rabbit anti-mouse antibody coupled to
horseradish peroxidase (Amersham Biosciences). In the latter
case, proteins were transferred to a nitrocellulose membrane
(Schleicher & Schuell) using a Mini Trans-Blot apparatus
(Bio-Rad), following the manufacturers’ instructions. For
Western blot analysis of the H3K4me?2 peptide, proteins were
separated by SDS—PAGE (15% polyacrylamide), electro-
phoretically transferred to a polyvinylidene difluoride (PVDF)
membrane (Immobilon PSQ; Millipore) at 150 mA for 45
min, and incubated first with a rabbit anti-H3K4me2 me-
thylation-specific antibody (Upstate Group Inc.) and then
with a goat anti-rabbit antibody coupled to horseradish
peroxidase (Vector Laboratories, Inc.). The detection of the
labeled proteins was done with a chemiluminescence kit
(Boehringer-Mannheim).

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

Semiquantitative RT-PCR Analysis of Lysine-Specific Hi-
stone Demethylase Genes in Various Arabidopsis Organs.
Total RNA was isolated from various plant organs (rosette
leaves, cauline leaves, stems, inflorescences, silique, and
roots) of A. thaliana (ecotype Columbia) plants using
TRIZOL reagent (Invitrogen) and/or the RNeasy Mini kit
(Qiagen) according to the manufacturers’ instructions. To
extract total RNA from the silique, a method modified from
the RNeasy Mini kit was used (40). RNA samples were
treated with RNase-free DNase I (Invitrogen) to avoid
amplification from genomic DNA. The first cDNA strand
was synthesized from total RNA using the SuperScript III
first-strand synthesis system for RT-PCR (Invitrogen) and
random primers. Aliquots of reverse-transcribed RNA were
amplified by 25, 28, 30, 35, or 40 PCR cycles (denaturation
at 94 °C for 1 min, annealing at 58 °C for 30 s, and extension
at 72 °C for 1 min) using gene-specific primers. The AtLSDI-
specific primers were AtLSDIfor2 (5S-CAACAGAGACT-
AAAGAAACCCGACC-3") and AtLSDIrev2 (5-CGGCG-
GTTTCTTGAGAAAGCTGGG-3"); the AtLSD2-specific
primers were AtLSD2for (5-CCGAGGAGGAACAGGAG-
AAAAGTAAG-3") and AtLSD2rev (5'-AGTACCCTCTT-
CAGGAATATAAGGAGCAA); the AtLSD3-specific prim-
ers were AtLSD3for (5-GCACCAAAGAAACGAAGGAGA-
GGACG-3’) and AtLSD3rev (5'-GCCGAATCTAAGAGAC-
TACTACAATGTTTAGGAATC-3"); the AtLSD4-specific
primers were AtLSD4for (5'-CAGCGCCAGGGTTTTTCT-
GTAACC-3’) and AtLSD4rev (5-TCTCAGCCGTTGAAG-
GCCATATTCT-3"). PCR amplification was carried out with
the BIOTAQ DNA polymerase (Bioline) in an iCycler
thermal cycler (Bio-Rad). To confirm equal amounts of RNA
among the various samples, UBQS5 expression was used using
the gene-specific primers UBQS5for (5-GGAAGAAGAA-
GACTTACACC-3") and UBQ5rev (5'-AGTCCACACTTA-
CCACAGTA-3’). Results at the exponential phase (usually
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at 28 cycles for AtLSD1, AtLSD2, and AtLSD3, at 30 cycles
for AtLSD4, and at 25 cycles for UBQ5) were analyzed.

Molecular Modeling and Structure Analysis. The three-
dimensional structure of AtLSD1 was homology modeled
using the structure of HsLSD1 as a template [PDB code
2IWS5 (24)]. In detail, a PSI-BLAST (34) search on the
nonredundant sequence database was carried out to retrieve
amino acid sequences displaying significant similarity to
AtLSDI1. The best 18 sequences, which included the tem-
plate HSLSD1 sequence, were then subjected to a multiple
alignment procedure using CLUSTAL W (35). From the
multiple alignment obtained with this procedure a pairwise
alignment between AtLSD1 and HsLSD1 was extracted and
used for the homology modeling procedure. The AtLSDI1
model was then built using the program NEST, a software
to build protein models based on a given alignment between
query sequence and template which uses an artificial evolu-
tion method (47). The NEST option —tune 2 was used to
refine the alignment, avoiding the unlikely occurrence of
insertions and deletions within template secondary structure
elements. The quality of the final AtLSD1 model was then
probed using the program PROCHECK (42). The overall
G-value of the model resulted in being —0.22, well above
the PROCHECK threshold of —0.5 for good quality models.
The complex between AtLSD1 and a substrate-like peptide
inhibitor was modeled by superimposition of the three-
dimensional model of AtLSD1 with the three-dimensional
structure of the complex formed by HSLSD1 with the peptide
inhibitor [PDB code 2V1D (26)]. Surface electrostatic
potential of AtLSD1 and HSLSD1 was calculated using the
DelPhi program (43) and visualized using Chimera (44). In
detail, hydrogen atoms were added to the structures using
the routine HBUILD of the CHARMM package (45) and
the CHARMMZ27 parameters and force field (46). Structures
were then stereochemically regularized by energy minimiza-
tion, applying a harmonic force of 10 kcal/mol to non-
hydrogen atoms. In the DelPhi calculations, values of 2 and
80 were used for the dielectric constant of the protein interior
and solvent, respectively. The ionic strength value was set
to 0.05 M.

RESULTS

Description of a Lysine-Specific Histone Demethylase
Gene Family in A. thaliana. A search of the A. thaliana
genome database using the amino acid sequence of Zea mays
polyamine oxidase (ZmPAO) revealed the presence of five
cDNAs encoding for putative PAOs (47), plus four additional
ones (At1g62830, At3g13682, At3g10390, At4g16310) coding
for proteins bearing a flavin amine oxidase domain signature
together with a SWIRM domain (Figure 1) (15, 32). The
latter proteins display 26—30% sequence homology with
HsLSD1, which is also known to possess both a flavin amine
oxidase domain and a SWIRM domain and which specifically
demethylates histone H3K4mel and H3K4me?2 (5, 15). Thus,
it was hypothesized that these four A. thaliana cDNAs also
encode for lysine-specific histone demethylases, and they
were termed AtLSD1 (A. thaliana lysine-specific demethylase
1), AtLSD2, AtLSD3, and AtLSD4, respectively. Interestingly,
despite the high sequence homology with HsLSD1, the amino
acid sequence homology of the four AtLSDs with the two
yeast demethylases [SWIRM1 and SWIRM2 (48)], for
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which, however, histone demethylase activity has not yet
been demonstrated, is very low (11-18%). AtLSD1, AtLSD2,
and AtLSD3 display a fairly high overall sequence homology
with each other (48-52%) and with AtLSD4 (25%-30%),
which extends to both the amine oxidase and the SWIRM
domains (Figure 1B).

To determine the possible subcellular localization of
the four putative Arabidopsis histone demethylases, the
amino acid sequences were analyzed using PSORT
(www.psort.ims.u-tokio.ac.jp). This analysis predicted the
presence of a nuclear localization signal at positions
517-534 of the AtLSD1 amino acid sequence, suggesting
sorting to the nucleus similarly to HSLSD1 (49). This has
been recently confirmed by transient expression studies
of AtLSDI tagged with green fluorescent protein (32).
Nuclear localization was predicted also for AtLSD2 and
AtLSD4, while mitochondrial/chloroplastic localization
was predicted for AtLSD3. Furthermore, analysis of the
amino acid sequence of the four AtLSDs for the presence
of specific sequence motifs did not evidence the presence
of HMG DNA-binding domains, as has been shown for
the two yeast demethylases (48).

The expression pattern of the AtLSD gene family in
different Arabidopsis organs (rosette and cauline leaves,
stem, flowers, roots, and siliques) was also analyzed by
semiquantitative RT-PCR using gene-specific primers
(Figure 2). This analysis showed that the AtLSDI1
transcript is present at similar levels in all tested organs,
even though expression levels were expected to be higher
in the flowers than in the other tissues considering the
proposed role of chromatin remodeling enzymes in
flowering control (50). Similar results were obtained also
for AtLSD2, AtLSD3, and AtLSD4 transcripts (Figure 2).
These data are in agreement with microarray data obtained
from the A. thaliana database (Genevestigator expression
analysis), which, however, demonstrate the differential
expression pattern in specific parts or at specific devel-
opmental stages of the various organs, as, for example,
in the shoot apex during transition from the vegetative to
the inflorescence state.

Heterologous Expression and Biochemical Characteriza-
tion of AtLSD1 in E. coli. To verify whether the A7zLSD gene
family encodes for proteins with a lysine-specific histone
demethylase activity, heterologous expression of AtLSDI,
chosen as representative member of the family, in E. coli
was attempted using the pET17b vector which guides
cytoplasmic expression of recombinant proteins. To facilitate
purification of the recombinant protein, a sequence encoding
for a 6-His tag was added at the 3" terminus of the ArLSD1
cDNA in the At1LSDI-pET17b plasmid. Western blot analysis
using an anti-6-His tag antibody of bacteria transformed with
AtLSDI1-pET17b plasmid and treated with IPTG confirmed
recombinant AtLSD1 accumulation in the soluble bacterial
extracts (data not shown).

To purify the recombinant AtLSD1, affinity chromatog-
raphy on a resin charged with Ni** was performed, which,
however, was not sufficient to purify the recombinant protein
to electrophoretic homogeneity (Figure 3). Thus, the pooled
elution fractions from the Ni?* resin were further chromato-
graphed on a HiTrap heparin HP column from which the
protein was recovered at a homogeneity greater than 95%
(Figure 3). The purified protein displayed the characteristic
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FIGURE 1: AtLSDs, HsLSD1, and ZmPAO sequence comparison. (A) Amino acid sequence alignment of AtLSD1 and HsLSD1. Strictly
conserved residues are indicated by blue boxes. Red lines above the alignment indicate the SWIRM domain, green lines indicate the amine
oxidase domain, and yellow lines indicate the Tower domain. (B) Schematic representation of the various domains of AtLSD1 (At1g62830;
GenBank accession number NM_104961), AtLSD2 (At3g13682; GenBank accession number NM_112218), AtLSD3 (At3g10390; FLD;
GenBank accession number NM_111874), AtLSD4 (At4g16310; GenBank accession number NM_117726), HsLSD1 (GenBank accession
number NM_015013), and ZmPAO (GenBank accession number AJ002204). Red boxes indicate the SWIRM domains, green boxes indicate
the amine oxidase domains, and yellow boxes the Tower domain. Numbers indicate the percentage of amino acid sequence homology, as
a whole or by domain, of the various proteins with respect to AtLSDI.

UV-visible spectrum of the oxidized flavoproteins with three molecular mass expected for the recombinant protein from
absorbance peaks at 280, 380, and 460 nm (data not shown) amino acid sequence analysis. Precipitation of purified
and an apparent molecular mass of 94 kDa (Figure 3), the AtLSD1 with trichloroacetic acid resulted in the release of
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FIGURE 2: Expression pattern of AtLSDI, AtLSD2, AtLSD3, and
AtLSD4 in various Arabidopsis organs. The expression of the four
AtLSD genes in various Arabidopsis organs (rosette and cauline
leaves, stems, flowers, roots, and siliques) was analyzed by semi-
quantitative RT-PCR using gene-specific primers. UBQS5 expres-
sion was used to confirm an equal amount of RNA among the
various samples. Results at the exponential phase (at 28 cycles for
AtLSDI1, AtLSD2, and AtLSD3, at 30 cycles for AtLSD4, and at 25
cycles for UBQS5) are shown.

the cofactor into the supernatant, indicating noncovalent
binding to the protein.

Purified recombinant AtLSD1 was tested for its ability to
oxidize various methylated H3 peptides and various polyamines
using a peroxidase-coupled assay to quantify H,O, levels (5,
36, 38). The results evidenced that, similarly to HsLSDI,
the recombinant enzyme is able to demethylate H3K4me?2
and H3K4mel peptides, the specific activity with the
H3K4me?2 peptide being higher than that with the H3K4mel
peptide (Table 1). Furthermore, the results also showed that
AtLSD1 is not able to oxidize either the H3K9me2 and
H3K27me?2 peptides or the common polyamines spermine,
spermidine, and putrescine. The ability of recombinant
AtLSDI to demethylate the H3K4me2 peptide was also
analyzed by a Western blot based assay using an anti-
H3K4me2 methylation-specific antibody to detect the di-
methylation status of the peptide (/5). This analysis con-
firmed that the recombinant protein efficiently reduces the
dimethylation level of the H3K4me?2 peptide (Figure 4).
Demethylase activity of AtLSD1 was further confirmed by
mass spectrometry analysis. Demethylation of the H3K4mel
and H3K4me?2 peptides by AtLSDI1 is expected to regenerate
the unmodified peptide with the net loss of 14 and 28 Da,
respectively, corresponding to the molecular mass of one or
two CH; group(s). The H3K4mel, H3K4me2, H3K9me2,
and H3K27me?2 peptides were incubated with purified recom-
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FIGURE 3: Purification of recombinant AtLSD1 expressed in
bacteria. Analysis of representative protein samples from each stage
of the purification protocol by SDS—PAGE (10% polyacrylamide).
Key: B, crude bacterial extract; N, pooled elution fractions from
the Ni?*-charged resin; H, pooled elution fractions from the HiTrap
heparin HP column; M, molecular mass marker.

Table 1: Kinetic Constants for the Demethylation of H3 Peptides by
Recombinant AtLSD1 and HsLSD1

peptide kear (min™1H)¢ Km (uM)*

AtLSDI1

H3K4mel 0.50 & 0.06 89 +£0.8

H3K4me2 0.68 + 0.08 10.7 +£ 0.6

H3K4me2 in 10% glycerol” 0.34 4+ 0.08 128 + 1.0

H3K4mel-S10pho no activity no activity
HsLSD1—CoREST

H3K4mel 6.50 £ 0.60 6.1 0.6

“ Enzymatic activity of recombinant AtLSD1 and of recombinant
HsLSD1 in complex with COREST (HsSLSD1—CoREST) was determined in
50 mM Tris-HCl and 30% glycerol, pH 8.0, using a constant O, concen-
tration at the air-saturated level and a peptide concentration either saturating
(147 uM for apparent ke, determination) or varying between 2 and 147
uM (for apparent K, determination). Data are the mean + SEM of at
least three independent experiments. ” The assay was performed in 50
mM Tris-HCI and 10% glycerol, pH 8.0. Similar results were obtained
in the absence of glycerol.

AtLSD1 - +
H3K4me?2 + +

FIGURE 4: Demethylation of H3K4me2 peptide by recombinant
AtLSD1. H3K4me? peptide was incubated for 2 h with recombinant
AtLSDI and analyzed by Western blot using an anti-H3K4me?2
methylation-specific antibody.

binant AtLSDI1 or buffer, and the reaction mixtures were
analyzed by mass spectrometry. In the absence of AtLSDI,
the H3K4mel and H3K4me?2 peptides display molecular
masses of 2268 and 2282, respectively, as expected for these
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FIGURE 5: Mass spectrometry analysis of methylated H3 peptides after incubation with recombinant AtLSD1. H3K4mel and H3K4me?2
(panel A), H3K9me2 (panel B), and H3K27me?2 (panel C) peptides were incubated for 4 h with buffer or purified recombinant AtLSDI1,
and reaction mixtures were analysed by mass spectrometry.

peptides (Figure 5, panel A). In the presence of AtLSD1 for 2254, which well corresponds to the molecular mass of the
both peptides a new peak appeared at a molecular mass of demethylated peptide (Figure 5, panel A). On the contrary,
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the peaks corresponding to the H3K9me2 and H3K27me?2
peptides were found to be unaffected by incubation with
recombinant AtLSD1 (Figure 5, panels B and C).

The activity of the recombinant enzyme with the H3K4me?2
and H3K4mel peptides was shown to be higher at pH 8.0
than at pH 6.0 or at pH 9.0 (data not shown) and to increase
at higher glycerol concentrations (50% increase in the
presence of 30% glycerol as compared to that in the presence
of 0-10% glycerol) (Table 1). Interestingly, k., values of
AtLSD1 were shown to be about 10-fold lower than that of
HsLSD1 in free form (5) or in complex with CoREST
(present study and ref 26) (Table 1). Misfolding of the
recombinant protein can be excluded on the basis of CD
spectroscopy analysis, which indicated a high secondary
structure content, the a-helix/ sheet percentage being
38—44% as calculated using CONTIN (57), K2D (52), or
SELCON3 (53) methods. AtLSD1 catalytic activity resulted
strongly inhibited in the presence of 50 mM KCI (50%
inhibition) or MgCl, (75% inhibition), which suggests that
electrostatic interactions are an important factor in AtLSD1
catalytic activity, as has been also demonstrated for HsSLSD1
(5). Furthermore, phosphorylation of the H3Ser10 residue
totally abolished the AtLSD1 demethylase activity toward
the H3K4mel peptide, as shown by the lack of any detectable
activity of recombinant AtLSD1 toward the H3K4mel-
Ser10pho peptide (Table 1).

Comparative Analysis of the Three-Dimensional Structure
of AtLSD]. Figure 6 shows the three-dimensional structure
of AtLSDI1 modeled using the HSLSD1 crystal structure as
a template [PDB code 2IW5 (24)]. As already predicted on
the basis of the amino acid sequence alignment (Figure 1),
the most striking difference between the two proteins is the
almost complete absence of the Tower domain in AtLSD].
On the other hand, comparative analysis of the active site
structures of AtLSD1 and HsLSDI reveals a high degree of
conservation of the residues building up the site, major
substitutions in AtLSD1 being only Ser for Met332, Tyr for
Trp695, and Tyr for Phe538 (Figure 7). However, none of
these residues are involved in direct contacts with the
substrate-like pLys4Met peptide inhibitor in HSLSD1 (26).
In addition, modeling of the complex formed between
AtLSD1 and this substrate-like peptide inhibitor, modeled
by superimposition of the three-dimensional model of
AtLSDI1 with the three-dimensional structure of the complex
formed by HSLSD1 with the peptide inhibitor [PDB code
2V1D (26)], highlights the strict conservation of the complex
network of interactions observed between the peptide inhibi-
tor and HsLSD1 (Figure 7). In particular, the acidic patch
formed by Asp375, Glu379, and the carbonyl group of
Cys360, which in HsLSD1 interacts with the peptide pArg8
residue, is strictly conserved in AtLSDI (residues Asp367,
Glu371, and Cys352). Strict conservation is also observed
for residues Asp553 and Asp556 of HsLSD1 which bind the
peptide pArg2 residue (Asp446 and Asp449 of AtLSDI).
In addition, several hydrogen bonds which stabilize the
HsLSD1 complex with the substrate-like peptide inhibitor
are also conserved in the modeled AtLSD1 complex: (1) the
hydrogen bond between Asn383 (Asn375 in AtLSD1) and
the backbone nitrogen atoms of pThrl1 and pGly12; (2) the
hydrogen bond between His564 (His457 in AtLSDI1) and
the Oy atom of pThr6; (3) the hydrogen bonds between
the backbone nitrogen of pAlal and Asn540 side-

Biochemistry, Vol. 47, No. 17, 2008 4943

chain carbonyl group and Ala539 backbone carbonyl group
(Asn433 and Ala432 in AtLSD1). Finally, it is also conserved
in the HSLSD1 Tyr761 residue (Tyr650 in AtLSD1) which
interacts with the pMet4 residue of the substrate-like inhibi-
tor, the latter residue mimicking the dimethylated Lys4 of
the histone H3 tail (Figure 7) (26).

Analysis of the surface electrostatic potential of AtLSDI1
as compared to that of HSLSD1 evidenced a higher negative
character of both the active site region and the SWIRM
domain (Figure 6). This feature, together with the absence
of the HsLSD1 Tower domain, is probably related to the
interaction of AtLSD1 with different molecular partners. As
a matter of fact, a BLAST search using human CoREST as
a bait did not retrieve any protein in the A. thaliana genome
displaying significant similarity with CoREST.

DISCUSSION

In the present study it was demonstrated that AtLSD1 is
a lysine-specific histone demethylase with a substrate
specificity similar to that of HsLSDI1. In particular, recom-
binant AtLSDI is able to specifically demethylate H3K4me2
and H3K4mel peptides, whereas it shows no activity toward
H3K9me2 and H3K27me?2 peptides and polyamines. Data
presented in this paper represent the first demonstration that
also in plants histone methylation is a reversible process.
This is an important finding considering that in plants histone
modifications are involved in key developmental processes,
such as the transition from the vegetative to the reproductive
stage (50), and will probably contribute to get a better
understanding of the underlying mechanism(s). In a recently
published study (32), the authors failed to detect demethylase
activity of their recombinant AtLSDI1. In the light of the
results described in this paper, it must be concluded that this
may be due to instability and/or incorrect folding of the
recombinant protein under their experimental conditions.
Indeed, we have observed that AtLSDI catalytic activity
resulted greatly enhanced in the presence of increasing
amounts of glycerol.

A comparative analysis of the AtLSDI1 and the HSLSD1
amino acid sequence and three-dimensional structure showed
a high degree of conservation of the residues building up
the active site and interacting with the pLys4Met peptide
inhibitor. This is in line with the observation that the ionic
strength influences the catalytic activity of both the human
and the plant enzymes, which suggests that electrostatic
interactions are an important factor in the catalytic activity
of both enzymes. Similarly, phosphorylation of the H3Ser10
residue, another important epigenetic mark, totally abolishes
the demethylase activity toward the H3K4mel peptide of
both AtLSDI1 and HsLSDI, probably due to unfavorable
electrostatic interactions which make the peptide unable to
bind the enzymes in a productive way (5). These data suggest
that, similarly to the human demethylase, AtLSDI is able
to “read” different epigenetic marks on the histone N-terminal
tail, a finding which may have an important biological
significance.

A prominent difference between AtLSD1 and HsLSD1 is
the lack of the HSLSD1 Tower domain in the AtLSDI. This
domain has been shown to be crucial for the histone
demethylase activity of HSLSD1 (22, 23) and to be involved
in HSLSD1—CoREST complex formation (23, 24), which
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FIGURE 6: Schematic representation of the modeled three-dimensional structure of AtLSDI1 (A) and of the crystal structure of HsLSD1
[PDB code 2IWS5 (24)] (B). The FAD cofactor is shown in green to identify the active site region. Surface electrostatic potential contoured
at +10 kT/e (blue) and —10 kT/e (red) is shown on the right panel. White circles highlight differences in the surface electrostatic potential

between the two proteins.

in turn has been shown to stimulate the demethylase activity
of HSLSD1 toward nucleosomes (/9, 20). In the case of
AtLSD1, despite the lack of the Tower domain, a lysine-
specific histone demethylase activity has been demonstrated.
However, AtLSDI and HsLSD1 differ significantly from
each other in catalytic efficiency. In particular, AtLSDI1
displays a turnover rate 10-fold lower than that of HSLSDI.

From this viewpoint it must be noted that a Towerless mutant
of HSLSD1 has been shown to have a greatly reduced
catalytic activity (approximately 0—-10% as compared to the
wild-type enzyme) (22, 23), indicating that the Tower domain
may be involved in the structural organization of the active
site. These data suggest that small structural differences in
the active site of AtLSD1 due to the lack of the Tower
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FIGURE 7: Schematic view of the complex formed by HsLSD1 with the substrate-like pLys4Met peptide inhibitor [PDB code 2V1D (26)].
HsLSDI1 and peptide inhibitor residues contributing to the complex formation (see text) are labeled in black and green, respectively. For
reasons of clarity, carbon atoms of HSLSD1 are colored in orange and those of the peptide inhibitor in green. Active site HsSLSDI1 residues
nonconserved in AtLSDI (substitutions being Met332Ser, Phe538Tyr, and Trp695Tyr) are labeled in red. Note that none of the nonconserved

residues interacts with the peptide inhibitor in the HSLSD1 complex.

domain could explain the lower efficiency of this enzyme
in respect to the human orthologue. However, it is also
possible that AtLSD1 interacts in vivo with other proteins,
as some recent data indicate (32), which may affect its
catalytic properties and increase its efficiency. Functional
partners of AtLSD1 seem to be different from those of
HsLSDI1. This is supported not only by the absence in the
former protein of the Tower domain but also by a peculiar
electrostatic potential distribution of the SWIRM molecular
surface. In addition, the sequence similarity search using
CoREST as a bait does not retrieve any protein in the A.
thaliana genome which displays a significant sequence
similarity with CoREST, ruling out the possibility that
AtLSD1 interacts with CoREST-like macromolecules.

The issue regarding functional roles/partners of proteins
belonging to the LSDI1 family is further complicated by
recently published data (54) which demonstrate that HsSLSD1
interacts with p53 to repress p53-mediated transcriptional
activation and to inhibit the role of p53 in promoting
apoptosis through demethylation of residue Lys370, a residue
located in the C-terminal region of p53. However, p53
C-terminal tail does not display a significant sequence
homology with the histone H3 N-terminal tail (data not
shown), suggesting that proteins belonging to the LSDI1
family are able to recognize various substrates, most likely
through differential molecular interactions.

Very recently it has been reported that in Arabidopsis
AtLSD1/AtLSD?2 or AtLSD3 knockout increases H3K4 meth-
ylation levels within the FLC and the FWA, whereas it does
not change H3K9 and H3K27 methylation levels (55, 56).
These data are in agreement with the specific in vitro
demethylase activity of AtLSD1 toward H3K4 demonstrated
in the present work and suggest a similar substrate specificity
in vivo. However, in another recent report, AfLSD1 knockout

has been shown not to change the H3K4 methylation level
within the FLC but to reduce that at H3K9 and H3K27 (32).
The reason for such different results is not known, but it
may reside in the fact that knockout of the various AtLSDs
most probably interferes with the activity of other histone-
modifying enzymes, since these have been shown to par-
ticipate in multiprotein complexes in which they function in
a coordinated manner (57, 58). This hypothesis could also
explain the increase in the acetylation levels of H4 within
the FLC in the A7LSDI and AtLSD3 knockout Arabidopsis
mutants (32, 33).

In conclusion, data presented in this paper demonstrate
that AtLSD1 is a lysine-specific demethylase with a substrate
specificity similar to that of HSLSD1 and an almost identical
organization of the active site region. However, significant
structural differences are observed at the level of the
CoREST-interacting Tower domain of HsLSDI1, which,
together with the absence of CoREST-like proteins in the
Arabidopsis genome, indicate that the physiological function
of AtLSD1 must be dependent on the interaction with
different partners from those of HSLSD1. These observations,
together with the above cited report (54) pointing to a
multifunctional role of HSLSDI1 in lysine demethylation,
indicate that the in vivo functional role of this class of
proteins is a very complex one, depending on the interaction
with molecular partners which may differ significantly
between animal and plant lysine-specific demethylases.
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